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INTRODUCTION

The last ten years in power electronics have sed#y minor changes and
novelty in the field of converter topologies. Or thther hand, developments in
semiconductor components have been tremendous., Thodern trends in
power electronics are directed to the implemematibwell-known topologies
rather than developing new ones. Using new statehefart components,
conventional converter topologies can be used reffreiently and for much
higher power levels. The recent efforts in the dfi@f power electronics
semiconductors are especially interesting for gver (HP) and high voltage
(HV) applications where the voltage blocking capgbiof components has
always been a major issue. In order to achieventedled voltage blocking
capability traditionally many low voltage compongrdre connected in series
but, as a result, the number of components andconeplexity of a control
system will increase, which reduces the efficieang overall reliability of the
converter. Using new generation components theciefity and the power
density of electronic converters and thus, theilbidayg of the whole system can
be enhanced.

The first implementation of new generation compasémnalways connected
to the research and development to find out theielr of the component, its
characteristics, achievable efficiency, reliabilétc. Those parameters all are
connected to a specific application and cannotdoad inside the component
datasheets. Research and development is quiteeactnmsuming process and
involves additional costs that the companies areallys trying to avoid.
Therefore, the research and development of newtdapies is usually left for
the universities and other scientific organizatiotat have the needed
know-how and resources.

Traction applications are a good example wherenteaehievements of
power electronics could be applied. However, duethie risks and high
expenses, most of the companies still offer oldveder solutions, which have
proved their reliability over a decade but havealow efficiency and power
density compared to the new state of the art systémthis doctoral project
new generation high voltage insulated gate biptdansistors (IGBT) were
implemented, which could essentially improve cotersrperformance.

The Department of Electrical Drives and Power Eteuts of Tallinn
University of Technology (TUT) has long-term exgece and know-how in
the field of electrical transportation and tractiapplications. Therefore, the
current doctoral project was also directed to #piglication field.

The research work was done in cooperation witlfE$tenian company Estel
Elektro Ltd. Given company produces auxiliary poveempplies (APS) for
rolling stock. The weak point of the convention® & (Fig. 1) is the front-end
converter, which is the link between HV (U=2 kV..¥)kcontact line and
intermediate DC-bus (350 VDC) as shown in Fig.rii.ofder to achieve the
needed voltage blocking capability, currently trent-end converter consists of



seven series-connected inverters, as shown inZrihe main drawbacks of
this solution are: high number of components, |l@ability and efficiency,
complicated control and voltage balancing probleissearchers of TUT
together with the author of this thesis analyzedpioblem and proposed to use
a half-bridge topology with new generation HV IGBTs
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Fig. 1 Auxiliary power supply for traction applicahs: 1- contact line, 2- front-end

converter, 3- intermediate DC-bus (350 VDC), 4-ikary output converters
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Half-bridge (HB) isolated DC/DC converter is widdipown as an attractive
topology for different low power, low voltage apmtions, such as
telecommunication facilities, fuel cell based poweneration systems, compact
power supplies and other systems with a power rafde..2 kW. Advantages
of the HB topology are obvious [1][2]:

1. reduced number of primary switches and controlaggn
2. half-bridge inverter output voltage rating redutedhalf of the input;
3. no centre-tapped transformer required for the ispage.

In this doctoral project the HB topology will bedi examined as a candidate
topology for the front-end converter (FEC) of tlodling stock auxiliary power
supply (APS). Main design problems of converterthwigh input voltage are
the voltage blocking capability of primary invergwritches. Modern trends are
to use IGBT in the design of HP and HV applicationsth such benefits of
IGBTSs like ease of use, high switching frequen@ead efficiency, the overall
design quality of power supplies for traction apalions can be drastically
improved. The information about new generation HBBTs (up to 6.5 kV) on
the market was the motivator to propose the twellé¥B topology for the
FEC. The 6.5 kV IGBT modules are, in general, desigfor 3.0 kV DC rolling
stock applications with high demands on reliahilithhe main differences of the
conventional and proposed topology of the FEC hoeva in Table 1. As can
be seen, using recent semiconductor devices théderuai components could
be remarkably reduced. Moreover, as a logical etdgraent of the two-level
HB, the three-level HB topology with 3.3 kV IGBTsaw proposed and
implemented in the current doctoral project.

Table 1 Comparison of the conventional and the psep topology for FEC of APS
FEC with
Details series-connected Proposed two-level HB
DC/DC converters
IGBTs 28 2
Input capacitors 1 2
Isolation transformers 7 1
Rectifier diodes 28 4
Balancing electronics 7 0

However, such a novel design of the FEC requires alnovel control system.
Compared to many low power (P<500 W) applicatiorieene HB converters
have been conventionally implemented, the HP (R&2D and HV (U>2 kV)
FEC for rolling stock is much more demanding a@ilan. Not only because of
rough environmental conditions but also becausemany tasks that the
converter must deal with, e.g. controlling inversvitches, monitoring and
storing of internal parameters, displaying sensdadprocessing of status and
error feedback, communication with external deviets. Additionally, an
important issue is a protection system especiallyiP and HV applications



where already a small error can have catastrogsiglts. To achieve maximal
protection and fluent operation at least a two ligvetection system is needed,
l.e. some of the most vital protection functionssinbe duplicated. Hence,
general purpose low cost integrated circuits albglan different realizations

and with different control functions on the markah not be applied in the FEC
for traction applications. Such a demanding cordrad communication system
requires a flexible and advanced controller that fwficient calculation power

and peripherals to fulfil all the requirements.

The results of the project will be discussed in tleatoral theses. The first is
mostly dealing with the hardware side includingwadyg of switching properties
of HV IGBTs, component design issues and paramebetgnization etc.
(author Tanel Jalakas, Ph.D. student of Tallinnvigrsity of Technology). The
current thesis is mainly concentrating on the adrdystem research, design and
development.

In order to specify and define the exact field nferest of the current
doctoral thesis, a functional block diagram of tnedern FEC for traction
applications was proposed by the author (Fig. Bg ffont-end converter could
be logically divided into four stages: power elenics stage, power interface
stage, signal transmission stage, control and camuation stage. The latter
three stages are related to the control systens, thay are directly associated
with the topic of this thesis. The power electrgngtage, which in principle
includes the hardware of the converter, is thectopanother doctoral thesis.

Other converters, User interface
devices efc.
MVB, CAN,
commands driver status

Ethernet, etc.
feedback

User Sensor signals,

HV DC/DC Switching
Converter

Control and communication stage

H Sensor H Z g‘t/;sr ﬂ Control
signals signals
9 feedback g

Signal transmission stage

Sensor Driver Control
signals status signals
feedback

Power interface stage

i Driver
Contact line U Voltage UCurrent I signals Load

{Input voltage, > ‘ Power Electronics stage Output voltage,
current current

Fig. 3 Energy and data flow block diagram of a modeont-end converter for traction
applications
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The power interface stage includes sensors and IGB/Ers. In this section
mainly different type sensors and IGBT drivers stredied. Important issues are
isolation classes and suitability for HV applicasolike rolling stock. The
signal transmission stage concentrates on differgignal transmission
possibilities. Here the most important propertigs the immunity against
electromagnetic interferences and also isolatiopalsgity. The control and
communication stage is responsible for all coricilons of the converter. It is
the most sophisticated part of the control systecthaso the main research area
of the thesis. The main topics of interest aretrobralgorithms for HB isolated
DC/DC converters, protection and diagnostic fumief modern front-end
converters, communication possibilities with ex&mhevices.

Current doctoral project was launched in 2006 vaith Enterprise Estonia
supported contract “Power converters for onboardipenent of electrical
transport”. The aim was to develop basic solutians methods for a new
generation power converter based on the innovéiiyle voltage (HV) IGBTSs.
In 2008 the university financial support BF110 he {project was received and
the work was continued until 2009 when the finautes were received. The
research project was also supported by the twotg@i425 and G8020. The
results of this project will be used to prepare awhduct a production
development project in Estel Elektro Ltd. in thangiture.

Thesis Objectives

The general objective of the doctoral work is tealep and build a state of the
art control system that ensures efficient and &iaperation of the front-end
converter for traction applications according terusequirements and specific
railway norms.

The main research tasks to be achieved are asviollo

1. analysis and classification of user requirementd aorresponding
railway norms to formulate tasks the control syshkers to fulfill;

2. research and analysis of recent technologies amdlajanent trends
used in similar converters and their control systdm develop new
state of the art control system;

3. analysis and classification of control algorithrastivo- and three-level
half-bridge converters to obtain the optimal algon for reliable and
efficient operation of the FEC,;

4. analysis of two- and three-level half-bridge tampés and their
implementation possibilities for traction applicats;

5. analyses and classification of modulation methaut$ soft switching
techniques for two- and three-level half-bridge lased DC/DC
converters;

6. simulation and testing of different modulation nogth to increase the
efficiency of the converter and optimize utilizatiof the components;
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7.

8.

9.

research of the capacitor-related volt-second @moal problem
(typical issue for half-bridge converters) and ge@l of resulting
limitations for the FEC;

development of computer models to simulate andyaeatifferent
control algorithms for half-bridge isolated DC/DGnwerters;

design and development of the control system ofrtiv@-end converter
for traction applications based on the recent teldgies and
development trends;

10. elaboration of design guidelines and recommendsition

11. practical verification of the simulation and anaysesults on the test

prototype;

12. elaboration of proposals for postdoctoral studies.

Scientific novelty

The scientific novelty of the current work involviedlowing:

1.

analyses and systematization of the recent statbeofrt trends and
technologies for the FEC for traction applicatigos the page 39);

classification and comparison of conventional canalgorithms for
DC/DC converters with the emphases on suitabilitydigital control
systems (Chapter 1.4.3);

classification of control algorithms for two- orrée-level half-bridge
topologies with respect to the chosen modulatiothowe (Fig. 1.14);

development of a new control algorithm to solve thdt-second
unbalance problem related to the peak current ngodé&ol (improved
digital peak current mode control algorithm on plage 61);

development of a new control method to solve trengmation problem
related to the digital average current mode confiraproved digital
average current mode control on the page 64);

classification and systematisation of performaremuirements for the
specific FEC to design appropriate control syst€mafpter 1.1);

classification of energy and data flows of the madeEC for traction
applications (Fig. 3);

comparative analysis and evaluation of modulaticethmds and soft
switching techniques without additional componefds two- and
three-level half-bridge isolated DC/DC convertethdpters 2.2.1 and
2.3.1);
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9. general analysis of the capacitor-related volt-sdcounbalance
problems typical for the half-bridge isolated DC/Dconverters
(Chapter 2.2.3);

10. proposal of new control methods (shoot-through PWahd
shoot-through PSM) for the state of the art quasiuarce based
isolated DC/DC converter (Chapter 4.1).

Practical novelty

The practical novelties of the thesis are as fatlow

1.

design and development of the state of the artrabsystem for the
HP (P>20 kW) and HV (U>2 kV) FEC for traction amaliions
based on two-level half-bridge topology;

design and development of the state of the artrabsystem for the
HP (P>20 kW) and HV (U>2 kV) FEC for traction amattions
based on three-level half-bridge topology;

comparative analysis and evaluation of modern obuinits to find
out the optimal controller for the FEC (Chapter.3)3

development and evaluation of dead time generaironits suitable
for two- or three-level half-bridge topologies tmpide second level
hardware based protection against software erfaogs 8.12);

development and implementation of the concept®fctintrol signal
multiplication to reduce the controller load andatdapt the control
system for both two- and three-level half-bridgenwarters
(page 107);

development and implementation of an advanced abalgorithm
to stabilize the output voltage of the FEC in comeloli regulation
conditions (Chapter 3.3.8);

investigation and usage of modern HV IGBT drivettss feedback
signals to speed up error identification and inseeshe overall
reliability of the converter. An interrupt based thw was
developed to measure status feedback signals witimodern
controller (page 124);

development of the diagnostic and communicatioeriate with
online and offline monitoring mode together withtalatorage and
exchange possibilities. The integrated logger aldw make long
term measurements with user adjustable time stage(h18);

development of the fault detection and classifaratalgorithm.
(page 125);
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10. development of computer models of the FEC that lentsting of
different control algorithms and prediction of thehaviour of the
system in various failure situations (Chapters®ahd 2.3.2);

11. recommendations and guidelines for design of tmdrobsystem of
the FEC for traction applications (Chapters 1.5 3u3d10);

12. two Estonian Utility Model Certificates “Rolling @tk HV APS”
(EE00687U1) and “Rolling stock HV APS with improvegawer
density” (EE00824U1).

Direct practical output of the thesis

As a result of this doctoral project control systéon the FEC for traction
applications was designed, assembled and testeallyTwas developed seven
printed circuit boards and one IGBT driver boardsIgn guidelines of the
control system were elaborated for Estonian comgzstgl Elektro Ltd.

Significance for worldwide science and technologyedelopment

In the doctoral project first 6.5 kV IGBT module&ZO00R65KF1) were
implemented and tested on a real converter. Alddtaeport with problems and
general improvement suggestions was sent to theupen company EUPEC,
Infineon. The feedback led to the development efshcond improved edition
of the IGBT modules (FZ200R65KF2).

The Infineon Power Simulation program IPOSIM wadigo calculate
switching losses and estimate maximum switchingueacy for the IGBTSs.
The program suffered under lack of modulation méshand inverter types,
which was also reported to Infineon. The feedbaek taken into account by
the development of the next version of the program.

A valuable feedback was also provided about IXYSt f@&covery diodes
used in the output stage of the converter.

Dissemination of results and publications

The author has over 30 international scientific ljpaltions, 20 of those are
directly connected to the topic of the doctorakessh. 8 papers connected to
the thesis are published in the Institute of Eleatrand Electronics Engineers
database (IEEEXplore) and 2 papers are published in peer-reviewed
International Scientific Journals (Scientific Joalrnof Riga Technical
University and Electrical Engineering Research RBpdhe results have been
presented and discussed in different internaticoaferences all over Europe
(Portugal, Spain, Slovenia, Greece, lItaly, Poldnthuania, and Latvia). The
author was granted two Estonian Utility Model Cleréites (EE00824U1 and
EE00687U1) for the design of the proposed system.
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ABBREVIATIONS

ADC — analogue to digital converter
A/D — analogue to digital

APS — auxiliary power supply
AVCMC - average current mode control
CMC - current mode control

DC/DC - direct current

DSP — digital signal protcessor

DSC - digital signal controller

EMC - electromagnetic compatibility
EMI — electromagnetic interference
FEC — front-end converter

FOL — fiber optic link

FPGA — field programmable gate array
GPT — general purpose timer

gZSI — quasi-z-source inverter

HB — half-bridge

HP — high power

HV — high voltage

IGBT — isolated gate bipolar transistor
I/O — input/output

ISR — interrupt service routine

MC — microcontroller

NPC — neutral point clamped

PCB — printed circuit board

PLC — programmable logic controller
PSM — phase shift modulation

PWM — pulse width modulation

RMS — root-mean-square value

STI — surface transfer impedance
VMC - voltage mode control

ZCS — zero current switching

Z\'S — zero voltage switching
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SYMBOLS

17

D | duty cycle
D max maximum duty cycle
Dmin minimum duty cycle
D1s duty cycle of the bottom transistor
Drr duty cycle of the top transistor
fsw switching or operating frequency
lin input current of the front-end converter
lout output current of the front-end converter
Irp primary current of the transformer
I Tr-p-av rectified average primary current of transformer
[« corresponding IGBT current (x=1...4)
n turns ratio of the transformer
Pout output active power
Pr, active power of the isolation transformer
T temperature
Tr transistor temperature
Trec rectifier temperature
T transformer temperature
tq dead time
td-min minimum dead time requirement
toft off-state time of the transistor
toff-max maximal off-state time of the transistor
toft-min minimal off-state time of the transistor
ton on-state time of the transistor
ton-B on-state time of the bottom transistor
ton-max maximal on-state time of the transistor
ton-min minimal on-state time of the transistor
ton-T on-state time of the top transistor
Towm PWM period
Ue voltage of the input capacitor
Uce-1x collector-emitter voltage of corresponding IGBTHX...4)
Uep compare value
Uin input voltage of the front-end converter
Uin-max long-term maximum input voltage
Uin-min long-term minimum input voltage
Uiine catenary voltage
Uniin, nominal input voltage of the front-end converter
Un-out nominal output voltage of the front-end converter
Uout output voltage
Uramp amplitude of a saw-tooth signal
U s reference voltage in the control loops
Urrp amplitude of the transformer primary voltage
Utrpav rectified average primary voltage of transformer
Utrp-rms rms value of the transformer primary voltage
Urrs amplitude of the transformer secondary voltage



1. STATE OF THE ART

1.1 Classification of Performance Requirements

The requirements for a FEC to be used in rollimglstcan be divided into two
groups (Fig. 1.1): those of the end-user and spexflway limitations. The

end-user requirements are always connected taex Ipeice-quality ratio, while

the specific railway limitations are directly based railway standards. The
control system of the FEC must comply with the duling end-user

requirements: cost efficiency, reliability, easy imwainability, improved

dynamic performance, flexible diagnostic and comication interface, and
parameter stability.

The most important requirement from a user’s ponit view is a
price/quality relationship. It means that the FEQsimbe reliable and with a
competitive price. Maintenance costs must remaimimal. Thus, easy
maintainability is required. The output voltage mhbe stable while load and
input voltage of the converter are variable. Téguired output voltage range is
typically 350 V £ 5 %. A diagnostic and communicatinterface is required to
transmit operational data of the FEC to a persooalputer for further analyses
and diagnostics or to observe and make adjustnetite control system.

Specific railway standards are generally dividew isix groups (Fig. 1.1).
Output voltage levels of a static converter like FEC for traction applications
are defined by the standard EN50155. A stabilizatput voltage must not
exceed the following limits:

0.9V, out U p-oue = 1.1U oy (1)

whereU, o IS the nominal output voltage [3]. In the currease the end-user
requirements are even higher than those of theagistandards.

Supply voltage levels of traction systems are dm@eciin the European
standard EN 50163, which defines following valuesminal voltage 3000 V,
the lowest permanent voltage 2000 V, the highest-permanent voltage
3900 V. In Estonia voltage values are based onSaldiet GOST standards,
which define the catenary voltage rangg.=2400 V...4000 V. In view of the
worst case measurement result, the following desggpirement for the FEC
could be defined: nominal voltage 3300 V, lowesthnpenent voltage 2200 V,
and highest non-permanent voltage 4000 V [4].

In accordance with the standard EN50124-1 and th&imal operating
voltage levels, insulation classes can be specifididthe components in the
converter input should have the rated insulatioltage at least 15 kV. Low
voltage output circuits that are galvanically isethfrom the high voltage input
should have the rated insulation 2.5 kV [5].
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Electromagnetic compatibility requirements, tesnditions and allowed
interference levels are defined by the standard EHRS-3-2. The equipment
should work failure-free in its local electromagoetnvironment and without
introducing intolerable electromagnetic disturbaniog itself [6].

Maintainability requirements are specified in thanslard EN50155. In
general, maintenance includes the following acticteaning, repair, diagnostic
tests and electrical insulation tests. Accordinglye equipment should be
designed such that regular maintenance would netelsessary. However, the
equipment should include built-in diagnostic andtist acknowledgement or
indication functions, the system should have madsteucture to allow easy
testing and replacement of malfunctioning parts.

The FEC control system should be mechanically rdgfer reliable
operation under very harsh field conditions; thestnuction should ensure
immunity against shock, vibration, dust, moistumad humidity. The control
system must operate in surrounding air temperattaeging from -40 °C to
+70 °C and humidity up to 95 % [3].

Control system
design
requirements

End-user Specific railway
requirements requirements
I | I |
EN 50125-1 EN 50155
Param?ter Cost efficiency Environmental Output voltage levels of a
stability conditions stabilized source
I | I |
Improved EN 50163 EN50121-3-2
Reliabllity dynamic Voltages of traction Compliance with EMC
performnace systems requirements
I | I |
L EN 50155
Maintainability Communication Reliability and EN 50124-1
interface I Isolation coordination
maintainability

Multifunctional
user interface

Fig. 1.1 Classification of performance requiremefatsthe control system of the FEC
for traction applications

The main functions of the traction FEC are the lmgulation, the load
regulation and the load transient response. Limgilation is defined as an
ability of power supply to provide a stable outpottage under the conditions
of changing input voltage. The second demandingtion of the FEC for
traction applications is the load regulation, whidefines the maximum
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deviation of the output voltage from its nominalluea A typical FEC for
traction applications has to fulfill the combinesjulation requirements, i.e. to
provide a stable output voltage under the condstiohchanging input voltage
and load. It is the combined regulation that dgishes the FEC for traction
applications from other power supplies and makesctintrol of such a system
one challenging task.

1.2 Power Interface Stage

Power interface stage (Fig. 3) is the part of thetiol system of the FEC that
includes measurement equipment (sensors, transdate) and IGBT drivers.
Since it is the only part which directly gets intontact with the power
electronics stage and HV components, emphasisliesren sufficient isolation
and HV capability.

Measurement equipment

The performance of the control system is directfgaed by the choice of the
measurement devices. The selection of a measureteeite is the result of a
technical and economic trade-off, considering theasarement equipment as
well as the associated subsystems. All aspects afplication must therefore
be taken into account. General demands for the unement equipment to be
used in the rolling stock FEC are:

- short-term insulation up to 15 kV;

- high level of noise immunity;

- good linearity;

- low thermal drift;

- wide supply voltage range;

- immunity against vibration and shock;
- cost efficiency;

- wide temperature range;

- compact size and low weight.

General requirements for the measurement equiptoebé used in a control
system are: high accuracy, fast response time,vadd bandwidth. In the
current case the following parameters need to basared: DC voltage, DC
current, and high frequency pulse current. Thesdiaation of voltage and
current measurement techniques is shown in Fig.Tiw® main groups can be
distinguished: isolated and non-isolated. As a ,rutee non-isolated
measurement techniques (current shunt and voltagked are the simplest and
most accurate but they usually have a high thedn#] large size, high power
consumption and most importantly they do not fulii insulation requirement
of the rolling stock [7][8][9][10].
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Voltage and current
measurement

Isolated Non-isolated
[ | [ |
Fluxgate Current Voltage
Shunts g
transducers transformers dividers
[ |
Hall effect Air-core Isolation
transducers transducers amplifier
[ | [ |
Closed loop Open loop . .
Hall effect Hall effect Eifg,ltarggc ci)s%ﬁ:tael 3’
transducers transducers

Fig. 1.2 Classification of current and voltage ma@snent devices

It is relatively easy to implement a current tramsfer. It acts just like a
traditional voltage transformer, but typically hady one primary winding (the
wire carrying the current to be measured). Unlikecamventional voltage

transformer, there is no physical connection madéhé measured line. The
current transformer uses magnetic fields generayethe AC current flowing

through the primary wire to induce a secondaryemnirrCurrent transformers
are simple to use, a low-cost solution that providdso good isolation.
However, the main drawbacks are large size, weigttability to measure only
AC signals [11][12].

Very attractive measurement equipment for railwgpligations is Hall
effect transducers. They can be divided into twaugs: open and closed loop
transducers. Open loop Hall effect technology cob&l used for current
measurement, while closed loop Hall effect transdsiccan measure both:
voltage and current. The inherent advantages of éfééct transducers are
small weight and size, isolated output signal, legbkrload capability and high
reliability. In addition, measurement of all wavefws, alternating, direct and
impulse current is possible [13][14].

Open loop Hall effect transducers consist of a m#grcircuit with an air
gap (Fig. 1.3). Magnetic fluxBj created by primary currenit,] is measured in
the air gap by a Hall effect sensat)( The output voltagely,,) of the Hall
device is an exact representation of the primamrect and can be easily
measured [13].
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Fig. 1.3 Operation principle of an open loop Hatfext transducer

Closed loop Hall effect transducers consist of gme#ic circuit with an air gap
and a secondary winding (Fig. 1.4). Primary curaeates a magnetic fluB)

in the magnetic circuit. A Hall device and assaailatontrol electronic balances
that flux with a complementary flux by driving cant (se) in the secondary
winding. The secondary current is an exact reptaten of the primary
current [13].

Uout

Fig. 1.4 Operation principle of a closed loop Haffect transducer

Open loop Hall effect current transducers have pmwer consumption, and
galvanically isolated output, they are cheaper ammle compact than closed
loop ones. However, the response time, frequenegerand overall accuracy
are smaller compared to closed loop Hall effechddaicers. The benefits of
closed-loop current transducers are a low temperatrft, excellent linearity,

fast response time, good accuracy and wide banth\\ié)].

An isolation amplifier could also be used for vgktameasurement. The
overall accuracy and linearity are slightly betmympared to Hall effect
transducers. They provide high immunity againsttetenagnetic interference
(EMI) and galvanic isolation up to 15kV. Until esdly the maximal
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measurement range reached only about 3.5 kV andti@o amplifiers were
insufficient for many HV traction applications. Hewer, the newest models of
isolation amplifiers can measure voltages up t& 6vkhich makes them a good
competitor for Hall effect transducers [14]. Isaat amplifiers can be divided
into two groups (Fig. 1.2): electronically isolatadd optically isolated. The
main advantage of this technology is the small arze light weight. Similarly
to closed loop Hall effect transducers, any kingighal can be measured. The
limitations compared to closed loop Hall effechsducers are: slower response
time, higher power consumption, they are unsuitdbtecurrent measurement
and have lower insulation capability [16]-[19].

