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ABSTRACT

Industrial and automotive trends clearly demonst@at increased interest in medium- and high-povaeiable
speed drives. Despite constant progress in thentdodry, the semiconductor characteristics are tél bottleneck in
drive designs, due to their limitations to blocglhivoltage (several kilovolts) and conduct highrent (several hundreds
of amperes per-phase). For this reason and numerhes advantages, solutions based on multilevetrters and
multiphase machines are considered in recent years.

The open-end winding drives are an alternative @ggir for drives construction. This thesis invesdgacarrier
based pulse width modulation schemes for five-plugsm-end winding drives. Two drive topologies,hwigolated dc-
links of two inverters, are considered. The firseaonsists of two two-level inverters and a fivexge machine. The
second topology utilises one three- and one twetléive-phase inverter. It is shown that the sameedstructure can
produce a different number of phase voltage lewglgen different dc-link voltages of two inverteng an use. Hence,
dc-link voltage ratio is considered as an additiateggree of freedom. An open-end winding structhe comprises of
two two-level inverters offers harmonic performarmcpiivalent to three- and four-level single-sidag@y. The second
drive structure under analysis is able to produes, five and six voltage levels, depending onisgd dc-link voltage
ratio.

Modulation schemes are classified in two categofescalled coupled modulation schemes are develapder
the assumption that open-end winding drives arévatant to certain single-sided multilevel solutsohis enables the
application of slightly modified modulation methofils multilevel inverters, to the open-end windiconfigurations. As
a consequence, number of utilised voltage levaisbeahigher than the sum of two inverters’ numiddewels. However,
this boost in number of levels relies on simultareswitching in two inverters’ legs connected te §ame drive phase,
which causes so-called dead-time spikes. The segang, referred to in this thesis as decoupledutaidn schemes,
rely on the separate modulation of two invertesingl voltage references obtained by splitting therall phase voltage
reference, proportionally to inverters’ dc-link tagjes. Hence, this kind of modulation offers sonawiorse harmonic
performance, when compared to coupled modulatiberses.

Special attention is paid to the stability of daklivoltage levels, which is one of the most impoatrtigures of
merits of quality for multilevel drives. Using a v@ analysis approach, it is demonstrated thatsatibn of optimal
harmonic performance offered by coupled modulatr@thods leads to unstable dc-link voltages, buy onkhe cases
where dc-link voltage ratio is used for incremehtweailable number of voltage levels. Decoupled ulation methods
offer stable dc-link voltages, regardless of dgeafiguration.

One of the drawbacks of the analysed open-end mgndiives is the need for two isolated dc souragnch form
dc-link voltages of two inverters. For that reasamossibility to use only one dc-source in opeth+@mding drives with
isolated inverters is considered. Analysis shovat tioth drive topologies can be operated usingafieet bulk and
conditioning inverter control, where bulk invertersupplied from an active dc source, but opeliatetaircase mode, while
conditioning inverter performs high-frequency pugielth modulation, in order to suppress low-ordarnmonic content.
This kind of operation is investigated in detads fwo specific configurations in which two invedenever operate at the
same time in PWM mode, when coupled modulation otsthare used. Comparison of the results showstdpatogy
which comprises from one three- and one two-lexgkiter is more suitable for this kind of contrdbgether with
previously analysed configurations and modulatimatagies, dynamic performance of this novel disvéested under the
closed-loop speed control. Experimental resultswskitat open-end winding drives are suitable for idewange of
applications.
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X-y 2D plane with non-torque-producing quantities.

z High impedance state of VSI leg output.

a Conduction angle for staircase operation in the cd88&C control.

a-f 2D plane with torque-producing quantities.

y Phase angle between stator windingg/&in the five-phase case).

AM Modulation index step increment in simulations argeriments.

Ar The dc-link voltage ratio step increment in simiolas.

At Simulation time step.

Av, AV, AV’ Reference offsets, used for dead-time spike elitiinaSRA outputs.
Ay, AV The finalAv value that is applied to VSand VS}, respectively, irk" drive phase.
O Estimated rotor position.

0 Measured rotor position.

Osip Slip estimation.

o Output of PI controller in dc-link voltage stabjlitlosed-loop control (within B&C control scheme).
Tik Time instants that correspond to Kigphase voltage referenfecrossing with equivalent voltage levels.
) Phase angle between stator phase voltage and gtetee current.

1) Measured rotor speed.

o Rotor speed reference.
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Chapter 1

INTRODUCTION

1.1. PRELIMINARY REMARKS

At the beginning of the electrical ac machines #ra,number of machine phases was chosen to matilihe
three-phase grid, since induction machines wemctlir supplied from the mains. Later on, power &fadc converters
were introduced in order to allow easier speed position control in industrial applications. In esse, the power
electronic converter can be viewed as an interfaae decouples the three-phase mains from the machiowadays,
there are many different types of power electracoaverters, which can serve this purpose. A simgglifdiagram
classifying the different types is shown in Figl.1The great variety of solutions visible in Figl lunderlines the
importance of this research field for industriapbgations, but also suggests that there is noarsal solution that can
meet the demands of a wider range of applicatidme details about various drive structures and gamson of their
performance and application areas can be founBdadfiguez et al. (2009), Wilamowski and Irwin (2)1Kouro et al.
(2012)]. One of the common benefits of all convesteuctures shown in Fig. 1.1 is that the numbienachine’s phases
is not limited to three. However, three-phase maehiare still customarily adopted for variable speeves.

In low- and medium-voltage (below 10 kV) high-powdnives, the most frequently used concept is based
voltage source inverters (VSI). Here, drives whb pverall power consumption higher than 100 kWcanesidered as
high-power applications. The general structure ofaern variable-speed electric drive is depicte#ig. 1.2, referred

to in this thesis as single-sided machine supply.

PWM
| HIGH POWER AC DRIVES | Current / CSI
Source
Inverters
(CSD \ Line
|Matrix | / Comutated
[ DmEcT INDIRECT (I%esters
ac-ac ac-dc-ac
|Cyclco. I \
Voltage
Source
Inverters
(VSI)
Multilevel Two-level
Single-sided Open-end Series Parallel
Devices Devices
Multiple Single Multiple r “Single
dc sources dc source dc sources Ldﬁ source ,

_CHB _NPC “floating side
“MMC
FC

[Isolated | Non-isolated

Fig. 1.1. High-power ac drives classification, in terms ofyer electronics converter structure.
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ac-dc + dc-ac

n-phase

converter |y, | converter ac

(rectifier) | — (inverter) machine

Fig. 1.2. Multiphase multilevel drive, with neutral pointrmeected windings (single-sided supply).

The first stage of the drive is an ac-dc convetttet rectifies the ac voltages from the mains tanf@ dc-link
voltageVg. Alternatively, this stage can be replaced withattery pack, which is of interest for automotiyplcations.
In industrial drives, this stage usually employthree-phase diode rectifier, which has a capabidmk at its output. The
second stage, dc-ac converter, performs the inyaeeess, i.e. formation of ac phase voltages fduratink voltage.
Hence, the power electronics converter connectettidamachine is known as an inverter, and its npairpose is to
produce a fully controllable (amplitude, phase tshifd frequency) set of voltages.

Clearly, this approach opens the possibility oihgsihe number of machine phases as a design panarSet
called multiphase machines have been reportedféo ofimerous advantages over the three-phase cparte[Levi et
al. (2007)]. These advantages are especially irapbfor high-power drives. The most important béaeff multiphase
machines are:

< Possibility of splitting the required overall powaecross more than three phases. In the case ofploighar
applications, reducing the current rating of theisenductor components is of exceptional importaacel
therefore multiphase drives are increasingly used.

* Asignificant improvement in fault tolerance of theve. Namely, any ac machine, regardless of tivaber
of phases, requires only two independent stataients for independent flux and torque control. Ithiee-
phase single-sided machine supply, a fault in dm@s@ means that there are no longer two independent
currents. However, a multiphase machine can coatiawperate with a rotating field in post-faulteogtion
as long as at least three phases are healthy.

« A potentially better efficiency due to reduced spharmonic content of the magneto-motive force {led\al.
(2007)].

« Possible exploitation of different stator windinggerconnections, which affect the speed-torquevedri
characteristics. By using small amount of additidreadware, those can be combined during drive aijueT,
in order to meet application requirements in vagioperating conditions [Sadeghi et al. (2012), Ngugt al.
(2013)].

Although multiphase variable-speed drive systemasheeen a subject of research for the last 50 ydassthe
last fifteen years that have seen an enormous grofithe quantum of knowledge in the area. Thisbbe&en motivated
by numerous specific application areas, such agreleship propulsion, locomotive traction, electeind hybrid electric
vehicles [Levi et al. (2007), Levi (2008)], wheteetadvantages of multiphase systems outweigh ttia inigher cost of
the development. Various pulse width modulation (®\Mechniques have been developed for various phasgers
(including both odd and even numbers), which tak® iaccount the nature of the multiphase system exable
realisation of desired reference voltage on average switching period. The most relevant past aede efforts are
addressed in the literature review, provided inpEéia2.

Voltage source inverters are nowadays the most a@rmsolution for variable speed drives. Among théime,
most frequently used are two-level inverters. Diesglie most recent progress in semiconductor inglusited ability

of semiconductor devices to block high-voltages esakwo-level inverters less suitable for high-povimdustrial

2
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applications where high-voltage drives are requifidis problem can be overcome with so-called nawiél inverters.
They are made as a series connection of semicadsisttches, therefore circumventing some of thatétions set by
semiconductor technology. Contrary to the solutibased on parallel and series connected semicanddevices (Fig.
1.1) multilevel inverters do not require simultaneswitching, thanks to their specific structuréBis eliminates the
issues related to current and voltage sharing, lwhktil limits the usage of two-level inverters bdson parallel and
series semiconductor connections, for high-poweltiegtions, with regard to current semiconductachtelogy.

Three-phase multilevel topologies have been dravéngincreased attention in the last two decadeg Th
numerous advantages of multilevel supply incluamdypower quality (lower voltage distortion anddi in comparison
with two-level inverters), improved electromagnet@mpatibility, operation with a lower switchingeffuency (lower
switching losses), capability to utilise high dalivoltage, smaller common mode voltage (CMV) whiehds to
reduction of the stress in the machine bearings, e possibility for fault tolerant operation ilmnse, modular
configurations. There are various topologies of tilmwlel converters. The main ones are the neutoéhtpclamped
(NPC), the flying capacitor (FC) and cascaded cdeve More details can be found in Chapter 2, wteeliterature
survey of multilevel topologies and their applicatito the three-phase (Section 2.2) and multipdases (Section 2.4)
is given. Surprisingly, it can be concluded tha thultilevel inverter supply is well-established fbree-phase drives,
while that does not apply to multiphase drive systeThe most of the initial attempts, surveyedLievi et al. (2007),
Levi et al. (2008)], are characterized with inappiately defined requirements in the developmentttdf PWM
algorithms and are therefore ill-suited for indistapplications.

From the previous research results, it is obvidiad inverters with greater number of voltage le\als able to
produce finer, more sinusoidal ac voltages, whitgér dc-link voltage can be utilised. This leadsetter performance
and increased application power rating, with theesaemiconductor technology. However, increasedbeunrof voltage
levels leads to more complex control (regardinghbsoftware and hardware). Furthermore, the overmathber of
components rapidly increases with the incrememiusber of voltage levels, including not only poweiitches (IGBTSs,
or power MOSFETS) but also additional diodes andéamacitors [Kouro et al. (2012)].

Another way to construct a multilevel drive is teeuan open-end winding (OeW) machine. Insteadrofifig an
isolated neutral point or using any other configiorathat is based on stator windings interconoesti in the case of
OeW machine all stator phase windings are left ageboth ends. Therefore, this type of machineigpBed from two
inverters as shown in Fig. 1.3. Clearly, statorggheoltage is in this case formed as a combinatidwo inverters’ leg
voltages. Earlier research efforts related to Oeived showed that multilevel performance could beieved with two
two-level inverters [Lega (2007), Satiawan (2012)ko0, OeW drives offer some further advantagesciviaire discussed
later in the thesis. So far, relatively few resbaefforts have been directed towards the multiplomn-end winding
multilevel topology, as shown in Section 2.5. Thajaonty of this work is undertaken at Liverpool JoMoore’s
University (LJMU) in Electric Machines and DriveSNID) group.
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Fig. 1.3. Principal scheme of multilevel multiphase open-dride structure.
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This thesis represents an attempt to extend theigu® work in this research area, with the emphasis
developing suitable control algorithms for five-ghaopen-end winding drives. Drive groups underyeiakare boxed in
Fig. 1.1 with dashed lines. In particular, two ei#nt drive structures are analysed. The firstuiises two two-level
inverters that are supplied with different dc-lvidtage levels. The second topology utilises omeehand one two-level
inverter to supply a five-phase OeW machine. Thiscture is analysed for several different casesell with regard to
utilised dc-link voltage levels of two invertersof@bination of different dc-link voltage levels afid inverters in both
topologies leads to utilisation of different numloéroltage levels in the phase voltage.

In particular, topology with two two-level invergecan be controlled in such a way that the finaseghvoltage
waveform is equivalent to those produced by thiesd four-level single-sided multilevel drives. Ttapology that
utilises three- and two-level inverters in OeW stmre is able to produce phase voltage waveformssalgnt to those
obtained with four-, five- and six-level single-s@tl machine supplies. This clearly shows that tkie etween dc-link
voltages of two inverters can be used as an additidegree of freedom in drive design, offered pgreend winding
drive concept. A special type of OeW drive, whicghptoys two isolated inverters but only one dc vgdtesource, is
analysed. All mentioned OeW configurations aretlfiranalysed in terms of drive harmonic performasmeel other
important figures of merit related to multilevelvdrs. Finally, selected topologies and developedutation strategies
are tested within closed-loop field oriented cohtro

This thesis is written with the aim to provide $tifnt material for future research efforts relateat only to
modulation strategies for multilevel multiphase @ed winding drives, but for modulation strategfes drive
applications in general. Although probably the maggpbarent and obvious contribution of this thesimithe developed
modulation strategies, the author would like to bagise that some important contributions mightrbthé developed

analysis methods, which can be applied in manyrathges, i.e. for different drive configurations.

1.2. RESEARCH AIM, OBJECTIVES AND NOVELTY

The mentioned topologies offer more degrees ofdfvee for development of modulation strategies, highe
reliability, possibilities for development of pdsidlt modulation schemes, and other advantageshbythave not been
considered before as a viable solution for indabtrigh-power applications. The literature surveguided in Chapter 2,
shows that this research is novel, since no simmdaearch has been conducted so far. Hence, itssezamonable to
believe that the results presented in this themislead to further progress in the developmenhede drive types.

Analysis of drives structures and development oflatation strategies in this thesis, together withusation and
experimental verification, enable easier drive togy selection for future applications, with spérifequirements.
Possible disadvantages of the drives (usually §ipdor each of the topologies) are analysed ag,webrder to provide
a clear picture about the validity of the proposetutions and to make a useful contribution to ¢ingineering and
scientific communities in general.

Results from [Satiawan (2012), Bodo (2013)] whergtiphase OeW topology with two two-level invert¢gs. -
OeW-2L) is analysed are taken as a starting pomthis research. Extension of that work for thequrl dc-link voltage
case is presented in Chapter 3, where a novel sinatyethod for OeW drives is proposed, based oivaigat drive
model. This approach unifies the analysis of threppsed drive for an arbitrary dc-link voltage rafitne first results of

this work are presented in three conference pdpansjevic et al. (2013a), Darijevic et al. (2013Bpnes et al. (2014)]
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and later used for comparison with other drivedttres in other conference papers [Darijevic ef28l15a), Darijevic et
al. (2015c)], as well as in an IEEE journal puldima [Darijevic et al. (2016)].

Open-end drives, supplied with one three-level and two-level inverter (3L-OeW-2L), used to supplyive-
phase machine are considered as the second redepichin Chapter 4, modulation strategies fos ttupology are
derived, using the same equivalent model apprdehiminary results for this topology are preseritefDarijevic et al.
(2015a), Darijevic et al. (2015b), Darijevic et @015c)].

The third research theme is related to the cowtrdhe two inverters in bulk and conditioning md@orzine et
al. (2004), Corzine et al. (2006)]. This is anatiy$er topologies with one or two dc sources. Tippraach has never
been analysed for multiphase open-end drive suppitm three-level inverters, or with two invertessth different
number of voltage levels. Initial analysis in Crap shows that only two specific cases of all ¢hasalysed in Chapters
3 and 4 are suitable for operation with one actigesource. Detailed examination of their perforneandth regard to
drive load and harmonic performance showed thaBth®eW-2L drive with dc-link voltage ratio 2:1 letter suited for
this kind of operation. The importance of this s related to the need for isolation betweentie dc-link voltage
sources, as well as the overall cost of any aduiticables that are required in OeW drives (Fig8), when compared to
single-sided solutions (Fig. 1.2). From that padfitview, elimination of one voltage source in Fig3 makes the

application area of OeW drive wider. Preliminarguks of this analysis are published in [Darijestal. (2015d)].

1.3. ORGANISATION OF THE THESIS

This thesis consists of nine chapters. Chapteralgeneral introduction to the topic of this resbait discusses
the motivation for the research, novelty and expdavhat the main contributions are.

A literature survey of relevant scientific papeogoks and patents is provided in Chapter 2. The dirthat
chapter is to provide a clear picture about theenirstate-of-the-art in the research areas relatdigh-power drives.
Through discussion of these past results, an attempade to show what kind of improvements in @rperformance
can be expected from the topologies that are unglestigation in this research.

Five-phase 2L-OeW-2L drives, with equal dc-link tagles, are briefly analysed in Chapter 3. Initiadlgsis,
based on the equivalent drive model, shows that tilpology is able to produce three voltage leviethe dc-link
voltages of the two inverters are equal and foutage levels if they are in any other ratio differdrom 1:1. Two
different types of carrier based modulation strggare introduced in that chapter. The first, albed coupled
modulation schemes, consider the two inverters asngle, coupled entity, which leads to an optirhaFrmonic
performance. Unfortunately, this type of modulat&oiheme in some cases leads to simultaneous swgtdithe two
inverters which means that dead-time intervals aplpear simultaneously in the legs of the two itererconnected to
the same drive phase. As a consequence, so-cakmditine spikes occur, which leads to increaseddaier phase
current harmonics, as well as acoustic noise agxtreimagnetic interference (EMI). It is shown hdwe fproblem can be
mitigated by employing a so-called spike removgbathm. The second kind of modulation, referrecasodecoupled
modulation scheme, is based on the separate muulat two inverters. This leads to somewhat wadnsemonic
performance, since some of the voltage levels e dhse of unequal dc-links can be formed only Inyukaneous
switching of the two inverters, i.e. simultaneotsnsitions in their leg voltage outputs conneciedhie same drive
phase. Presented modulation strategies, as wiiegzroposed solution for dead-time spikes, areexgntally verified

and their harmonic performance is discussed in samywf Chapter 3.
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Five-phase 3L-OeW-2L drive is presented in Chapterhe topology comprises of one three-level, raytoint
clamped inverter, and one conventional two-level. U%ing the analysis methods developed in Chaptétris shown
that this drive can be configured to operate edeitdy to four-, five- and six-level single-sidedvierters. Again, the
possibility to modulate two inverters using coupéedl decoupled control methods are investigatethi@du results for
the coupled modulation methods lead to a genenatlasion that dead-time spikes are present in ties voltage
waveforms when the dc-link voltage ratio is usedonder to increase the overall number of voltageele This
conclusion is in agreement with findings in ChafeHowever, due to higher number of phase voltagels, harmonic
performance of the topology presented in Chapterdss sensitive to dead-time spikes, due to theier amplitude and
less often occurrences during one fundamental gefibe decoupled modulation methods offer simikfgrmance to
those in Chapter 3, with respect to the couplechou for the same drive configuration.

Chapter 5 is dedicated to the analysis of dc-liokage stability in open-end winding drives. A nbapproach,
which relies on linearized drive models and sindabapproximation of the phase currents, is dewetoin order to
explain the influence of modulation strategies @rlink voltage stability. It is shown that dc-linkoltage ratios which
lead to the optimal harmonic performance requinelvare solutions for dc-link voltage balancing.slome cases, this
leads not only to additional hardware cost and derify, but also to additional losses. This makestain drive
configurations less suitable for variable speededi On the other hand, due to superior harmonifopeance, these
configurations seem to be optimal solutions forl@ptions in which desired machine speed is constince lower
harmonic pollution of the phase currents leadeveel torque ripple and lower losses. In genera ahalysis in Chapter
5 shows that the drive harmonic performance cabhaaiBken as the most important figure of merit,olhis often the
case when new topologies are proposed in thetlitera

Open-end winding topologies which are aimed to afgein so-called bulk and conditioning mode ardyeaea in
Chapter 6. The first important conclusion from tlehapter is that only drive configurations which not result in
simultaneous PWM operation of the two inverters suigable for bulk and conditioning control. Inghiase, coupled
modulation can be altered in such a way that omertar operates in staircase mode, while the seocoedoperates in
PWM mode throughout the fundamental period. Analydiprevious research efforts in this field shdtat the low-
frequency switching (bulk) inverter is usually used deliver the complete phase voltage fundamenthile the
(conditioning) inverter in PWM mode is used to géie unwanted low-order harmonics, introduced &rcise
modulation. In this case, the active dc sourcéhefitverter in PWM mode side can be omitted, sthe¢ inverter does
not supply any active power to the drive. Naturalhys requires higher dc-link voltage for the I&wguency inverter, in
order to produce the phase voltage fundamentdleosame amplitude as in the case when two dc soareeused as in
Fig. 1.3. However, the proposed control of the tliwe configurations in Chapter 6 effectively botist dc-link voltage
utilisation, which means that the same dc-link aoé levels of both inverters can be kept, whiledhtainable phase
voltage fundamental is the same as in the caseqflar OeW configuration with two isolated dc s@s.cThe only
limitation of the proposed concept is related te Harmonic performance, which has to be tradedhi@rconditioning
inverter side dc-link capacitor voltage balancimgl/ar the overall dc-link utilisation. Based on siation results, it is
concluded that the 3L-OeW-2L topology with dc-linkltage ratio 2:1 is more suitable for bulk and ditioning
operation, when compared to the 2L-OeW-2L drivehwiit-link voltage ratio 1:1.

Based on the analysis in Chapters 3-6, severak drdnfigurations are selected to be tested undsedtoop
field-oriented control. Experimental results arenstarised in Chapter 7. The main motivation for tirsl of test comes

from modern variable speed drive applications, sagblectric vehicles and other propulsion systevhgre closed-loop
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control is necessary. Performed tests show thabtier speed control loop does not have any effectsnodulation
strategy performance, while introducing closed-laaprent controllers mitigates dead-time effectpbase current low-
order harmonics. Produced phase voltage and cuwawueforms are in agreement with expectations basedhe

analysis in Chapter 3, 4 and 6, while high-quadjtged control dynamic performance is observed.

A summary of the presented results in this thesjgrovided in Chapter 8, together with the disaussif topics
for future work. It is proposed that developed O&fyologies and modulation strategies can be usedsaarting point
for future research, which should have in focus uhatibn strategies for post-fault operation. At game time, topics
related to different hardware organisation and egrah winding drive topologies that employ invertevih higher
number of levels are briefly analysed. Possibleefitnand drawbacks of such configurations aresdtdbased on the
gained experience during the herein presentedndsea

Chapter 9 provides the complete list of referenessd in this thesis. This is followed with threepapdices,
related to technical descriptions of numerical dation procedure and the experimental rig usedigthesis, as well as
some additional calculations related to expressissed in Chapter 5. Published conference and jbyraygers that

resulted from the research presented in this tla@sisppended at the end of the thesis.



Chapter 2

LITERATURE REVIEW

2.1.INTRODUCTION

The aim of this chapter is to provide a surveyhef literature relevant to this research. A verydjowgerview of
the high-power adjustable speed drive area is gingKouro et al. (2012)]. Drives are clearly cldiesl, according to
their topologies, choice of semiconductors, apfiticaarea, machine types and inverter structurens€guently, it is
clear that the topologies mentioned in Chapter 4 jast a few of the many possible solutions forhkigpwer
applications. The exact choice of the topologied &ére used in this research is driven by hardeaneplexity, total cost
and maturity of the required semiconductor techgpl@&ome of these three important factors will ddrassed later in
this chapter, where specific solutions are analysed

This literature review begins with multilevel thrpbhase drives (Section 2.2), as a starting pointévelopment
of multilevel multiphase drives. Research effodkated to three-phase open-end drives are revigw8dction 2.3. This
enables the identification of suitable control noekh, which can be applied to multiphase systemar afertain
modifications. The most relevant work about multe multiphase single-sided drives is presentedséttion 2.4.
Probably the most complete surveys about multipkaises are presented in [Levi et al. (2007), L&008)], covering
both drive modelling and modulation techniques tle# most common multilevel inverter topologies anduding
comparison of single-sided and open-end drive gorditions. In [Levi (2008)] the advantages of etmbology are
emphasised and the use of the additional degrefeseafom is covered. Other issues, such as fdeltatiat operation and
multi-motor drives are also discussed in [Levi ()0In Section 2.5, recent advances in multiphgzen-end winding
drives are reviewed. In particular, modulation noelth suitable for drives comprising two two-levelérnters have been
already developed and tested. Section 2.6 considsemrch relating to fault detection and driverapen under fault
conditions. Post-fault modulation strategies arnidedcontrol are in many cases enabled by open-adtbamultiphase
structures of the drive. Hence, those results elevant for topologies presented in this thesis thiglis an additional
motivation for their consideration. At the same dinmodulation strategies derived in Chapters 3nd! & tested for
healthy drive conditions, might be a good startpaint for future work, with regard to post-fault emation of the
proposed open-end winding five-phase drives. ThaptEhr ends with a short summary, where the emplimgia the

main goals of this research.

2.2.MULTILEVEL THREE-PHASE DRIVES

Nowadays, majority of industrial drives are basediwee-phase drives, which are the most conveniéfithe-
shelf solution, available for more than thirty y®afhey are usually supplied with two-level investebuilt with Gate
Turn Off (GTO) Thyristors, Insulated Gate Bipolaramsistor (IGBT), Integrated Gate Commutated Therss (IGCT)
[Akdag (2006)] or power MOSFETSs [Baliga (2008), ®iowski and Irwin (2011), Wintrich et al. (2015Recent
advances in the semiconductor technology, sucheaslapment of Wide Band Gap devices based on Silicarbide
(SiC) and Gallium Nitride (GaN), enabled extensafrthe two-level concept to the high-power applmatrange, but
only up to certain limits [Hudgins (2013), Wintriet al. (2015), Xiucheng et al. (2016)]. Many of firoposed concepts
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are still under testing and further developmentmany cases, these new technologies are not yagrieement with
safety regulations and application demands. Thennsasues are related to the stability of high-spgeiching, more
complex gate driver design, and reliability throaghthe operating temperature range required iostigi [Lemmon et
al. (2014)]. For example, a “normally on” devicejugées more complex module and/or inverter desigh $pecial turn
on/off procedures [Xiucheng et al. (2016)], butle@ea benefits of almost an ideal switch dynamitelracteristics.

From this point of view, many problems related tghhpower conversion are still not solved and phipdast
progress is possible only by combining novel semiemtor technologies and hardware design with dilengl drive
concept, which is often considered as a solutioth¢olimitations of semiconductors in medium anghhpower drives
[Wilamowski and Irwin (2011), Kouro et al. (2012]]he initial attempts to apply the multilevel coptéo a three-phase
drive were made by major industrial drive manufeets. Among them, probably the first successfullemgntation of
this concept was accomplished by General Electigineers, reported in [McMurray (1971)]. It is bdsen cascade
connection of two H-bridge modules, made of NPMdistors. Still, this is not suitable for mediunmdahigh-power
applications, because of the properties of biptlansistors. Similarly, the first Flying Capacit@C) inverter was
introduced as a solution for low-power applicatidiickerson (1971)]. A patent introducing the diodlEmped
converter was granted in [Baker (1980)]. Most afsth topologies ware later reintroduced through exoéd papers.
From that perspective, the diode clamped topolegyow better known as the neutral point clampedQNRverter, and
was again proposed in [Nabae et al. (1981)], castétibridge (CHB) in [Marchesoni et al. (1988)] & in [Meynard
and Foch (1992)]. With further development of semiuctor technology and digital electronics, aseiter control
units, use of multilevel drives in industry hasgrorapidly. Good reviews of this progress are pnesstin [Wang and
Li (2009), Kouro et al. (2010), Malinowski et a(Q10)]. Three-phase multilevel inverters and motiltastrategies are
explained and compared in detail in [Rodriguezl e2902), Rodriguez et al. (2007), Rodriguez e{2009)], providing
good classification of converters/inverters topasg their limitations regarding semiconductor tembgy, and
comparison of performance for medium power appbcat

Multilevel three-phase drives are important fosttesearch mainly because of the modulation siestdigat have
been developed for them. In many cases, thesesa@ as a starting point for developing modulatitgorithms for
multilevel and multiphase drives, which are revidwe Sections 2.4 and 2.5 and used in Chaptersd34arror this
reason it is important to mention some modulatiechhiques here which were firstly developed fortitewel three-
phase drives. General motivation for developing mevdulation techniques can be summarised as aogisiusoidal
voltages across stator phases (elimination of lodeoharmonics leading to reduction of machinedegsreduction of
converter losses that are caused by high frequanitghing and improvements in dc-link voltage sliion.

Due to the existence of leg voltages with more ttvem voltage levels, more than one carrier is negufor CB
PWM methods. They can be arranged in several wagstlis represents a new degree of freedom, offegethe
multilevel topology. Carrier phase disposition teicjues are introduced in [Carrara et al. (1992)jre€ different cases
are recognised: when all the carriers are altargati opposition disposition (APOD PWM), all therigars above the
zero value reference are in phase among them lmggosition with those below (POD PWM) and all taeriers are in
phase (PD PWM). Both analytical expressions andamnigal simulations are developed, in order to campaethods.
The multilevel concept is proven to be very usefiok, only for high-power drives from the power gieliy point of view,
but also from the perspective of harmonic perforcean

Reduction of specific low-order harmonics is onetled strongest motivations for using multilevel certers.

This is firstly implemented with switching at thendlamental frequency, as reported in [Tolbert e{1899), Li et al.
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(2000)]. The solution is based on calculationseafding and lagging times of switching actions witbne switching
period. The idea is to represent a phase voltagefaran in the time domain as a Fourier series, tanfihd switching
instances which will supress unwanted harmonic corapts.