Air-core (Rogowski effect) transducers have torbistaucture, but with a
coil wrapped on a non-magnetic core (Rogowski call its structure can be
either rigid or flexible. The coil is magneticaltpupled with the flux created by
the current to be measured. A voltage is inducethercoil proportional to the
derivative of flux and thus proportional to the idative of the current to be
measured. The main benefit of air-core transdutigyhtweight measuring
head, which can be positioned away from the measenmt electronics. The
main drawback is that it is only suitable for AQrant measurement [15][20].

Fluxgate transducers can be used both: for cuammhtvoltage measurement.
Any kind of signals (AC, DC, impulse, etc.) can imeasured. The working
principle and construction are similar to the ctbsmop Hall effect transducer.
A magnetic circuit including a gap and secondarndwvig is used. The
secondary winding is driven to balance the fluxhie gap. The main difference
between the closed loop Hall technology and thaddte is on the way the air
gap field is detected. Fluxgate technology useatarable inductor instead of
Hall sensor. Benefits of fluxgate technology avecetlent accuracy, low offset,
excellent overcurrent recovery, high bandwidthgéadynamic range allowing
measurement of both small and large currents, arall size. Drawbacks are:
large noise level at the excitation frequency,tnaddy complex technology, and
price [21]-[23].

A comparison between most common and widely usegkicuand voltage
measurement methods is shown in Table 2. Consglénm information given
previously three measurement methods are mostbtiiteor the current
application: Hall effect transducer, isolation aiiigt, and fluxgate transducer.
Fluxgate transducers are extremely accurate ardesbait also complex and
expensive. In the current case, no high precisi@asurements are needed.
Isolation amplifiers, except some new generatioth @xpensive models on the
market, are slow, have limited insulation and cahmeasure sufficiently high
voltages. According to general demands for the oreasent equipment to be
used in the FEC for traction applications the doe®p Hall effect transducer
IS the most convenient solution.
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Table 2 Comparison of current/voltage measuremesthaus

Current Hall effect | Isolation | Air-core Fluxgate

Parameter 6
transformer | transducer| amplifier | transducer| transducer

AC/DC AC AC/DC | AC/DC AC AC/DC
measure
Bandwidth Low Middle Low Middle High
Isolation Very high High Middle Very High High
Linearity High Middle Middle High Very high
Accuracy Middle Middle Middle Middle Very high
Offset No Yes Yes No No
E;Zponse High Middle Low Middle | Very high
Saturation Yes Yes No No No
effect
Temperature Low High High Very low Low
dependence
Power Low Low Middle Low Low
consumption
Weight High Middle Small | Verysmall| Middle

Control Principles and Requirements for High Voltage IGBTs

The HV IGBTs have been established as dominant psesiiconductors. In
this work HV IGBT are defined as transistors witlke tollector-emitter voltage
greater than 1.7 kV e.g. 2.5 kV, 3.3 kV, and 6.5 kvivers for such IGBTs are
subject of high requirements. The most importaguirements to be fulfilled
can be summarized briefly as follows [24]:

properly selected gate resistor;

galvanic isolation between IGBT and control elecite (at least
15 kV);

isolated power supply;

small signal propagation delay;
appropriate output power level,
short-circuit detection and protection;
overcurrent protection;

supply undervoltage protection;
status and diagnostics functions;

small size and weight.
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An IGBT module is a sophisticated switching uniuelto the high voltages and
currents the IGBT must be isolated from the corgggtem. It requires bipolar
gate signal to properly switch between on and @ifes. The gate peak current
can reach up to 20 A. Thus, IGBTs can not be dyedtiven with a
microcontroller. A specially designed IGBT driverneeded. In addition, state
of the art IGBT drivers also include several protec and status
acknowledgment functions, which increase the oVveetilibility of a converter
system. In general, drivers for high-voltage IGBase available in two
realizations: driver cores and plug&play driverstivier cores are modules
equipped with all essential functions of a driveaurch as electrical separation,
protective functions, DC/DC converters etc. Ther usen configure the driver
according to the need using some external hardwRltg&play drivers are
fully adjusted to a specific IGBT module includirdl functions needed for
proper operation. Thus, driver cores offer a gfadibility, while plug&play
drivers considerably reduce development time afaitdR5][26].

When developing a control program for an IGBT basexdverter the most
important parameters to consider are IGBT switchinge and control signal
propagation delay. A fast driver with a short dellayoduces significantly less
phase lag into the converter control loop. The IGRitching time is controlled
by charging and discharging the gate capacitoheflGBT. If the gate peak
current is increased, the turn-on and turn-off tim#é be shorter and the
switching losses reduced. This obviously has anachpn other switching
parameters such as overvoltage stress, shorticyaiei operation area, EMI etc.
The gate charge currents can be controlled by #ite gesistor. Thus, the gate
resistor must be chosen carefully and the resuligitaviour of the IGBT must
be taken into account in the control program. Patars that depend on the gate
resistor are shown in Table 3 [27]-[30]. As can d&®n, a rise of the gate
resistance increases the turn-on time, turn-ofé tiswitching energy per pulse,
surge voltage sensitivity, and short-circuit widred capability. At the same
time it decreases turn-on and turn-off peak cusieiRbrward characteristics of
the IGBT remain unchanged.

Table 3 IGBT parameters that are depending on gedestor

Rating/characteristic R'Se. of gate
resistance

Turn-on time Rises
Turn-on energy per pulse Rises
Turn-off time Rises
Turn-off energy per pulse Rises
Turn-on peak current Falls
Turn-off peak voltage Falls
Surge voltage sensitivity for IGBTs Rises
Short-circuits withstand capability Rises
Forward characteristics Remain
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1.3 Signal Transmission Stage

The signal transmission stage is a link betweertrebiand communication
stage and power interface stage, as shown in Rigepresents different signal
transmission possibilities. Since the power intsgfatage includes components
which deal with high voltages and currents andciretrol and communication
stage includes only low voltage electronic compasieit is vital to have good
isolation between those two stages. The signalsdrsignal transmission stage
can be divided into three groups: sensor, contnal driver status feedback
signals. It is also important to distinguish betwekgital and analog signals
since they should be transmitted differently. Serssgnals are analog signals
generated by current and voltage transducers. @asignals for the switches,
usually pulse width modulated signals, are digg@nals generated by the
microcontroller. Driver status feedback signals diggtal signals generated by
the IGBT driver. The easiest and cheapest wayattsmit any signal is through
copper wires. However, it provides no isolationefiéhare several alternatives
available for the potential isolation, as showiTable 4 [30].

Table 4 Potential isolation techniques

Inductive Optical
Device Isolation transformer| Optocoupler| Fiber optic link
Insulation >1700 V <1700 V >1700 V
Surge yoltage High Low High
immunity
Cost Medium Low Medium

In addition to insulation, electromagnetic compiéitipaspects have to be taken
into account especially for control of power swashThe overall performance
of the converter depends on the switches (IGBTsSMETs etc). Even a small
fault in the control pulse can have catastrophstilts. Using copper wires with
an isolation transformer provides the needed iswlatbut the length of
transmission lines is strictly limited to 0.5 m due the impact of EMI.
Optocouplers and copper wires do not offer sufficieolation and also suffer
under strong EMI impact. A fiber optic cable is imme against EMI and has
the desired isolation class, which makes it the bekition for digital signal
transfer in the front-end converter for tractiomplagations [31]. Unfortunately,
it is not suitable for analogue signals since tpical transmitters and receivers
are mostly designed for digital signals. Therefegasor signals will be mostly
transferred through copper wires. In the case df eféect transducers the
isolation is not a problem since current and vatagnsducers provide galvanic
isolation between high power and low power partweer, all cables are
subject to interference pickup. Basically there doair main types of
interference coupling [32][33]:

1. capacitive coupling;

2. inductive coupling;
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3. galvanic coupling;
4. electromagnetic radiation.

Typically an environment in traction applicatiomgludes HV and high current
sources. Alternating HV sources emit electrostiaicls that cause capacitively
coupled interferences. High current sources en@ttedmagnetic fields that
interfere using inductive coupling. Major risks feensor signals in traction
applications are interferences with capacitive amdluctive coupling.
Capacitive coupling can be reduced by [34][35]:

- increasing distance between interfering circuits;
- keeping the wires as short as possible;
- avoiding parallel conduction of interfering signals
- screening.
Inductive coupling can be reduced by:
- increasing the distance between conductors;
- mounting conductors close to conductive surfaces;
- keeping the wires as short as possible;
- avoiding parallel conduction of interfering signals
- screening;

- using twisted pair cable, which effectively redutls magnetic loop
area.

Screening or shielding is helpful for both couplitypes. In order to avoid
ground loops commonly shielded cables will be gdmehonly on one end of
the shield. The effectiveness of the shield depemulshe surface transfer
impedance (STI), which can be calculated as

du _1
I+ =— , 2
=g ®)

where dU/dx is the voltage drop cased by the shield curremtspéeld unit
length ands is the induced shield current. The smaller the t8&lgreater is the
screening effect of the shield. STI depends oridh@wing parameters [36]:

1. mutual inductance — shield to inner;

2. mutual capacitance — shield to inner;
3. leakage inductance — inner to external;
4. skin effect.
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In general in the HP and HV DC/DC converters tlgnai cables of sensors
should be kept as short as possible, preferabléwaséed pair cables, and all
cables should be shielded.

1.4 Control and Communication Stage

Control and communication stage (Fig. 3) is tharbad the control system.
Physically it includes the control unit. In additjothis stage also deals with
control algorithms, methods, diagnostic functicars] peripherals.

1.4.1 Main Trends in Control System Development

Twenty years ago analogue control circuits wereidant in power electronics.
They remained cheap and simple compared to a digiatroller required.
Analogue circuits also give near infinite resoluatiéree parallel processing, and
no computational time delay. However, with the terlbgy developing rapidly,
which are inevitably increasing requirements fomadern switching power
supply. Reduced weight, volume, cost and increaskability of circuitry are
becoming increasingly important to DC/DC convertenanufacturers.
Corresponding analogue control circuits would be@ ¢complex and inflexible
for such demanding requirements [37].

The past few years have seen substantial develdpnmethe digital control
of DC/DC converters. New low cost, high performarogbedded digital signal
processors (DSP) and microcontrollers (MC) are awailable on the market.
Digital controllers are provided with many integmt power electronic
peripherals, such as analogue-to-digital convertéh®C), pulse width
modulators (PWM), general purpose timers (GPT) E8]-[40]. Therefore,
digital control of switching power supplies is begtog more and more
common in industry. Ultimately, the aim today isapply a single chip digital
controller that can fulfil all the requirements af DC/DC converter. Main
benefits of digital control compared to analogue[44]-[45]:

- programmability;

higher flexibility and modularity;

fewer components;

lower sensitivity to noise and environment conaisio
Main drawbacks of digital control that must be tak&o account are:
- the time-consuming computations;

- A/D conversions slowing down the sampling rate loé ttontrolled
variable;

- limited resolution depending on the system cloekjfrency;
- finite lengths of variables resulting in a round efror.
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1.4.2 Modular Embedded Control Units

Flexibility and reliability are the key issues nadtion applications. Due to very
rough environment conditions and performance regquénts, a digital
controller is advisable. Demands for the contrat are:

- high working frequency;

- operating temperature range -40 °C ...+60 °C ;

- immunity against shock and vibration;

- reprogrammability ;

- flash memory for program code and data storage;

- real time clock module for long term measurements;
- GPT units;

- communication possibilities;

- PWM channels with timers;

- interrupt and trap functions including externaemupts;
- sufficient number of 1/O lines;

- ADC;

- support of floating point calculations;

optimal price.

Unfortunately, such high demands also require agpfulvcontrol unit, which
can be quite expensive. Thus, the controller shdm@dchosen carefully. In
general, there are five types of digital controitsirthat can be taken into
consideration: field programmable gate array (FPGgpgrammable logic
controller (PLC), digital signal processor (DSP)icracontroller (MC), and
digital signal controller (DSC). FPGAs are a forrh lnghly configurable
hardware. FPGAs contain thousands of programmaddgc |blocks, 1/0
modules and a hierarchy of reconfigurable intereation network that allows
the blocks to be connected together. Logic bloeks e configured to perform
complex combinational functions, or merely simugit gates. In most FPGAs,
the logic blocks also include memory elements, Wiy be simple flip-flops
or more complete blocks of memory. The main adwgntaf FPGAs is the
support of parallel calculations. Therefore, théiropl applications for FPGAs
are those that require high computational perfogaae.g. telecommunication
technology and audio technology. However, FPGAshasor performance in
handling sequential algorithms and floating poiadcalations. FPGAs are
reprogrammable but it is quite a slow process aepedds on the system
complexity. Naturally FPGAs do not include any péerals like Timers, PWM
generators, ADC etc. That makes them unpractical naltilevel control
systems where the controller also has to fulfileothigher level tasks besides
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the main control algorithm, e.g. communicate witheo devices, display sensor
readouts etc. [46][47].

PLC is a digital controller specially developed fadustrial applications.
They are designed for multiple input and outputiagements, with extended
temperature ranges, immune to electrical noise, rastant to vibration and
impact. Modern PLCs can be programmed in a valétways, from ladder
logic to more traditional programming languageshsas BASIC and C.
However, the languages are simplified and have diniyted functionality.
PLCs have also their own operation system, whidicges the flexibility of the
controller. In general, the emphasis lies more meed and simplicity than on
flexibility. PLCs are best suitable for standardizadustrial processes, which
are not very fast, nor complex and where changethé¢osystem would be
expected during its operational life.

DSPs are basically a specialized form of microadiers. DSPs are
optimized for signal processing and computatiofifgrimg many architectural
features to reduce the number of needed instrigtiadiCs, however,
concentrate on performing control functions anddfiag algorithms. As such,
a typical MC application involves many conditiorggerations, with frequent
changes in the program flow. MC also has a largeiety of peripherals. In
order to handle two tasks simultaneously, devekbpgve tried to combine
DSPs with MC technology. The most recent approdwt has emerged
incorporates MC functionality into a DSP. These rnewcalled digital signal
controllers (DSC) exhibit a unified architecturedamflexible set of peripherals
optimised not only for numeric computation, butalsr control-oriented tasks
[39][48][49]. For the current application, both: DS&nd MC technologies are
suitable. In order to find out the more optimalusimin both digital control units
should be tested and compared in more detail.

One possibility is also to combine several coniaits with each other. It is
especially useful in complex control tasks wherst jone controller can not
afford enough flexibility. Since this solution itsa the most expensive one it
should be avoided, if possible [50].

1.4.3 Modulation Methods and Control Algorithms

Two sub-topologies were considered, as shown in Elg two-level HB with
6.5 kV IGBTs and diode-clamped three-level HB waI8 kV IGBTs. The
two-level HB is the simplest solution. It consistsly of two transistors and
input capacitors. One limitation of this topologythat the full input voltage is
applied across each transistor. So the blockinglmaty of each IGBT must be
greater than the input voltage.
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Fig. 1.5 Studied converter topologies: two-levdfimsidge (a), three-level half-bridge
(b)

The three-level topology can be easily derived ftbmtwo-level topology with
four series connected transistors by the introdacaf clamping diodesD(,
D), which balance out voltage sharing between ser@mected top and
bottom group transistors [51]. Here the requiretlage blocking capability of
each IGBT is only half of the input voltage.

Modulation Methods

Pulse width modulation (PWM) is the most common ulation method used
to control switching-mode DC/DC converters. Thepotitvoltage is changed by
varying the duty cycle.

t t

D — on — on ( 3 )
toff + ton T, ,

pwm

whereD is the duty cyclet,, is the on-state timey is off-state time, and,um
Is the switching period.

In general, two PWM methods can be distinguishexkedffrequency and
variable-frequency PWM (Fig. 1.6). Fixed-frequeneWM is achieved by
changing botht,, and tys while maintaining a constant switching period, as
shown in Fig. 1.6 (a).
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Fig. 1.6 PWM methods: fixed frequency (a) and uaadrequency (b)

Variable-frequency PWM is achieved by changitig while keeping t,,
constant or vice versa. The switching period isfn@d, thus the frequency is
variable, as shown in Fig. 1.6 (b). An advantagethaf variable frequency
technique is that it reduces switching losses whth load-current increase. A
major problem associated with the variable-freqyeneWM is the
unpredictable electromagnetic interference (EMbjok makes it unsuitable for
demanding front-end converters of traction applicet The EMI of the
fixed-frequency PWM can be easily filtered out [53].

Phase shift modulation (PSM) is a common modulatioathod for
multilevel HB and full bridge DC/DC converters. Thesulting output voltage
is similar to PWM control but commutation timings switches are different.
The PSM modulation method can be also applied rieetlevel HB topology
(Fig. 1.5). In PSM control, all switches operateéhanearly 50% duty cycle, as
shown in Fig. 1.7. The phase-shift between sigdalermines the operating
duty cycle or the transformer voltadd+f) of the converter. Here the frequency
Is always fixed [54]-[56].

PSM signal A PSM signal A
Full load or low load or
min input T4 T4 max input T4 T4
voltage voltage
T T T > t T T T > t
%, ! '
phase shift : 2 Towmt :prm1 ohase shift : |/2 Towmt | :prm1
o> Tz Ts » T2 T3
—» t - t
U % prmz prm2 U Vs prm2 prm2
Tr Tr
-t [ —
(&) (b)

Fig. 1.7. PSM method for multilevel HB or full-bgie inverters: maximum duty cycle
(@), minimum duty cycle (b)
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Generally, for the two-level HB only the PWM methiscapplicable. In the case
of three-level converter topology, both PSM and PWamh be applied. Both
methods have benefits and drawbacks. Which of #thods to choose depends
on many factors and will be discussed later in\wosk.

Control algorithms

for DC/DC
converters
Voltage Current Sliding-mode One-cycle
mode control mode control control mode control
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Peak current
mode control

Voltage mode
control
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GO v
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control control : control
/

Quitable for isolated DC/DC HB converters

Fig. 1.8. Classification of control algorithms fBXC/DC converters

Control algorithms

In general, control algorithms for isolated DC/D@Gneerters can be divided
into four main groups (Fig. 1.8): voltage mode coh{VMC), current mode
control (CMC), sliding-mode control, and one-cyal@de control. In order to
find out, which algorithms of them are suitable fiigitally controlled HB

isolated DC/DC converters following comparativelggsia was carried out.

VMC is a single loop control algorithm, mostly bdse the fixed-frequency
PWM control method although it is also used withVMPA classical VMC
algorithm consists of one voltage control loopshswn in Fig. 1.9. The output
voltage U,,; is measured and compared to a reference Mdjyethe voltage
error is sensed by the error amplifié€Aj. The output of the regulator is
coupled with the PWM stage. VMC is simple and carebsily implemented in
a HB isolated DC/DC converter. However, suffersrfrpoor line regulation and
parallel operation [57]-[60].
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Fig. 1.9. Block diagram of the voltage mode constohtegy
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In the feed-forward voltage mode control, poor liegulation is somewhat
improved, as shown in Fig. 1.10. The enhancememiesarom the additional
line voltage control loop. The ramp of the trianglaveform generato&;) will
be changed proportional with the input voltage. ©b#put voltage is sensed by
an error amplifieEAL The result is an instantaneous response to bftage
and load changes. Since it is difficult to chartygeramp within a digital control
unit, this method is less important for the didytatontrolled HB. Another
approach is to calculate the duty cycle in accardamith the input voltage. The
transfer function of the converter is usually knowhis algorithm is especially
suitable for a digitally controlled HB. In gener&ted-forward voltage mode
control is inherently stable [61][62].

DC/DC converter
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Unn T CcP1 EA1
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Fig. 1.10. Block diagram of the feed-forward vokagode control strategy

CMC includes four sub-variations: peak, averagestdretic, and feed-forward
CMC, as indicated in Fig. 1.8. A simplified regutet loop of the peak current
mode is presented in Fig. 1.11. It consists of twatrol loops, inner current
and outer voltage control loop. The voltage contoolp measures the output
voltage U, of the converter and an error amplifieA programs the peak
current value sy for the inner current loop. The inner currentdaoeasures
inductor or transformer current according to theotogy used and compares it
with the current progranh,.a Power switches of the DC/DC converter are
turned on with a fixed-frequency clock signal andgitshed off by the
comparator CP) when the peak current value is reached. PWM autpu
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generated with a RS latch. The peak CMC algoritamaso be applied in HB
isolated DC/DC converters. In that case transformpamary current is
measured and two PWM signals are created. The peadént mode has a good
input voltage response but suffers from pure nois@unity and volt-second
unbalance problem, which aggravates its use intraije PWM converters
[43] [63]-[69].
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Fig. 1.11. Block diagram of the peak current modetml strategy

The average current mode control (AVCMC) overcommest of the problems
of the peak CMC. It consists of two control loopg mstead of comparators a
current error amplifierEAY) is introduced, as shown in Fig. 1.12. Inductor or
transformer currentl) is measured and integrated over the period. Vheage
value then is compared to the current progriagh, (vhich is given by the outer
voltage control loop. Instead of a RS latch thas waed in peak CMC, here a
PWM block is used to generate control signals ler transistors. The average
CMC algorithm can be applied in HB isolated DC/D&heerters. In that case
the transformer primary current is rectified andgeal through a low-pass filter.
The average CMC has good noise immunity and higreotiloop gain due to
the current error amplifier (Regl) [42][70][71].

DC/DC converter

kY e

A Integrator

EA1 _l o

L pwM —<
lav I_<j_ Uref

Fig. 1.12. Block diagram of the average current madntrol strategy
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Hysteretic CMC suits best for DC/DC converters wotte switching element
and continuous mode current. The inductor curremteform is used to control
both the on-state and off-state time of the switthe current is controlled
between two limits. It is a variable frequency cohtalgorithm, since the
conducting and non-conducting periods of the posvatch can change. Thus,
also no-clock or timing function is needed [72].pApation of this algorithm in
a half-bridge topology leads to some complicatiaihe transformer primary
current is AC and needs to be rectified, HB DC/m@werter is not working in
a continuous conduction mode, instead of one switehe are two transistors,
which drastically increase the complexity of thenttol loop. Therefore the
application in HB isolated DC/DC converter is ligtdt A possible way of how
to use it is presented in the patent [73]. In ganérysteretic CMC reacts fast to
load and line transient, it is simple and it does require loop compensation.
The drawbacks are a wide operating frequency ramgethe requirement of
high speed current measurements, which can catifseulties especially in
digital control systems [74].

Commonly the transfer function of a DC/DC converseknown. The output
voltage can be calculated in terms of input voliagey cycle and transformer
turns ratio. This idea is implemented in the feexvbrd CMC. The voltage
feed-forward can be added either to the currenpaigtt or in parallel with the
current control loop. The feed-forward CMC can pdeva faster transient
response but needs higher calculation capabilizeeSCMC has inherently
good input transient response then the feed-forw@MIC is used rarely
[75][76].

Sliding-mode control is a nonlinear control form wériable structure
control. In nature it is very similar to the hystec CMC. The idea is to hold a
controlled variable within two predefined boundariglled a sliding surface.
The equilibrium point of the sliding surface is tdesired operation point.
Similar to hysteretic CMC, sliding-mode is a vat@alrequency control
algorithm. However, unlike hysteretic CMC, slidinggde control can also be
implemented in a manner where there is a known rulopé& on the switching
frequency, as shown in Fig. 1.13. Inductor or tramser current I) is
measured and compared to the current progkgmwhich is given by the outer
voltage control loop. A comparator with hystere@¥) is connected with D
flip-flop, which is clocked with fixed frequency. hE main benefits of
sliding-mode control are stability, even for largepply and load variations,
robustness, good dynamic response, and simple nngpi&tion in analogue
electronics. Drawbacks are: variable switching destcy, high switching
frequency requires very quick measurements, whiakes it difficult to apply
in the digital control. Sliding-mode control is besuitable for inverters with
analogue control and sinusoidal output paramelieis.not an optimal solution
for the HB isolated DC/DC converter where the wgdsiand currents are square
wave shape [77]-[83].
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Fig. 1.13 Block diagram of the sliding-mode contstlategy with the upper frequency
limit

One-cycle mode control is a nonlinear control atpan that is based on the
integration of a switched variable (voltage or euty in order to force its
average value to be equal to the control referefice.benefit of the one-cycle
mode control is its ability to reject input distarizes in just one switching
cycle. However, it is not easy to apply it in cortees, which have more than
one switch (e.g. converters based on HB topologg)italso suffers from poor
dynamic behaviour in response to load variations.efternal controller could
solve the problem but the nonlinearity of the ogele& mode control algorithm
makes it quite difficult to design an external cotier [84]-[86].

A classification of different control algorithmsitble for a multi-level HB
isolated DC/DC converter is shown in Fig. 1.14. iA€an be seen, control
algorithms do not only depend on converter topoldgyt also on the
modulation method, chosen, e.g. peak CMC is notiagipe in the case of
PSM. On the other hand, if a variable frequency P@vitrol is required, the
one-cycle mode control algorithm can not be appliderefore, the first step in
control system design is to choose a converterldgyoand a modulation
method and after that an appropriate control aligari

Many different integrated circuits are availableptovide the current mode
or VMC for switching-mode DC/DC converters. The anostly used for such
low power applications as power supplies for corapjtmonitors, printers, etc.
[87]-[90]. The benefits of such integrated circuigse: easy to use, no
development needed, and reduced costs. The mawbalck is reduced
flexibility. Thus, rigorous dynamic performance vagments and high level of
complexity of the control system prevents the u$estandardized integral
circuits in the FEC for the rolling stock.
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Fig. 1.14 Classification of control algorithms fowo- or three-level half-bridge with
respect to the chosen modulation method

The discussion above reveals that there are twa meups of control
algorithms suitable for the FEC based on the isdldB topology: VMC or
CMC. It is also clear that there is no direct ansiwehe question which control
algorithm is the best. It all depends on the appibm, control task, control
environment etc. However, there are consideratigmish could point to one or
the other as more optimum for each particular appbhn [60]. CMC should be
considered if:

1. the output of the converter is to be used as a&gotisource;

2. fast dynamic response to input changes is needed;

3. a DC/DC converter where the input voltage variatisnrelatively
constrained,;

4. modular applications, where parallelability wittatbsharing is required.

VMC is to be considered if:

1. there are wide input line and/or output load véorad possible;
2. particularly with low line - light load conditiong/here the current ramp
slope is too shallow for stable PWM operation;

38



3. high power and/or noisy applications, where noise tbe current
waveform would be difficult to control;

4. applications, where the complexities of dual feettdaops and/or slope
compensation are to be avoided.

1.4.4 Communication and Diagnostics

According to standard EN50155 the traction equipmsaould be provided with
built-in diagnostic and indication functions. Totaymost advanced FEC
systems are constantly monitoring and saving ialggarameters. An important
iIssue is communication with other on-vehicle dewvicln order to exchange
information between all kinds of on-board equipmentstandardized train
communication network (TCN) has been worked outtokding to IEC61375

regulations the TCN is constituted by two buseseWirain Bus (WTB) and

Multifunctional Vehicle Bus (MVB). WTB is definedsathe train bus that is
used to connect multiple vehicles. MVB is definexlthe vehicle bus that is
used to connect equipment within a single vehilriegeneral MVB is a field

bus, which has been specially designed for railwaicles. The main

characteristics of the MVB are the high robustnaskieved by redundant
communication lines and extensive error checkirgpability to handle real
time communication, support of cyclic process dstfixed time intervals, and
easy interfacing to other bus systems. MVB intexfexc recommended for all
new generation converters used in traction appicai91]-[93].

Usually a serial communication technology RS-23ZEthernet is used for
service and diagnostics. The system can be easihytoned using a laptop or a
personal computer. Both online and offline monitgrimode should be
possible. Online mode allows real time measuremants status indications
while working in the offline mode allows displayira;md analyzing previously
stored data. To fulfil the indication requiremehE&N50155 some relay outputs
should be added to the control system. One drawb&cdonventional control
systems of FEC is the lack of manual adjustmensipiisies. The users can
only observe and analyze the operating data butatasthange the parameters.
Adding adjustment functions to the control systeng. freely programmable
functionality of the relay outputs, in real timej@stable regulator parameters
etc. could improve the adaptability and generafgerance of the FEC for
traction applications [94]-[96].

1.5 Generalizations

There are no benchmark solutions available for sudamanding application as
the control system of the front-end converter f@ction APS. The rugged
railway standards combined with strict end useuiregnents make the design
of a FEC for traction applications and its contsyistem very challenging.
Together with the technological progress also gmahds are rapidly growing.
Therefore a modern FEC for traction applicationssimoe reliable, energy
efficient and flexible. These goals can only bechea using the most recent
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state of the art components, technologies and cuntpithem with new

software solutions. Based on the analysis of teldgmal advancement of
DC/DC converters and their control systems, thenrtr@inds in control systems
for front-end converters can be summarized asvislio

1.

The complexity of control systems of front-end certgrs for traction
applications has been steadily growing over thedasade. A modern
control system of FEC not only generates contréégsifor IGBTs but
also stores operating parameters and is able toncmmoate with other
devices. A communication and diagnostic interfasebecoming an
indivisible part of the control system. ReferredHB and HV traction
applications, the control system should also haveliable protection
system.

Digital control is replacing analogue control irit-end converters for
traction applications. This has been a strong tecylever last decade.
Modern front-end converters for traction applicaticare sophisticated
systems where high flexibility and compactness equired. Digital
control fulfils best those requirements.

As a central control unit in today’s front-end centers for traction
applications, a DSC or MC has the highest potentdlCs lack
flexibility although they are reprogrammable andye#o use. FPGAsS
will be most probably applied as auxiliary contuplits beside a MC or
a DSC. FPGAs can handle non-sequential controladiperss, e.g. signal
generation, mixing, logic operations (AND, OR, XO#c) between
control signals etc.

PWM is the most widely used modulation method ionfrend

converters for traction applications. However, thpid development of
power semiconductors allows the use of new convéofglogies for

which PSM may be more optimal modulation method.

Most widely used control algorithms are CMC and VM{aturally
both algorithms were based on analogue control ntdolyy but
nowadays also digital algorithms are available. itRigVMC has
become a new trend in front-end converters fortivacapplications. It
is simple, yet flexible and has good dynamic respoto wide load
variations. Due to complexity and poor respondedd changes, digital
CMC has remained on the background.

Classical soft switching is mostly not used in frend converters for
traction applications due to the external circuitghich increase
complexity and implementation costs. An alternativée researched is
soft switching without additional components.

Most of today's front-end converters for tractiopphcations are
provided with communication and diagnostics funtsioOften RS-232
interface is used for service and diagnostics.
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2. ANALYTICAL STUDY OF HALF-BRIDGE
ISOLATED DC/DC CONVERTERS

2.1 General Requirements for the Front-End
Converter

One of the greatest challenges that designersliigstock power supplies
have to face is the extremely wide input voltagegeaat the converter input
terminals and the load step changes at the oufjh&.converter must ensure
stable output, i.e. in brief, dynamic performand®tt provides the basic
properties of the power supply. The main functiohghe converter's dynamic
performance are line regulation, load regulatiamd éoad transient response.
Load transient response provides information onréaetion of the converter
output to a rapidly changing load. Line regulatisrdefined as an ability of a
converter to provide a stable output voltage urterconditions of changing
input voltage. In the traction applications thepuitvoltage should not change
over the full range of the input voltage fluctuaso The second demanding item
of the power supplies for traction applicationaad regulation, which defines
the maximum deviation of the output voltage from mominal value, with a
variation of the load current within its specifiéichits. A typical front-end
converter for traction APS has to fulfil combinedjulation requirements, i.e. to
provide a stable output voltage under the condstiohchanging input voltage
and load current.

2.2 Front-End Converter for Traction Applications
Based on the Two-Level Half-Bridge Topology

Up to today, the HB isolated DC/DC converter hasnbgenerally referred as an
attractive topology for different low-voltage migdbower applications with the
power range up to 2 kW. The use of the HB topolegs limited by the
properties of inverter switches. Today’'s implemg&ata of new generation
high-voltage IGBTs (6.5 kV IGBTs) opens up a whoeav area of possibilities
in power electronics. The HB topology is suddemntyirgeresting alternative for
high power (P>20 kW) and high voltage (U>2 kV) D@/zonverters. Main
benefits of a two-level HB topology are: simpligitymall number of power
switches, and reduced number of components. Itadl sum up in greater
reliability and efficiency. In this thesis the halfidge isolated DC/DC
converter was researched as a candidate topologlgddront-end converter for
traction applications. A simplified circuit diagram shown in Fig. 2.1. It
consists of two switches: top side IGHF and bottom side IGBT. Both
switches are provided with freewheeling diodes. wation requirement is
fulfilled by a transformeiTr. The input of the converter is to be directly feed
form the catenary voltage (2200 V...4000 V). Secopndsoltage of the
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isolation transformer is rectified and filtered.cheical specifications of the
investigated two-level HB isolated DC/DC convedes presented in Table 5.
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Fig. 2.1 Front-end converter based on the two-l&adf-bridge topology

Table 5 Technical specifications of the front endwerter for traction applications
based on two-level half-bridge topology

Parameter Value
Long-term minimal input voltag&Ji,_min, KV 2.2
Long-term maximal input voltagdi, max KV 4.0
Rated output powd?,,, kW 50
Switching frequencys,, kHz 1
Converter output voltagd,,, kV 0.35 +5%
HV IGBT modules FZ200R65KF1

2.2.1 Comparative Analysis of Modulation Methods an  d Soft
Switching Techniques for Two-Level Half-Bridge Inve rters

In order to efficiently process energy, modern DC/Eonverters must provide
high volumetric power density, low electromagnetiterference and low cost.
One way to partly satisfy those requirements isuse higher switching
frequency of DC/DC converters. The disadvantagehaf is that increased
switching frequency leads to higher switching IgsséResonant-mode
converters offer some solutions to overcome thaosblems. Using additional
reactive snubbers, switching losses can be dedeasehown in Fig. 2.2. The
commutation mode of semiconductor devices is uguelhssified as hard
switched, snubbered or soft switched. In hard $witg, there is a considerable
area of overlap between the collector-emitter gat&) ) and its commutated
current (¢), as indicated in Fig. 2.2 (a). The overlap a®groportional to
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switching losses. An inductor-type snubber (L-tyjme$eries with the transistor
reduces the current’s rate of chandk/¢t) and this helps to reduce the overlap
area, as shown in Fig. 2.2 (b). A capacitance sypdber (C-type) connected in
parallel to the transistor reduces the voltage gaadU./dt) and this helps to
reduce turn-off losses, as shown in Fig. 2.3 (b @irawback of resonant-mode
converters is that additional components are neededlling stock HP and
HV DC/DC front-end converters this can be a seridnasvback [97][98].

Ui U
A A

(@) (b)

Fig. 2.2 Turn-on commutation mode: hard switcheshigwtation (a), L-snubbered
commutation (b)

u U,
A

»—

(a) (b)

Fig. 2.3 Turn-off commutation mode: hard switchechmutation (a), C-snubbered
commutation (b)

Soft switching technique can also be a valuableionpto enhance the
converter’s efficiency. Soft switching reduces tom and turn-off losses of
transistors. In general, there are two soft swiightiechniques available: zero
voltage switching (ZVS) and zero current switchi@fCS), as shown in Fig.
2.4. ZVS is always related to the turn-on procesarolGBT. The transistor
does not start conducting until the voltage acitsserminals has reached zero.
Turn-on losses are thus eliminated. ZCS is compardthinvolves the turn-off
process of the IGBT. Thus, turn-off losses are ielated. A combination of
ZCS and ZVS is also possible [99][100].
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Fig. 2.4 Principle of ZVS and ZCS

Unlike the snubbered commutations, soft switchiramm @lso be achieved
without additional components. Better performanseta be achieved by

incorporating circuit parasitic elements, such @ayscapacitances and stray
inductances. However, only partial soft switchirsgaichievable, i.e. ZVS or

ZCS and not both at the same time. Two soft swiighechniques are available
for HB converters which do not require any addélbcomponents: asymmetric
PWM (Fig. 2.5 (b)) and duty cycle shifted PWM (F&5 (c)). In the classical

symmetrical PWM (Fig. 2.5 (a)), transistors are kimg in the hard switching

mode.

In the asymmetric PWM method, transistors are sweidccomplementary, as
shown in Fig. 2.5 (b). It means that the upper IGBT operates with a duty
cycle D<0.5 while the bottom IGBTTg operates with a duty cycle-D. The
output voltage regulation is attained by chandndf T+ is turned off, then the
leakage inductance of the transformer primary fordee current to flow
through the parasitic capacitors of each transi3toe parasitic capacitor of the
upper IGBT will be charged and the parasitic capaaf the bottom IGBT
discharged. After discharge the freewheeling dibdebegins to conduct and
guarantees zero voltage acrdgs The conduction time of the recovery diode
depends on the energy stored in the leakage inteetaf the transformerr.
Thus, the bottom IGBT can be turned on losslessein voltage conditions.
The same process repeats for the opposite I&GBTnh order to prevent cross
conduction, a small dead timg)(will be introduced between the consecutive
transitions, as indicated in Fig. 2.5. However, timeing must be accurate.
Otherwise ZVS is not achievable. The dead time betwthe consecutive
transitions must be shorter than the conductiore tioh the corresponding
freewheeling diode. In general, ZVS conditions for asymmetrical PWM
converter depend on the following parameters: acasmpacitances of IGBTS,
leakage inductance of the transformer, load resistaswitching frequency, and
dead time. The asymmetric PWM method has the fatigwbenefits and
drawbacks [101]-[107].

Benefits:
- reduced switching losses;
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- soft switching possible without any additional campnts.
Drawbacks:

- accurate timing required, increase in the compfexit the control
system;

- ZVS depending on many parameters, which makes sl of the
converter a complicated task and limits the appbodfield;

- limited dead time, results in reduced protectiopatality of HV IGBT
switches;

- unbalanced voltages of input capacitofs;, (C,), which can cause
volt-second unbalance and saturation of the isoidtansformer;

- uneven voltage and current components stresses;

- nonlinear DC gain ratio.

The asymmetric PWM method is not suitable for ngllstock power converters
because of the wide input voltage range, load trans, relative low switching
frequencies, and overall rugged environment caorakti

An alternative to the asymmetric PWM method is gy aycle shifted PWM
(DCS PWM) control scheme (Fig. 2.5 (c)). It achewv&/S operation for one of
the two switches without adding additional compdsday utilizing transformer
leakage inductance and parasitic capacitanceseo$ulitches. The concept of
this new control scheme is based on the asymnie®itM method. One of the
two symmetric PWM driving signals is shifted cldsehe other, such that ZVS
may be achieved, as shown in Fig. 2.5. Unlike gyremetric control, the pulse
width is kept equal for both switches. Comparedhwihe conventional
symmetric PWM methods, DCS PWM controlled HB hasthme voltage and
current stresses in the primary switches, the gaaé and root mean square
values of transformer currents, identical volt-getwalue and magnetizing B-H
loop of the transformer. DCS PWM has the followingnefits and drawbacks
[108].

Benefits:

- even voltage and current stresses of components;
- ZVS for one switch achievable without additionatgmonents.

Drawbacks:

- accurate timing required, increase in the compfexit the control
system;

- implementation in a digital control system compiézhdue to variable
phase shift between control signals;

- limited dead time results in reduced protectionateélgy of HV IGBT
switches;

- ZVS depending on many parameters and difficult ¢bieve at lower
frequencies.
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Fig. 2.5 Different PWM modulation methods: symneatrPWM (a), asymmetric PWM
(b), duty cycle shifted PWM (c)

In the traditional PWM method the transistors amking symmetrically. To
ensure proper work of the inverter and to preveoss conduction, the control
signals of IGBTs must be phase shifted in 1805hasvn Fig. 2.5 (a). The main
drawback of the symmetric PWM is that both primawjitches operate in hard
switching conditions. Moreover, the oscillationweéen the transformer leakage
inductance and junction capacitance of the switcbsslts in energy dissipation
and increased EMI emissions. To suppress the $edcainging, resistive
snubbers are usually added, which increase lo3$esefore, the symmetric
PWM is not a good candidate for high frequency HBwerters [108]. In the
case of HP and HV converters as the front-end atewvefor traction
applications, usually switching frequencies areatreély low (1...3 kHz),
which essentially reduces switching losses compacedGBT conduction
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losses. As a result, simplicity and reliability thie symmetrical PWM method
will gain priority while asymmetric PWM and DCS PWMethods remain on
the background. For such applications symmetrid&MPis the best suitable
method. Symmetrical PWM has the following beneditsl drawbacks.

Benefits:
- even voltage and current stresses of components;
- simple to imply in a digital control system;

- dead time length is not limited, which provides tbetprotection of
IGBTSs.

Drawbacks:
- soft switching without additional components is aohievable;

- increased switching losses.

2.2.2 Selection of Operation Points and Duty Cycle  Variation
Range

The best modulation method for the FEC is symmatrieWM. Before
designing a control system for such a convertergettact relation between input
and output voltage needs to be found. In the cdsswidching mode HB
isolated DC/DC converter the transformer primaryndimg is alternately
connected with input capacito@ andC,, as shown in Fig. 2.15. Therefore, the
voltage amplitudeUr.,) over the transformer primary is twice lower thae
input voltage. Then the output voltage of the iwdaDC/DC half-bridge can be
calculated

_2DWy, DL,

Uy =2MD Wy, ¢ = - - (4)

where U+ is the amplitude of the transformer secondaryagatU,, is the
input voltage of the converter ands turn ratio of the transformer. As it can be
seen, the output can be regulated simply by the dytle. As a next step the
operation points and duty cycle range can be saledihe input side of the
converter is assumed to be connected directly eéotrdiction supply grid with
the voltage tolerances from 2.2 kV DC up to 4.0B&. The most demanding
operation point is at the minimum input voltage2(Rv DC) and at the rated
load conditions (i.e. maximum duty cycle operatidh)is essential to prevent
even short-time simultaneous conduction of IGBhdrstors (Fig. 2.1) in these
demanding conditions - it leads to the short ciragross the supply voltage and
to the destruction of the converter. Accordinghatt the maximal on-state time
ton-max Of €ach switch of a HB should be set at 80 % ef lthalf period. The
maximal duty cycle of the FEC for traction applioas is then
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t

Dmax = % = 04 (5)

If the input voltage at the rated load conditioterts to increase, then in order
to maintain stable output voltage, the on-stateetimust decrease. Thus,
maximal input voltage means minimal on-state timg.{) and it can be
calculated as

Ui 2200 T T
fon-min = U] " ton-max 4000 EEO'S[E IDV2vm ﬂ - 0'44( p;m J (6)

in—max

where Uj.min IS the minimum input voltageU;,.max 1S the maximum input
voltage, andl,,n, is the PWM period. According to (6) minimal dutycts of
the FECis

t .
Dy = -0 = 022
min prm . (7)

Operation voltage ranges and on-state times ofrtimt-end converter switches
are presented in Table 6. Simulated primary voliageeforms of the isolation
transformer with different input voltages (and tdogresponding,,) at the rated

load are presented in Fig. 2.6.

Table 6 Operation voltage ranges vs. on-state tiamesduty cycles of inverter switches

Max. input Min. input
Parameter
voltage voltage
Converter input voltag¥;, 2.2 kV DC 4.0kv DC
Duty cycleD 0.4 0.22
2.0kV uinzé.z kv
ton=0.8(T/2)
1.0kV """:Z R = """;
ov ! : 1 ] :
—1.0KV__: ______: ____._: S
Uin=4.0 kV
-2.0kV <_t0n=0.44}(T/2)
Oms 0.4ms 0.8ms 1.2ms 1.6ms 2.0ms 2.;1ms 2.8ms

Time

Fig. 2.6 Isolation transformer supply voltage warefs at maximal and minimal input
voltages
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2.2.3 General Analysis of Capacitor-Related Volt-Se  cond
Unbalance Problems

The most widely discussed problem concerning HBeiiters is volt-second
unbalance of series connected input capacitorsaldnbed capacitor voltages
produce a DC component in the transformer primatyickv pushes the
transformer core towards into saturation. Trans@rmaturation can have
harmful consequences: increased conduction (ort stiauit), EMI, higher
switching losses, and decreased overall reliabilBenerally, volt-second
unbalance of a symmetrical half-bridge could beseduby: unsymmetrical duty
cycles of the control signals, differences in th@tage drops of switches,
secondary side diode parameters, varying loadsjmgud capacitor parameters
[109]-[112].

The HB circuit (see Fig. 2.1) uses two switch&s 4nd Tg) to produce a
bidirectional current in the primary winding of ttransformeiTr. The capacitor
voltage divider biases one side of the primary wigdat half the input voltage
(U;n) so that the voltage imparted on the winding is-balf U;,. In the case of
voltage unbalance, the average volt-seconds apaliitk isolation transformer
primary winding for the positive-going pulses wilbt exactly equal to that for
negative-going pulses. The transformer flux density increase with each
cycle into saturation. Such staircase saturatitecebdf the transformer is one of
the major HB topology related problems.

It is a well-known fact that power electronic cortees developed for the
rolling stock must be mechanically rugged for felleaoperation under very
harsh field conditions, with additional protectidn ensure immunity to
humidity (up to 95% relative humidity) and high ogéng temperature values
(internal cubicle temperature is -25...+55 °C aceggdbp EN50155). In such a
demanding application, the DC-link capacitors haeeome the most critical
element in the whole converter stack. The trendhefindustrial and traction
market for power conversion is to replace electrolycapacitors by film
technology. This trend is generated by many adgastéhat film technology is
offering. The major benefit is high rated voltage to 10 kV and even more)
and overvoltage withstanding up to two times theedasoltage. Thus, in the
current case the advanced polypropylene capacEtaGOD K75-80 (rated
voltage/maximum peak voltage relation is 4000 V(B®) capacitance is
100 uF, capacitance tolerance is = 10 %) were impided on the primary side
of the converter@, andC; in Fig. 2.1). However, despite excellent elecatst
properties the new film capacitors still sufferrffreapacitance change related to
temperature, humidity and lifetime [113].

Capacitance will undergo a reversible change witlive range of
temperatures between the upper and lower categorgdratures. The gradient
of the capacitance/temperature curve is given bytemperature coefficieat,
which is defined as the average capacitance changeelation to the
capacitance measured at (20£2) °C, occurring witiertemperature rande to
To.
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e =y ®
CUT,-T;)

whereC, is the capacitance measured at temperatyr€, is the capacitance
measured at temperatufg and C; is the reference capacitance measured at
(20+2) °C.

The temperature coefficient is essentially deteeatiby the properties of the
dielectric, the capacitor construction and the niacturing parameters.
Polypropylene capacitors used in the project (ELGKOMB-80) have a negative
temperature coefficientc = -250 (1F/K). The reversible change of capacitance
with the temperature for the investigated capagi®presented in Fig. 2.7 (a).
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Fig. 2.7 Relative capacitance change vs. tempeeafa) vs. humidity (b)

Another possible reason of the capacitance mismataated to a variation of
capacitance with humidity. Depending on the typeagacitor design, both the
dielectric and the effective air gap between thadiwill react to changes in the
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ambient humidity, which will thus affect the measdir capacitance. The
humidity coefficientsc is defined as the relative capacitance changerdeted
for a 1 % change in humidity at constant tempeeatur

B = 2[(C, -Cy)
¢ (Co+C)OF, -Fy)

whereC, is the capacitance at relative humidityandC, is the capacitance at
relative humidityF,. High-voltage polypropylene capacitors used inpghgect
(ELCOD K75-80) have a humidity coefficiefit = 40...100 (16/% r.h.). A
typical capacitance/humidity characteristic of eested capacitor type is shown
in Fig. 2.7 (b). Wide variations of capacitance @rée expected at the relative
humidity above 85 %.

In addition to the changes described, the capastah a DC-link capacitor
is also subjected to irreversible changes knowdriisi, = YC/C|. The values
stated for the capacitance drift are maximum valued refer to a two-year
period and a temperature up to 40 °C. Here thasible effects of temperature
changes dc) and changes in the relative humiditgc)( are not taken into
consideration. The drift is stabilized over timedahus provides a long-term
stability of capacitance. For the polypropyleneamaiors, the capacitance drift
is about 2...3 %. However, it may exceed the spetwWi@ues if a capacitor is
subjected to frequent, large temperature changebkeirvicinity of the upper
category temperature and relative humidity limits.

(9)

Considering “the worst case” discussed above ctga® change could
achieve about 4.5...5 %. But if the input capacitans not properly matched
during converter assembling, the total capacitadcét can even reach
12...15 %. The idea of the following analysis idital out what the influence of
the capacitance difference is on the volt-secorimhlamce [114].

Matlab Simulink together with Sim Power Systemsllios was used to
simulate the processes. The most interesting pattteo HB isolated DC/DC
converter in the current case is the input stagethe HB inverter. Thus, the
model could be simplified by leaving out the tramaier and the output rectifier
and replacing them with an equivalent resistorresve in Fig. 2.8. The value
of equivalent load resistance could be calculated a

U2

Rqu =5 (10)
Tr

where Urr.,.ms IS the transformer primary rms voltage alg is the active
power of the isolation transformer (neglecting tbsses). The transformer
primary rms voltage is proportional to the convemgut voltage [115]:

U.
UTr—p—rms = 7”] 21D . (11)
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By substituting (11) into (10) the equivalent laagistor can be calculated as:
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Fig. 2.8 Simplified simulation model of the HB &eld DC/DC converter in Matlab
Simulink

The IGBTs are controlled with PWM. The switchingduency is 1 kHz. The
converter is supplied with reduced input voltagé YIC.

First a normal situation was simulated: symmetrohaty cycles of IGBTs
and symmetrical input capacitors each @60 No voltage unbalance occurred
as it can be seen in Fig. 2.9.
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Fig. 2.9 Input capacitor voltages (equal capacitarand symmetrical PWM)
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The situation is completely different in the cas@msymmetrical duty cycle, as
shown in Fig. 2.10. Duty cycles of IGBTs differ fnoeach other by 20 %.
Capacitor voltages are strongly unbalanced altholigltapacitances are equal.
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Fig. 2.10 Input capacitor voltages (equal capactgarmnd unsymmetrical duty cycles)

Let us consider the situation where the duty cyslesymmetrical but input
capacitors have unequal capacitanCe.will be reduced to 200F and C,
remains 30QF. In that case the capacitor drift 33 %, whichmigre than two
times higher than the worse case real life valle%). The difference in the
capacitance has no effect on the voltage unbalaicgut capacitors, as shown
in Fig. 2.11. No distinct differences in voltagedés can be noticed.

300 1

—Uc1
—Uc2

250r

]
o
o

Voltage [V]
g

N
]
o

[8)]
o

o

0 002 004 006 008 0.1 012 014 016 0.18 0.2
Time [s]

Fig. 2.11 Input capacitor voltages (unequal capaicte and symmetrical duty cycles)

In the following two simulations (Fig. 2.12 and Fig.13), a situation with
unequal capacitances (33 % capacitor drift) andymngetrical duty cycles
(20 % duty cycle drift Br>Dtg) was studied. An unbalance in the voltages of
input capacitors can be seen. The situation doeshamge by alternating duty
cycles (O+<D+g), as shown in Fig. 2.13. The simulations providelear
indication that unequal capacitances do not hawe eifect on volt-second

53



unbalance, which mainly depends on the duty cygiensetry. The practical
results are analyzed in chapter 3.3.6.