Much better performance can be achieved with hidheguency switching and space vector (SV) algorih
Instead of having only 8 space vectors, as is #se én two-level three-phase drives, with multileweserters a much
greater number of voltage vectors is available.ds@mple, for a three-level NPC invertet =327 vectors are available
(including redundant ones), while with four-leveP® inverter the number of vectors =64 as the number of levels
increases so too does the number of voltage vecdogeneral SV PWM method for multilevel three-phakives is
derived and implemented in [Celanovic and Boroyey®001)]. The algorithm is optimized, in the senfeeducing the
number of computations required, compared with iptesly proposed techniques, which is exponentiatyportional to
the number of voltage levels. Before this improvatnamplementation of space vector algorithms wag/ \challenging
because of limited processor resources. The maspetationally demanding parts of SV PWM algorithare sector
determination and the trigonometric calculations@mmunication with memory where look-up tablessiozed.

Somewhat faster algorithm for this process, narfalyeducing calculations in the first sector addritifying the
nearest three vectors, is presented in [Peng €G@02)]. In [McGrath et al. (2003)], the algoritinem [Celanovic and
Boroyevich (2001)] is further optimized, providitige minimal number of switching actions during ewétching cycle.
Also, comparison between SV PWM and CB PWM (withnmiax injection) is performed. Both methods, togethith
discontinuous PWM, are compared through simulatiod experiment. The results showed that these thoshulation
methods produce almost equivalent output waveforms.

One of the most important properties of the devetbmodulation strategies is that they can be eagiignded to
any number of voltage levels. For CHB invertersalgorithm for developing multilevel modulation,thdor linear and
over-modulation range is presented in [Gupta andrittadkone (2007)]. A good comparison of SV and GBWP
methods is given in [Yao et al. (2008)]. Furthereyaa very important and useful survey of multilewaierters and the
suitable modulation techniques is provided in [Rguez et al. (2009)]. A number of more sophistida&nd
implementation dependent modulation techniquesaaadysed and compared from the inverter point efwilike those
with unequal dc-link voltages in the case of CHReirter, or unequal carrier frequencies.

In recent years, modular multilevel converters (MM@ve gained special attention, due to their maxityl and
superior dynamic performance [Perez et al. (201A3).in the case of many conventional and multilesehverter
topologies, MMC is also suitable for dc to ac casi@n. In [Brando et al. (2014), Jae-Jung et &)18), Kolb et al.
(2015)] three-phase MMC drives are analysed. Greadress has been made towards solving stabilityceli-capacitor
voltage balancing issues in the low-frequency amararegion. As demonstrated, various solutionshedded within
modulation and control algorithms, can be appli€dis enables closed-loop variable speed ac driaéisegion and
exploitation of all the benefits of MMC, such adransformer-less multilevel structure operation asdge of power
electronics building blocks (PEBB) concept, whiehds to lower costs, easer maintenance and indréasie tolerance
[Perez et al. (2015)]. So far, only single-sided MMrives have been analysed.

All this work shows possibilities for further imprement through merging benefits of multilevel dswith
multiphase topologies, stated in Chapter 1. Nextingportant step towards multilevel multiphase oped drives are
multilevel three-phase drives for machines withastavindings open on both ends. Some of the mdstvaat papers for

this research are reviewed in the next section.
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2.3.0PEN-END WINDING THREE-PHASE DRIVES

One possible way to accomplish multilevel operai®to use a machine in open-end winding configonatas
explained in Chapter 1. In this case, the numbervefall phase voltage levels is increased, soilen#d performance
can be achieved even with two two-level invertdiise open-end three-phase drive was firstly propasd&temmler
and Guggenbach (1993)]. Two- and three-level irvertsupplied from either isolated or non-isoladedink voltages,
are analysed. At that time, only GTO devices warngable for medium- and high-power applications.eDo their
control limitations, high frequency switching wastran option. As a consequence undesirable cuh@mhonics are
present, leading to torque ripple and increaseselmsThe open-end winding machine configuratioimti®duced as a
possible solution, not only for these issues bs &r increasing the power applied to the machatech is still a strong
motivation for OeW drive utilisation.

In the OeW drive, the overall number of phase gatéevels depends not only on the number of leptlthe
individual inverters, but also on the ratio betwéen dc source voltages [Bodo (2013)], which aredut supply two
individual inverters. In the case of open-end dsigemprising two two-level inverters with equal lddc voltages, the
overall number of voltage levels is the same agdhtee-level single-sided drive [Corzine et al. 429 Bodo (2013)]. If
two dc-link voltages are in the ratio 2:1, the nmiaetsupply is equivalent to a four-level singleesidirive [Corzine et al.
(1999), Bodo (2013)]. One very important advantaf®pen-end drives is emphasized in [Corzine e{1#899)]: the
same multilevel performance is achieved by usingp&r and therefore more robust inverters leadingnprovements
to the reliability of the drive, when compared taiagle four-level inverter supply. Furthermoreaiffault condition
appears, the faulted inverter can be short cirduéi@d the drive can continue to operate with biifs maximal power.
Another, very important advantage of open-end tpfeese drives, explained in [Corzine et al. (1999)the lower
overall production price, provided by avoiding atidial diodes and capacitors required for multilemgerters, and the
ability to use readily available off-the-shelf tarphase two-level inverter modules.

The continued interest in open-end multilevel dsiie also motivated by some difficulties relatedsitngle-sided
multilevel drives. For example, by increasing thanber of voltage levels, capacitor voltage balagémFC inverters
and unequal voltage sharing among the power sewhimtors in both FC and NPC inverters become veryoitant
issues [Kouro et al. (2012)]. These problems caneldeced and in some cases completely eliminatgdguhe open-
end drive configuration, since the same numbethakp voltage levels can be achieved using simplerter topologies.

In [Casadei et al. (2007), Casadei et al. (200&@mtrol technique for a multilevel open-end drivigh two two-
level inverters supplied from two isolated dc sesrcs presented. By choosing appropriate spacergedivo goals are
met; minimisation of commutation frequency per ameerter leg and reduction of common mode voltadgeposed
modulation strategies are tested using simulatenmd experiments with inverters based on low volthggh current
MOSFET modules, using a switching frequency of Ha KT his work could be extended to multiphase drjas will be
shown in Sections 2.4 and 2.5.

Two three-level NPC inverters are used in [Corahal. (2004), Corzine et al. (2006), Lu and Cozzia007)] to
drive a three-phase induction machine. Howevas, shown that only one inverter has to be connettidtle dc source
(so called bulk inverter) while the second invedan be used as an active filter, in order to sfprmdesired low-order
harmonics. This drive is known as a hybrid inverbacause two different types of semiconductorsiaeel, one for bulk
and one for the conditioning inverter. Since thébnverter operates in six-step mode, GTO switches used, while
high frequency switching in conditioning inverterpossible using IGBT or power MOSFET devices.Goriine et al.

(2004)] joint and separate inverter control areoidticed. Joint control concept is based on compaus eight triangle
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carriers with a reference voltage, which is follawey space vector selection designed for capaedtiage balancing.
The second method is based on the implementatisepdrate inverter control, without communicatietween the two
control circuits. Only the bulk inverter is suppli&éom an active dc source, while the conditionimgerter is supplied
from two capacitors, whose voltage balancing is @intae main issues. Experimental results showtti@phase voltage
THD is approximately 9%, thanks to the very higimier of utilised voltage levels. Similar resulte achieved using a
different control algorithm, explained in [Corzieeal. (2006)]. Here the conditioning inverter slihg is synchronized
with the bulk inverter using a voltage edge detecddditionally, a real-time algorithm for harmosicalculation is used
to adjust the switching instances. Control of thiékknverter is further simplified, using an offetfshelf integrated
controller. The first implementation of an OeW ttgagy in a DTC drive is reported in [Lu and Corzi(8007)] where
the open-end topology is compared with the equitadegle-sided cascaded drive. The bulk invegdrased on IGCT
modules, which have a higher power rating than I§Bt lower maximal switching speed. The conditigrinverter is
realised using standard IGBT modules. A similarotopgy is reported in [Kou et al. (2006)] but foremdistension
operation, with the main idea of working with exded modulation index range in order to enhancentimber of phase
voltage levels by adjusting the proper dc-link agk ratio of the two inverters. Both converterstaree-level NPC, but
supplied with dc sources with the voltage ratioddf. Because of this, eleven-level operation iiseti, but only for
modulation indexes lower than 1.05. For higher nhatian indexes, so-called pseudo eleven-level djmerais
performed. Some of the expected voltage stateadravailable in this case and they are missinmftioe space vector
pattern. However, it is shown that this does neeha significant influence on the voltage THD artideo power quality
parameters.

A similar open-end winding configuration is analgse [Ewanchuk and Salmon (2010), Ewanchuk et2918),
Haque et al. (2013), Chowdhury et al. (2015), Praakeet al. (2015)]. In these cases, only one texel inverter has an
active dc source, while the second two-level irefeit used as an active filter. The overall drivenplexity is reduced,
when compared to [Corzine et al. (2004), Corzinale{2006), Kou et al. (2006), Lu and Corzine (2Q0while the
demonstrated harmonic performance is comparaltiestéhree- and four-level single-sided supplies.ti@nother hand,
the overall dc-link voltage is limited to the vaj@of the active dc source, which eliminates onthefexpected benefits
of the open-end winding configuration. Namely siteixpected that the overall dc-link voltage is éqouahe sum of two
inverters’ dc-link voltages, while the maximum paasltage amplitude is equal to one half of thatiwa[Chowdhury et
al. (2015)] shows that regular drive operationasgible up to only 60% of the overall dc-link vgjéa if it is calculated
as a sum of two dc-link voltage levels. In otherd® in order to employ this topology one has teigle one inverter
(which has an active dc source) for the full voitaigting, while in configuration with two dc sousdeoth inverters share
the overall voltage stress. This presents no pnopsince only low frequency switching is perfornimdthe inverter with
an active dc source, while the filtering invertgpetates with several times lower dc-link voltageowsdver, in
[Ewanchuk et al. (2013)] the overall dc-link voleagoosting is demonstrated, based on the firstriev@hase angle
adjustment. From that point of view, this topologgables utilisation of high-voltage drives, sineamgonductor
blocking requirements are in agreement with thetag technology: the inverter with an active darse can be based
on IGCTs or thyristors, while the filtering VSI cée realised using conventional IGBTs or power MEE§:

In general, the dc-link voltage ratio for two intess in open-end configuration can be used to asgeéhe number
of available voltage levels. A drive that employ® ttwo-level inverters and a dc-link voltage ratio2:1 is analysed in
[Reddy et al. (2011), Somasekhar and Reddy (2@Rdddy and Somasekhar (2013)]. Firstly, two SV PWhthuds are

analysed. Both strategies involve decoupled comtirtthe inverters. The first one, equal-duty-PWMpased on sharing
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the overall phase voltage sinusoidal reference é@mtwtwo inverters in the same ratio 2:1, due tocth@sen dc-link
voltages. Both inverters have the same switchiaguency. The second strategy utilizes switchintheftwo inverters
using switching frequencies that are proportiopatheir dc-link voltage with respect to the overddHink. It is shown
that the overall energy losses can be reducedamiys Unexpectedly, the second method also hasrh#itese voltage
harmonic performance. Extension of this work, wilth main focus on hardware improvements, is preseint [Reddy
and Somasekhar (2013)]. Realisation of dc voltageces is done with three passive rectifiers, saggtrom a centre-
tapped transformer with the secondary winding rat®il. This way, the dc-link source for one ineeiis nested, made
from the output of the rectifier supplied from tiréddle secondary winding. The second inverter igp$ad from the
double dc-link voltage, which is made as the défere of the highest and the lowest potential abviglat the rectifier
outputs. Although the number of components is imseel, when compared to the traditional realisatiogir ratings are
lower, and the overall cost is reduced. Unfortulyatihe nested rectifier approach does not provédéation between
two dc-link sources, often required in order tongétiate the zero-sequence current circulation path.

The number of voltage levels of each inverter isther degree of freedom to be considered when diegjgan
OeW drive. In [Somasekhar et al. (2005)] one irefeid built as a cascade of two two-level invertgiging three-level
equivalent. The other side of the open-end driveuigplied with one two-level inverter. Since undgi@link voltages
are used, six-level modulation is performed, withspace vectors, while the dc-link voltage ratiagsin 4:1. In [Baiju
et al. (2003)], four two-level inverters are usexlaasupply for an open-end three-phase drive. Bylging every
inverter with the same dc voltage, and cascadimgitwerters on each end of the machine windindsjealevel drive is
built. In comparison with [Somasekhar et al. (2008)is drive has 25% more switching components ane voltage
level less. On the other hand, this topology rezmulower power rating of the semiconductors, whdeters their price.
Although multilevel operation is achieved, therenisneed for clamping diodes or additional actwéches, which are
essential for NPC inverters, or capacitor voltagkaicing in case of FC inverters. In comparisom@HB topologies, it
is shown that for the same number of voltage lethastopology requires fewer dc voltage sourceg Jame topology,
but with unequal dc-link voltages, is applied tsa@ded inverters and analysed in [Lakshminarayaha. (2007)].
Hardware solution for dc-link voltage eliminatioly lising non isolated dc-link voltages as preseimefBaiju et al.
(2004)] is also applied in [Lakshminarayanan et{(2007)]. As a side effect, the number of dc vadtagurces is again
reduced. Similar results are reported in [Kanchiaale(2006)] for two three-level inverter (3L-Oe®{) drive. The
inverters are made as a cascade of two two-lewerters, supplied from only one dc voltage souweéh two bulk
capacitors that provide equal voltage splittingaeetn the two inverters. Upper and lower inverteosnfboth sides are
connected to the same dc-link rails. As a reswitnmon mode voltage is eliminated. It is also shdhat further
simplification becomes possible, both in the drigpology and the semiconductor gating circuits. rAveback is the
capacitor voltage balancing, which must be takém atcount during modulation algorithm developrmemd so special
attention is paid to this issue. Cascade conneaifoconverters are again used in [Lakshminarayaetaal. (2008)],
where 18-step SV PWM is analysed. Three two-lewelerters are used, two of them in cascade commegiroviding
three voltage levels for one set of stator windjmngsile other side is supplied using a two-levelerter. By using three
unequal dc-link voltages, eighteen large spaceovedre utilised, providing smoother phase voltdgm in case of
twelve side polygon [Lakshminarayanan et al. (2D07)

A similar topology improvement is reported in [Maiet al. (2007)]. The analysed drive is originakyorted in
[Tekwani et al. (2007b, a)], where it is explaingt CMV elimination and dc-link capacitor voltapalancing are

achieved at the expense of a reduction in the nuwibeoltage levels, from nine to five. The threlease open-end drive
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comprised two five-level inverters which are formasla cascade connection of two-level and thregl-laverters. After

defining the switching pattern which provides CMVingnation, the overall number of switches is regdgc by

eliminating two two-level inverters from the circ@nd using just two dc voltage sources. The sanmneiples are used
in [Mondal et al. (2009)]. In this research, fouotlevel and two three-level inverters are usedi sm thirteen voltage
levels are available. As expected, the number tidge levels is reduced to seven, due to implenientaf the common
mode voltage elimination algorithm and dc link ceipa voltage balancing as secondary goals for rifzelulation

strategy. As presented, both goals remain feasiee for an equivalent topology with a reduced nemndf dc voltage
sources.