300 T T ‘ :

: ] Uc, | —Uc1
275 - BRI ) )
250 UC1
295 (L ALY

0 002 004 006 008 0.1 012 014 016 0.18 0.2
Time [s]

Fig. 2.12 Unequal input capacitors and unsymmetritdy cycles (Br>Dg)
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Fig. 2.13 Unequal input capacitors and unsymmetritdy cycles (Br<D1g)

2.2.4 Analysis and Simulation of Digital Control Al gorithms for
Two-Level Half-Bridge Converters

According to the diagram in Fig. 1.14, five contatgorithms are available for a
HB isolated DC/DC converter controlled by fixed doency PWM: voltage

mode control (VMC), feed forward VMC, peak currenbde control (CMC),

average CMC, and one-cycle mode control. Due topbtexity and nonlinear

nature, one-cycle mode control can be considereditaile for the current
application. Therefore, only four control algoritarwill be analyzed in more
detail.
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Peak Current Mode Control

A peak CMC regulation loop for the HB isolated DC/[@onverter is shown in
Fig. 2.14. It consists of two control loops, inneurrent and outer voltage
control loop. The current peak valuk{) is adjusted by the outer voltage
control loop, which starts with the output voltagd,,) measurement. A
regulator REGQ eliminates the regulation error and outputs paakent value.
Since I+, is alternating current, it is also required toinkefa negative eax
value. That will be used to control the transiskgr The inner current control
loop starts with the transformer primary current,. measurement.
Comparators P1 CP2 compare the primary current withease When both
currents become equal, a RS-latch will be resetlamaorresponding transistor
(T+ or Tg) will be switched off. The RS-latches are clockeith phase shifted
pulses that guarantees 180 ° phase shift betweetnoc®ignals. The inner
current control loop provides a very fast actimgelregulation and overcurrent
protection function. The voltage control loop ischuslower, depending on the
electrical circuit and the regulator time constamésice the response to load
variations (which depends on the voltage controp)owill not be as fast as the
inherent input voltage transient rejection perfanc& However, peak CMC
cannot be directly applied on a DC-DC isolated HBwerter topology due to
the capacitor voltage unbalance issue.

at
UOUI 00 S Q

CP1 R
Ipeax \l\ LL |
U REG gl 5oL
CP2 R B
NEG \-Ipeak:D LLLL A |
0oSc2
lTr_p

Fig. 2.14 Peak current mode control principle fobethalf-bridge isolated DC/DC
converter

Peak Current Mode Control Related Volt-Second Unbalnce Problem

In Fig. 2.15 (a) a simplified input stage of the kBlated DC/DC converter is
shown. The current pathdgt) when the top transistdk is in on-state is shown
in Fig. 2.15 (b) and current path when the botteangistorTg is conducting is
shown in Fig. 2.15 (c). In the case of symmetriRdIM control switches have
symmetrical on-state times and the currents arenstnical and with equal
on-state time.
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Fig. 2.15 Simplified circuit diagram of the halfidge isolated DC/DC inverter (a),
IGBT current path when<Tis conducting (b), IGBT current path whegi3 conducting
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As it can be seen, the transformer primary windenglternately connected with
input capacitor€; andC,. Therefore, the voltage over the transformer pryma
can be calculated as follows:
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| |
U =Upp =L gtBT ~ L —SBL (13)

ton

where L is leakage inductance of the transformer primégg; is transistor
current, t,, is the on-state time of the IGBT, amd}, is the voltage of the
according capacitor. Rearranging (1;3)or one transistor can be obtained:

t,. =L licaT _ (14)

Uc2

In an ideal case, input capacitd@®s and C, are equally charged with the half
input voltageU;n/2 and no volt-second unbalance occurs. But inceatitions
there is always a voltage difference due to pacapaérameters. Peak CMC
introduces additional positive feedback, which witicrease the voltage
difference of the input capacitors. According td)(IreducedJ., increased,,
and vice versa. As a result, duty cycles of thasistiors will change until one
switch has reached its maximum and the other itsmum duty cycle.

Second reason for the volt-second unbalance is poise immunity of the
peak CMC, especially in the systems where the otrstope is small. The
typical shape of a IGBT current waveform of the K$Blated DC/DC converter
Is presented in Fig. 2.16. It can be seen thatslbge of the current ramp is
small and therefore quite susceptible to noise. dit@ation was simulated, as
shown in Fig. 2.17. During the simulation, an &i# noise signal was added
to the normal current signal. As a result, the nattbn can be erratic, as shown
in Fig. 2.17 (b).

1) Ch 1: 1 Volt 250 us

Fig. 2.16 Measured IGBT current waveform of theistBated DC/DC converter
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Fig. 2.17 Transformer primary current waveformsead noise-free operation (a), with
the noise impact (b)

In order study the influence of the volt-second alabce on the HB isolated
DC/DC converter output, a computer model was ccbats shown in Fig. 2.18.
State graphs were used to simulate the peak CM@ithm. Since there are
two transistors, there are also two identical sja#gphs. The idea of state graph
modeling is to divide a process sequence into rdiffestates (round circles) and
events (vertical bars). The current state is callete. At the beginning of the
simulation, one state in the graph must be defmed/e (state 1 and state 3)
Switching between states is called an event. Eventar if the transfer
conditions are true. Let us consider the left stagoh in Fig. 2.18. At the
beginning, state 1 will be set active. Within tleiate, the duty cycle of
transistorTy will be set to its maximum (pwmZl.dc:=0.4) and timeet of the next
activation will be calculated (ppl:=ppl+1m). Thansistor is switched on and
the currently., starts to increase. Transfer to the second statar® if the
current reaches the peak valyg The transistor will be switched off until the
PWML1 period (ppl) has been reached and the proggums into state 1.
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Fig. 2.18 Computer model of peak CMC without outdtage control loop
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Since peak CMC algorithm without output voltage pemsation loop was
applied, line regulation was chosen. This meansttieinput voltage will be
changed, while the load remains constant. Thetsea presented in Fig. 2.19.
At the beginning the input capacitois;( C,) are charged equally to the half of
the input voltage. The voltage &, gradually starts to increase, while the
voltage ofC, decreases. After 5 ms the input voltage of theveder starts to
change, as indicated in Fig. 2.19 (a). It was fotimat variable input voltage
speeds up the unbalance process and the voltagemetgy will grow even
faster. The load voltage remains stable at the nb@gy but later if the
asymmetry has exceeded a certain limit, also thgubwoltage will collapse, as
shown in Fig. 2.19 (b). According to (14) the datle of Tt starts to decrease
and the duty cycle of the opposite transiskgrstarts to increase. Finallyf;
reaches its minimum duty cycle aifig the maximum duty cycle, as presented
in Fig. 2.20.
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Fig. 2.19 Volt-second unbalance caused by peak CRfilit voltage and unbalanced
input capacitors (a), output voltage (b)
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Fig. 2.20 Pulse width signals: at the beginningre simulation (a), at the end of the
simulation (b)

There are several possibilities to solve the velte;d unbalance problem
inherent to the peak CMC. The most common soluisoto add a separate
winding to the transformer and two catching diogesallel to the input

capacitors [1]. A very interesting method of balagcthe input capacitor

voltage with an additional voltage compensationplagas proposed in [64].
Although this method requires no additional hardwand can be implemented
within the software, it still makes the software ahumore complicated. A

similar method was discussed in [116]. The probbemld be solved by adding
a square wave compensating signal the amplitudehath is proportional to

the voltage unbalance, to the peak current value.

In this thesis a new digital peak CMC algorithnpreposed by the author,
which reduces needed current measurement cycleglamishates volt-second
unbalance problem.
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An Improved Peak Current Mode Control Algorithm for Digitally
Controlled Half-Bridge Isolated DC/DC Converters

The idea of the peak CMC for the HB isolated DC/&fverter is to measure
both negative and positive transformer primary enirvalues and according to
that separately switch transistofs and Tz (Fig. 1). The proposed idea is to
measure just the positive primary current values the current through the
IGBT T;. The on-state time df; will be measured and also used Tgr That
way symmetrical control of the HB would be guaradtend also no voltage
unbalance problem of input capacitors could ocauresthe duty cycle of both
transistors is artificially kept equal.

Digital control is based on interrupts. Interruptier an excellent possibility
to stop the main program at any time instant thumse intervals between
interrupts can be adjusted with timers and keptstaor. This possibility is
useful when applying a digital regulator. A progedrogrammed regulator
must act on fixed time steps, easily achievablaising interrupts. Normally
there are many interrupt sources that can also rosouaultaneously. A
prioritization scheme allows a user to specify threler in which multiple
interrupt requests are to be handled. Carefullyhmpiey the timings and
priorities of interrupts can avoid overlapping. Arerrupt timing diagram is
shown in Fig. 2.21.
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Maing Program zz Main Program
1 | -
' |
|
ton_T I
} —» PWM1
0 0.5 prm1 owm1
ton_B
1 —» PWM2
0 05T

Fig. 2.21 Interrupt timings for improved peak CMC

Interrupts can suspend the main program at anyanhstin the proposed
improved peak CMC, two interrupts (Int 1 and Inte2¢ used that are triggered
by the period match of the corresponding PWM tinasrindicated in Fig. 2.21.
The general control algorithm is shown in Fig. 2. PBe algorithm is simplified
by omitting the outer voltage loop. When an intptraccurs, the corresponding
interrupt routine will be started. The interruputioe switches on a general
purpose timer (GPT), which is used to measure atestime of the
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corresponding IGBT. Then the transistor is turn&d ©Bhe top transistorl
remains conducting until one of the following cdrahs is fulfilled: I+, has
reached ek Value or the on-state time, () has exceeded the maximal allowed
conduction timet{,.nay. If one of the two conditions is tru&; is turned off and
GPT; stopped. The resulting conduction timeTegfis stored for the following
interrupt Int 2. The bottom transistdg remains conducting until its on-state
time is equal tdy,r.

Interrupt Interrupt
prm1 prm2
Start GPT, Start GPT,
Turnon T; Turnon T,

—no

44— no

hear=eak no

yes 44— vyes

yes

+ Turn off T,
Turn off T, [
| Stop GPT,
Stop GPT,
| End
Store ton_T
End

Fig. 2.22 Improved peak current mode control algon

The primary current of the transformer is an alding current, as shown in
Fig. 2.23 (a). According to the proposed contrgbakhm, only positive values
of the transformer current should be measured.hm ¢ase of a current
transducer a simple diode rectifier combined witR@ filter can be used, as
shown in Fig. 2.23 (b). Peak CMC is highly sensitte noise thus, correctly
dimensioned filter is vital. In Fig. 2.24 the trdosers output signal with and
without RC filter are shown. As it can be seen,filter substantially improves
the signal quality.

62



Tek AR i Trivd i Pss: 0005
+

Current

Transformer transducer
primary current A
> >
[Te) [Te]
11 N by
1 +
i Coarsel

Rectified transducer
output signal

M 250 05
23-Apr-08 1331

(@) (b)

Fig. 2.23 Primary current and current transducettjut signal (a), schematic of
current transducer output signal rectifier anddilt(b)

Tek = . Stop r Pos: 384005 . Stop M Pos: 384005 CURSOR
Tvpe

R T

071

M 25005 CH3 &~ 7B0mY 1 25008 CH3 . S60mY
CH3 500mY 26-Apr-03 140 <10Hz

(@) (b)

Fig. 2.24 Output signal of the current transducétheut the RC filter (a) output signal
with filter (b)

Considering the facts that the voltage unbalanoblem could be solved
completely within the software without any addigbinardware and the number
of needed current measurement cycles was redubedproposed control
method may look as a quite attractive solution Hidt and HV applications.
However, the resolution issue inherent to all digitontrol systems, still
remains. The accuracy of the current measuremgrndis on the system clock
frequency and A/D conversion speed. As a resuti tle maximal switching
frequency of the converter will be limited. Moreoyvédiigh speed current
measurement and A/D conversion essentially decris@severall performance
capability of a control unit. Considering the fabat modern HP and HV
DC/DC converters have usually highly complicatedton systems, where not
only current needs to be measured, one may fadat¢héat one control unit is
not enough to implement digital peak CMC.
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Average Current Mode Control

The AVCMC is a typical two loop control algorithrmier current loop, outer
voltage loop). Most of the problems of the peakenir mode control are solved
in AVCMC. Since average current is measured, thetrob method is less
susceptible against noise, the implementation ofeati error amplifier gives
high current loop gain, in the output a regularspulvidth modulator is used,
which guaranties equal pulses for both transistdisis also eliminates
volt-second unbalance problem.

Digital AVCMC can bring some more advantages. Atoarunit carries out
the entire control method in software. Thus, thangonent number is
considerably reduced, there is no ageing or dfithe components, the control
system is reprogrammable, which makes the systene @mdaptable. Also, a
variety of adaptive control schemes are possibigitdd AVCMC eliminates
the gain restrictions of the current error amplifend increases immunity
against EMI. The biggest drawback of digital cohisathe need to sample and
guantize parameters. It introduces a noticeablesehag to the system and
reduces measurement accuracy [41] [45][117]. Irotd increase the accuracy,
sample rate has to be increased. Sample rateeistigliconnected to the clock
frequency of the control unit and cannot be inaedasndlessly. On the other
hand, increasing the sampling rate can overloactoimérol unit, which would
reduce the overall performance of the system. lderorto sustain the
performance of a complex control system severaltrobrunits may be
necessary. Therefore classical approach of digt&CMC is not an optimal
solution for a modern HP and HV DC/DC converter.

An Improved Average Current Mode Control Algorithm for Digitally
Controlled Half-Bridge Isolated DC/DC Converters

In the current thesis a new mathematical methodafdrgital AVCMC for
HB isolated DC/DC converters was developed thawalreducing the sample
rate of current measurement without resulting gexsain accuracy. The central
idea is to exploit the linear nature of the currgopes. Instead of sampling and
summing the inductor current over the switchingqekrthe current is measured
only twice per period. The method is based on thatl AVCMC described in
[37]. The described method is applicable only farckh boost and flyback
topologies while the method proposed here can Ipdegpon two level half-
bridge and full-bridge converter topologies.

HB or full-bridge DC/DC converters have one distive difference from
simple buck and boost topologies. They have amitisol transformer (Fig. 2.1)
and instead of the inductor current the transforpngnary current is measured.
In order to calculate average value, the currengtrbe rectified, which is not
easy to do in high voltage and power applicatid¥.[Here another simpler
method is proposed. Instead of primary current, IlBBT current [ggT) IS
measured (Fig. 2.15). In the case of symmetricalMP¥ontrol the average
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switch current is proportional to the rectified eage primary current. The
average current @sr.av) through the respective inverter switch in the HB
topology is

1%
licBT-AV = T [Vieer(H)dt: (15)

ty

whereT is the switching period; is the turn-on instant of a transistor, dnds
the turn-off instant of a transistor [118].

The rectified average current of the isolation $farmer primary is
2%
I 7r-p-av =T [Neer(dt (16)
t

As it can be seemggr.av IS twice lower thary.,.ay. Due to the symmetry it is
irrelevant which current of both transistors widl lmeasured.

The idea of the proposed digital AVCMC method isnieasurd,ggr only
twice per switching period at the following insterndit the beginning of on-state
time (;) and at the end of on-state timg Of the IGBT, as shown in Fig. 2.25.

/ hegr(®)=mt+l,
A ’

/
7/

I, F---
/1/ _

t I

| >
b /2 T 32T

Fig. 2.25 Ideal IGBT current waveforms in a halfdge or full-bridge converter

This control method assumes that the current slapetinear. Then an average
IGBT current can be easily calculated accordingtwo measured current

values. Since the current is always increasingaligethe current function can
be expressed with the linear equation as follows:

ler()=mit+1,, (17)

wherem is the slope of the IGBT currehggr(t), t is time andl; is the IGBT
current at the beginning of the on-state time. dimeent slope can be calculated
as follows:
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_lx-1
= , 18
m t -t (18)

wherel, is the current value at the end of the on-state,tiand; is the current

at the beginning of the on-state time. A changéha duty cycle results in a
change in the current slope. However, the curretdins its linearity. The

average current can be found by solving the follgaintegral:

1% 1%
lieeT-AV = j'lGBT(t)dt:T [(mi+1,)dt=
PWM {, PWM t,
1 1, t,
= [mOdt+ [1,dt | =
TPWM |t ty
1 [m 2
= (1) +|1E@t2_t1)}:
Trwm L 2
L ['2_'1mt —t,)% +21, Ot —t)}—
= 27l 1l —4) | =
2Tpwm | b~
1
= o7 [ty —t) LI +14) (19)
PWM

where liggT.av IS the average IGBT currenipwy is the switching period of

transistors. In the AVCMC, fixed frequency PWM aatis used. Therefore

the switching period and the duty cycle are knowmameters. By measuring
the current at the beginning and at the end of IBBT on-state time, the

average current can be calculated according to. (H&wever, one must

consider that in Fig. 2.25 indicated current shiapdeal. The real current shape
of a half-bridge converter includes overcurrentiigeat every turn-on instant
and depending on the measurement equipment usedjav@ other abnormal

components in the signal.

In order to achieve accurate timing of the digiegulator and synchronize it
with other internal processes, interrupts were L$kd interrupt timing diagram
of the proposed digital AVCMC is shown in Fig. 2.d®e first interrupt (Int 1)
Is triggered by period match of the first PWM tim&he IGBT1 current; is
measured. The trigger sequence and duration oftarrupt routine are constant
values. The duration of the interrupt routine defsean many factors like ADC
speed, program structure etc. To avoid interrupgrlapping, the maximal
duration of the first interrupt routine is limitedth the minimum on-state time
(ton-min). The second interrupt (Int 2) will be triggeretithe end of the duty
cycle and the IGBT current, will be measured. Since the duty cycle is
changing Gn-min --- ton-may, the trigger sequence of the second interrupise
variable, as shown in Fig. 2.26. The duration @&f ititerrupt routine is limited
and can be calculated as follows:
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- TPWM
tint2 = T ~ton-max:

(20)
whereTpwy is the switching period of IGBT&n.maxiS maximal on-state time of
the IGBT. The third interrupt (Int 3), triggered lilge period matchlpyms,
executes a regulator. Since the IGBTs of the oppdsianches are switched
symmetrically and with the same frequency, thegrgsequence of the Int 3 is
constant and equals to the sequence of Int 1. Tdeénmal duration of the third
interrupt routine is limited with the half PWM ped (0.5Tp\wv).

Switching period of IGBT1

A

Int 1 Int 2 \/Int KR R

[ e

Main 23 Program @Maing Program
i | j >
|

td Iprm1 | :prm2 prm1
|

\N t I

: - =0 5T TI >
0 t, i — P2 pywm
; \bf o —
0 0.5Tpwrnz

Fig. 2.26 Interrupt timings of the improved digita/ CMC

A general program structure is shown in Fig. 243 it can be seen, the most
vital functions of the converter (control of IGB&rd protection algorithms) are
carried out within the main program. Interrupts andy used for processes that
require precise timing. There are three interrapirses: period match of the
first PWM timer Trwwmi), period match of the second PWM tim&p(v2), and
period match of a GPT.

The first interrupt service routine (ISR) startshwcalculating a new reload
value for the GPT, as shown in Fig. 2.28. The rtlealue of the GPT is a
variable that depends on the current duty cyclee few value will be reloaded
and the GPT started. As a next step, a small paugenerated to compensate
the dead timet) added to control signals and also possible curpeaks
occurring during turn-on. The software delay mustdxactly as long as it is
needed for the IGBT to fully open and start conohgctAccordingly, ADC is
started and after completing the conversion ofl@®T currentl,, ISR returns
to the main program.

The GPT will trigger the next interrupt (Int 2)gitly before turning off the
IGBT, as shown in Fig. 2.26. This guarantees thatcurrent peak is measured
before the transistor is turned off and the curdidreases to zero. Flowingly,
ADC measures IGBT curreftand ISR returns to the main program.
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The third ISR serves mainly to provide digital riegion and to calculate the
new duty cycle for the switches. First, the outeltage control loop provides a
new current program for the inner current loop. Trveer current control loop
then calculates an average current according th. @igital current error
amplifier compares the average current to the otipeogram and on that basis
calculates new duty cycles for the transistors. THB is controlled
symmetrically and the duty cycles are kept equaltch other.

Main program:

+ PWM generation

+ switching of IGBTs

+ protection functions
+ diagnostics functions

[

Period match of Ty
+ calculate and reload

measure /,

Fig. 2.27 Program structure diagram of a DC/DC hhatidge converter controlled with
the improved AVCMC

Period match
of GPT

Period match
of T;

Int 1 Int 2 Int3
|

Period match of GPT:

Interrupts

|

Period match of T\
+ calculate average
current

start value of GP timer + stop GPT o start voltage requlator
+ start GP taimer + start ADC and . ot curre%t o gulator
+ start ADC and measure /, 9

+ calculate new duty
cycle values

Period match
of T,

Calculate and
reload GPT with Stop GPT Start voltage
new start value regulator
Start ADC, 1, Start current
Pause measurement regulator
Start ADC, |,
measurement Return to main

ADC complete

yes

Return to main

Fig. 2.28 Flow charts of interrupt service routines improved AVCMC
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A drawback of the proposed control method is thaisionly suitable for
converters where the current is growing linearligisTraises a question of how
to build an appropriate converter. In order to arswhat question, it is
necessary to find out the parameters that the mudepends on. In the CMC,
the current is measured. Depending on the topolbggn be an inductor or a
transformer primary current. The current slope gtowan inductor or a
transformer primary can be calculated as follows:

d U 21

dt L' (21)
wheredi/dt is the current slop&) is the voltage across the winding, dni the
inductance of the winding. The digital AVCMC propdsin this paper assumes
that the current increases linearly over the otestame. The term linearity
refers to the constant current slope. Accordin¢2y, a constant slope is only
achieved if the ratio U/L remains constant. Themieal voltageU of an
inductor or a transformer primary depends on tipeitivoltage and on the duty
cycle of the converter. The duty cycle is constardr a switching period. The
input voltage change during a switching periodssally small so that U can be
considered as constant. Also, inductance must repmistant. The inductance
of the winding can be calculated as follows:

L= ”[i—q’ | (22)
where® is the magnetic flux through the area spannedeéyctrrent loopn is
the number of wire turns, andis the loop current. In order to keep the
inductance constant, the ratio between the magflaticand the loop current
(®/i) must remain constant. Transformers and induckdats ferromagnetic
cores operate linearly as long as the current girabhem is not large enough to
drive their core materials into saturation. Satoratdestroys the balance
between the flux and the current, resulting inr@atuctance change. It is clear
that one key element to success is an optimallygded transformer or
inductor. Main attention here must be paid to tleéecion of the proper
material for the magnetic core and to define amugdtoperating flux density to
minimize the dimensions and to improve operabibtyd efficiency of the
transformer, respectively [115].

The simulations were carried out with the simulatsnftwareSimplorer
The model of the HB isolated DC/DC converter isvghon Fig. 2.29. In order
to simplify the simulation, ideal semiconductor @es and a non-saturable
isolation transformer were used. The IGBTs arercfietd with PWM method.
The switching frequency is 1 kHz. The input voltagg is 1kV. The
transformer has the following parameters: a sawthtagenerator changes
magnetizing inductance 12...100 mH, primary leakagkeictance is 3QH and
secondary leakage inductance isud. The input capacitors C1 and C2 are
identical. Since the leakage inductance of the g@rymis negligibly small
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compared to the magnetizing inductance, it doesaffett the current shape.

However, increase in the magnetizing inductanceedses the current slope, as
shown in Fig. 2.30. The magnetizing inductancehesnging in saw tooth shape

while the current increases exponentially.

PWM1

T D_:
] i B

N Y
U, IGBT . . Tr bbb l .
Q -_ | k. T % R e
T RLY S ¥ .

[

Fig. 2.29 Simulation model of the half-bridge DC/DB@hverter
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Fig. 2.30 Variable magnetizing inductance and IGRBifrent with non-linear slope

In order to demonstrate the influence of the dutgle on the current shape,
following simulations and tests were carried outithaut changing any
electrical parameters, the duty cycle was reduagedn fmaximum 0.4 to
minimum 0.2 resulting in an increase of the curstape, as shown in Fig. 2.31.
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Fig. 2.31. IGBT current: duty cycle D=0.4 (a), dutycle D=0.22 (b)

Sincel,ggr is measured only twice per period, it is vitalhtmve a clear current
signal. Secondly, the timing of interrupts should &accurate. In order to
visualize trigger instants of interrupts, a gengratpose digital output of the
control unit was toggled synchronously to the intpts. The resulting impulses
are equal to a corresponding interrupt routine titma(Fig. 2.32). A period
match of the PWM timer generates the first intetrdfhe correct timing for
current measurement can be seen in Fig. 2.32. $eckBT is turned on with
a small delay then the first interrupt is generabefore the current starts to
grow. This delay and also the current peak at tbginming of turn-on are
compensated with the pause function of the ISR [8ge2.28). The second
interrupt occurs slightly before turning off thearsistor. The interrupt is

triggered by a GPT.
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Fig. 2.32 Correct timing of interrupts: CH1 — PWNrtrol signal, CH2 — interrupt
service routine duration and trigger instants, CHBGBT current

The accuracy of the proposed control method wasfieegrby importing
oscilloscope data into MS Excel where the averageent could be calculated
using classical integration methods. The currerd ®algao calculated using the
proposed simplified digital AVCMC equation (19). @parison of results is
shown in Table 7. As it can be seen, in the casmafimal duty cycle the
difference between Excel results and those thatrevbbtained with improved
AVCMC is only 0.002 A. In the case of minimum dutycle the difference is
slightly bigger 0.004 A.

Table 7 Comparison of results

Duty cycle 0.4 0.22
Average current with Excel 1.262 A 0.429 A
Average current with Eq. (19 1.260 A 0.425 A

The proposed digital AVCMC has the following betefi

- simple equation for average current calculations;

- reduced sample rate, i.e. only two current measeméper duty cycle
are needed, resulting in a less loaded microcdetyol

- increased noise immunity due to the lower sampiatg.
Drawbacks are:

- high speed current measurements required,;

- applicable only in the case of linear current slope
Voltage Mode Control

VMC or direct duty cycle control is one of the siegt control algorithms. It is
a single loop control method where only output &g is measured. It can be
easily implemented in a HB topology, as shown ig. 2.33. The regulator
output is connected to the PWM blocks, which creéaie 180 degree phase
shifted PWM signals. The duty cycle of both tratwsts (T and Tg) is kept
equal to prevent volt-second unbalance in the toamer primary.
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Fig. 2.33 Voltage mode control principle for thdfHaridge isolated DC/DC converter

The main limitation of VMC is its slow responsedodden input changes. In
some cases it can be compensated with higher lampbgit commonly VMC is
best suitable for applications with no input chang®nfortunately in the
current case the converter has to work in combregdlation conditions where
both input voltage and output load can change sanabusly. Therefore, the
VMC suitability is questionable. However, VMC aseoof the simplest control
algorithms would be a good candidate for railwagl@ations where simplicity
and reliability are the major priorities.

A powerful method to test system dynamic behaviand overall control
loop response is the transient response analysiscases of combined
regulation, two transient tests should be carriatt mput voltage and load
transient response.

First, open loop transient responses were conslddifiee computer model
used in the simulations is shown in Fig. 2.34.

§Rload

{(F)vin é) §H§ 1
VT _p
Vout

Fig. 2.34 Open loop model for transient responseugations

In order to obtain the open loop input voltage $rant response, the following
modifications to the model were made: the inputitred converter\(;,) was
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replaced with a square wave voltage source with dimgput voltage range
2200...4000 V, the duty cycle and load were chosethabat maximal input
voltage the nominal output voltage (350 V) in maximload conditions (50
kW) could be achieved. The results are shown in Eig5. The output voltage
waveform V,.) shows a stable output with a good input dampwalgich is

caused by the low pass output filter. Accordingthiat, good closed loop

behaviour could be assumed.

450K
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3.00K

Vin

250K

2.00K

500.00
400.00 -f-
300.00
200.00
100.00

0.00

-100.00
0.00

Time (s)

Fig. 2.35 Open loop response to input voltage tiams

In order to obtain an open loop load transient aasp, the following
modifications to the computer model (Fig. 2.34) everade: the input voltage
was set to minimum 2200 V, the duty cycle was chagethat nominal output
voltage could be achieved, and the load was chapgeaddically between 10 %
and 100 %. The results are shown in Fig. 2.36.Waeeform shows somewhat
overdamped response, which, although very staldes dot give the best
transient recovery performance.

Vout
800.00

600.00 -
400.00 -
200.00

0.00

-200.00
200.00

150.00 -
100.00 -
50.00 -

0.00

-50.00
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Fig. 2.36 Open loop response to load transients
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Flowingly, the closed loop behaviour of the DC/Daheerter will be examined.
In this case the most important parameter to benattd is the output voltage
fluctuation, which must remain inside predefinedits (350 V+17.5 V). Type

Il compensation was used to regulate the outputigel The computer model
used for the simulations is shown in Fig. 2.37.

J: i ataty!
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ITr p
{4

(Frvin wr_p@Ej éHg :& °th

_{ ™ TCZ Z‘KDZ %D‘l

§Rload
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W

S
W
[=- |_L|1=I 3\+ <

Fig. 2.37 Closed loop model for transient resposiseulations

In order to obtain the closed loop input voltagam$ient response, the following
modifications to the model were made: the inputtage source\{, was
changed to a square wave voltage source with thHpubwoltage range
2200...4000 V, the fixed load resistor was chosethabthe full output power
(50 kW) could be achieved. The results are showkign2.38. As expected, the
converter sustains very good and stable outputageltdespite the input
transients. Therefore, the pure input regulationerent to VMC is not a
problem in terms of the current hardware configaratThe output low pass
filter damps fast input transients so that they lbareasily compensated by the
output voltage regulator.

In order to obtain the closed loop load transiesgponse, the following
modifications to the computer model (Fig. 2.37) everade: the input voltage
was set to 3000 V, the load was increased in 3@e@suntil the full load. The
output voltage and the load current are shown gn Ei39. The output voltage
wave form shows some fluctuations caused by thadgtetate error but in
general the output remains stable within allowedts.
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Fig. 2.38 Closed loop response to input voltagasrants
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Fig. 2.39 Output voltage of the converter underspuloading and closed loop
conditions

There is another aspect that needs to be takenaigtount by VMC. The
principle of PWM is shown in Fig. 2.40. A saw-toofiignal with fixed
amplitude U,,mp Was generated and compared to a compare \UajpeThe
resulting duty cycle can be calculated as follows:

U

— ton — cp

(23)

TPWM U ramp

Substituting (23) into (4), the pulse width modaftagjain of the converter can
be calculated as
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U — cp in

ou! Uramp n
UOUt :1 Uin . (24)
Ucp n Uramp

The result is that in a fixed ramp PWM topology tmedulator gain and
therefore also the total gain of the control lo@pehds on the input voltage.
The loop gain and bandwidth increase with the @mseeof the input voltage.
This makes the loop compensation slightly more daaied.

A

Uramp

Ucp

ton toff

\/

0 prm

Fig. 2.40 The principle of the fixed ramp PWM gextien

VMC has the following benefits:
- simple to implement, lower costs;
- voltage sensing is easier and more efficient thareat sensing;
- smaller noise susceptibility compared to CMC,;
- single feedback path is easier to design;
- increased reliability due to simplicity.
Some limitations are:
- poor input transient response;
- loop gain and bandwidth depend on the input voltage

- it is difficult to optimize compensation loop gamver the entire input
voltage range.

Feed-Forward Voltage Mode Control

Conventional voltage mode control uses a fixed raigpal for PWM. Since
the only feedback signal comes from the outpuf tleisults in inferior line
regulation. In feed forward VMC the ramp of theahgle waveform changes
with the input voltage, as shown in Fig. 2.41. Hetite regulator changes the
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duty cycle before an error occurs at the outputthedine transient response is
improved.

Uout
Uref ‘»é‘ REG
CP1
~N_ "L
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Fig. 2.41 Feed forward voltage mode control for tb@ated DC/DC half-bridge
converter

Usually the ramp is changed with a fixed gafg)( as shown in Fig. 2.41. The
amplitude of the saw-tooth signal can be calculated

U ramp = Kp Uiy - (25)

Substituting (25) into (24), the feed forward gaifithe modulator can be
calculated as
Uout :1 B Up _ 1

= . (26)
U n Kp W, nkKp

cp

As it can be seen, feed forward VMC removes thaabés loop gain and
bandwidth of the control loop, which allows looprgéo be optimized over the
entire input voltage range.

However, changing the ramp in cases of digital m@dns complicated. The
saw-tooth signal in digital control systems is uilyugenerated by PWM timers.
The period of the timer determinkl,m, and compare registers are useddgy
values. The problem is that the period registey determines the PWM period.
In order to sustain a constant PWM period but chdig., also the timer
clock frequency must be changed in contrasf i@, All microcontrollers have
prescalers for such purposes but since the resplutsually remains under
3 bit, it does not provide enough bandwidth for¢batrol loop.

There is another feed forward technique availallach is especially useful
for digitally controlled DC/DC converters. It issd on the fact that commonly
the transfer function of a DC/DC converter is knowhus, the output voltage
can be calculated in terms of input voltage, dutgle and transformer turns
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ratio. Rearranging (4), the duty cycle of the isadaDC/DC HB converter can
be calculated as follows:

D = Jout!N 27)

Uin
The output voltage and turns ratio of the transfrnemain constant while the
input voltage is changing. Input feed forward wbé added parallel to the
output voltage control loop, as shown in Fig. 2.7%e output control loop will
compensate the load changes and the feed forwangastsator\(;) calculates
the correct duty cycle with respect to the inputage.

Uout I_I_l
PWM1 Tr
(o]
Uref REG 0 I_I—I
PWM2 Ts
-180°

Uin _> M/']

Fig. 2.42 Feed forward mode control scheme forislbéated DC/DC half-bridge

The effect of the feed forward regulator becomesarcilwhen looking at the
input voltage transient response. The simulatiodehs shown in Fig. 2.43.
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Fig. 2.43 Feed forward mode control model for thigation of the input transient
response ~

The input voltage source is a square wave signaerggor with an output
voltage range 2200...4000 V, the load was chosehatoat the nominal output
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voltage (350 V), the maximum output power 50 kW Idobe achieved. The
load remains constant, hence the output controp Isoexcluded from the
simulation. Simulation results are shown in Figl42.Compared to the normal
VMC (Fig. 2.38) some improvements can be noticetle Teed forward

compensator lowers voltage peaks that are causedply voltage transients
and also reduces the overall voltage ripple. Whdthese this algorithm or not
depends on the experimental results carried out thié normal VMC. If the

results are satisfying, the VMC, which is simpledaequires fewer sensors,
should be preferred.
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Fig. 2.44 Feed forward response to the input vatagnsient
Feed forward VMC has the following benefit:

improved line transient response.
Drawbacks:

increased number of sensors;

more calculation capability needed.

2.3 Front-End Converter for Traction Applications
Based on the Three-Level Half-Bridge Topology

Implementation of 6.5 kV IGBT modules in two-leudB topology can give
many advantages as reported in previous chaptevettsr, there are also some
drawbacks. High price of the IGBTs and drastic sliig losses reduce the
benefits imposed by 6.5 kV IGBTs. An interestintealative is a three-level
isolated DC/DC HB converter, which has already destrated its obvious
benefits in several low-voltage low-power applioag [118]. It has some
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important advantages over a traditional half-bridgstead of two switches, a
three-level isolated DC/DC HB uses four, i.e. tlndtage stress of a switch is
two times lower. Thus, two times lower blocking tagle capability is required
and with the implementation of 3.3 kV IGBT moduldse switching frequency
can be increased at least two times [120].

Un/2

Un/2

OUTPUT OUTPUT
RECTIFIER FILTER

|~ | —O

F Uout

=H o

Fig. 2.45 Isolated DC/DC front-end converter faadtion APS based on three-level
half-bridge topology

A simplified circuit diagram of a rolling stock fnb-end converter based on the
three-level isolated DC/DC HB topology is shownFig. 2.45. Instead of two
switches four switche$;...T, are used. The input capacit@@s andC, divide
the input voltageJ;,. The isolation requirement is fulfilled by a trémrsner Tr.
The input of the converter is to be directly feedni the catenary voltage
(2200 V...4000 V). The secondary voltage of the isola transformer is
rectified and filtered. Typical to a multilevel ogarter is increased number of
clamping components: two clamping diod2s, D¢, and a flying capacitot;
(optional). In general there are three types ofmagimethods: diode clamping,
capacitor clamping and combination of diode andacapr clamping. The
diode clamping is the most robust and reliable ot he capacitor clamping
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method is seldom used due to the large curremig ati the flying capacitor, the
combination of the diode and flying capacitor clamgpmethod combines the
advantages of both methods but has increased canpoount. Usually the
clamping method will be selected according to tlatwl method of the
converter [121]. Technical specification of the estigated three-level HB
isolated DC/DC converter is presented in Table 8.

Table 8 Technical specifications of the front eadwerter based on three-level
half-bridge topology

Parameter Value
Long-term minimal input voltag&J;,_min, KV 2.2
Long-term maximal input voltag¥i,.max KV 4.0

Rated output powe?,, KW 50
Switching frequencys,, kHz 4

Converter output voltagd,,, kV 0.35 #5%

HV IGBT modules Dual FF200R33KF2C

2.3.1 Comparative Analysis of Modulation Methods an  d Soft
Switching Techniques for Three-Level Half-Bridge In  verters

There are several soft switching methods for nayél HB topologies, which
do not require any additional components. All thes# switching techniques
depend on the modulation method. Hence, modulatr@thods are also
connected to different switching losses. In oraetfirtd out optimal solution for
current application, a detailed analyses was choig.

At the rated load, a converter should perform ragouh between two
boundary points i.e. long term minimal and the legn maximal input
voltage values (Table 6). To maintain the constanput voltage at the rated
load, the maximum duty cycle should always be aasedt with the minimum
input voltage in normal steady-state operation,levthe minimum duty cycle
should correspond to the maximum input voltage. s€héwo boundary
operating points determine the regulation rangthefconverter and thus, will
be used for further analysis and discussions.

In general, two modulation methods are available raultievel HB
converters: PWM and PSM. The principle PWM methodéd three-level HB
isolated DC/DC converter is shown in Fig. 2.46.h#ee-level HB inverter has
two additional IGBTSs, as compared to the two-lddBl However, this does not
necessarily increase the complexity of the cordystem in terms of software.
The two additional IGBT control signals can be ded within the hardware
simply by inverting two PWM base signals, as shawirig. 2.46. Thus, the
microcontroller only generates two 180 ° phasetethifPWM base signals
(PWMlandPWM4. PWM2is derived by invertinWM4and similarlyPWM3
is derived by invertingPWM1 Each PWM signal controls an individual switch.
The IGBTs will be turned on and off one after tlieen. Since the IGBTs are
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not ideal switches and have a certain turn-on amd-aff delay time, the
situation can occur where three devicég T, Tz or T, T T, are
simultaneously conducting. Having three devicesdoating at the same time
would result in short circuit of the correspondingut capacitotC, or C, and
the IGBTs would be destroyed. In order to prevéotiscircuit it is necessary to
add a dead timg at the beginning of every signal, as shown in Big6. The
exact operational principle of a PWM controlledeiadevel HB is described in

[118].
A ty A ty
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Fig. 2.46 PWM method for the three-level isolat&e/DC half-bridge converter:
maximum input voltage (a) and minimum input voltége

An alternative to PWM is the PSM method. In PSMsalitches operate with
duty cycle nearly 0.5. The phase-shift betweenagRWM1 and PWM4 or
PWM2 and PWM3 determines the operating duty cycle of the comveras
shown in Fig. 2.47. Theoretically only two indepent PWM channels of the
microcontroller are needed. Two additional chanrega be derived within
hardware by inverting the base PWM signals, &gan be seen as an inversion
of T; and T; as an inversion of,. Each PWM signal controls an individual
switch. In order to prevent cross conduction aneresitages, a dead tingis
added at the beginning of each control signalhasve in Fig. 2.47. The exact
operating principle is described in [54]-[56].
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Fig. 2.47 PSM method for the three-level isolat€/ DC half-bridge converter:
maximum input voltage (a) and minimum input voltége

The computer model of the three-level isolated DCMB converter that was
used in the analysis is shown in Fig. 2.48. Theesamdel was used for both
control schemes: PWM and PSM. However, in the aaséWM control
scheme, the flying capacito€:) was excluded from the model. The IGBTs are
controlled by four corresponding PWM signals. Thétching frequency is

4 kHz. The input capacitor§; and C, are identical each 3Q0-. In order to
simplify the simulation, ideal semiconductor degicand a non-saturable
isolation transformer were used. The simulationsewgerformed at the rated
load conditions (i.e. with the constant output pové® kW) and in two
boundary operating points described above.
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Fig. 2.48 Computer model of the three-level isdaDC/DC half-bridge converter
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PWM method

The computer model is shown in Fig. 2.48 (excludimg flying capacitoCy).
The transistors are controlled according to timiiiggrams, as shown in Fig.
2.46. Two independent PWM channels are requiredhf@rcontrol scheme, as
explained above. Two additional channels can beetkiby inverting the base
PWM channels.

If the leakage inductance of the isolation transir is relatively small
(AuH ...2uH), ZVS and ZCS can be achieved for inner switqfigsand Ty)
even at relatively low switching frequencies (4 kHas shown in Fig. 2.49.
However, it can only be reached for a certain ragoh range. Decreasing input
voltage results in an increasing duty cycle atddtad conditions. ZCS is
currently possible up to the input voltage valugn00 V. In the case of input
voltages below 3100 V only ZVS could be reachedhasvn in Fig. 2.49 (b).
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Fig. 2.49 Soft switching of inner IGBTs: maximapui voltage - ZVS and ZCS (a),
minimal input voltage - ZVS (b)
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It was noticed that during the whole input voltagage the outer switchds
andT, were hard switched, as shown in Fig. 2.50. Thezesaveral possibilities
to increase the input voltage range for ZCS andh eaehieve ZVS for outer
switches as described in [122][123][124]. Howevitese methods always
require some additional components, which is alprohtic issue in the case of
HP and HV applications.
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Fig. 2.50 Hard switching of outer switches: maxinmgdut voltage (a), minimal input
voltage (b)

In the case of higher leakage inductare@0uH) of the transformer primary
and secondary winding, ZVS for the outer switchgsrahe full regulation
range is possible, as shown in Fig. 2.51. The@efit condition for ZVS is that
the dead time should be smaller than the time rmkedeautilize the leakage
energy. It should be noted that the possibilitGfS for inner switches will be
lost. As a result, all switches will work in ZVS eqating mode.
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Fig. 2.51 Soft switching of outer IGBTs: maximauhvoltage - ZVS (a), minimal input
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The benefits of the PWM control scheme are asvi@lo
- only two PWM channels are required, which unloagdbntrol unit;
- ZCS is achievable for inner switch&sandTs;
- ZVS for all switches over the whole regulation rangachievable;

- flying capacitor is not needed, thus space-weigbmhstraints are
fulfilled.

Drawbacks are:

- in the case of small leakage inductance no softchimig for outer
switchesT; andT, is possible;

- ZCS for inner switched, and T; is achievable within the limited
regulation range and in the case of small leakagectance.
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PSM method

The computer model of the PSM method is shown m Bi48. Here it is
recommended to use the combination of the diode fyidg capacitor
clamping method [121]. The flying capacitor provsde mechanism to balance
the charge of both input capacitors. However, gsdoot fully eliminate the
volt-second unbalance problem. It merely suppresgsesolt-second unbalance
effect of the input capacitors, as shown in Fi§22.
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Fig. 2.52 Voltage unbalance of input capacitordwmand without flying capacitor C

The switches are controlled exactly as if they waesed in a phase shifted
full-bridge, which gives several advantages of fiebridge topology [121].
The corresponding timing diagrams are shown in Eig7. Theoretically two
control signals are needed as explained above. vmwé is critical to keep
according control pulses exactly equal to one arotAny asymmetry in the
control pulses will result in an unbalance of tin@ut capacitor voltage, as
shown in Fig. 2.53. If ZVS for inner switches isstted, then the dead time
must be adjustable. The maximum dead time requmerte achieve ZVS
operation can be determined as [54]:

7l
td_max: E\/ L|k (CIGBT + Ctr) ' (28)

where Ly is the leakage inductance of the transformer pym@.gr is the
non-linear parasitic capacitance of the switch @pas the transformer winding
capacitance.
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Fig. 2.53 Control signals of the half-bridge conesr symmetrical duty cycles of T
and T; (a), 4% difference in the duty cycles T, (b).

In case if the leakage inductance of the transfononenary and secondary is
small (1uH ...2 uH), ZCS can be achieved foy andT;, as shown in Fig. 2.54
(@). It is achievable only within a small regulatioange. Normally the
inductance of the transformer primary is higher @@S is not possible. An
alternative solution is to use the leakage indwsaof the transformer primary
for ZVS. This method is described in detail in [$86],[125]. In order to

achieve ZVS operation, the energy stored in thestoamer primary should
meet the following condition [54][126]:
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whereLy is the leakage inductanae,, is the primary current);, is the input
voltage of the converter.
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Fig. 2.54 Switching diagrams of the inner IGBTsratted load conditions: maximal
input voltage and minimum duty cycle ZCS is achikvéa), minimal input voltage and
maximum duty cycle (b)
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ZVS over the full regulation range can be achietedthe outer switches
without any additional components or efforts, aswahin Fig. 2.55.

Benefits of this control scheme are as follows:
- ZVS over the full regulation range can be achieloed; andTy;

- by increasing the leakage inductance of the tramsfg ZVS over the
full regulation range can be achieved TerandTs;

- in the case of a small leakage inductance ZCSeoirther switches in a
limited regulation range can be achieved.
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Drawbacks are:

- the leakage inductance of the transformer mustigie énough to meet
the condition (29);

- flying capacitor is recommended, thus increasingglateand price of
the converter;

- ZCS of inner switches is achievable only for liditegulation range.

2.3.2 Analysis and Simulation of Digital Control Al gorithms for
Three-Level Half-Bridge Converters

The three-level HB is similar to the two-level H&pblogy. The only difference
lies in the inverter where the three-level topold@gg two additional transistors
and some clamping components. Since the input atplitfilter configurations
do not change, also the converter stability catesnd transient response
behaviour should not change considerably. The ctenpmodel used in the
simulations is shown in Fig. 2.56. The conditions épen loop input voltage
and load transient response were the same as icas$e of two-level HB
topology. The results of the open loop transiespoases are shown in Fig.
2.57 and Fig. 2.58. As stated before, the threellgystem acts similarly to the
two-level system. Due to the low pass filter in theput, the open loop system
has good input voltage and load damping. In genéralsystem is stable and
with an appropriately designed compensator, goosed loop behaviour could
be assumed.
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Fig. 2.56 Open loop model of the three-level haidigee for transient response
simulations
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In the case of PWM, all the algorithms suitable foo-level HB are also
applicable for a three-level topology. In the casePSM only three control
algorithms are available (Fig. 1.14): VMC, feedward VMC, average current
mode control. All of these algorithms were analyzsdl simulated in the
previous chapter. In the same manner they can pkedpgn a three-level HB
converter controlled by PSM. The only differencéhiat instead of a direct duty
cycle control, phase shift between PWM signalegifated.

Due to the excellent input voltage damping and glowal regulation, VMC
IS quite an attractive control algorithm also fbe tisolated DC/DC front-end
converter based on the three-level topology. Ineord increase reliability,
reduce weight and costs of the HP and HV isolat&ICT converter it is
recommended to use PWM method, which do not redlyineg capacitor. In
principle ZVS for all switches is achievable, whicdin further reduce switching
losses. The practical results are presented int€hags.9.
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3. PRACTICAL DESIGN ISSUES AND
EXPERIMENTAL RESULTS

Based on the information and knowledge acquireth fppevious analyses and
simulations, a state of the art test prototypehefftont-end converter (FEC) for
traction applications was built and tested. Th&t fileveloped prototype is based
on the two-level half-bridge topology (Fig. 3.1h general, the isolated HB
topology was implemented because of its simple tcoction and high overall
reliability. The new 6.5 kV FZ200R65KF1 IGBT modsldhave made it
possible for the first time to implement HB topoyoon such a high power
(P>20 kw) and high voltage (U>2 kV) application #s FEC. Logical
enhancement of the two-level topology would be ttiree-level HB topology
(Fig. 3.2). Three-level topology does not differ ghufrom the classical HB.
Instead of two switches, the three-level HB uses,fahich lowers the voltage
stress of a switch and IGBTs with two times lowkrcking voltage capability
(3.3 kV IGBT modules) could be implemented. In &ddi, the switching
frequency can be increased at least two times en emore when the soft
switching effect (without additional components)uiglized. Also, the control
system of the three-level HB does not differ muamnt the control system of
the two-level converter. Due to the similaritiestii®en the two converter
topologies the three-level HB isolated DC/DC cotmecould also be built and
tested. The differences are presented in the pehqart of the doctoral work.

A generalized scheme of the front-end convertertfaction applications
based on the two-level HB isolated DC/DC convergeshown in Fig. 3.1. It
can be divided into four stages: power electrostege, power interface stage,
signal transmission stage, control and communicatsbage. The power
electronics stage includes the main hardware offribiet-end converter and
does not concern the control system. The curreatodal work analyzes only
the control system design that includes the follmvipower interface stage,
signal transmission stage, and control and commatioit stage.

The control and communication stage receives feddignals from ten
sensors. The input current sensor is needed omlgiggnostics. The output
current is used to identify overload conditions.olmder to detect volt-second
unbalance of the transformer primary the capaaititage Uc, is measured.
The input voltagdJ;, is sensed to detect over- and undervoltage sinmtiThe
output voltage is controlled with the classicaltage mode control algorithm.
Thus, the output voltage is measured for the coidop feedback. In addition,
transistor, transformer and output inductor temipees are measured. This
information is used by the protection and diagmosyistem. Plug&play drivers
were chosen for the control of the IGBTs. All senaad driver signals are
galvanically isolated from the power electronicagset The converter is
controlled by the control and communication stagleich includes a powerful
DSC. The main functions of the DSC are output \gatatabilization, protection
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against erroneous and faulty operation and comrmatiaoit with external
devices.
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Fig. 3.1 A generalized block diagram of the frontteconverter for traction
applications based on the two-level HB isolated DC/converter

A generalized scheme of the FEC topology basedethree-level HB isolated
DC/DC converter is shown in Fig. 3.2. The threesletopology has two
additional transistors. Other components of thdrobsystem (the number and
type of sensors, relay outputs for lamps or indisgt protection and
communication functions) remain unchanged. The gésrare shown in the

simplified block diagram in Fig. 3.2. Redrawn wemely the blocks that had
changed.