Recently, even more complex OeW drives are repoffagsiharshan et al. (2014), Kumar et al. (2015),
Sudharshan et al. (2015)]. In [Kumar et al. (20kbgeventeen-level three-phase drive is realispdabcading flying
capacitor and floating capacitor H-bridge structurie [Sudharshan et al. (2014), Sudharshan €2@15)] two three-
level NPC inverters are employed, together withikridge structures. A high number of voltage levie enabled by
cascading two sets of asymmetric three level ievertith isolated H-bridges on both sides of anneped winding
three-phase machine. The proposed modulation seisuR4-step staircase waveform. UnfortunatelyfSadharshan et
al. (2014), Kumar et al. (2015), Sudharshan ef24l15)] only tests with unusually low voltages eeported, where the
overall dc-link voltages are several times lowearttactual voltage ratings of individual semicondtgt This leaves
open a question whether this kind of drive compiexs suitable and reliable for high-power applicas, where
isolation issues are very common.

The importance of CMV elimination should be empbkedi here. Firstly, in non-isolated open-end drives,
existence of CMV can initiate circulating currefi@mani et al. (2010)], which increase the lossethé system and
potentially damage some parts of the drive. Inddise of an isolated system or a single-sided d@ty exists as well,
and it has similar effects on the drive. Togethéhwther PWM inverter detriments, such as voltdgeps, dead time,
asymmetrical and diverse dynamical characteristidhe power semiconductors, CMV can cause beanimgnts. This
issue is analysed in [Chen et al. (1996), Erdmaal.€t1996), Akin et al. (2008)] for the generabearegardless of the
drive topology. More details about this topic areided in Section 2.6, where fault causes, deiaaind algorithms for
the post-fault operation are addressed. The masnteprogress regarding OeW drives and common mottage
reduction in the case of connected dc-links caffobed in [Zhou and Nian (2015), Nian et al. (201&here a novel

zero-sequence current suppression strategy is pedpand experimentally verified.

2.4 MULTILEVEL MULTIPHASE SINGLE-SIDED DRIVES

Single-sided multilevel drives that have more thhree phases are considered here. Looking fromSttie
modulation point of view, the number of availabf@ese vectors increases rapidly and, as a consegugenelopment of
appropriate control strategies becomes increasimglye complicated. The increased number of spactrgeprovides
new control possibilities, but also demands sopattd techniques for vector selection and swiightiming
calculation. Over the last two decades, differemidufation techniques have been developed for thétilevel
multiphase single sided drives. Generally, two nmaodulation concepts are considered; carrier basddspace vector
(SV PWM) techniques. Since carrier based techniguesindependent of the number of phases, the €Bn@WM
techniques as for a three-phase case can be diapgilied to multilevel multiphase systems. Dughi® simplicity, they

are usually the preferred choice. The existingudisons of carrier based strategies for controholtilevel multiphase
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systems are predominantly related to the capaedtitage balancing of the NPC voltage source invddea five-phase
passive load [Karugaba et al. (2011)]. The mogiUemtly analysed topology is the five-phase theaell system. This
topology is analysed in [Mwinyiwiwa et al. (2006)}here continuous and discontinuous CB PWM scheanesised.
An experimental set-up is built to verify the finds, together with a simple, but reliable, banggbaontroller for
neutral point voltage balancing.

A simple extension from three-phase to multiphase FBSVM is not possible, in contrast to the CB PWM
approach, as explained in [Huang and Corzine (3008th an increase of the number of phases thebaurof space
vectors increases and, even more importantly, lagysis cannot be conducted in a single plane @dythe case is for a
three-phase system.

Initial attempts to use SV PWM to control a fiveask three-level inverter, employed techniques maity
developed for the three-phase three-level driveisTin [Song et al. (2006)] each sector in¢hes plane is divided into
three triangular sub-sectors and only three spactoks per switching period are used. However, d¢hiwept does not
consider the second plane<y) and leads to a large amount of low-order harn®imicthis plane. In [Huang and
Corzine (2008)] new “walking patterns” are usedstdect the vectors. The algorithm for space vectwice and
determination of dwell times is not based on tlesest vectors, but on analysis of both vector jposend its distance
from the commanded voltage reference. It is cleddgnonstrated that this algorithm is superior imparison with CB
PWM with harmonic injection (% 5" and 7" harmonics are injected), as far as torque rippt®ncerned. To achieve the
same performance (torque ripple level), one willhto use CB PWM with three times higher switchiregjuency.

The algorithm in [Gao and Fletcher (2010)] for @efphase three-level VSI is the first one that thpe SV
PWM for multilevel multiphase VSIs using the vecgpace decomposition (VSD) approach and therefonsiders
space vector projections in all planes (two infike-phase case). A modification of the algorithff®@ao and Fletcher
(2010)] is suggested in [Dordevic et al. (2013a)iere comparison of two SV PWM algorithms with #n1@€B PWM
techniques is presented for a five-phase thred-l®%t. The drive performance is examined for alufaases, and
comparison is based on spectrum analysis of phalssges in both planes separately. It is shownaldour algorithms
are very similar with respect to phase voltage T&fidl HD. Only the CMV component slightly differs pesially for
modulation indexes lower than 0.5. Other compasdossed on spectrum analysis for three differesgjuency bands,
centred on switching frequency, are performed db Wés shown that the differences between ther fmethods are very
small. It is important to emphasize here, that thie of analysis is developed for multiphase drigad it is very useful
for understanding how each voltage component aféive performance. This can enable improvementaddulation
strategies. A similar method is used in [Dordevicak (2013a)], where five modulation methods apenpared and
experimentally verified. It is shown how mapping ledrmonics and their position in the phase voltagectrum
influence the phase current spectrum. Differeneceshe low-frequency band are next to nothing, whdléerent
modulation methods introduced different harmoni@piag around multiples of the switching frequendgpending on
whether these harmonics belong to the first orséimond plane, their influence on motor currentifferent because of
very different impedances among planes. Finallys itoncluded that CB PWM methods are easier tdement and
extend to higher phase numbers.

An SV PWM algorithm for a three-level seven-phasgl,\based on the VSD approach, is for the firstetim
introduced in [Dordevic et al. (2011)], by extenglithe algorithm of [Gao and Fletcher (2010)]. Idesmonstrated that
the majority of theoretically available space vest?187 in total) are not useful, and only 297hafm can be used after

an order-per-sector method is applied. Also, eachos is divided into 18 sub-sectors, in orderasily determine which
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vectors are instantaneously used to achieve teeersfe on average. Finally, dc-link capacitor \g@thalancing is taken
into account, and redundant space vectors arefasditht purpose. Calculation of dwell times isided from the three-
level five-phase case, with focus on eliminatiortreff voltage components mapped inxhe y; andx, —y, planes. It is
noticed that the developed algorithm is far morenglicated than for the five-phase case. Basically, these
complicated calculations do not have importantatffen real-time drive performance, because theyiraptemented
using mostly offline calculations.

Comparison of SV PWM and CB PWM for the three-leselen-phase drives is reported in [Dordevic et al.
(2013b)]. The machine is supplied using a threell®PC inverter. Similar to the results presentefDordevic et al.
(2013a)], the only noticeable difference betweenPVM and CB PWM methods is in the implementatiohilevdrive
performance is the same. Again, it is found that,anly are the offline calculations more demandimghe case of SV
PWM, but also real-time calculation time is aboub times greater, in comparison with the CB PWNMhteque. In case
of SV PWM, the algorithm execution includes a lamgember of memory reads, which is one of the mimset
demanding tasks.

A different topology is analysed in [Leon et alO{®)], based on cascaded H-bridge modules. A mtidola
algorithm is developed for the general case of Hilenel multiphase single-sided drive, but its ilementation is no less
complicated than the methods mentioned above. €keldped modulation is tested using a five-levedfphase drive,
which is also used in [Leon et al. (2010)], whdre algorithm is extended with a feed-forward cdigrpin order to
eliminate variation of voltage levels, caused byalanced dc voltage sources. This method produceerya good
improvement, for the systems that use several ttag® sources, like CHB inverters. It has been shthat, in case of
unbalanced dc voltage sources, feed-forward cooainlimprove drive performance and lower the phadiage THD
by several percent. Similar work is reported inlgDevic et al. (2001)] for a three-level NPC inegrivhere a feed-
forward controller is proven to be a very robusbick for mitigating any dc-links voltage disturbanevith only one
measurement point required.

A topology proposed in [Lopez et al. (2009), Ledrak (2010)] is also interesting for applicationbere post-
fault operation is required. In [Leon et al. (201@ynamic response with feed forward control igadsor the single H-
bridge cell fault. Unfortunately, this is done offity one special case, when the inverter suppasisnmetrical with dc-
links voltage ratio 2:1, and when the cell with thever voltage is faulted (short circuited). Thésdiscussed further in
Section 2.6.

2.5. OPEN-END WINDING MULTIPHASE DRIVES

Dual-inverter supplies for multiphase machines hawéy recently been investigated for a number chgas
higher than three [Shuai and Corzine (2005), Jeted. (2010), Grandi et al. (2011b), Levi et &012), Patkar et al.
(2012), Bodo et al. (2013a), Sun et al. (2015)]e ©fthe first attempts to control a multilevel tipthase open-end drive
is described in [Shuai and Corzine (2005)]. Thegested topology is made of two two-level invertevgh a dc-link
voltage ratio of 2:1, and a five-phase open-endhim&c This way, an equivalent to a four-level fppiease drive is
achieved. Similarly to the ideas presented in [@e&rzt al. (2004), Corzine et al. (2006)], it i9posed that one inverter
should be used for the delivering most of the poteethe machine, while the other one, made of Isiglhed power
switches, should be used for filtering purposeds Toncept will be analysed in detail in this wotkgether with the

lower dc-link capacitor overcharging, phenomengoreed in [Somasekhar and Reddy (2011)].
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Important research about a five-phase open-endciimdu machine supplied with two two-level invertass
reported in [Jones et al. (2010)]. It has been shthat this topology is equivalent to the five-phaingle-side machine
supplied with a three-level inverter. The firsteatipt to realise a modulation algorithm is basednhdependent inverter
control, with both inverters have the same switghirequency. From this, additional degrees of fozedire available,
because the reference must be shared between naydpbnd that could be done with different sharaigp. In the case
of equal reference sharing (ERS), both inverteesaperated in the same mode and they deliver time sanount of
power to the machine. Unequal reference sharingS)Uptovides more possibilities, since the invertames operating
with different modulation indexes. In this casewpo distribution can be realised in several ways. &ample, one
inverter can deliver the majority of the power ke tmachine, while the second one is used to detheeremaining
power. This feature can be used to transfer erfeogy one dc source to the other. This is partidulaseful in HEV and
EV applications where one battery can be used aogehthe other. Both ERS and URS methods couldséé both with
or without equal dc-link voltages, and also witkdrters with the same or different number of vadtdevels. It can be
concluded that a great number of supply combinataomd modulation techniques remain to be invegtijaind some of
them will be addressed in this research, usingrét@al considerations, simulations and practieglegiments.

The ERS method is analysed in detail, for the filase case, and supported with experimental raalltevi et
al. (2012)]. Two different modes are utilised, degieg on the modulation index value. For valuesdowhan 0.525,
only one inverter is operated, while the second isnased for short circuiting the other side of gtator windings,
forming a single neutral point. Basically, in tliase the drive can be viewed as a two-level fivasphtopology. For
modulation indexes greater than 0.525, the secamdrter also operates, and reference is shared gartien two
modulators equally.

Very soon after the initial research efforts, it@me clear that CB PWM algorithms could be a gawdtion as
well. This is based on equivalence of SV PWM and RBM, as explained in [Dujic et al. (2007), Dordey2013),
Dordevic et al. (2013a)]. In [Levi et al. (20100t modulation algorithm utilises two carriers, eadle associated with a
two-level inverter. Min-max injection is appliedhdtwo cases are explored. In the first case, ar@rare phase-shifted
by 180 degrees, while they are kept in phase irs¢itend case. Analysis showed that, for the casm Wie carriers are
in phase, unwanted phase voltage harmonic comp®eatind odd multiples of the switching frequeny removed.
They exist in leg voltages, but have been cancellgdn the phase voltages.

Carrier based modulation techniques are furtheestigated and several solutions for an open-eretgfhase
drive with two two-level inverters are presentedBodo et al. (2013b)]. As a continuation of therlv@resented in
[Levi et al. (2010)] several modulation algorithmse developed and compared. The system is drivieny @ssingle
modulator. The phase voltage reference is compaiddtwo carriers and the modulation algorithmsfatifby carrier
signal arrangement. Thus, phase- and level-shiiad/ (PS PWM and LS PWM) modulations are distingeéiBased
on detailed spectrum analyses, the results are amuwith earlier research for three-level drivegan be concluded
that both PS PWM and LS PWM techniques are appéctbthis topology, since they provide very lowagh current
and voltage THD, at switching frequency of 2 kHzn@8ral comparison of CB PWM and SV PWM techniquas f
multilevel single-sided and open-end drives is giire[Bodo et al. (2012), Jones et al. (2012), B@@13)]. Firstly, in
[Jones et al. (2012)] several methods are revieWwedboth single-sided and open-end drives CB PWil &V PWM
are explained and their relationships and simitmihave been underlined. Performance is comparddRS (open-end)
and PD PWM (single-sided drive). The first topolaowed better performance for low modulation indakies, while

both topologies had similar behaviour for modulatindexes greater than 0.525. Two different PWMhwods, one for
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Chapter 2 Open-end winding multiphase drives

single-sided and one for open-end drive are congparglones et al. (2012)]. In [Bodo et al. (201R)) PWM algorithm

is tested using a three-level five-phase singlessidrive and a two two-level five-phase open-engedrSimulation

results are followed with experimental verificati@nd the work demonstrated that differences ifop@&ance between
the two topologies are negligible regarding theriaric distortion of machine’s stator voltages andents.

Another way to create near-sinusoidal phase voltagaultilevel multiphase open-end drives is to m@pe two
inverters with different switching frequencies. §téchnique is based on the decomposition methpldierd in [Jones
et al. (2011)]. By analysing the space vector ithistion in the torque production plane, it becoroksr that the plane
can be divided into sub-domains, the shape of wisiéghpolygon, defined by the longest space vectorthe case of a
five-phase multilevel multiphase open-end drives tlecagon im — f plane is divided into 10 smaller decagons. Their
centres are defined by space vectors that corrdsfmiphase voltages produced when one inverter sviorklO-step
operation, while the second inverter is short ¢temi This fact is used for the development of avmaodulation
strategy, explained in [Satiawan and Jones (20Rbj4in, the drive is built with two two-level invers and a five-phase
induction machine. For modulation indexes lowentfa525 (half of the maximum), the first invertgresates in PWM
mode, with a 2 kHz switching frequency, while tleeend inverter is short circuited. This allows gatien of sinusoidal
phase voltage, providing the amplitude up to orlediahe maximal achievable by the drive. Once tiedulation index
exceeds what can be achieved using one invertee albe second inverter is activated. One invenperates in 10-step
mode, generating only one large vector per switglpi@riod, while the second one is operating in Pwibdtle. Since this
PWM inverter must be able to suppress unwanted ¢waios from phase voltage, its modulation algoritimenst consider
the first and the second planes simultaneouslyerebt of this modulation technique is reductionsefitching losses,
since the first inverter switches at fundamentadjfrency when the second one operates in PWM mode.