Two additional transistors require two more contbannels. This would
normally complicate the control program and alsorease the load of the
microcontroller but in this doctoral project an awative solution to the
problem was introduced. A method was developed tiaives additional
channels within the hardware without any softwarteraction (Fig. 3.17). The
controller can save its resources for other tasksgeneral, assuming that
voltage mode control and the PWM method is usesl,ctintrol program also
remains unchanged. As a result, the flexibilitytteé developed control system
for the front-end converter increases, allowinguse for both two-level and
three-level half-bridge converters without any aes
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Fig. 3.2 A generalized block diagram of the frontdeonverter for traction
applications based on the three-level HB isolat&d[DC converter

3.1 Power Interface Stage

This section mainly concentrates on IGBT driversl afifferent types of
sensors. Important issues are isolation classes anthbility for HV
applications. The FEC for traction applications siets of ten sensors (Fig.
3.1): two currentl{,, loy), three voltage transducers;{, Uc,, Uy, and five
temperature sensors. In general, closed loop Hfaktetransducers were used
for current and voltage measurement. The transdweere placed such that the
length of power cables could be minimized. The tnpoltage and current
transducers are placed close to the input capadctod input terminals of the
FEC, as indicated in Fig. 3.3 (a). The output \g#tand current transducers are
placed next to the output capacitors, as shownign &3 (b). The FEC is
equipped with advanced protection and diagnostctfans. In addition, to the
currents and voltages, the temperatures of the E;B&ansformer and output
inductor are measured. The temperature was measutteglatinum (PT-100)
resistance thermo sensors that offer excellentracgwover a wide temperature
range. The two IGBT temperature sensors are screwele inverter heat sink
alongside each IGBT, as shown in Fig. 3.4. In otdeneasure transformer and
output inductor temperature, two sensors were rated into the windings.
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Fig. 3.4 Two-level half-bridge inverter of the FE® traction applications

3.1.1 Current Measurement

In the current application, DC current needs tarteasured. According to the
performance requirements, all components in the ikt side of the FEC
should have rated insulation of at least 15 kV.c8irthe current is only
measured for diagnostics and converter protectlugh accuracy current
sensors are not obligatory. The input current waasured with a closed loop
current transducer LEM LT 100-S/SP30 (Fig. 3.3 @gcially designed for
traction applications. The main parameters are samzed in Table 9. The
output current was measured with closed loop cutransducer LEM LT 200-
S/SP44 (Fig. 3.3 (b)) designed for industrial aggilons. The main parameters
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are summarized in Table 9. Both transducers cachbeacterized by galvanic
isolation between high power and electronic paighhaccuracy, very good
linearity, low temperature drift, high immunity 8MI, and current overload

capability.

Table 9 Technical data of the input and output eatrtransducers

Type LT 100-S/SP30 | LT 200-S/SP44
Current measuring range -200...+200 A -300...+300 A
Accuracy +0.5 % +0.5 %
Response time <1lus <1lus
Ambient operating temperature -40...+70 °C -40...+85 °C
Weight 184 g 230 g

3.1.2 Voltage Measurement

In the current application, DC and pulsed voltageeds to be measured.
According to the performance requirements, all congmts in the HV input
side of the FEC should have rated insulation déast 15 kV. The most critical
point is the output voltage where high measuremaeatiracy is needed (below
one percent). The output voltage feedback is usgdthe regulator to
compensate the load changes in the output. The wgtage was measured
with a closed loop voltage transducer LEM LV 10@@(5P6 (Fig. 3.3 (a))
specially designed for HV traction applications.eTmain parameters are
summarized in Table 10. The capacitor voltage magssured with a closed
loop voltage transducer LEM LV 100-2000/SP18 spbcidesigned for HV
traction applications. The main parameters are sammed in Table 10. The
accuracy is from moderate to high. For output \gdtaneasurement a LEM
LV 100-300 closed loop voltage transducer (Fig.(®)3 designed for industrial
applications was chosen. The main parameters anenauzed in Table 10. As
can be seen, the output voltage transducer exliiiataeeded accuracy class. In
addition, it has very good response time compacethé input or capacitor
voltage transducers. In general, all voltage traosts are characterized by
medium accuracy, very good linearity, low tempeamturift, and high
immunity to EMI.

Table 10 Technical data of the voltage transducers

Type LV 100-4000 LV 100-2000 LV 100-300
Purpose input voltage | capacitor voltage  output voltage
Measuring range| -6 kV...+6 kV | -3 kV...+3 kV -450 V...+450 V
Accuracy 0.7 % +1.2% +0.7%
Response time 200us 150us 80 us
Ambient

operating -25...+70°C -40...+70 °C 0...+70°C
temperature

Weight 850 g 850 ¢ 850 g
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3.1.3 Temperature Measurement

In general, five PT-100 temperature sensors arel. usSer transformer and
output inductor special temperature sensor Her8&kg0) was used, as shown
in Fig. 3.5 (a). The technical specification is gaeted in Table 11. The
temperature of IGBTs and the output rectifier isaswred with Heraeus FK 422
(Fig. 3.5 (b) and Fig. 3.4) which are speciallyigeed for surface montage.
The technical specification is presented in Table [ order to convert
nonlinear output of the sensors into a linear aursegnal the special signal
converter SEM203P (Status Instruments) was used.

e &)
(@) (b)

Fig. 3.5 Temperature sensors PT-100 Heraeus: SZta0FK 422 (b)

Table 11 Technical data of the temperature sen3ofl 80 Heraeus SZK(0)
Type PT-100 SZK(0) PT-100 FK 422
Purpose Transformer, inductor IGBTS, rectifier
Measuring range: -20 ... +110 °C 0...250°C
Accuracy +0.3°C at 0 °C (class B +0.3°Cat0°C

3.1.4 High Voltage IGBT Drivers

Two types of drivers are available for modern HVBIG: driver cores and
plug&play drivers. In order to achieve the highpsstsible reliability with the
shortest development time plug&play drivers weresam. The Concept driver
1SD210F2 (Fig. 3.4) is compact, intelligent, higérfprmance, single-channel
plug&play driver for 6.5 kV IGBTSs. It is equippeditW several protection and
diagnostics functions, e.g. collector-emitter vg#ia monitoring for the
short-circuit detection, supply-undervoltage showvd and the status feedback.
The driver must be electrically isolated from thentrol system. Each
plug&play driver has a build-in optical interfacativtiwo channels: for IGBT
control signal and for driver status feedback digmaiver status feedback
signals enable the main controller to monitor btite driver and the IGBT
[127]. The errors that can be identified using drigtatus feedback signals are
shown in Table 13

During normal operation (i.e., no fault) the driveatus feedback is “light on”
at the optical link. A malfunction is signalled bight off”. Each edge of the
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control signal is acknowledged by the driver vialeort pulse (900 ns), as
indicated in Fig. 3.6 [127].

PWM  bseombrmsn ) PWM
13 Ty ¥
Feedbacl Feedbacl
.! 25
1) Ch1: 2 Volt 250 ns 1) Ch1: 2 Volt 250 ns
2) Ch 2: 2 Volt 250 ns 2) Ch2: 2 Volt 250 ns

(@) (b)

Fig. 3.6 Driver status feedback signals on thengsedge of the control signal (a), on
the falling edge of the control signal (b)

3.2 Signal Transmission Stage

The signal transmission stage is a link betweertrebiand communication
stage and power interface stage, as shown in Flg.The main topics to be
discussed here are EMC problems of the signalgsatation between HP and
HV power electronics stage and the low voltage rabrdnd communication
stage.

3.2.1 Sensor Signals

According to the performance requirements, the paoslectronics stage must
be isolated from the control and communication est&josed loop voltage and
current transducers used for measurements prodb&mgc isolation between
the high power and low power side. The temperatansors are connected with
the isolated parts of the converter. In additiofi, aurrent, voltage and
temperature signal cables are shielded to decEdsanpact.

3.2.2 Driver Signals

In order to provide sufficient isolation and prdten against EMI digital
signals like driver status feedback, control signaére transferred over a fiber
optic link (FOL). The practical realization of FQInd the corresponding output
logic in the optical /O PCB are shown in Fig. 3Four signals (pwml, pwmz2,
statusl, status?) are needed in the FEC basededwdhlevel HB topology. In
the case of three-level topology, the number irs@sdo six, i.e. four control
signals for the IGBTs and two status feedback $sgoarresponding to the
IGBT pairs.
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HVIGBT | | HVIGBT

driver 1 driver 2

Isolation

Optical 1/0 PCB

(b)

Fig. 3.7 Output logics and FOL in the developedagitl/O PCB (a), the FOL
implementation principle in the FEC (b)

3.3 Control and Communication Stage

Control and communication stage (Fig. 3.1) is thetm| and processing centre
of the FEC. The main topics discussed here arepoasnts, their design and
the general structure of the control and commuiticatstage, practical

realization of the advanced control and protecsigstem and real life behaviour
of the designed converter. As stated above, inrgéh&o-level and three-level

HB topologies are quite similar to each other arabstnof the time they can be
discussed jointly. Only in a few cases where tlere essential differences in
the three-level topology, it will be discussed safely.

3.3.1 Assembly and Components of the Control System

One goal of this doctoral project was to build st terototype of the control
system for FEC. In order to achieve flexibility theontrol system was
assembled in a 19-inch rack module (Fig. 3.8) weedu The whole system
consists of 7 printed circuit boards (PCB)(eachx1® mm) developed during
the project:

« Auxiliary power supply PCB- step down DC/DC voltagmverter for
driver power supply;
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« relay PCB - solid-state relays outputs for extenmgilcators or lamps;
« optical input and output (I/0O) PCB:

a. two inputs and two outputs for driver signals ire tbase of
two-level HB topology;

b. two inputs and four outputs for driver signals ire tcase of
three-level HB topology;

« control unit PCB;

« current measurement PCB — transforms sensor sigmalsa suitable
form for the A/D conversion;

« voltage measurement PCB — transforms sensor sigmalsa suitable
form for the A/D conversion;

« temperature measurement PCB — transforms sensoalsignto a
suitable form for the A/D conversion.

Optical /0 PCB Control unit PCB ¢
LEM <

Current Voltage Temperature
sensors sensors

Fig. 3.8 The control system is built into a 19-imelsk module

The backplane of the rack module is a special psi®s1 which provides power
to the PCBs and interconnects all the boards wigh dontrol unit board. In
general, an advantage of the rack module is itsibiley and adaptability,
which makes it especially suitable for developmétawever, due to the high
price it is not very practical for an end product.

Auxiliary power supply PCB

The HV IGBT drivers require a reliable and isolaggply voltage (£15 V),
which is generated by the power supply CT-CONCEB®D3116I (Fig. 3.4).
The auxiliary power supply PCB (Fig. 3.9) is usedjenerate stabilized supply
voltage (+ 15 V) for CT-CONCEPT ISO3116l.
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Fig. 3.9 Power supply PCB of IGBT drivers

Relay PCB

All converters for traction applications should baan acknowledgement or
indication function (EN50155 requirement). The yeRCB (Fig. 3.10) includes
two semiconductor relays to switch external lampsdicators. In general, the
PCB is designed for eight relays, thus the numbehannels can be extended
if necessary. In order to further increase the ilfidiky of the system the
function of each relay output has been made progate over the diagnostic
and communication interface. So the user can freblgose events to be
indicated.

Fig. 3.10 Relay PCB with two outputs, extendabléougight outputs

Optical input and output PCB

Optical 1/0 PCB (Fig. 3.11) for two-level HB top@y includes two control
outputs and two status feedback signal inputs. dditian, some hardware
protection circuits are placed on this PCB, e.gaddé@me circuit, common
signal blocking circuit. The dead time is addethat beginning of each control
signal. Thus, the dead time generation circuit &adirect impact on control
signal shape and if designed incorrectly can havastrophic results.
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Fig. 3.11 Optical input and output PCB

Two circuit topologies were considered for deadetigeneration, as shown in
Fig. 3.12. The first scheme consists of a simplecR€lit followed by a digital
integrated circuit (IC). The RC circuit is respdsifor the delay while the IC
Is used for the signal amplification and commutatidhe dead time equals
approximately to the time constant, which may bewheined as:

- RIR (30)
R+ R,

wherer is the time constanR; andR; are the resistances of according resistors,
C is the capacitance of the capacifr

S)JCC UCC
D R, I:I C D Ro |:| Co
S S i S—
R4 R4
—{ 1 :)__Q o—u—:}—o—l>—o
° ic2
Controller IC1 Controller Output

(a) (b)
Fig. 3.12 Schematic of dead time circuit with tbhgi¢ AND gate (a) and with Schmidt
trigger (b)

In the first case, a logic AND gatéC{) is implemented as a commutating
component. The circuit is simple and with low reation cost. However, all
logic gates have two predefined voltage ranges;hwborrespond to logical one
or zero. The area between those predefined volitalyes is undefined as well
as the gate output. Thus, the operations withinzbae should be avoided. Due
to the RC delay circuit, the input voltage of treegcrosses the undefined area
relatively slowly (Fig. 3.13), which can lead tceetbutput instabilities. Clearly
the larger the time constant, the stronger the@dist will be [128].
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Input voltage
of the gate

>
t

Fig. 3.13 Input voltage of the logic gate IC1

The impulse distortion on the rising front of thé&/® signal can be seen in Fig.
3.14. It also occurs on the falling front. Howeveire distortion on the falling
front can be somewhat reduced (Fig. 3.14 (b)) lwueang the capacitande
and choosing a fast acting discharge dibdés result the discharge process of
the capacitor speeds up and reduces the time sp#ém¢ undefined are of the
logic component thus, less impulse distortion @RNVM falling front.

HV IGBT Driver
output signe | =~

23
—
\ !
Control signal
1 Chi1: 1Volt 1 us distortior
2) Ch2: 10Volt 1us 1)Ch1: 1 Volt 100 ns

(@)

Control signal

/ distortion

—

1) Ch1: 1 Volt 100 ns

(b)

Fig. 3.14 Distortion of the PWM signal due to themad time circuit: on the rising front
(), on the falling front (b)
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Most of the modern IGBT drivers are capable oefitig out those distortions,
as can be seen in Fig. 3.14. Nevertheless thertilisishould be avoided. In the
current thesis the problem could be solved by cepipr AND gate with the
Schmidt trigger IC2), as shown in Fig. 3.12 (b). The Schmidt trigges lan
input with hysteresis, which means that the turnaad off instants occur at
different voltage levels. No undefined area exsstd the signal distortion can
be prevented, as indicated in Fig. 3.15. The ddlagentrol signal shows
distortion neither in the rising nor in the falliigont. It should also be noted
that the dead time is only added at the beginningagh control signal. The
falling front of the control signal has no delag,shown in Fig. 3.15.

Tek JL Trig'd b st 00005 CH3
T Coupling

OC
Uge of the e

HV |GBT Oft

R — 2000z

control signal Viotts/Div

T  with dead time T m
s P Probe
' controller output Shuail
signal :
% | :
O]

1 1005
EHI 250% Zi-dul-03 1215

Fig. 3.15 Control signal delay created with Schntigjger

The dead time circuit provides no protection agasesnmon signals, which can
be caused by some software error. An additionaktlogcuit is needed. The
common signal blocking circuit is shown in Fig. 8.1IThe negation gates
(Negl, Negpblock the common signal while the “pull down” isters Ry, Ry)
force the PWM outputs to zero during microcontmolleset or a failure
situation.

o .
pPWmMA
Output A
N—q
pwmB ICs
Neg1
ikl
Neg2
Output B
— = IC4

Fig. 3.16 Common signal blocking circuit

For the FEC based on the three-level HB a new aipti© PCB with four
control outputs and two status feedback signal tsyhiad to be designed. It
results logically that four independent PWM chasraale also required, which
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increase the complexity of the control program batl the controller. A new

concept that uses hardware based signal multiglicatrcuit is proposed in the
current doctoral project. By use of this methodlydwo independent PWM

channels (pwmA and pwmB) are needed. The missiagras can be derived
by inverting those two PWM signals, as shown in.Rdl7. The detailed

description in each case was given in the analyticapter 2.3.1 on page 82.
The resulting four control signals (ctrl, ctr2 3¢tctr4) are provided with a dead
time that is generated by the RC delay circuit (Bid2 (b)) and transmitted via
FOL to the HV IGBT drivers, as shown in Fig. 3.The resulting gate-emitter
voltages of the IGBTS are indicated in Fig. 3.18héugh this optical 1/0 PCB

was originally designed for three-level HB topologlycan be used also for
two-level HB topology. In that case only two comtsggnals (ctr2 and ctr4) are
needed.

ot | T L 6
inverter dead time —H—,
transmitter
ctr2 ; %
pwmA S ol
dead time -
- transmitter
pwmB Common ctr3 : Vo)
signal blocking . I> —I_—l— 7
inverter dead time -
transmitter
Controller
ctr4 [T ))'1
dead time -
transmitter

Fig. 3.17 Block diagram of control signal multigimon concept
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siimpirosseis B i i -
3 Uge-T2 , | ; LS o Ugo T2 M
- | IO s,
- (1 Upors | Coorse
L . | T B U | f 1
g6-T3 ‘esmsemmianae L
— R — el
Uge-T3 - EE—————— AT AT
Tt [ m ot erpsn Uge-T4 R ] m
{ / M 5000 s ol M S0 s
CH3 250V CHA 2510 28-Jul-03 1240 CH3 SO0 CHY SO0y 23-Jul-049 1228
(a) (b)

Fig. 3.18 Gate-emitter voltages of a three-levelf-baidge controlled with PWM (a)
and PSM (b)
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Control unit PCB

Control unit PCB (Fig. 3.19) is the heart of theokhconverter. This PCB
connects the control unit to all peripherals antsees. In addition to digital and
analogue 1/Os, it also has communication interfa@ecommunicate with
external devices. Control unit PCB includes a ieai voltage regulator to
generate stable reference voltage for the ADC.cmérol unit is equipped with
a real time clock module and a lithium battery thatves as a reserve power
source for the real time clock module.

Fig. 3.19 Control unit PCB

Current measurement PCB

Current measurement PCB (Fig. 3.20) includes tvadagyue channels for input
and load current measurement. The current transsline=d stabilized bipolar
supply voltage (x 15 V), which is generated ondheent measurement PCB.

Fig. 3.20 Current measurement PCB
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In general, transducers have current output. A wiweund precision
measurement resistdR) is used to convert the current signal of theddaicer
into a voltage signal, as shown in Fig. 3.21. TémstorR,, must be chosen so
that no dangerous voltages can occur in the cdatrahalogue input ANX.
Analogue inputs of microcontrollers are especialbensitive against
overvoltages. To provide sufficient protection usua zener diodeld,) and a
current limiting resistoR, are placed in the analogue input of the controer
shown in Fig. 3.21.

Current ||  ghjelded cable ! Current measurement PCB
| transducer || 1
‘ H 1 Controller
1 I ¢ ‘ | R«
| } i

+

| — | ANX
ST T Fey z%
ﬁU ji 0-20mA oV

¥ [#15V 0 -15V

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 3.21 Electrical connection diagram of the aemt transducers

Voltage measurement PCB

Voltage measurement PCB (Fig. 3.22) includes ttaealogue channels for
input, output and capacitor voltage measuremerg. géneral, implementation
here is similar to the current transducers. Theagael measurement PCB
includes a bipolar power supply, precision measergnesistors for transducer
signal conversion and protection circuit againstrgultages, as shown in Fig.
3.23. The transducer output signal is convertem\toltage signal and measured
by the controller.

Fig. 3.22 Voltage measurement PCB
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transducer
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X
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Fig. 3.23 Electrical connection diagram of the agié transducers

Temperature measurement PCB

The temperature measurement PCB (Fig. 3.24) insluddtage dividers to
convert sensor signals into suitable voltage sgtiat could be measured by
the controller.

Fig. 3.24 Temperature measurement PCB

3.3.2 EMC Considerations in PCB Design

Electromagnetic compatibility (EMC) is a subjecatthmost designers did not
have to worry about ten years ago. Today’s sitnati® different. Our

surroundings are crowded with different kinds @&o#lomagnetic devices. EMC
and electromagnetic interference (EMI) are impdrtgsues in new electric
device design. There are mainly two reasons fot, ttikee electromagnetic
environment is getting tougher and the devices \aagy complicated and
sensitive to the interferences. In 1995 the EMdlive was introduced in
Europe. The directive regulates both electromagneéidiation and the
immunity to the environmental interferences. Theref the designer must
make sure that the new device will not affect athand can also resist the
influences from outside.

The switching frequency of the current convertereisitive low but due to
the HP and HV signals the electromagnetic envirorinie still rugged. The
most sensitive part of the converter to the EMhis control system. The most
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sensitive PCBs of the whole system are: contral BAQIB, voltage and current
measurement PCB). Hence, special attention to tthwee PCBs was paid.

In the development process, modern PCB design aoftwas used. The
whole process can be divided into two parts: schieraad layout design. First,
the schematic was created. The circuit schemati@seas a basis for the layout
design. It insures that the layout and design aresistent. Today’s powerful
tool of the PCB design software is an autoroutemdans that the software can
route the whole PCB automatically, following theitiag rules specified by the
user. Autorouting has many advantages, e.g. it ushnfaster than manual
routing, it takes EMC rules into account, autoroud®vays optimizes track
lengths and avoids sharp windings. The disadvastage that it takes some
time to set up the routing rules and the expecésdilr may not be ensured.
Sometimes, when the PCB is too complicated, therauter is not able to route
all the tracks. Thus, you still have to route sdraeks manually. In the current
project, a combination of manual routing and auttgowas applied [129].

The following EMC guidelines should be followed Vehdesigning a PCB
[129]-[134]:

1. Identify the noise sources and eliminate them asecto the source as
possible. Since the source of the received nogseusually outside the
system, the first possibility for the designer &ntlle noise is on the
system inputs.

2. Control the path to the ground. Signals and noigkealways take the
shortest path to the ground. The task of the syskesigner is to make
sure that noise will find a path to the ground befleaving the system
or reaching sensitive signals. The best way toodis $0 add a complete
ground plane to the board.

3. Avoid large current loops. Current loops are actikg antennas, they
emit and receive noise. The larger the loop, theenmderference there
can be. Loops should therefore be as small as lpessihe best
solution for high frequency signals is using a ctatgground plain on
one side of the PCB. The return path in the groplage will be the
track with the smallest impedance, i.e. the paticyx under the signal
track. Thus, also the current loop is the smallestthe case of low
frequency signals, the return path will be thekratth the smallest DC
resistance, in other words the shortest route. tBing to bear in mind
is that any slits or tracks in the ground planel@¢daock the optimal
return path and lead to undesired results. In oasground or power
plane can be made, the power and ground lines glabubhys be drawn
as close as possible to each other.

4. Keep the analogue tracks as short as possibleogmalsignals are the
most sensitive signals to the disturbances.
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5. Filter the power supply. Badly coupled power supplgne of the most
common reasons for EMI problems. The current drdwndigital
electronics consists of short spikes occurringhendiock edges. Those
pulses in the power lines can interfere with otdewices that are
connected with the power supply. To filter thepé&kes, decoupling
capacitors are placed as close to the compongrusassble.

6. Avoid 90° corners and other abrupt transitions tosces. It is
recommended to use 45 ° angles instead of 90 QbAlpt transitions
on the traces increase the radiation.

7. Split the layout in zones. Sometimes if the PCBeasy complicated, it
might be impossible to handle every EMC problerarate. Therefore it
might be a good idea to split the design into suispand handle the
EMC problems individual for every zone. The basied is to separate
noisy parts and components from the sensitive olmegeneral, the
power supply and digital part should always be s#pd from the
analog patrt.

Design and optimization of PCBs

All the PCBs are double sided with the dimensiohsl@0x100 mm, which
makes them suitable for the rack system, as showkig. 3.8. The PCBs are
connected with each other through a bus systeheibackside of the rack.

A. Voltage measurement PCB

The top and bottom view of the layout of the votageasurement PCB is
shown in Fig. 3.25. It has three analogue chanNglsV4, Vour @and one
switching mode power supplfP(2) for the sensors. The sensitive analogue
signals should be kept away from digital power $ygplJ2 and power lines
(+/-15V, 24 V).

Optimized features of the board:

- track windings are mostly 45 degrees without shieapsitions, which
reduces the radiation risk;

- the layout splitting principle has been used, tigatal zone is kept
away from analogue part, as shown in Fig. 3.25 (b);

- both, the bottom and top side of the PCB (Fig. B&® covered with
ground plane AGND;

- the analogue signal routes are optimized in length;
- minimized current loops (parallel routing of +/- ¥5and 24 V).
Potential weak-points:
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- due to complexity there are tracks on both sidethefboard thus, the
ground planes are interrupted and it may distutbgéturn paths of the
signals;

- no digital ground plane under the digital zone (Bi@5 (b));

- there are no decoupling capacitors on the +24 Vepdwve, which may
introduce disturbances in the analogue part.

(b)
Fig. 3.25 Top (a) and bottom (b) view of the vattageasurement PCB layout
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B. Current measurement PCB

The top and bottom view of the layout can be sadfig. 3.26. The analog part
of the board consists of three analog chaniygls,, lin, the digital part contains
one switching mode power supply (PU1l) and two gdtaegulators YR1,
UR2.

*
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(b)

Fig. 3.26 Top (a) and bottom (b) view of the cutnereasurement PCB layout

Optimized features of the board:

- track windings are mostly 45 degrees without shieapsitions, which
reduces the radiation risk;

114



- the layout splitting principle has been used, tigatal zone is kept
away from analogue part, as shown in Fig. 3.26 (b);

- both, the bottom and top side of the PCB are caveisith ground plane
AGND;

- analogue tracks have optimized lengths;
- minimized current loops (parallel routing of +24og@wer lines).
Potential weak-points:

- due to complexity there are tracks on both sidethefboard, which
may disturbs the return paths of the signals;

- no digital ground plane under the digital zone (Bi@6(b));

- there are no decoupling capacitors on the +24 Vepdwve, which may
introduce disturbances in the analogue part.

C. Control unit PCB

The control unit board layout is presented in Big.7. The control unit module
(MODULL1) is an integrated system, including evenyththat is needed for a
control system. The module works at the frequerficGoMHz, which makes
form it a potential EMI source.

Optimized features of the board:

- track windings are mostly 45 degrees without sheapsitions, which
reduces the radiation risk;

- the layout splitting principle has been used, tigggal ground (GND) is
separated from analogue ground (AGND), as showaign3.27;

- analogue signals are kept a part from the digitglads;

- both, the bottom and top side of the PCB are cavevih ground
planes;

- the tracks have optimized lengths.
Potential weak-points:

- due to complexity there are tracks on both sidethefboard, which
may disturbs the return paths of the signals;

115



Analogue

: ot RN signals
xj—q\—ﬁ\ 5 Digital
signals

Pt

oano
oo
&g
oo
P
-
a
&
a
Lo
L
o
&
-
£
L
o
=
-
o
L
a
=
-
a
L
a
L
L
B

¥

&

b1
1

AGND e

(b)
Fig. 3.27 Top (a) and bottom (b) view of the cohtnaut PCB layout

3.3.3 Selection of the Digital Control Unit

The two best suitable types of controllers for FB@: DSC or a general
purpose MC. In order to find out the best contnoit @ comparative analysis
was carried out. The following criteria for evaloatwere established:

electrical and mechanical parameters;
2. features of the development software;

3. working frequency — the higher the frequency, te#@ds performance
can be achieved;
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4. the number of peripherals including PWM timers, GPADC,
digital/analogue 1/Os etc.;

5. structure of the interrupt handling system;

6. variety of interrupt sources;

7. integration readiness into a user specified apjidica
8. price.

According to those criteria, two widely used 16 biigital control units
(Infineon MC XC167 and Texas Instruments DSC TM3Z&®B35) specially
designed for industrial applications were compdocedach other. They have an
extra wide ambient operating temperature rangehieg from -40 to +125 °C
(industrial temperature range), power optimizedgfeand a rich peripheral set
for numerous applications.

The comparative data of the two controllers is smawTable 12. The DSC
F28335 is optimized for industrial applicationsgclswas digital motor control,
digital power supplies and intelligent sensor aggilons. The first feature that
distinguishes it from the microcontroller XC167 negarly four times higher
operating frequency, which improves the overalf@anance of the DSC. The
12 bit ADC in combination with the faster systernad of the F28335 allows
much faster and more accurate measurements thdiecanhieved with 10 bit
ADC of the XC167. XC167 has two more GPT than FZ338wever, the lack
of timers is compensated by a flexible peripheyalchronization system. In the
control of a DC/DC converter based on the HB toggloa parameter of
essential importance is the number of PWM timers. HB topology at least
two synchronized PWM timers are required. From thasnt of view both
digital control units are suitable but as soon las $ystem exhibits higher
complexity and more than two synchronized PWM tsnare needed, the
implementation of the XC167 appears more complecate has four PWM
timers, which cannot be fully synchronized with eagther. In addition,
centre-aligned PWM mode is only possible with twoers. F28335's PWM
generation module is of much higher flexibility,tivisix timers and numerous
synchronization possibilities. The advantages ef MC XC167 are its higher
amount of on-board program memory (flash) and twlogver power
consumption in full power mode. However, in genewnsidering that the
memory can be extended and power consumption gadnby switching off
unneeded peripherals, the DSC is a better choraddocurrent application.
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Table 12 Technical specifications of digital cohwaits

XC167 F28335

Operating frequency 40 MHz 150 MHz
ADC 10 bit, 16 channels 12 bit, 16 channels
GPT five 16 bit timers three 32 bit timers
PWM timers four 16 bit timers six 16 bit timers
Memory:

RAM 64 KB 68 KB

Flash 1 MB 512 KB
Supply voltage:

device 5V 3.3V

core 25V 19V
Operating temperature -40 °C...+125°C -40 °C...+125°C
Max power consumption 300 mW 600 mW
Power consumption in idl 245 mW 228 MW
mode

3.3.4 Diagnostic and Communication Interface

Although the front-end converter is able to workmgdetely autonomously, it
still has a built-in diagnostic and communicatianterface, which can be
connected to other external devices. Data exchbatygeen an external device
and the FEC is currently realized via serial comication interface (RS-232),
which is also supported by the MVB network protocdlith the standard
Windows communication program HyperTerminal, thérerinformation from
the FEC can be observed and also changed to sogneedes shown in Fig.
3.28. The diagnostic and communication interfacelustes the following
functions:

- display of sensor readouts;
- read the error code;

- programmable relay outputs, i.e. different eveatbd indicated can be
chosen,;

- real time adjustment of regulator parameters;
- manual pulse width adjustment in online or offimede;

- real time log and display of sensor data and eroole, possibility of
data storage for offline analysis.

The sensor readouts are displayed only in the emhode while the error code
can be also seen in the offline mode. The flexipiind functionality of the

converter has been increased with several intedj@dgistment functions, e.g.
the user can manually adjust the duty cycle, reégulparameters and logger
time step. Long term measurements can be done tisengqhtegrated logger.
The logger stores readouts of all sensors. Reaprafirelectrical and physical
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parameters during test-operation allows the amalysf faults and
malfunctioning modes of converter operation. Dataeicorded to the PC hard
disk in the tabular form, as indicated in Fig. 3(B3. The data could be later
analyzed in the spreadsheet programs (e.g. MS.))Erctne form of diagrams
(Fig. 3.29) [9].

‘& xc167 - HyperTerminal

File Edit Wiew Cal Transfer Help

e & B 0E &

MENYY

1) Yooluandurid

2) Pingeandurid

3) Temperatuuriandurid

4) Veateated

5) PH etteandmine kasitsi {tingimus Uout?=350)
6) Regulaatori haalestamine

7) Loger

Menyysse sisenemiseks vali number: _

E

Connected 010008 ANSIW 9600 8-N-1 L UM
(a)
I lopger.txt - Notepad

File Edit Format Yiew Help

LOGER start (s) exit (q)

Parameetrite tabel 01.05.2008 10:15

t{min) t_rect, t_T2, t_T1, t_tr, vin, vout, vmid, Iin, Tout

5 35 35 38 36 2980.8B 354.4 1529.5 10.2 B6.4

10 36 39 42 37 2977.2 349.2 1534.1 10.2 B85.7

15 40 37 43 37 2977.2 351.6 1529.5 10.1 86.9

20 42 39 44 37 2001.6 348.7 1527.2 10.3 85.7

25 42 38 45 42 2973.6 350.1 1536.4 10.2 85.1

30 44 39 45 38 20998.8 351.6 1527.2 10.2 85.8
(b)

Fig. 3.28 Diagnostic and communication interfacespitayed in the HyperTerminal
window (a), measurement data saved by the logger (b
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Fig. 3.29 Logger data analysis in Excel

In addition, the current FEC is provided with twelay outputs, which are
connected with two lamps (red and green), as shoviig. 3.1. The user can
choose which events are to be indicated by eaclp,l@&ny. nominal output
voltage reached, maximal load in the output, damgewnoltages in the input,
nominal operation range reached in the input. Hacip can be connected with
one event only.

3.3.5 Advanced Protection System

Although the HB isolated DC/DC converter topologgemsis to be a very
attractive solution for the HP and HV electroniaeerters due to its overall
simplicity, small component count and low realiaatcosts, this converter also
has to comply with numerous safety requirementgaitway applications.
Clearly, a robust protection and diagnostic systerassential. The protection
system should minimize the risk of serious failurgsile diagnostic system
helps to analyse the reasons of the faults and, tmgrove the overall
performance of the converter.

In principle, the protection system is divided irtteo parts: hardware and
software based protections (Fig. 3.30). The softwlaased protections are:
output voltage observation, cross conduction premenvolt-second unbalance
detection, over- and undervoltage protection, @aetprotection, temperature
check and soft start feature. The hardware basetkqtions are (Fig. 3.30):
dead time generation, common signal blocking, amtbraatic transistor
blocking in the case of short circuit. In genetsydware serves as a second
level protection against software errors, which msedhat some of the
protection functions are duplicated.
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PROTECTION

SYSTEM
| |
SOFTWARE BASED PROTECTIONS HARDWARE BASED PROTECTIONS
e output voltage observation,
e cross conduction prevention e dead time generation
e volt-second unbalance detection e common signal blocking
e over- and undervoltage protection e automatic transistor blocking
e overload protection in the case of short circuit
e temperature check
e  soft start feature

Fig. 3.30 Structure of the protection system

Software based protections

According to end-user requirements currently thipoiuvoltage range is 350 V
+ 5 %. In order to guarantee the output stabilitphnust be constantly observed
and regulated.

Cross conduction means that both transistors ofHBeare conducting
simultaneously thus, causing a short circuit. Irdeor to prevent cross
conduction the PWM signals must be 180 ° phas¢esh{phase shift block in
Fig. 3.1) and the theoretical maximal duty cycleym®t exceed 0.5, as
indicated in Fig. 3.31. The real maximum value agseon the circuit and
transistor parameters. But if the parameters ateknown, many handbooks
recommend to choose the duty cycle value 0.4, wlnctthe most cases
provides sufficient safety margin and optimal cohbrandwidth.

TN
SN

1) Ch 1: 20 Volt 500 us
2) Ch 2: 20 Volt 500 us

—180%

Fig. 3.31 Cross conduction prevention, 180° phak#tesl PWM signals with the
maximum duty cycle 0.4
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In order to prevent volt-second unbalance of th@at®on transformer the
voltage of the input capacitddc, is measured and compared to the input
voltage. Voltages of input the capacit@sandC, are balanced if the following
condition is fulfilled:

Uca :U%- (31)

Over- and undervoltage protection is related to itimut voltage, which is
constantly observed. Any values outside the alloweliage variation range
result in an error message.

Load of the converter can be estimated by measuthn@gutput current. In
the current case the output current must not extéedA.

The front-end converter is equipped with tempemtgensors, which
constantly measure the temperatures of all semiatiod devices, isolation
transformer, and output choke.

Starting the front-end converter can be a problemasue due to the
discharged output capacitors. The dangerous cupeaks occurring in the
output can be avoided with a soft start algorithvat thas been added to the
control program. It gradually increases the dutgleyf the IGBT transistors
until the nominal output voltage has been reachedghown in Fig. 3.32. After
that the system proceeds to the normal operatirgemo

350V

oV,

13

1) Ch1: 100 Volt 1 s

Fig. 3.32 Soft start algorithms gradually increasls output voltage
Hardware based protections

As discussed before, simultaneous conduction ofsiséors in the HB

configuration creates a short circuit. Clearly, ttansistors would not normally
be driven such that they both are on at the same. tThe cause of cross
conduction lies usually in the overlap of turn-@hd turn-on transients of
switching transistors. Although the maximal dutycleyis limited within the

software, a second level protection within hardwiareecommended. That is
realized by implementing a dead time to each pasgignal front. The delay
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must be of sufficient duration to ensure a safeaatmn. To calculate the right
delay time we must know the signal propagationydéiam the control unit to
the IGBT. The minimum dead time requirement for ld&8nverters can be
calculated as follows:

ty = ((toff —max _ton—min) + (tPDD—max _tPDD—min) +
+ (tPDD_cs_max - tPDD_cs_min) + (td_fall_max - td_rise_min)) (b, (32)

wherety.max IS the maximal turn-off time of the transistty, minis the minimal
turn-on time of the transistotzpp.maxiS the maximal propagation delay of the
driver, tepp-min IS the minimal propagation delay of the drivesp.cs.maxiS the
maximal propagation delay of the control systdpip.cs.miniS the minimal
propagation delay of the control system. The rasuttultiplied with the safety
marginb obtained from field experience [135]. In the catrease the minimum
dead time requirement is 2.4 us. The actual dead thust be chosen greater
thantymin. In the current case it is 8.3 us. The measuggtatbefore and after
the dead time circuit is presented in Fig. 3.33.

HV IGBT gate-
emitter voltage
with dead time

Microcontroller
output signal

131)yCh 1: 2 Volt 2.5us
2)Ch2: 10Volt 2.5 us

Fig. 3.33 Dead time generation

The control algorithm generates 180° phase shi#dtM signals. Even a small
change in the phase shift can cause a short cificugit can be avoided with the
common signal blocking circuit, as illustrated ing.F3.16. The controller
generates two PWM signals (Fig. 3.34(a)). In thgpouonly PWM2will occur
while PWML1is completely blocked due to overlapping. The Itesy signal is
shown in Fig. 3.34 (b).
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LA I Common signal

PWM1
1> PWM2
AL AL oL
PWM2
271)ch1: 2 Volt 1ms
2)Ch2: 2Volt 1 ms 1) Ch1: 1 Volt 1 ms
(a) (b)

Fig. 3.34 Common signal blocking action: input sitg(a), resulting output signal (b)

In general, all modern IGBT drivers are providedhwintegrated short circuit
protection function. The short circuit detectionréalized by monitoring the
collector-emitter voltage. The circuit checks ifritig the first 10us after turn
on the collector-emitter voltage has dropped bedowe pre-defined level that
depends on the IGBT type. If the collector-emiti@itage does not shrink
below that level, the short-circuit condition issased and the IGBT will be
switched off immediately. After that a driver stafieedback signal is sent to the
main controller that will then switch off the redtthe control system.

The status feedback signals are checked by theotamit. An interrupt
based method was proposed to measure the widtireddtatus feedback pulses
(Fig. 3.6). Both the rising and the falling edgeate an external interrupt.
Interrupt on the rising edge starts a timer andrmpt on the falling edge stops
it. Thus, the status feedback pulse width can basored and Table 13 shows
possible errors that can be detected accordingatariformation.

Table 13 Different errors according to the drivéatsis feedback signals

Width Tt Ts Error message

>10 us | + - T+ not working properly or optical link interruption
>10 us | - + Tg not working properly or optical link interruption
>10 us | + + Short circuit

<2us |+ + Normal work, no error

All three errors cause the inverter to shut dovironle of the first two errors
occurs, then the inverter will be switched off e tmain controller of the
converter. In the case of short circuit, the driaetomatically inhibits the
control signal and the IGBTs will be switched offiter that the error signal
will be sent to the main controller. Thus, the s$hoircuit protection is
independent of the main controller. However, if afythose errors occurs, no
automatic start will be possible. The host congéroiieeds to be reset manually
before the inverter can be started again.
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Fault detection and classification algorithm

In general, any failure or inadmissible operati@nditions always create a
warning and/or alarm message, which will be staredhe error code. The
front-end converter is provided with various sess@fig. 3.1). The errors that
can be detected are listed in Table 14.

Table 14 Classification of integrated protections

Condition | Action

Transistor malfunction

driver status code | Terminate program, manual reset
Short circuit

driver status code | Terminate program, manual reset
Input undervoltage

U< 2200 V Suspend program

U;,>= 2300 V Automatic recovery

Input overvoltage

U;, > 4000 V Suspend program

U, <= 3800 V Automatic recovery

Overload

lout >140 A Terminate program, manual reset
Short circuit Terminate program, manual reset
Output overvoltage

U368 V \ Terminate program, manual reset
Output undervoltage

Uou<333 V \ Terminate program, manual reset
Prevention of the transformer saturation

Uc, shift >5% \ Terminate program, manual reset
Overheating of the transistors

T>=60° | Terminate program, manual reset
Overheating of the rectifier

Trece>=50° \ Terminate program, manual reset
Overheating of the transformer and/or output inducior
Tiraic>=60° \ Terminate program, manual reset

Errors are divided into two groups. The faults hwe first group terminate the
control program. For recovery, manual reset of abetroller is needed. The
second group errors do not terminate the prograthaatomatic recovery is
possible after the error has been eliminated. Témel algorithm for fault
detection prioritization is shown in Fig. 3.35.

According to Table 13, three hardware errors candael from the driver
status code. A transistor malfunction createsst §iroup error and the program
will be terminated. Thus, automatic recovery is passible. Short circuit
protection is independent of the main controlleichireceives accordingly the
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error message after the IGBTs are already blockethé driver. Short circuit
creates the first group error.

The input and output voltage is sensed to discover- or undervoltages. In
the case of an over- or undervoltage in the inpudecond group error will be
created, the system will be switched off and autarally restored after the
voltage has returned in the nominal area. Similathe output voltage is
regulated but once the output is switched off, ntmmatic recovery is possible
(Fig. 3.35).

In order to prevent volt-second unbalance of tlaasformer primary the
condition (31) must be fulfilled. Any differenceegter than 5 % results in an
immediate blocking of IGBTs. The recovery is onbyspible after manual reset
of the control system.

The capacitor voltage check is followed by the terafure measurement in
transistors, the rectifier and the transformer. dwerheated system will be
automatically switched off and also needs manusatre

The output current is measured to determine thel@ae situation. In the
case of overload, the system will be switched off ananual reset is required
for recovery.

Hardware based protections R

/ \

! |

| |

! IGBT ‘ Ur4000 Unu>1.050;
BEGIN _malfunctio no MO Un2200 V" Uou<0.950,

! |

! |

! I

yes yes

! I
| |
el o] | e [l

Lad Lad Lad

< END no lu>140 A ><«no—_ Overheating noq—rL

yes yes yes

17\ Group 1 Group 1 Group 1
Group <

(oo o2

Fig. 3.35 Flow chart of the fault detection andsddication algorithm

]

The practical evaluation of the input undervoltagetection function is shown
in Fig. 3.36. UndervoltagdJ{, < 2200 V) in the input creates a group 2 error
and the output is blocked. The output voltage immatically recovered if the
input voltage exceeds the value 2300 V. The ougpliage increases with the
ramp due to the soft start system.
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2200V _
350V ~ jhme

ov |
71)Ch1: 100 Volt 500 ms
2) Ch2: 1 kVolt 500 ms

Fig. 3.36 Input undervoltage protection and sadirssystem

3.3.6 Capacitor-Related Volt-Second Unbalance Probl ems

In order to verify modelled results in chapter 2,Zxperiments were carried
out. The experiments were performed with the follgyvparameters: input
voltage 500 VDC, input capacitor§,=300uF, C,= 200uF, and switching

frequency 1 kHz. Fig. 3.37 shows the performancehef symmetrical duty

cycle and unsymmetrical input capacitors. Comparsithese results to those
of the simulation (Fig. 2.11) reveals the similast No voltage unbalance
occurred.

Fig. 3.38 and Fig. 3.39 show experimental reswoltstife unsymmetrical duty
cycle and unequal input capacitors. Depending endinty cycle, two cases
were consideredr>Dtg andDrr<Dtg. Comparing these results with those of
the simulation (Fig. 2.12 and Fig. 2.13), similast can be seen. Voltage
difference 50 V appears in both simulation and @rpents.

Tek i @ Stop b Pos: (L0005
-

[ —— ; S . -
Uc1=Uc2

CHZ 5000 r 100,05
I-Apr-08 11:40

Fig. 3.37 Unequal capacitances and symmetrical dytte
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Tek i @ Stop M Pos: 0,000s
+

Ucz
Uct

CHZ 50.0% 1 100us
I-dpr-03 11:42

Fig. 3.38 Unequal capacitances and unsymmetricty dycle (+>D+g)
Tek T @ Stap t Pos: 0,000s
+

Uct
Ucz

CH2 50,0 1 100,us
I-dpr-03 12:02

Fig. 3.39 Unequal capacitances and unsymmetricty dycle, (+<D1p)

The simulations and experiments prove that unequagacitors do not
deteriorate the volt-second unbalance issue evéheirtase of unsymmetrical
duty cycles. Thus, the role of input capacitorsmaitch in the HB converter is
not significant and the capacitance change dueugmed environmental
conditions can be neglected.

3.3.7 Mathematical Representation of the Digital Ty pe Il
Compensator

Resulting from the simulations and previous anaybe best control algorithm
for the FEC based on two- or three-level HB topgladigital VMC with the
type Il compensator. The classical mathematicainfmf a digital type Il
compensator is:

k
Y =Kp & +K, D g T4, (33)
i=1

wherey is controlled variable at the present momégtjs proportional gain

constantK, is integral gain constani, is integration time ste is the sum of

all errors in the regulator input. The disadvantajethis equation is the
summation of the errors. In microcontrollers ak thata is stored in variables,
which size must be defined before compiling andnimigp the program. Since
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the values and the number of errors in the regulatout are unknown, it is
difficult to estimate the needed memory size. Tais lead to unknown errors if
the summation variable exceeds the predefined mesmace. The controlled
variable of the previous cycle can be calculated as

k-1

Va1 =Kp 1 + K| [Ty D g . (34)
i=1

By subtracting (34) from (33) we will get the chamgf the controlled variable

Ay =Kp (g ~ 1)+ K [Ty [&. (35)
By summing (35) and (33) we get new a regulatopwiut

Yk = Yk-1 Ay

Vi = Yk + Kp [(6 —8cq) + K, [Ty [y, (36)

wherey,_; is the previous value of the controlled varialgeis the error at the
present momeng.; is previous error. It results that the regulatotpot can be
calculated based on just two subsequent errorstlaadorevious controlled
variable value. There is no need to sum all thersrhis algorithm is more
reliable and simple than the classic equation gitali type Il compensator.
Thus, (36) was also implemented in the currenttfeord converter.

3.3.8 Practical Tests of the Voltage Mode Control A Igorithm

All test conditions comply with the simulations. &lsame loads and overall
conditions were used. The test prototype was loadé#d a resistor network.

The load changes were emulated with a conductorctivanected/disconnected
parallel branches of a resistor network. Input agdt was changed with an
autotransformer. Thus, the load could be changédio steps while the input

voltage could be changed also gradually.

Regulator parameters can be adjusted by the usstheshin online or offline
operating mode. The offline adjustments are udefutransient response tests
and stability studies. The term offline here iseated to the regulator and
means an operation without a regulator, i.e. thaveder works with a
predefined duty cycle. The user can change thdatguarameters while the
output is not affected. If the regulator is turredagain, then a transient process
caused by the output voltage step change occutiseiroutput. The regulator
behavior and stability with the new parameters banestimated from the
resulting output transient response. Fig. 3.40s(@ws somewhat overdamped
response, which has excellent stability but averdgsient recovery
performance. By optimizing regulator parameterse tinansient recovery
performance could be improved, as shown Fig. 340 (
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350 V A" 350VW

\Y ov
1) Ch2: 50Volt 10 ms 1) Ch 2: 50Volt 10 ms

(a) (b)

Fig. 3.40 Converter output response taitpat voltage step: overdamped (a),
optimized (b)

The parameters acquired with the transient respeveeation do not guarantee
a stable output in real operating conditions. Chityethe output instabilities are
caused by the changing input voltage, as showmgin3d41 (a). The parameters
of the regulator need small adjustments, which bandone in the online
operating mode. In the online operating mode, tffece of parameter
adjustments appears instantaneously in the ouffter small optimizations
stable parameters for the regulator could be fdtigl 3.41 (b)).

23
1) Ch1: 50Volt 1.2 s 1) Ch1: 50Volt 1.5s
2)Ch2: 2kVolt 1.2 s 1u2)Ch2: 2KkVolt 1.5 s
(@) (b)

Fig. 3.41 Output instabilities caused by the chagginput voltage (a), the system
response with optimized regulator parameters (b)

According to simulations (Fig. 1.41), the front-endnverter in the current
configuration has a good closed loop responsepotivoltage transients. That
can be also seen from the experiment results @4 (a)) where the output
voltage shows very stable behaviour in the condltiof varying input voltage
(2400 V...3300 V).

In the real operating conditions, both input vo#tagnd output load can
change simultaneously. The corresponding experimesoits are shown in Fig.
3.42 (b). The experiment was carried out underfaiewing conditions: input
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voltage 2500 V...3100V, load 4€1...7.5Q. Small spikes occurred due to
rapidly changing load, however, the output voltegaained stable.

3000V Uiy 3000V U
in
350 V Lo Yot
350 V Uout Load transients
1)Ch1: 100 Volt 1's 13 1) Ch1: 100 Volt 1.5s
m|2) Ch2: 1kVolt 2s 2)Ch2: 1kVolt 1.5s
() (b)

Fig. 3.42 Closed loop response of the front-endreder to input voltage variation (a),
in the conditions of changing input voltage andddh)

In order to estimate the quality of the output ag# the voltage ripple was
measured in pulse loading conditions, as showngn343. In general, voltage
spikes remain under 10 V, which is in accordandé tie user requirements. It
was noticed that by a decreasing load (fromf230 8 Q) the steady state
pulsation of the output voltage increased, as shaviig. 3.43.

increased reduced load
load

+10 V—

-10V—

1) Ch2: 10Volt 1s

Fig. 3.43 Output voltage ripple in pulse loadingnditions

In general, the results of simulations and expeamnisienatched the expectations.
The digital VMC with the digital type II compensatdulfilled all the
requirements and can be effectively implementedhm proposed front-end
converter for traction applications.

3.3.9 Optimization of Switching Losses in the Front  -End
Converter Based on the Three-Level Half-Bridge Topo  logy

Logically, if the number of switches is increast switching losses will also
increase. At the same time, the complexity of tpology grows, which on the
other hand, allows use of new modulation strategad soft switching

131



methods. In this work only soft switching techniguaithout additional
components are studied. The simulation and paldly analyses carried out are
described in the chapter 2.3.1, with the test teswlyzed and compared to the
simulation results.