Seven- and nine-phase machines supplied with tvmléwel inverters are analysed in [Bodo et al. @1
Development of modulation strategies for these temologies is based on already known algorithmsfif@-phase
open-end drives. The presented modulation strategiebased on a reference sharing principle.

The asymmetrical six-phase machine (30° betwe@®i{pbhase sets) in the open-end configuration lsasbalen a
topic of research. In [Mohapatra et al. (2002)]rfowio-level three-phase inverters are used, supiiem two unequal
dc sources. Only 12-step modulation is performad, this is enough to demonstrate improvements atostcurrent
waveforms and torque ripple reduction, in comparisdath three-phase open-end drives. Further rekeento this
topology is presented in [Grandi et al. (2011ajjufFindependent dc sources are used in order tie\aclone more
degree of freedom in power sharing control. Thadkto a simplification of the modulation, since tirive can be
reduced to a dual three-phase system. Hence, #ilernpes imposed by the nature of the multiphastesys (more than
one plane that has to be considered) are not eter@ghnin this configuration. On the other hand, lvtthe control is
simplified and high frequency switching is perfodnéhe huge disadvantage of the topology is thairement for four
isolated dc sources.

A symmetrical six-phase drive in open-end configiora supplied using two isolated two-level six-pha
inverters, is analysed in [Patkar et al. (2012) arsuitable SV PWM method is introduced. It isduben the reference
sharing algorithm originally proposed in [Jonesakt (2010)] for the five-phase case. Two invertars modulated
separately using the same switching frequencypmultilevel operation is performed only for modutatiindexes higher
than 0.5, following the same principles from [Joeeal. (2010), Jones et al. (2013)].

One of the most recent studies about common moliageoelimination, with a main goal of defining theerits

for CMV characterization, is presented in [Karuga&bal. (2012)]. Both single-sided and open-enddinig drives are
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covered for the five-phase case, and several nénsoare proposed for further use, in order to eneksier comparison
of common mode voltage properties of different esivThese terms, such agdl of CMV, amplitude and total number
of voltage levels in CMV, are used in this reseafoh comparison of common mode voltage waveforimsioed using
different modulation strategies.

Very interesting work considering a 20 MW drivettimbased on a fifteen-phase OeW structure with ttwee-
level inverters and connected dc-link rails is mégad in [Sun et al. (2015)]. After a discussiontioé main hardware
design issues related to high-power applicatioruireqents, detailed analysis of the proposed disteid control is
provided. Finally, the full scale experimental daliion is given, demonstrating superior phase geltand current

harmonic quality and excellent closed-loop dynap@dormance.

2.6.FAULT TOLERANCE AND POST-FAULT MODULATION STRATEGIB

One of the benefits of multilevel multiphase drivesrelated to a higher number of possibilities floe drive
reconfiguration and development of post-fault operastrategies, when compared to three-phase driMeis is based
on electrical properties of stator windings and fhroduction conditions. As long as there are twdependent and
controllable currents, torque and speed controlpassible [Parsa (2005), Levi (2008)]. In areashsag aerospace, oil
and petrochemical industries and marine operatiankigh degree of reliability is required and soréasing fault
tolerance is a very important issue [Thorsen andd@ 995), Lezana et al. (2010)].

In [Thorsen and Dalva (1995)] it is shown that ssmductor or driver circuit failure is responsilide about 35%
of all faults in the case of two-level drives, axdihg their influence on bearing currents [Cheale{1996), Erdman et
al. (1996), Akin et al. (2008)]. Bearing this inndi it can be concluded that more complex invertaith more
switches, diodes and driver components, will hageeater share in the total number of drive fasure

In order to exploit the fault tolerance of multigleadrives, the first step is fault detection. ESa#y, the majority
of fault detection methods are based on currentvatidge measurements. Fortunately, the requiresiose are included
in most commercial drives. Over the last two desadeveral approaches have been developed anchiempied [Peuget
et al. (1998), de Araujo Ribeiro et al. (2003)].[Reuget et al. (1998)] fault detection is perfodne thea — S plane, by
observing current vectors, obtained by measuringdut of three stator currents in a two-level thpbase single-sided
drive. Fault identification of an open-switch, b line voltage measurement, is explained in4dujo Ribeiro et al.
(2003)]. Key points for voltage measurement arentband four methods are introduced, each capalfieutifdetection
in one fourth of the fundamental reference periGénerally, both short circuited and open switchlt§&agould be
considered as open leg faults. In both cases, gifotefuses will be activated, and switches will disconnected from
the dc supply, becoming, in essence, an open ldg fa

The second important topic is post-fault contraistfy, post-fault control strategies are develofmdthree-phase
drives. Drive reliability could be improved by addi one extra inverter leg and additional switchiesprder to
reconfigure the supply circuit, and replace thdtéalleg [de Araujo Ribeiro et al. (2004)]. In esse, the modulation
strategy remains the same, and only the drivingnad$g are rerouted after inverter reconfiguratiom inportant
consideration is the removal of the faulted legrfrthe system, by opening the two protection fuskihvare standard
part of every inverter leg.

In the case when one phase or inverter leg isdduit a multiphase drive, circuit reconfiguratismiot necessary.

With proper changes in modulation strategy, theeddan continue operation with reduced power. &tdbina et al.
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(2004)] post-fault modulation is derived and expenntally verified for a five phase single-sidedvdrilnitially, the case
when one phase is disconnected from the VSI isyaadland it is shown that current projection in firgt plane can

remain the same as during pre-fault operation, evpiiase currents are unbalanced. The solutionsisdban minimal

copper losses criterion, and torque productiorottaken into account. The same principle is usedhie case when two
phases are faulted. In both cases, the unchangethydted rotational transformation is used, haviwg planes for

control, with asymmetrical space vector distribntio

Post-fault modelling and control of a five-phasen@yonous machine is presented in [Ryu et al. (006
essence, this method treats the faulted machirenassymmetrical machine. The number of phases ualdq the
number of healthy phases. This way, the transfaomamatrix is changed, which suggests that in tmeof a five-phase
machine with one faulted phase, post-fault algarighould consider the system as a four-phase asyioat@rive. This
algorithm is reused again in [Guzman et al. (202d)jere the modelling method is used in conjunctidth a predictive
current control algorithm to achieve either miniroapper losses or maximal torque production.

Similar modelling methods are used for developiagtfault control techniques for seven-phase dring$ani et
al. (2012)]. Stator currents are measured and theéite vector representations are used for faudctien and
localization. Firstly, a general algorithm foqphase machine is derived, for fault detection post-fault operation. The
proposed method is then tested on a seven-phad@neagsing simulations and experiments, for casame and two
faulted phases.

Another interesting approach to modelling of fauftsnultiphase drives is presented in [Apsley anifligvhson
(2006)], where each stator winding is considereé agparate, concentrated winding, with its owntrdmution to the
overall magneto-motive force (MMF). The developeddel brings a more general approach and direcghnsif the
impact of a fault in stator windings on the MMFtdisution. At the same time, it enables the analygimore complex
faults, such as interphase short circuits, whilmdp@pplicable to an arbitrary number of phases.ofpan circuit fault
mitigation method, based on the usage of complete dnodel with additional constraints that effeety model zero
current in the faulted drive phase is proposedps[ey (2010)]. It is shown that instead of switapibetween two drive
models in order to examine fault conditions, oneg/mse PI controllers to force the current in fadilfghase to be zero,
which presents the open circuit fault. This wagoaplete machine model can be retained, even icdbe of multiple
faulted phases. The major advantage of this made#pproach is its applicability to the variouslfaonditions, while
so-called reduced-order models have to be develfipeshch case separately.

The majority of the reported research is basedhenassumption that an open phase fault takes piaeaning
that both the active semiconductor and its antldrmdiode are not conducting. This simplificatioannot be justified in
many cases and implementation of the proposed itigorequires additional hardware which should keduto
completely disconnect faulted drive phase fromdiheuitry. Recently, in [Guzman et al. (2015)] arabysis of the driver
and/or IGBT fault is provided, assuming healthydition of antiparallel diode. Compared to an opbage fault case, it
is shown that existence of freewheeling path ifdtéauphase can be treated as external system Ipatitum, which is
manifested in additional common mode voltage corapts) resulting in lower torque production and &ddal copper
losses.

The only known examples of fault strategies for altibevel open-end drive are presented in [Grardale
(2011a), Grandi et al. (2012)], where a six phgseneend machine with two three-phase windings @yaed. In both
papers a fault resulted in the loss of three-plvaserters. Three possible cases are compared enffbet al. (2011a)],

regarding a number of faulted inverters. Firstlysteaightforward operating regime is proposed, whgrthe faulted
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inverter is removed from the circuit using bypasgtches and the corresponding stator ends shartiitéd. This way,
one side of the three-phase winding will form awmlased neutral point, while the other one will remaonnected to a
functional inverter, if only one inverter on thainding is faulted. When two inverters are faultedy cases are possible;
both three-phase windings have one healthy supiife the other side is short circuited, or onee#iphase winding is
supplied using two healthy inverters, while theasgtwinding is completely non-operational. The gsialin [Grandi et
al. (2011a)] is undertaken from the standpoint @fv@r delivered to the machine, and the fault stieteare compared
from this point of view. The case when only oneeirter is faulted is analysed in more detail in [@&liset al. (2012)],
where two post-fault strategies are presented.fifétestrategy is to remove one more (healthy) rtefefrom the other
set of stator windings, in order to provide a bedah supply in single-sided manner. Unfortunatehys tapproach
removes all benefits of open-end winding, while bnge part of hardware is unused (healthy thresg@haverter and its
power source). The second strategy uses all theakhly inverters, which equally share the totalelpower. Loss of
one inverter in this case means that remaining exsn power units can operate with a reduced poatérg only in
order to provide a balanced supply of all machiimedimgs. Post-fault strategies for six-phase opmh-drives with dual
three-phase windings, supplied with four two-leinelerters, are summarised in [Grandi et al. (20[L¥)cording to the
number of faulted inverters, three cases are disismed, and drive performance is compared withttneaonditions.
Different solutions are proposed, regarding nundfdaulted inverters and number of three-phase inmdets that can
be used in post-fault operations.

A nine-phase permanent magnet machine with threseagehree-phase windings, supplied from three-lsvel
inverters, is analysed in [Ruba and Fodorean (J0E2)lt tolerant strategies are based on mixedviare and software
solutions, where an additional inverter leg is atitieeach inverter with the purpose of compensatifaylt in one of the
phases. A control algorithm for post-fault openatis developed for this case, without any extenstoomultiple faults,
that can take away several phases from the ninsepdéve.

So far, very little attention is paid to post-faglperation of multilevel inverters. Still, in [Leza et al. (2010)]
different topologies of multilevel inverters arevi@mved, from the point of view of post-fault reca@nfration strategies
and limitations for post-fault operations. Sevesgles of solutions are analysed, with and withaldi@onal power
components. It is also shown that the reliabilifyNd®®C inverters can be improved with the additidnacfew extra
components, like in the case of two-level invertdter example, the NPC inverter can become mor#-talerant,
without any oversizing of components, by replaaitegmping diodes with IGBTs with antiparallel diod@his provides
the possibility to reconfigure faulted inverter legd to continue operation with reduced power. tations of this kind
are very important for developing post-fault modiogla strategies. Other topologies are analysededls @HB is proven
to be the most convenient solution for applicatiortere fault-tolerant operation is required. Begmbssibilities for
cheap hardware solutions and protection measuhissjniverter type offers the possibility of faulbrapensation with
modification of control and modulation algorithnhore details about this can be found in [Lezana@rtiz (2009)].

From this review of research efforts related tdtfeasues in machine drives, it can be concluded fdwlt tolerant
control strategies for multiphase multilevel opewtalrives have not been developed so far. Howénaaring in mind
complexity of this research field, it is clear ththese topics should be covered in a separate, detaled study.
Therefore, this thesis considers only healthy apmraf the proposed topologies (in Chapters 3d @), and only a few
guidelines regarding possible post-fault strategiesprovided. Most of them are based on circaibméiguration using
only existing hardware, where one inverter (i.e hiealthy switches) can be used for star conneétionation, enabling

post-fault operation with a reduced number of \getéevels and overall power.
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2.7.SUMMARY

In this chapter, a review of the literature relevemthis research is given. All mentioned patebispks and
scientific papers are classified according to tyotogy of the drive in order to clearly follow tldevelopment area of
medium- and high-power drives. From that, it carphketlicted that interest in multilevel multiphageen-end drives will
increasingly grow in the future.

This research is focused on the modulation teckasigior open-end winding drives, made from five-ghas
induction machine and with inverters supplied wdtjual and unequal dc-link voltages. The influenfceverter voltage
source configuration in multilevel multiphase operd drives is the main focus. The most importamdifigs presented
in Sections 2.3, 2.4 and 2.5 are analysed. Theepted modulation strategies are extended to thpogeml drive
topologies in Chapters 3 and 4. Special attentsogiven to capacitor voltage balancing and powew fanalysis in
Chapter 5. Bulk and conditioning for one novel droonfiguration is analysed in Chapter 6. Basetherrecent progress
in this field, reported in this survey, it is cletat novel drive performance and modulation sgiete should be tested
within closed-loop control, which is nowadays inabie in industrial applications. This topic is eo&d in Chapter 7,

where several drive configurations and modulatiosaitsgies are tested under rotor field orientedrobn

22



Chapter 3

FIVE-PHASE OPEN-END WINDING DRIVES WITH
TWO TWO-LEVEL INVERTERS

3.1.INTRODUCTION

The simplest open-end winding topology is the dma employs two two-level inverters, used to supply
machine from two sides of its stator windings. Tdhive structure is referred in this thesis as 22W0B2L, illustrating its
configuration. In the literature review, presentedhe previous chapter, several publications altbist topology are
reported. The majority of the research efforts h&weused on three-phase drives with some recenticptibns
considering the multiphase case. Regardless ohtingber of phases, it has been demonstrated thsasithple OeW
configuration is able to provide multilevel phaseltage waveforms. The number of levels in the phasiage
waveforms depends not only on the modulation gisatbut also on the ratio between the two dc-liokages, used to
supply the two inverters.

The results in this chapter were presented in séeenference publications [Darijevic et al. (20}, 32arijevic et
al. (2013b), Jones et al. (2014), Darijevic et{2015a)] and one journal paper [Darijevic et aD1@)]. The aim of this
chapter is to provide a more general and unifyimgysis of 2L-OeW-2L drives, with the main focustbe influence of
the dc-link voltage ratio on the harmonic perforegof the drive. The topology is analysed in détathe next section,
using the so-called equivalent drive model for mMation algorithm development. Two different kindsoarrier based
(CB) pulse width modulation (PWM) methods are cdestd in this chapter.

Firstly, an attempt is made to adopt well-known B®/M methods for single-sided multilevel drives be 2L-
OeW-2L drive. It is explained why in this case th@ inverters cannot be treated separately, bierads a coupled
entity. It is demonstrated using simulation restifist this approach indeed leads to true multilewegput waveforms.
Unfortunately, this approach suffers from one draelh related to dead-time and simultaneous switclim the two
OeW sides. It is shown that this issue can be aigid) with modification of the modulation algorithidext, detailed
simulation results are used in order to determiirgedptimal dc-link voltage ratio, and experimemtgults for selected
cases are presented and discussed. The final séxtiedicated to so-called decoupled modulatioatesgies, which are

based on reference sharing algorithms.