PWM method

The test prototype had the same configuration essttmulation model in Fig.
2.48 (excluding the flying capacito€;). The leakage inductance of the
transformer is relative high 30uH. In Fig. 3.44 the voltages of the top side
transistorsT; andT, are shown. Following events can be distinguished:

1. The transistofl; is turned off, the leakage inductance of the fiamnser
primary draws the current through freewheeling d®o®3 and D4. Full
input voltage is applied across transistoyandT, and a voltage peak
occurs on the transistor T2. The pulse width ofgeak depends on the
primary leakage inductance. If the leakage induwstagnergy has been
utilized, the voltage across T2 drops to zero amains unchanged
until to the end of dead time.

2. The bottom side transistors are conducting and ifydut voltage is
evenly distributed across the upper leg transist@rand T2.

3. The outer transistor T4 is turned off and clampiingde Dcl2 starts to
conduct. Instead of full input voltage now only fhaf the value is
applied on the top side transistors. The voltag&idution can be seen
in Fig. 3.44.

4. After a dead time T2 is turned on and the voltagspsl to zero. The
voltage across T1 increases to half of the inplittge.

5. T3 is turned off and the leakage inductance ofttaesformer primary
pushes the current through freewheeling diodesriallHl. The voltage
across T1 drops to zero. After the transformerdgakenergy has been
utilized the voltage across T1 increases to itgipts value. The width
of this narrow voltage pulse is equal to the deme.t Theoretically by
increasing the leakage inductance of the transfoand/or decreasing
the dead time ZVS for outer transistors can beeaxe.
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Fig. 3.44 Collector-emitter voltage of the top stdmnsistors in the case of PWM

Voltage and current shape of the transformer pgnaae shown in Fig. 3.45.
Following events can be distinguished:

1. Both top side transistors are conducting.

2. The outer transistor; is turned off. Leakage inductance draws current
through clamping diodB;. The transformer voltage drops to zero.

3. The inner transistofl, is turned off. The leakage inductance draws
current through freewheeling diodBg andD, and a negative voltage
impulse occurs on the transformer primary. If tbakiage energy is
utilized the transformer voltage and current drogeéro. Thenl; will
be turned on and current together with the voltdgege direction.

Telk S Trig'd kA Pos: 38,00 s
+

1

2 =
oo N

3—>

B 100,05
CHA 1.00ky  20-Feb—03 14:04

Fig. 3.45 Voltage and current of the transformeinmary in the case of PWM

Due to the relative high leakage inductance ZCSthar inner switches is
impossible. However, ZVS is achieved over the feljulation range of the
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converter as shown in Fig. 3.46. The outer switdresoperating in the hard
switching mode, as shown in Fig. 3.47. Theoretychil increasing the leakage
inductance and decreasing the dead time ZVS shmjobssible (as explained
above).

Tek Jl @ Stop M Pos: 43050s CH Tek L i Trig'd M Pos: — 0.0 0
+ +
UCE—T2 L
0c " o
_ CE-T2
011] 1]
: | |
...._._J.Lln_ ______ R | e it ; i
Sy A . — == =
1 Itz
i PO — ] SR — | I S——— | S
011] am
I 5L s H 7 TR [ M 500 s
MATH 1004 MATH S.00RVA
(a) (b)

Fig. 3.46 ZVS of inner IGBTs: maximal input voltdg minimal input voltage (b)
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Fig. 3.47 Hard switching of outer IGBTs: maximaput voltage (a), minimal input
voltage (b)

PSM method

Also here the tests are based on the simulationls the same converter
configuration was used, as shown in Fig. 2.48s Iltecommended to use the
flying capacitor since it improves the voltage Ibaka between input capacitors,
as indicated in Fig. 3.48. In order to see theceff® % difference was added to
the duty cycles. As a result the input capacittvaged unevenlys,=984 V,
Uc>=1003 V. Adding the flying capacitor the voltage balance could be
eliminated, as indicated in Fig. 3.48 (b).
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Fig. 3.48 Voltage imbalance of input capacitors da@nsymmetrical duty cycles (10 %
difference): without flying capacitor (a), with iihg capacitor (b)

Due to relative high leakage inductanee3Q uH) ZCS for inner switches is not
achievable. Both inner switch@s andT; are working in hard switching mode
as shown in Fig. 3.49. In principle also ZVS carabhieved by increasing the
leakage inductance and decreasing dead time. Eauter transistors, andT,
ZVS is achieved over the full regulation rangeslaswn in Fig. 3.50.
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Fig. 3.49 Hard switching of inner transistors maginmput voltage (a), minimal input
voltage (b)
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3.3.10 Generalizations

The most sensitive part of the converter against EEMthe control system.
Hence, special attention to the PCB design mugiack General guideline and
recommendations are presented in chapter 3.3.2.

High voltage and high power applications must bél wetected against
possible errors. Not only external factors like mredtage, overload,
undervoltage, etc. but also against software amdralter errors. This can be
achieved by implementing two-level protection sgstdhe most of the threats
are handled within software while special hardwa@reuits provide protection
against software errors (chapter 3.3.5).

Due to soft switching effects switching losses barreduced in three-level
HB topology. The practical tests (chapter 3.3.9vetd the same results as the
simulations (chapter 2.3.1). In general ZVS for ag of switches is always
possible, no matter what modulation method is usedrder to achieve ZVS
for all IGBTs the leakage inductance should beaased and dead time of
corresponding IGBTs decreased. However, this cammaione without a deeper
analysis of the resulting effects and risks onltBBTs. One should also take
into account that increased leakage inductancecesdthe efficiency of the
transformer and the dead time can only be reducditl to a certain limit to
sustain sufficient protection of the converter.haligh there is no difference
between PWM and PSM considering switching lossé¥MPhas still one
advantage especially for HP and HV applicationse ®hitted flying capacitor
decreases overall weight, and costs of the convyetteus PWM s
recommended modulation method also for the FECdasethe three-level
HB.

Comparing two-level and three-level HB topologi@stie basis of practical
results, the advantages of the three-level topologgome clear. Transistors
with smaller blocking voltage capability allow tlssvitching frequency to be
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increased at least twice (2 kHz). Taking also swoftching effects into account
the frequency could be increased up to four tirdelsHz). However, currently
ZVS only for one pair of switches was achieved, chieads to the logical
assumption that if ZVS for all switches will be amled then the switching
losses will be reduced even more. The detailedyaisaland evaluation of
switching losses of the FEC for traction applicasiovill be published in the
doctoral work of T. Jalakas.
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4. FUTURE RESEARCH AND DEVELOPMENT

The current thesis was concentrated on the cosytstem development for a
special purpose DC/DC converter for traction agpions. The next challenge
for the author is to use the acquired knowledge expkrience in the field of
renewable energy power converters. In generalptbblem statement remains
unchanged: control system and algorithm developnfentspecial purpose

DC/DC converters. However, instead of a high vat&C/DC converter, the
new control object is a low voltage step-up DC/D@hwerter based on the
full-bridge topology. The full-bridge topology comnled with a special input
filter (impedance or Z-source network) results intadally new converter

concept that is called quasi-Z-source-based isb2@/DC converter. The most
critical part of the new converter is the contrgbtem. The efficiency and
overall performance depend directly on the chosentrol algorithm. The

modulation method in general is of higher compiexitan the PWM used for
traditional full-bridge converters. The new coneerconcept is suitable for
many renewable power sources due to its high bfax$or, efficiency and

compact design. The quasi-Z-source inverter witlordinuous input current on
the primary side makes it especially suitable el cells.

A fuel cell (FC) is potentially the most efficiemhodern approach to
distributed power generation. The efficiency of doaversion, i.e., the ratio of
the electrical output to the heat content of the,faould be as high as 65-70%
[136]. In fact, its electrical efficiency could kbyeater than 70% in theory.
Current technologies have only been capable ohregefficiencies of around
45%. Combined cycles are intended to raise elattefficiency up to 60% for
plants based on high temperature cells [137].

To interconnect a low DC voltage producing fuell ¢glpically, 40...80 V
DC) to the residential loads (typically, 230 V Al@gle phase or 3x400 V AC),
a special voltage matching converter with largeage boost factor is required.
A typical structure of the two-stage interface cemer is presented in Fig. 4.1.

TWO-STAGE INTERFACE CONVERTER

STEP-UP THREE-PHASE
ISOLATED DC/DC FOUR-WIRE
CONVERTER INVERTER
= — RESIDENTIAL
LOAD
FUEL CELL 600

(40...80 VDC) I VDG (230 Vﬁf 1Ph.
= ~ 400 VAC 3 Ph.)

Fig. 4.1 Typical structure of the interface coneerfor the residential fuel cell powered
systems

Due to safety and dynamic performance requiremehésjnterface converter
should be realized within the DC/DC/AC concept.sThieans that low voltage
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from the fuel cell first passes through the frontiestep-up DC/DC converter
with the galvanic isolation; subsequently the outpC voltage is inverted in
the three-phase inverter and filtered to comphhwiite imposed standards and
requirements (second DC/AC stage).

The design of the front-end isolated DC/DC converte most challenging
because this stage is the main contributor of &rfacce converter efficiency,
weight and overall dimensions. The low-voltage jated by the fuel cell is

always associated with the high currents in thenary part of the DC/DC

converter (switching transistors and primary windirof the isolation

transformer). These high currents lead to high aohdn and switching losses
in the semiconductors, and therefore reduce theieity. Moreover, the large
voltage boost factor requirement presents a unahslenge to the DC/DC
converter design [137]. This specific requiremenild be fulfilled in different

ways: by use of an auxiliary boost converter beftire isolated DC/DC

converter [138]- [141]or by use of an isolationngtormer with a large turns
ratio [142]- [144] for effective voltage step-up.

In this thesis a new approach to the step-up DCdoRverters with high
voltage gain is presented. The topology proposed. (B.2) utilizes the
voltage-fed quasi-Z-source inverter (qZSl) with antinuous input current on
the converter input side, a high-frequency stepsgation transformer and a
voltage doubler rectifier (VDR). As compared to ditenal topologies
[138]-[144], the proposed converter has the folluykey features:

- the gZSI implemented on the primary side of theveoter could
provide both the voltage boost and buck functioith wo additional
switches, merely by use of a special control athaori

- the gZSI has an excellent immunity against thescommduction of top-
and bottom-side inverter switches. The gZSI implet®@ can boost the
input voltage by introducing a shoot-through operatnode, which is
forbidden in traditional voltage source inverters;

- the gZSI implemented has the continuous input oar@@put current
never drops to zero) during the shoot-through dperanode;

- the high-frequency step-up isolation transformevptes the required
voltage gain as well as input-output galvanic isota demanded in
several applications;

- voltage doubler rectifier implemented on the coteresecondary side
has improved rectification efficiency due to rediligeltage drop (twice
reduced number of rectifying diodes and full eliation of the
smoothing inductor);

- in contrast to the converter with full-bridge réetis, the turns number
of the secondary winding of the isolation transferroould be reduced
by 62% for the same operating conditions due tovibltage doubling
effect available with the VDR.
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Fig. 4.2 Simplified power circuit diagram of theagirZ-source based isolated DC/DC
converter

The voltage-fed gZSI with a continuous input cutrémplemented on the

converter input side (Fig. 4.2) has a unique featur can boost the input

voltage by introducing special shoot-through switghstates, which is the

simultaneous conduction (cross conduction) of Isettiches of the same phase
leg of the inverter. This switching state is fodd for the traditional voltage

source converters (VSI) because of the short ¢iafuhe dc link capacitors. In

the discussed qZSI, the shoot-through states ad tes boost the magnetic
energy stored on the dc side inductors withouttstiozuiting the dc capacitors.

This increase in inductive energy, in turn, progid®ltage boost seen on the
transformer primary winding during the traditionaperating states of the

inverter. Thus, the varying input voltage is fimeregulated by adjusting the
shoot-through duty cycle. Afterwards the isolatiansformer is being supplied
with a voltage having constant amplitude.

If the input voltage is sufficiently high, the stigbrough mode is eliminated
and the converter starts to operate as a traditid8a Although the control
principle of the qZSI is more complicated than titalitional VSI, it provides a
potentially cheaper and more reliable and efficiamproach to step-up
conversion techniques.

The voltage-fed qZSI with a continuous input cutrems first reported in
[146] as a modification of a currently popular agje-fed Z-source inverter
(ZSl) [147]. The conventional ZSI suffers from arsficant drawback of
discontinuous input current during the boost cosieer mode. In contrast to the
traditional ZSI topology, the discussed gZSI shoimnFig. 4.2 features a
continuous input current as well as lower operatioigage of the capacitor C2.

4.1 Shoot-Through Control Methods

Two shoot-through control methods for the qZSI daB€/DC converter are
proposed (Fig. 4.3): pulse width modulation (PWNbnirol and phase shift
modulation (PSM) control. In both cases shoot-thlois generated during zero
states. The shoot-through states are evenly spneardthe switching period so
that the number of higher harmonics in the tramséor primary could be
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reduced. In order to reduce switching losses oftthesistors, the number of
shoot-through states per period was limited by tMoreover, to decrease the
conduction losses of the transistors, the shoouthin current is distributed
between both inverter legs.

T1 T1
0.5T T 0.5T T
T2 | | | - T2
05T T Phase shift — 0.5T T
T4 T,
05T T 0.5T T
Ts Ts
0.5T T 05T T
Up Up
0 > 0 >
Un Un
UTr ; > UTr ; >
0.5T 0.5T
D Active states D Active states
D Shoot-through states D Shoot-through states
D Zero states D Zero states
(a) (b)

Fig. 4.3 Shoot-through modulation methods: PWM weita), PSM method (b)

The shoot-through states are created during the states of the full-bridge
inverter. To provide a sufficient regulation mardine zero state timg should
always exceed the maximum duration of the shoatilin states per one
switching period. In general, each operating pemddhe gZSI| during the
shoot-through mode always consists of an active stashoot-through statie
and zero state:

T=t, +tg+t,. (37)

4.1.1 PWM Control with Shoot-Through During Zero St  ates

Fig. 4.3 (a) presents the PWM control of the sifglase gZSl where
shoot-through is generated during zero states. gtates are the states when the
primary winding of the isolation transformer is deadl through either the top
(T1 and T3) or bottom (T2 and T4) inverter switchiesorder to generate the
shoot-through states, two compare valugsandU,) were introduced (Fig. 4.3
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(@)). If the triangle waveform is greater thidp or lower thanU,, the inverter
switches turn into the shoot-through state. Durthig operating mode the
current through inverter switches reaches its mamimThe voltage across the
inverter bridge Upc) during shoot-through states drops to zero; thseiltiag
primary winding voltage waveformUf,) of the isolation transformer is
indicated in Fig. 4.3 ()

The block-diagram of the gating signal generatioimgiple for the PWM
control method is shown in Fig. 4.4. The transistare controlled by the
separate signals. During zero states only topistms (T1 and T3) are turned
on while in the case of shoot-through both inveledgs are conducting.

Control of active states

NOT1
> ™)
OR1
PWM1
73]
PWM2
i~ i
G
VAVAN
Up —

Control of shoot-through states
Fig. 4.4 Generalized block diagram of a gating siggenerator for PWM

Regarding to this methodology, the switching statxguence is shown in Table
15. The states are shown for one operating petiddeoisolation transformer.
As it can be seen, the transistors work with déferswitching frequencies, thus
have unequal switching losses. T1 and T3 are wgrkith the frequency of the
isolation transformer, while T2 and T4 have thré@met higher operating
frequency. The resulting gate signals are showfign4.5.

Table 15 PWM switching states sequence per onegeri

T1 T2 T3 T4
zero state 1 0 1 0
shoot-through 1 1 1 1
Zero state 1 0 1 0
active state 1 0 0 1
Zero state 1 0 1 0
shoot-through 1 1 1 1
Zero state 1 0 1 0
active state 0 1 1 0

142



Tek Al Tria'd F Pos: 0.000s ME&SLIRE
+

T4
CH2
1 Freq
" T2 m 16.23kHz ?
CH3
Freq
. S0ESkHz?
3%“. aede RN e Y
Ts®  bomd | Fg
27.02kH2?
i
4 T4 | ! M&TH Off
d Freq

CH2 250 b 500008
CH3 2504 CHA 500y 20-How-03 10658

Fig. 4.5 Gate signals of the transistors in PWMtcoh

4.1.2 PSM Control with Shoot-Through During Zero St

An alternative to PWM control is the PSM controlevé the active states are
controlled with phase shift between signals. Duygie is kept constant (nearly
0.5) and only the phase is shifted, as shown in &g (b). Unlike in the PWM

control where zero states were always generatatidogame pair of transistors
(T2/T3 or T2/T4), here the pairs are alternatingrogach period. As a result,
the transistors are equally loaded. The shoot-tiir@tates are created similarly

to PWM control.

The block-diagram of the gating signal generatiomqgiple for the PSM
control method is shown in Fig. 4.6. The transistare controlled by separate
signals. During zero alternatively top and bottamnsistor pairs (T1/T3 or
T2/T4) are turned on. In the case of shoot-throbglth inverter legs are

conducting.

Control of active states

NOT1 ORA
PWM1 I:

=]

Control of shoot-through states

Fig. 4.6 Generalized block diagram of a gating sibgenerator for PSM
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The switching states sequence of the transistorJahle 16 reveals the
differences in the comparison with the PWM methalti transistors work with
the same frequency, which is twice the transforopmrating frequency. Thus,
the transistors have also balanced switching losHes resulting gate signals
are shown in Fig. 4.7

Table 16 PSM switching states sequence per onegeri

T1 T2 T3 T4
Zero state 1 0 1 0
shoot-through 1 1 1 1
Zero state 1 0 1 0
active state 1 0 0 1
Zero state 0 1 0 1
shoot-through 1 1 1 1
Zero state 0 1 0 1
active state 0 1 1 0
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Fig. 4.7 Gate signals of the transistors in PSMtoain

4.2 Generalizations and Future Research

Generally, the gZSI based isolated DC/DC converdegsvery prospective and
advantageous energy conversion technologies, tiifab applications with
wide input voltage range and where the isolatiotwben input and output is
required. To optimize efficiency and flexibility ofhese converters main
research efforts should be concentrated on comrethods. The proposed
shoot-through generation method during zero stgems to be a good control
method for many applications due to its flexibiliznd reduced number of
harmonics in the transformer primary voltage. Cuitye main efforts are
focused on:
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- the optimization of switching strategies of powansistors;
- parameter measurement accuracy in high EMI enviesrim
- development of fast protection and diagnostic atlgons;

- development of converter control algorithms witteapl attention to
operation conditions and service life of the fuell.c

Thus, it is a perspective topic for the postdodtstadies of the author. The
results will be reported in the scientific papensl &uture doctoral theses of the
Department of Electrical Drives and Power Electreni
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CONCLUSIONS

In the current doctoral work digital control systemnd algorithms for high
power (P>20 kW) and high voltage (U>2 kV) isolafe@/DC converters were
studied and analyzed. That knowledge was used $ameand assemble a
flexible control system for a novel front-end cortee to be used in traction
applications. Since the developed control systemdeen built and optimized
according to the most recent development trendsdmsign requirements of
power electronics together with novel design pragod$rom the author, the
doctoral work has a great practical value for ticustry.

In general, the doctoral work has following results

1.

based on the valuable information that was gath&med the analysis
of recent technologies and development trendsata sf the art control
system with advanced protection functions was lamitt tested:;

systematization and comparison of conventionalrobagorithms for
DC/DC converters allowed to select suitable al¢pong for the FEC
based on half-bridge topology. The resulting cfassion (Fig. 1.14)
served as a basis for the further work;

two- and three-level HB topologies were analyzed tested. It was
stated that two-level HB topology should be usedenvtihe main
emphases lies on robustness and simplicity. In ddewer switching
losses and systems costs are desired the thrdedgodogy should be
considered;

capacitor-related volt-second unbalance problemghwis well known

and typical problem for low power (P=0...500 W) HBneerters, was
analyzed and researched. It was stated that tiideonas not depending
on the input capacitors. Mostly the problem liegshe unsymmetrical
control pulses. A new control algorithm (improveadithl peak current
mode control, page 61) was proposed by the authosotve the

problem;

during the analytical part of the thesis computedats of the converter
with corresponding control algorithms were devetbp&he models

were improved later during practical tests, thiey/tbreate an excellent
basis for further development and research;

optimal control algorithm for the FEC to stabilinetput voltage was
found based on simulations and practical test t&sul

general design guidelines and recommendations dmgu EMC
aspects, PCB design guidelines, recommendationssdosors and
control unit selection etc. were elaborated;

using the proposed control signal multiplicatiomoept a flexible and
optimized control system could be designed, whauh lze used for both
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two- or three-level HB topology without any changather in the
hardware nor in the software;

The current doctoral work involved both theoreti@atl practical investigations.
The control system was built in accordance with usér requirements and
corresponding norms. Recent technologies and coemp®nwere combined
with several improvements proposed by the authar.aAresult, a flexible,

multifunctional and novel control system for theG-Eor traction applications

was designed. Novelty and profitability of the wdrkve been confirmed by the
registered Estonian utility model certificates (BBR4U1 and EE00687UL).
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ABSTRACT

This thesis is devoted to design and developmerat stfate of the art control
system for a half-bridge (HB) isolated DC/DC coriger The HB topology is
first examined as a candidate topology for thethemd converter (FEC) of the
rolling stock auxiliary power supply (APS). The newonverter topology
improves power density and reliability of the FE€duces component number
and system volume.

In order to define exact tasks of the control systaser requirements and
railway norms are specified. To meet the demandailgvay conditions and
provide effective and reliable operation of the FHEBe recent trends and
technologies of analogues applications were studielétail.

In the analytical part of the thesis general remments, topology and
working conditions of the FEC are specified. Firdifferent modulation
methods and soft switching techniques are analyz@dpared and simulated. It
Is shown which of the methods are suitable andpdimal solution for the FEC
is selected. Based on the selected modulation méthdse width or phase shift
modulation) corresponding control algorithms aralgred. Also, several new
algorithms have been developed by the author oftllesis to solve some
control issues typical of a digitally controlled HB order to find out the best
and optimal algorithms for the current convertdre tcomplete system is
simulated and its stability is estimated. The atiedy results are verified in the
practical part of the thesis.

As a practical output of the thesis, an advancedrobsystem for FEC for
traction applications was developed and tested.aBsembly, components and
functions of the control system are described ir@iderhe control system was
designed so that it is applicable for two- or thieesl HB topology without any
changes. As a logical enhancement of the two-léiR| the three-level HB
topology with 3.3 kV IGBTSs is proposed and also liempented in the current
doctoral project. Practical recommendations andeggrguidelines to design
such HP and HV isolated DC/DC converter for trattapplications are given.
Finally, test and simulation results are comparatianalyzed.

In the fourth part of the thesis, postdoctoral aesle topics of the author are
covered. The future research and development iegallie field of renewable
power converters. Two control methods for the giZasource-based isolated
DC/DC converter are studied and explained.

Novelty and profitability of the work have been Gomed by the registered
Estonian Utility Model certificates (EE00824U1 aBaHO00687U1).
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KOKKUVOTE

Doktorito6 eesmargiks oli uurida ning valja to0tadaukas juhtimissiisteem
robbastranspordi abitoitemuunduri sisendastmelegété pingete (U>2 kV) ja
suurtele vdéimsuste (P>20 kW) t6ttu on antud valdiesnsenini olnud suureks
probleemiks pooljuhtkomponentide suhteliselt maumagetaluvus. Doktoritdos
rakendatakse uudseid kdrgepingelisi IGBTsid, taillel® oli véimalik kasuta-
da lintsa struktuuriga poolsildtopoloogiat. Véljgptud muunduri topoloogia
vOimaldab suurendada muunduri energiatihedust t&gatt ning téokindlust.

Ulesande lahendamiseks uuriti ning klassifitseaunitiud valdkonna tehnili-
sed nduded ja kasutaja soovid. Juhtimissuisteerareisel lahtuti teaduse ja
tehnoloogia viimase aja trendidest, et tagada munefektiivne t66 ning
kdrge kasutegur.

TOo analtdtilises osas kirjeldatakse muunduri topgiat, t66vahemikku
ning tehnilisi parameetreid. Esmalt uuritakse topgiale sobivaid modulat-
muste pohjal leitakse optimaalseim modulatsioonieto (pulsilaius voi
faasininke modulatsioon), millest lahtudes uurieagsebivaid juhtimisalgoritme.
Kasitletakse ka autori poolt loodud taiesti uugjogitme, mis lahendavad mitu
digitaalselt juhitud poolsildtopoloogiale omast pipiiobleemi. Optimaalseim
juhtimisalgoritm selgitatakse valja siUsteemi kuwvileu simuleerimise ja sta-
biilsuse uurimise labi. Simuleerimistulemused Kkoliitakse katseliselt t66
praktilises osas.

Doktorit6o praktilise tulemusena tootati valja nikatsetati arukas juhtimis-
stisteem ré6bastranspordi abitoitemuunduritele, vastab kaasaegsetele ndue-
tele ja normidele. Juhtimisstisteemi paindlikkuststab asjaolu, et teda on
voimalik rakendada nii kahe- kui ka kolmetasandiligoolsildtopoloogiaga
muundurile ilma lisakomponentideta. Mdlemat topgiad on t66s ka kasit-
letud. Lisaks kirjeldatakse t60 praktilises osadjalikult juhtimissisteemi
ehitust, tema komponente ning funktsioone. Peatéikiad praktilised nbuan-
ded ja soovitused analoogse juhtimissisteemi elsek® lisavad toole
praktilist vaartust.

Too tulemustele on Eestis vélja antud kaks kasuhhwdeli tunnistust
(EE00824U1 ja EE00687U1), mis tdestavad tehtudititsust ja vajalikkust.
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