3.2.MODELLING AND ANALYSIS OF THE TOPOLOGY

The topology under consideration is shown in Fid. & consists of two two-level voltage sourcedrters (VS|
and VS}), supplied from two dc voltage sourceéé{ and V4., respectively) and a five-phase open-end winding
machine.

In Fig. 3.1 each of the power switches is formethgisis a pair of one IGBT and one antiparallel diaghd is
referred to the rest of the text as IGBT+D struetdrhese semiconductors represent a current hiidinat two-quadrant

active switch, basic building block of any VSI. Bamverter leg comprises two IGBT+D, denoted in.FglL with
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subscript “up” and “dn”, indicating component ldoat (up or down). Active devices are denoted V@ and Sy for
j™ inverter { = 1 or 2) andk™ drive phasek=1, 2, 3, 4 or 5). Likewise, antiparallel diode® labelled withD gy and
Danje These labels will be used in the rest of the ymisl where conduction states and properties oivithail
components are of interest.

For modulation strategy development, voltage soimeerters are usually considered as PWM signallidievs,
where IGBT+D structure is treated as an ideal badional switch. In most of the cases, at leasthfanrd switching
applications, this approach seems to be suffici@ntlysis can be vastly simplified using switchisttes, which are
representing the one IGBT+D, rather than consigeeiach semiconductor independently. Let us defivitclsing state
Sk

* Skis equal to 1 if§,x0r Dypi is conducting. Disregarding voltage drops on semicictor device, inverter

leg voltagevy, measured with respectyg, is equal tdVy;.

*  Skis equal to 0 i§0r Dgnj is conducting. In this casey is equal to 0.

As known from VSI operation theory, the only tectally possible state in which previous definiticen® not
valid is when botlg,y andS;n are conducting at the same time. However, thig s$anot allowed, since it would result
in dc-link short circuit. In order to avoid thistigtion, one has to make sure that turn-off trarisa previously
conducting active switch is over, before compleragnactive switch in the same leg is turned on. 3ih@lest solution
is to introduce so-called dead time interval inmgasignals, during which both gating signadg. andgqny in Fig. 3.1)
are low. During dead time interval, leg voltagadletermined with conduction of antiparallel diodesich depends on
load current sign. Final phase voltage is formedvalsage potential difference of two inverters’ legltages and
common mode voltage (CMV). Therefore, phase voltageeform can be obtained using:

Vi = Vi = Vak T Viam (3.1)

where CMV is calculated as:

1&
Vi = Yz = Vi =EZ(V11< =Vy) (3.2)
k=1

This way, bothy and CMV are expressed as a function of contralabltages in the system — leg voltages of the
two inverters. Since both inverters can produce tifterent leg voltage values, 0 angg which correspond to
switching states 0 and 1, four different combinadiare possible, per phase. The drive analysibeduarther simplified
using so-called equivalent drive model, which repres one drive phase as shown in Fig. 3.2. Uhdeagsumption that
the two lower dc-link voltage potentials are eq(g) — v,1 = 0), one is able to derive exact phase voltageldethat
correspond with each of four switching combinatiassummarised in Table. 3.1.

Table 3.1 indicates that in the case of an openvending drive one has to consider both dc-linktage levels.

In order to generalise and simplify the analystslidk voltage ratia is introduced:

[ = (3.3)
Va2

while the overall dc-link voltage is defined with:

Ve =Vaa Ve (3.4)

In this study, only > 1 is considered, i.&/44 > Vye. Any other dc-link voltage ratio would be equivaevith the
case in which two inverters have swapped theirgdagnd due to drive symmetry (MSdnd VS} have identical
structure) this would again result in the same 2\MG2L structure and performance. Using new vargbiiata from

Table 3.1 can be given in the generalised forrm8&ble 3.2, where leg and phase voltages are tisedavith Vge.
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Fig. 3.1.Five-phase multilevel open-end winding drive witio two-level inverters (2L-OeW-2L structure).
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Fig. 3.2.Equivalent model of 2L-OeW-2L.

Table 3.1.Relationship between switching states, leg andehiabages.

N | Sk | Sx vy [V] Vo [V] Equivalentv [V]
1 1 1 Vdcl Vdc2 Vdcl_VdCZ

2 1 0 Vya 0 Vi1

3 0 1 0 Vdc2 _Vdc2

4 0 0 0 0 0

Table 3.2.Relationship between switching states, normaliegdahd phase voltages.

N Sk S Vlk/Vdc V2k/Vdc Equivalenl\/k/Vdc
[ 1] 1 O + 1) ¢ + 1) - Dt +1)
2 1 0 r/(r+1) 0 r/(r +1)

3 o 1 0 U(+ 1) “1f+ 1)

4 0 0 0 0 0

Analysis of Tables 3.1 and 3.2 yields several intgatrconclusions:

» Difference between minimal and maximal voltage Isve alwaysVya — (-Vae) = Vi HENce, if this inverter
structure is to be compared with a single-sidedtifauel drive, the dc-link voltages should be equal
However, dc-link voltages of individual inverters 2L-OeW-2L structure are lower th&fy, in the case of a
single-sided supply. This makes multilevel invedguctures based on OeW concept easier to prodiite,

regard to semiconductor module cost and countkbigovoltage limitations, capacitor bank cost aizes
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e Forr=1, 2L-OeW-2L drive can produce three voltageelsysince switching state combinations 1 and 4
(Table 3.2) result in the same voltage level. Hertbe 2L-OeW-2L drive with equal dc-link voltages
corresponds to a three-level single-sided machipplg. Available voltage levels are equidistanty#2, 0
andVy/2, with respect te,, in Fig. 3.1.

« Forr#1, the 2L-OeW-2L drive acts as a four-level drigence all switching states result in a different
voltage level.

e From all unequal dc-link voltage cases:(1), onlyr = 2 results in equidistant voltage level¥y#3, 0,Vy/3
and 2Vy/3. Only this case is fully comparable with singlded multilevel supplies, since they are usually
employing equidistant voltage levels.

e« Common mode voltage dc componenYis.: = (Vg — Vae)/2. This voltage potential is always in the middle
between minimal and maximal voltage level.

The imposing question from the previous analysisMsat is the optimal value of paramet& One approach,
based on the analysis of drive harmonic performa&hased in the two following sections, where cedphnd decoupled
modulation methods are introduced for the 2L-OeWdBikze.

So far, it has been demonstrated that the 2L-OeWstRlicture is equivalent to some single-sided ekl
topologies. From that point of view, it seems naftdhat well-known modulation methods, used for titavel drives,
can be applied to the open-end winding topology.alksady stated in the introduction, modern driuesally employ
CB or SV PWM for inverter control. Previous reséaresults showed that CB PWM can achieve the sawel bf
harmonic performance and dc-link voltage utilisatés the SV PWM methods. On the other hand, iémahstrated that
CB methods are computationally less demanding [Bdrdet al. (2013)]. Namely, regardless of the nemiif phases
and number of voltage levels, the final PWM sigisadlways formed using simple reference comparisith a carrier
signal. On the contrary, complexity of SV methodgpidly rises with an increment of number of theverphases or
voltage levels. Hence, in this research only CB P\Wikthods are analysed in detail. Space vectorsmyeused to
visualise the influence af on drive performance and capabilities. In Fig., 3f%ce vectors generated by two VSiIs, for
different values of, are shown. Resulting phase voltage space veaterdepicted in Fig. 3.4. Space vectors in the two

planes are determined with:

Va-p = (2/ 5)[(V1 +all,+a’ Wy +a’mv, +a’ B’s) (3.5)
Viy = (2/5)E(V1 +a’, +a' vy +a® v, +a° Ij/5)
wherea =€*™® |n this casej stands for imaginary unit? = —1. Sincevpn (1 +a+a?+a°+a*) = 0, using (3.5) one

gets:

Vo-5 = Va-p anzzay ~Vo-g (2122232425 3.6)
Viey TVxy auaiaay ~ Y-y (122232425

In (3.6) the two space vectors on the right-haddsbf the two equations are corresponding volspgee vectors
of the five-phase two-level VSIs. Each two-levekfiphase inverter can produce 31 unique vectoreflet al. (2010)].
Since the drive comprises two two-level five-phaserters, the overall number of switching stagegi 2° = 1024.

In the case of a three-level drive<(1), both VS| and VS} produce the same space voltage vectors (Fig..3.3a)
From the overall number of switching states, orlly-Z = 211 produce unique voltages, which is equathéortumber of
available phase voltage space vectors [Levi €RlL2)]. The overall number of available magnitude$8, as shown in
the £ and the 8 sector in Fig. 3.4a, where radial and circulaesircorresponding to each unique vector are used to

indicate the plane coverage. From this point ofwig can be concluded that vectors are uniforniggributed.
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Fig. 3.3.Leg voltage space vectors of two inverters obthinih: r = 1 (a),r = 1.5 (b),r =2 (c),r = 4 (d).

In the case of a four-level drive, there afe-&° = 781 unique space vectors. Witk 1.5 and 4, there are 61
different space vectors magnitudes, whike 2 provides 51 unique magnitudes. With 1.5 some of the produced leg
space vectors of Vghnd VS} have approximately the same amplitude and positaa to small difference in their dc-
link voltages. Hence, resulting space vectors aveged together, which eliminates the expected fiisrfeom a larger
number of available space vectors, when compar#drwi 2. In Fig. 3.4d one can observe a different lohdlustering
— in this case phase voltage space vectors ardyctiistributed around space vectors produced WiBh, which has 4
times higher dc-link voltage then \,SIThis seems to be a more promising case thaf.5, since the space vectors are
uniformly distributed at least in the inner partio¢ plane.

Due to the increased number of phases, in ord&dljoutilise the benefits of the proposed topolpgype has to
develop a far more complex space vector algorittam those proposed for the three-phase OeW drivelementation
of such an algorithm is demanding regarding contfmutatime, as shown in [Dordevic et al. (2013a)Hdditionally,
since the distribution of space vectors is higldpehdent om, different SV algorithms should be developed fiffiedent
dc-link voltage ratios. With CB PWM however, thereascheme can be applied regardless @his conclusion comes
from Table 3.2, which shows that the distance bebaminimal and maximal normalised voltage levelligays equal to
1, while the two inner voltage level positions dependent on. Since the distances between voltage levels défiae
amplitudes of carrier signals for level shifted LGB PWM methods, it is clear that information abtiue dc-link
voltage ratio is naturally incorporated in the C®&M algorithm. Keeping this in mind, one is abledevelop a universal
algorithm, which can be applied to any 2L-OeW-2ivey regardless of the number of phases and dcvidtiage ratio.
Other CB PWM methods, such as those with phaséshdarriers, are not in the scope of this reseaicite it was
proven in earlier research efforts that the mostmsing of them are equivalent with some LS CB PWidthods
[Wilamowski and Irwin (2011)].
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3.3.COUPLED CARRIER BASED MODULATION METHODS

3.3.1.PRELIMINARY ANALYSIS

As already stated, one of the major advantages/of\@r CB PWM is better dc-link voltage utilisatioRecent
studies have shown that the same maximal utilisatian be achieved with CB PWM as well, by adding Zero-

sequence injection to the sinusoidal leg voltadereace signals [Levi et al. (2008)], calculated as

Vinj = Eﬂvm.n Vinax) (3.7)
wherevmax and vy, stand for the maximum and minimum value, respelgtivof the normalised sinusoidal phase voltage

references. The final phase voltage referencespfem-loop constaM/f control are generated using the following expogssi

Vi (1) = Rpeer + M Bln(M L, Eﬂ——[lk)+v (3.8)
In the case of the five-phase machlne, dc-link agit utilisation increased using (3.8) NMp,ax= 1/cosf/10) = 1.05.
Modulation indexM in (3.8) is defined as a ratio between the refegemmplitude and®/y/2. Equation (3.8) provides
phase voltage references fd@if control, since sine wave amplitude is normaliseth Wi, as is the nominal angular
frequencyw, = 2-f,, wheref, is nominal machine frequency. The phase shifBiB)(is 2k-z/5 for thek™ drive phase.
In this research, only range 0.1Wk< 1 is analysed, mainly because of the practicalstaints related to dead-time
effects. Here, only linear modulation range is gs@dl, while voltage boost in low modulation inderge is neglected.
The second important part of any CB PWM method bigraent is defining the carriers’ disposition. stwell
known that the number of carrier signals for LS hoés is always equal to the overall number of gatievels minus
one. Hence, a three-level inverter requires twoi@asignals, while any four-level inverter empldizsee carriers, and so
on. The situation is the same for OeW drives. R teason the whole drive structure can be coreidas a coupled

entity, meaning that the overall number of voltégeels and their values are the only parametettsdizrmine carrier
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signal disposition and amplitude. In other wordsca development of CB PWM strategies for singtiedi multilevel
drives always considers all possible switchingestatmbinations that can be obtained in one driasghthe same rule
must be used for OeW drives, in order to obtaimiidal waveforms. Previous research results abooadiutation
strategies for multilevel inverters show that syrmnel carrier dispositions result in optimal hamo performance

[Holmes and Lipo (2003)]. This narrows down therallenumber of possible carrier arrangements to:

e« CB PWM with carriers in phase disposition (PD).

* CB PWM with carriers in alternate phase opposigpadsition (APOD).

Carriers for four different values ofare shown in Figs. 3.5 (PD PWM) and 3.6 (APOD PWNhese cases
correspond to space vector distributions in Fi§. &xd 3.4. Table 3.2 shows that 2L-OeW-2L drive opgrate as a
three- or four-level inverter, depending on thelidk-voltage ratios. Before complete derivation tbé modulation

algorithm, it is beneficial to analyse Figs. 3.8;3o0gether with data in Tables 3.1 and 3.2:

» Carriers divide the overall phase voltage co-donmatim several so-called reference zones. Their rmurithequal
to the number of carriers.

* The distance between two inner voltage levelsapgrtional tor and so the middle carrier amplitud®, (n Figs.
3.5 and 3.6 b, ¢ and d) becomes higher with incremfr.

« Data from Table 3.2 suggests tlatamplitude is equal to the difference between thirk voltages, normalised
by the overall dc-link voltageV{ — Vye)/Vq.. Clearly, extreme values ofwill lead to higher disproportion in
carrier amplitudes. This is valid for two casesgwlvalue of is very close to 1 and much higher than 2.

» For some values dfl, the complete phase voltage reference will bequldn the middle reference zone during
one complete fundamental period. This means thaD@W-2L drive will act as a two-level drive, sinorly two
inner voltage levels can be triggered whgris compared wittC,. For an arbitrary value af> 1, as long as
M < Mmax(r — 1)/ + 1), two-level operation will take place. Clearfpr r >> 2, the drive will operate as two-
level for a wide modulation index range.

Disproportion of carrier amplitudes leads to highipple content during one fundamental period, siagailable
voltage levels are either very close or very famfrthe instantaneous reference value. In thesatisins, dead-time
effects are increased as well, since the final datyp will be close to O or 1. This has a similapact on harmonic
performance as clustering of the phase voltageespactors in Fig. 3.4 and in [Corzine et al. (1999)

Based on the previous analysis, it can be conclubat only dc-link voltage ratios around=1 and 2 are
promising, regarding harmonic content of produckdse voltages. However, in order to fully invedtgahat is/are the
most suitable values af one has to include other parameters, such as-tadeadeffects on low-order harmonics.
Regardless of the chosen carrier arrangement, asdchderive the relations between reference casgramwith the
carriers and actual switching states. As known fl@Bntheory, reference comparison with each of tier signals is
associated with logical variables, which have thki@ of logical high if the reference instantaneweaisie is bigger than
the carrier instantaneous value, otherwise comparisturns logical low. Let us define for this posp logical variables

Ax, Which correspond witk" phase voltage reference comparison whtharrier signal (Figs. 3.5 and 3.6):

(3.9)

Aﬁ{l if v, >C

0 if w<C
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The next stage in the modulation strategy develaprgeto establish a relationship betwegnand the desired
switching states that should be triggered4&gr= 0 andAy = 1. In general, this should be done for each I&BPair in
the circuit. Due to the complementary nature oftsgs in each leg, it is sufficient to establislatiens betweeny, and

Sk The final step is to implement dead-time, in orteobtain gating signaffjx andgnj from Sg.

3.3.2.CB PWM FOR THE EQUAL DC-LINK VOLTAGE CASE

Firstly, let us analyse the simplest case, wheh boterters are supplied with equal dc-link voltadge= 1). The
equivalent model in Fig. 3.2, Tables 3.1 and 3t earrier arrangements in Figs. 3.5a and 3.6z atglithat reference
comparison wittC, provides switching state for VSwhile VS is modulated wittC,. The control diagram is shown in
Fig. 3.7.
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Fig. 3.7.Coupled CB PWM algorithm for the three-level opiemrawith 2L-OeW-2L drive I = 1).

The relation betweef, andS, can be expressed as:
Si = Ak

%k = sz
As a direct consequence of equal dc-link voltageshis case two VSIs never operate at the same itiniPWM

(3.10)

mode. This is an important conclusion, based orfabethat the reference cannot belong to two ezfee zones at the
same time, while (3.10) separates two invertersragion. Detailed analysis of this case can beddnr{Bodo (2013),

Bodo et al. (2013b)]. VSland VS} operation is summarised in Table 3.3, where tePWHK” is used to indicate that
inverter is modulated, according to reference catapa with a carrier signal. Otherwise the VSI it leg output at

the same voltage level during one half of the funelatal period and operates in PWM mode for theakttte time.

Table 3.3.Operation of two VSiIs vs. reference zonerfer1.

Reference zone)( Range in Figs. 3.5 and 3.6. \{Blperation VS] operation
1 0to 1/2 PWM holds 0
2 1/2t0 1 holds 0 PWM

3.3.3.CB PWM FOR THE UNEQUAL DC-LINK VOLTAGES CASE

Development of the modulation strategy for 2L-OeW-®ith unequal dc-link voltages is somewhat more
complex. Namely, it is clear that four voltage lsveannot be directly produced, using two two-lewrslerters
separately. Carrier arrangements and equivalentehaaalysis shows that two inner voltage levels farened as a
voltage difference between V;Sand VS} upper and lower dc-link rails. This means that &iaysition between these
two voltage levels has to be performed by simubbaisePWM switching of the inverters (in correspoigdiegs attached
to the same phase). Switching in two other (outfgrence zones is performed using only one inkeate summarised
in Table 3.4.

Table 3.4.Operation of two VSiIs vs. reference zonerfor1l.

Reference zone)( Range in Figs. 3.5 and 3.6. \{®lperation VS] operation
1 0 tor/(r + 1) holds 0 PWM
2 r/(r + 1) tor/(r + 1) PWM PWM
3 r/r+1)tol hold8/4 PWM

Clearly, as in any carrier based modulation stygtegference comparison with carrier signals presid
information about the switching states that shdoddriggered. In this case however, there are ttmesger signals, while
both VS and VS} contain only one complementary IGBT+D pair peveiphase. Hence, the question is how to use the

obtainedAy in order to calculat&,. One approach is to consider the system as a ocatidmal network, withd as
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inputs andSy as outputs. All possible combinations are sumradrig Table 3.5. Cases which are not possible are
eliminated from the analysis (denoted with “X” —ndtocare state). Those combinationsfgf signals never occur, since
phase voltage reference cannot be smaller @aand higher the; at the same time. For the remaining combinations,
the desired equivalent phase voltage level is deted based on Figs. 3.5 and 3.6. Further caloulgtof desired leg
voltages and required switching states are obtaiisaty the data in Table 3.2 and equivalent modalyais. The final
step is to determine the mathematical expressiahdbnnectsh and switching state§y. Following the rules from
Boolean algebra, where truth tables are commonbdudJable 3.5 is transformed into two separatehtiables
(Karnaugh's maps), each for one switching statdlgsa3.6 and 3.7). The simplest method for obtgisinrmathematical
expression from the truth table is to use Karnaogtp analysis. Using the well-known rules for detiom of a truth

function (sums of products or product of sums), isreble to obtain the following expressions:

Sik = A

- _ (3.11)
Sok = Ak + Ay [Ask
Table 3.5.CB PWM for 2L-OeW-2L four-level operation in statechine form.
Inputs Resulting voltages Resulting switching state
Ay | Ag | Ag Vi Vi Vi Si Sy
ol o] o0 Vi 0 Vi 0 1
0 0 1 X X X X X
0 1 0 X X X X X
0 1 1 X X X X X
1 0 0 0 0 0 0 0
1 0 1 X X X X X
1 1 0 Vdcl _Vdc2 Vdcl Vdc2 1 1
1 1 1 Vet Vi1 0 1 0
Table 3.6.Karnaugh map foBy. Table 3.7.Karnaugh map foBy.
Ahx 9o 01 11 10 AP 90 01 11 10
Alk Alk
0 0 X |[X X) 0 (1 X X X

1 0 X|1 1| 1 0 X Oill

As expected, the obtained expressions are in agmewith Table 3.4, which is not used for (3.11}ikgion.
The final modulation diagram is shown in Fig. 3ternatively, one is able to use only one inveiterthe case of
M < Mpaf/2 forr =1 and forM < M. (r — 1)/¢ + 1) withr > 1. The algorithm is presented in Fig. 3.9. lasth cases,
VSI, effectively forms a star connection on its sidehaf windings, while VSlworks in PWM mode. This modification
of modulation strategy for low modulation index ganis not necessary for the three-level operasmte two inverters
never operate at the same time as demonstratdafunt subsection 3.3.7. This effectively reducsiching losses, by
reducing the overall number of switching actions gee switching period when the drive operatesnio-tevel mode.
Therefore, this kind of modulation is called switah action reduction (SAR) algorithm. It should bembined with
strategies in Figs. 3.7 and 3.8, which comes dana simplef-then-elsestatement based on the instantaneous value of
M.
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3.3.4.SIMULATION RESULTS

The

usingr = 2,

coupled carrier based modulation approach wattyfanalysed and verified in [Darijevic et aR0{l3a)],

for both PD and APOD PWM, including the SABaxithm. The simulation results were obtained gdime

parameters and setup from Appendix 1, but with@atddtime. It was later discovered that coupled @BV methods

for unequa
and the in

Simulation

| dc-link voltages are accompanied witk drawback, which is a direct consequence of the dopology
evitable inverter dead-time [Darijevic at (2013b), Darijevic et al. (2015a), Darijevit &. (2016)].

results, including inverter dead-time6ofis, for three values ofwhenM = 1 are shown in Figs. 3.10 and

3.11 for PD and APOD PWM, respectively. To aid itjathere, as well as in the rest of the thesisyef@ams are shown
for one fundamental period, when machine is undetoad. Waveforms are starting at the maximum ef phase

voltage waveform which corresponds with a cosingsphvoltage reference.
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Fig. 3.10.Simulation results: conventional PD PWM fdr= 1 andr =1 (a),r = 2 (b),r = 4 (c).
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Clearly, the produced phase voltage waveforms anéilevel in nature. However, it is also easy tdio® some
unexpected transitions in the middle part of thagghvoltage waveforms (around zero crossings). giemnomenon is

discussed in the next subsection.

3.3.5.DEAD-TIME SPIKES

Table 3.4 shows that VSland VS} operate in the PWM mode in the reference zone r2rfel. This
characteristic of the proposed modulation methadideto the existence of an additional voltage |ewklen compared
with the equal dc-link voltage case (Table 3.3gdtly the transition between two inner voltage Ig\ve only possible
with simultaneous switching action on both sidethefwindings. This is incorporated in CB PWM algon in Fig. 3.8
and equation (3.11), since the same valuéRfis used for calculating botS, and S,. Since conventional PWM
strategies do not take dead-time into account, tiéans that simultaneous switching will take plagith dead-time
intervals in two VSiIs taking place at the same fiinethe same drive phase [Darijevic et al. (201.3bhere are two
switching actions per one switching period andwo $o-called dead-time spikes will occur in eachitahving period
(per drive phase). This phenomenon occurs only vthemphase voltage reference is in the zone 2.(Bi§sand 3.6) and
leads to the voltage spikes visible in Figs. 3.8 8.11. As known from the inverter operation tlye®Sls output (leg)
voltages are determined by the load current whiotvs through antiparallel diodes during dead-timeeiivals. As a

result, there are two possible outcomes:

e Case 1: The phase voltage during the dead timevalteakes a value equal to one of the two voltiegels
between which the transition is to be done.
e Case 2: The phase voltage during the dead timevaiteakes a value which is different from bothtiadiand

final voltage levels between which the transitisria be done.

As far as single-sided supplied drives are conakronrly case 1 is possible. For example, in a feuel neutral
point clamped (NPC) inverter [Perantzakis et &@0@)], only one complementary switch pair in thg Véll change state
during transition between adjacent leg voltage Il&v@n the other hand, in the OeW drive, the phadage is formed
as the difference of the corresponding leg voltagfeéke two inverters. Case 1 will occur when tiios from one phase
voltage level to the adjacent voltage level is ¢oalscomplished by switching one inverter only, whhe leg voltage of

the second inverter in that phase remains unchaiybén leg voltages in both inverters must be chdrig order to

34



Chapter 3

Coupled carrier based modulation methods

make phase voltage transition between adjacentislewase 2 will take place. Obviously, investigatiof this

phenomenon cannot be based on the analysis of IGBsMitching states since the actions of all sentcmtor devices

must be taken into account. Two examples of theedsehaviour in reference zone 2 are depictedgn3-i2, for positive

and negative phase current. These results arenetithy simulation for PD PWM amd= 2 [Darijevic et al. (2013b)].

Analysis from [Darijevic et al. (2013b)] is geneasald in this subsection and can be applied for deyink

voltage ratio, for both PD and APOD PWM. The softevaolution for this problem, originally proposed[Darijevic et

al. (2013b)], is extended here as well, for anteaby value of.

In Fig. 3.12, semiconductor states are shown ferfitst drive phasek(= 1), during then™ switching period

(Ts=500 us), for the phase voltage reference in 2om®r the purpose of demonstration, dead-tinsetigoty; = 15 ps.

Semiconductor states are marked with 1 when theesponding power transistor or diode conducts;ratise they are

equal to 0. The reference signal is sampled ab&igénning of each switching period.

Let us first determine the antiparallel diode sateiring this switching period. In the case of rizgaphase

current (Fig. 3.12a), diodd3,,;; andDgrpq Will conduct in periods when phase current carfioot through the switches,

while diodesDgn1 and Dyg; Will be turned off. In the time instant= (n— 1) Ts, S;;1 and S,z1 should be turned on,

which will result in an equivalent phase voltage(iof 1)/(r + 1}V However, since curremt has the negative sign,

Sip1 Will not conduct. Instead, antiparallel diobgy,; will be turned on. Complementary transist@g, andSy; are in

off state.
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Chapter 3 Coupled carrier based modulation methods

This continues untit = t,, when the first transition occurs (reference isgets with the carrier's rising edge). The
equivalent voltage should change fromr #(1)}Vy to 0 att,, however the dead-time interval will start in botiverter
legs. The end of the dead-time interval takes pkcg +ty.. Clearly, phase voltage during interugl will not be
determined by the switches in this phase, but whhse current sign, which means that diodgg,; and Dy will
conduct and the equivalent voltage level will id¢ + 1}V, The consequence of this transition is a spik@hase
voltage, as shown in Fig. 3.12a. Other transitiortbe phase voltage are consequence of CMV inflegequation (3.1).

Similarly, at the time instant determined with 8econd reference intersection with carrier sighaltf), another
dead-time spike will occur, with the same directaond amplitude. It is clear that phase currentdifisrent slope (ddt)
for ty <t < (t, +t4) andt, <t < (t, +tyy), which amplifies the detrimental dead-time infige on the phase current low-
order harmonics. The same analysis can be applieithe positive phase current case, shown in FIRIB.The only
difference is that spikes are in this case in therodirection, due to conduction of different patiallel diodes.

In general, as long as the switching actions ohb&BIs are determined with the same intersectiothefphase
voltage reference and carri€,, unwanted voltage levels will be triggered duridgad time intervals. Recurrence,
duration and shape of so-called dead-time spikesiatermined not only by dead-time duration, bsib alithr, M, and
dynamic characteristics of IGBT+D structures andbdrer circuits. This issue has a greater signifieaior high-power
applications, where dead-time intervals are usualtg, due to slower dynamic performance of sendcator devices
aimed for high currents and voltages. The consempsenf dead-time spikes are increased harmoniatoil of both
phase voltages and currents and increased acowssie. Finally, the additional voltage transitiomd#l bring additional
switching losses and unnecessary ripple in commodenvoltage, which is essential to be kept low, thudearing
currents and other parasitic effects that haveirdetital impact on the drives’ performance. In otherds, this
phenomenon clearly diminishes the expected perfocmén the case of the four-level OeW drive.

It is easy to conclude from the previous analyls& tead-time spikes are naturally eliminatedMox M. (r —
1)/(r + 1), since only two-level operation takes plasbjch can be utilised using only the VSI with tlwaver dc-link
voltage. If both inverters are employed in this modead-time spikes will appear at every switchinggant during one
fundamental period. In the four-level mode, appeeeaof dead-time spikes is inversely proportiomaM, since the
reference is less present in the zone 2 for higakres ofM (during one fundamental period).

The per-unit amplitude of the dead-time spikedwsags equal ta/(r + 1), which is the height of reference zones
1 and 3. This conclusion comes from the analysitheftriggered voltage levels: instead of switchiliiggctly between
two inner levels, simultaneous gating signals &iggne of the other two levels during dead timeidWlunwanted level
is going to be triggered depends on the phase rtusign, i.e. conduction of antiparallel diodes.g&ther with the
previous analysis of the influence Mfon dead-time spikes occurrence, this leads tchanatnportant conclusion: dead-
time spike amplitude is inversely proportionalrtobut their occurrence during one fundamental geito four-level
operation mode is directly proportionalrto

The previous analysis shows that there is no igdehle ofr > 1, which will lead to elimination of this issue.
Hence, the problem has to be solved by modificatibthe modulation strategy. In what follows, theposed solution
in [Darijevic et al. (2013b)] is extended for arisitary dc-link voltage ratio. Essentially, thisige stems from the fact
that CB PWM methods use the same phase voltageenete forA; calculation (3.9), which are later used in (3.1d) t
obtain S, and Sy Looking at Fig. 3.12, it is clear that the prahleomes from the fact that final gating signals are
synchronised, instead of leg voltage transitiomsandv,). One solution to this problem is to shift the ®hing instants

of one VSI by the dead-time interval, in order ymchronise transitions afy andv,. This can be achieved by addition
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or subtraction of a small reference offs&t); in order to shift in time the reference intetgat with carrier signal for
one dead-time duration. This should be done foy onke VSI. Hence, two references are needed amdcheaparison

with C, should give two different values &§, which should be later used in (3.11). Fig. 3.b8vés one example of
phase voltage reference and car@gintersection that can be used in order to deterrin Analysis of similar triangles
in Fig. 3.13 reveals the proportion:

Av:ity, = (i_riﬂj :T7S (3.12)

Using Ts = 1f5, above expression can be written as:
Av=20Fg Oy, E-Tr% (3.13)

The complete so-called spike removal algorithm ($RA depicted in Fig. 3.14. This algorithm has t® b
incorporated within CB PWM shown in Fig. 3.8, usitig, andAv, from Fig. 3.14, as shown in Fig. 3.15. Simulation
results that demonstrate the effectiveness of thpgsed method are shown in Figs. 3.16 and 3.1fhoAgh this is
probably the simplest compensation method for dead-spikes, it requires a different switching altfon in the first
and the second half of the switching peried

* FornTs<t<(n+0.5)Ts and iy > 0, the reference will be increased Ay in the case of VS| while
switching of the VS]should be governed with the original referencei@al

* For n+0.5)Ts<t<(n+ 1)Ts andiy> 0, reference for VSIshould remain unchanged, while switching of
the VSh should be determined with the reference valueaedibyAv.

e FornTs<t<(n+ 0.5)Tsandix <0, only reference for V$khould be reduced k.

* For(h+0.5)Ts<t<(n+ 1)Tsandiy< 0, only reference for Vgkhould be increased k.

As a result of SRA implementation, dead-time indédsvwill never coincide in the legs of two VSis titae
associated to the same phase, as shown in Fig.f8rliBe same switching period as in Fig. 3.12,fouPD with SRA.
Looking from the load perspective, this modificatidoubles the effective duration of dead-time, mparison to the
original PD PWM, but only in zone 2, as is visililem comparison of Figs. 3.12 and 3.18. This mehasthe diodes

will conduct for twice longer period and will eithbold the existing voltage level or switch to thext level, as in the

case 1.
A rtl |
1 ; =1 >
PWM | —
counter >
1
r—1 |
A ——— —
- PWM timer [0.5"_|
reference 0 T X
anfi | — Avyy,
carrier : 2 O——
r—14 ! : i w' i ><
0 7, Ts/2 Ts —
Fig. 3.13.Determination ofAv for SRA X
implementation, based on phase voltage refererte an a
carrier intersection in zone 2. The reference msad _ Avyy,
at the beginning of switching period, denoted for X
simplicity witht = 0. The dead time interval length has a
been exaggerated for clearer geometrical repretsamta Fig. 3.14.SRA algorithm for 2L-OeW-2L drive.
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As reported in [Darijevic et al. (2013b)] SRA leadssome cases to a small increase in phase curtéDtfor

certain modulation index values, due to the momaidant effect of dead-time duration in referenceez@ (the effective
dead-time is increased due to the SRA). Hence, RIMPRwith SRA results in somewhat larger low-ordernrent

harmonic amplitudes for modulation indices arowhé 0.5. This does not represent a huge drawbanke sinodern

drives are usually controlled in a closed-loop nenwhere current controllers are used to supredssired harmonics,

as discussed in Chapter 7.

five-phase
sinewave
generator

"
A?k:

dead-time

@—0 Gup2k
o @—0 Gdn2k

Slk @—Oguplk
\_+;:@—Ogdnlk

dead-time

A ~o.
[

&

Fig. 3.15.Coupled CB PWM with SRA for the four-level opeaatifor 2L-OeW-2L drive.
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a) PD PWM with SRA, f0|i1<0 b) PD PWM with SRA, f0|il>0
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Fig. 3.18.Simulation waveforms for onk showing SRA effects on gating signals and deaé-8pike
elimination in the case of PD PWM with= 2,M = 1 with SRA: for negative (a) and positive (bjaph current.

Experimental verification shown in Fig. 3.19 rexeeabme other issues. Details about experiment#loation
and laboratory setup can be found in Appendix 2his case, open-loop control a¥iif = const rule is applied, while
machine is under no load. Due to imperfect matchisaf/fall slopes on two OeW sides, since IGBTs antiparallel
diodes have different dynamic responses, it istmalty impossible to perfectly match and syncheenleg voltage
transitions. Nevertheless, influence of this stepike in Fig. 3.19b on the phase current slope ushrshorter and
with a lower amplitude than in the case of Fig.98.1Furthermore, it is clear that for some valueMpr and phase
angles between phase voltage and phase currerste ghiarent sign is of interest when current is elwszero, which
makes SRA implementation less certain, due to itnédtions of current sensors. This can be partlgroome by
using SAR for two-level operation, but in the casfefour-level operation only hardware improvemenurgent

measurement precision) can eliminate this issue.
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a) PD PWM without SRA b) PD PWM with SRA
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2 in the case af= 2,M = 1 with PD PWM (a) and PD PWM with SRA (b).

3.3.6.INFLUENCE OF THE DC-LINK VOLTAGE RATIO ON DRIVE HARMONIC PERFORMANCE

The previous analysis provided several importanchgions regarding the dc-link voltage ratio iefice on the
performance of the drive. However, it is very handdetermine the optimal value offrom the simple analysis of
waveform shapes in time domain or the space vefitribution. From that point of view, it seemsural to analyse
drive harmonic performance, i.e. stator voltage stador current harmonic content, for differentlidé- voltage ratios.
Having in mind that two different modulation strgites are under consideration, while bMhandr parameters should
be varied over a wide range of values, it is cthat detailed numerical simulation is the only viayrovide a complete
picture. Harmonic performance againss evaluated using the simulation set-up and parars from Appendix 1. The
drive is controlled in the open-loop manner, usitig= const rule as in (3.8), Whil®yxse;is 0.5. For both PD and APOD
PWM, the complete range f is covered, starting from 0.1 to 1.05, with 0.8&ps. This is done for different values of
dc-link voltage ratio values, in the range frono4t with 0.1 steps. Recordings of steady state@kaltages and phase

currents are then used for total harmonic distor(ibHD) calculation, based on the following equatio

K X‘2

THD= Y ZL (3.14)
—' X
i=2 1

whereX; is the rms value of th&' harmonic, the fundamental is denoted WithandK is set to 5000. The same set of
simulation results is obtained for modified CB PWihich uses SAR and SRA. THD dependencedoifior several

different values of are depicted in Fig. 3.20.
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a) PD PWM b) APOD PWM
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Fig. 3.20.Simulation results: phase voltage and phase dufieéB®(M) for conventional PD and APOD (a, b) and with
SAR and SRA (c, d), with different dc-link voltaggios.

Although all phase voltage THBK) have the same trend, the influence of dead-timéow-order harmonics in
phase current spectra is different. For example, thiree-level case with conventional APOD has thst lzurrent
harmonic performance (Fig. 3.20b) only becauseettae no dead-time spikes for 1. This is also the case with
conventional PD PWM, for low modulation index range expected, large value ofleads to an overall increment of
harmonic distortion in the phase voltage, espegcialt low modulation index values, where the droperates in two-
level mode. Clearly, PD has superior harmonic perémce. However, simulation results in Figs. 3.8 8.17 show
that APOD has lower common mode voltage ac compsnerhich might be of interest for high-voltage Bggtions,
where bearing currents and similar isolation issuresof the particular importance.

Furthermore, while an arbitrary dc-link voltageisatan be obtained using dc-dc converters, a singgproach,
suitable for traction applications and electricietds is to use battery packs (with an integratelidage regulation). This
limits the number of possible dc-link voltage ratiand probably the two simplest to produceMaggVye = 1:1 and 2:1
(i,e.r=1and 2).

3.3.7.EXPERIMENTAL RESULTS FOR THE THREE-LEVEL CONFIGURADN

The three-level drive configuration (with= 1) is experimentally evaluated here using theluration algorithm
developed in Section 3.3.2. For the sake of easiemparison with results in [Bodo et al. (2013)]e ttkame drive
parameters are used, ¥4y =Vye =300V, switching frequency of two inverters ist g0 fs= 2 kHz, while both

inverters have hardware implemented dead-time, jo§.6More details about the experimental set-uptmafound in
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Appendix 2. Obtained waveforms, ff = 0.2, 0.5 and 1 are shown in Figs. 3.21 for PDMPANd 3.22 for APOD
PWM. The oscilloscope screen shot shows, from topdttom, the VSIleg voltagev,; (CH1), VSI leg voltagev;;
(CH2), machine phase voltage (CH3) and the stator current (CH4). Obtained waveforms are identical with those
presented in [Bodo et al. (2013)]. Looking at thg Woltages it can be seen that the two inverteremswitch at the
same time, while the phase-voltage is indeed idahto the one produced using a three-level sisgled supply [Bodo
et al. (2012)].

As already stated, the open-end winding structffier®a possibility to use only one of the two irtees under
certain operating conditions. In the case of1, this operation mode is possible fdr< M,,{2. This way the topology
is effectively transformed from a three-level inegrwith V4. = 600 V to a two-level inverter withly. = 300 V. In this
case, only one carrier from Fig. 3.5a and 3.6alshioel used. This can be achieved by changindrihg;value from 1/2
to 1/4 so that the reference will be completelycpthin reference zone 1, intersecting with only cawgier signal. Using
the same set of equations g andS,, VSI; will operate in PWM mode, while Vgill form a star connection on its
side of the windings. The perceived advantage isfdperating regime is that the switching losseshalved (since only
one inverter is switching) and the switching harimsrare reduced since the phase voltage is obtaisid) dc-link
voltage of 300 V rather than 600 V. This mode ofmgion is not further investigated here; instetd#, method
explained in subsection 3.3.2 is favoured, for seaghat will be given later.

The waveforms in Figs. 3.21 and 3.22 show that;\A8H VS} never work in PWM mode at the same time, so
the modification mentioned above does not seenetadbeneficial. On the contrary, it reduces theral number of
voltage levels, leading to a lower harmonic perfange. Furthermore, the total number of switchingnéw is the same
and, by extension, so are the switching lossesséPhaltage and phase current spectra are showigsn 323 and 3.24,
covering the first two sidebands centred aroundsthigching frequencyf§ = 2kHz); in the top right corner rms values of
the first ten low-order harmonics are shown. Cgroesling THDM) dependencies are shown in Fig. 3.25. THD is

calculated using (3.14), for modulation index ramggirom 0.1 to 1.05 in 0.05 increments.
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Comparison with the waveforms from [Bodo et al.12)) confirms that the proposed modulation schernta w
equation (3.10) and Fig. 3.7 results in the samas@hvoltage and current waveforms. Clearly, PDlt®sn lower
harmonic distortion. Due to the limited number aitiloscope channels;,, is not shown in Figs. 3.21 and 3.22.
Analysis of simulation results (Fig. 3.10a, 3.18hdpws that/,,; dc component is the same regardless of the maoiulat
strategy, while ac components are lower in the chgd”OD, which may well be of interest for highwper applications,
where v, has a strong influence on bearing currents andrdgolation related unwanted phenomena. Calculated
according to [Karugaba et al. (2012)], the numideZMV levels is approximately 50% smaller in theseaf APOD for
r =1 and 20% smaller in the caseraf 2. CMV d//dt is the same with both PD and APOD for the sameevafr, since

this parameter is mainly dependent on the sizeeefuivalent voltage level steps.
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3.3.8.EXPERIMENTAL RESULTS FOR THE FOUR-LEVEL CONFIGURADN

For examination of four-level operatian= 2 is chosen. This value leads to two-level opemain the low
modulation index range (OM < 0.35), since the reference is completely in theosd reference zone (Table 3.4, Figs.
3.5c and 3.6¢). FoM > 0.35, full four-level operation, with equidistavpltage levels, takes place. At the same time,
settingRosset= 1/2 results in CMV dc componeXit,,; to be equal to =100 V, which is in the middle betw minimal
(=400 V) and maximal (200 V) equivalent voltagedksv Experimental results are shown in Figs. 3.26-3

It is important to notice that SAR implementatianthis case is very simple, since two-level operatan be
utilised by settindRset= 1/6 or 5/6. In these two cases only Y&ill operate in PWM mode, while all leg voltagefs o
the VS} will be on the same voltage potential. Averaging output of (3.2) for this case, one can find Whgt; = 100 V
in this operation mode. It should be noted heré¢ fiiaother four-level cases ¢ 1 andr # 2), SAR implementation is
not possible using thB.xset parameter only, since voltage levels are not espaidt. Hence, one is not able to perform
two-level operation with VSlonly in reference zones 1 or 3 for the same mdidumandex range as in zone 2. In the
case whemr = 2, Ryset can be used to achieve three-level operation dis Was is possible for lowN < 0.35) and
medium modulation index range (0.3%/k< 0.7), by settindR.se: to either 1/3 or 2/3, which would result in the pba
voltage reference passing through two referenceszdrowever, from Figs. 3.5c, 3.6¢c and Table 3dan be concluded
that VSh and VS} operate in different modes in adjacent zones, ingahat simultaneous switching will be present in
only one half of the fundamental period. This asyftrival operation leads to an increased low-ordembnic content in
phase voltage and current spectra. Therefore, amijivic et al. (2013b)] the drive operates as e-fevel drive with only
one VSI in PWM mode foM < 0.35, while for the rest of the modulation indarge four-level operation is utilised.

Comparison of the waveforms in Figs. 3.26-3.27 au28-3.29 confirms previously shown simulation tesand
effectiveness of SAR and SRA. It should be notee lieat forM = 0.2 dead-time spikes are not completely visible
oscilloscope screenshots, due to very low resaiutiocaptured images and reduced sampling ovelatige interval of
time. The dead-time detrimental impact in low medioin index range without SAR is clear from the sgha&urrent
waveforms. Spectra in Figs. 3.30-3.33 shows thafVfe= 0.5 SRA causes somewhat increasécc@rrent harmonic,
which clearly affects the overall THD performanas,shown in Fig. 3.34. As already stated, thistmamesolved with

closed-loop current controllers as demonstratechapter 7.
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Fig. 3.27.Experimental results: waveforms with APOD PWM and2, withM = 0.2 (a)M = 0.5 (b),M =1 (c).
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Fig. 3.31.Experimental results; andi; spectra for APOD PWM and= 2 forM =0.2 (a)M = 0.5 (b),M =1 (c).
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Fig. 3.33.Experimental results; andi; spectra for APOD PWM with SAR/SRA and 2, forM =0.2 ()M =0.5 (b)M =1 (c).
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It should be noted that the application of closeapl current control is not able to eliminate siranéous
switching, the main cause of dead-time spikes. Njgnadéosed-loop current controllers are based ogatiee feedback
and this leads to adjustment of the phase voltafggance that results in optimal sinusoidal phasseat waveform and
suppression of low-order harmonics (or some otimevamted effects). Closed-loop control cannot présémultaneous
switching of two VSils since the same reference béllused as in (3.8). From that point of viewsitiear that closed-

loop control should be applied to the 2L-OeW-2Llvdronly after SAR and SRA implementation.

3.4.DECOUPLED CARRIER BASED MODULATION METHODS

3.4.1.PRELIMINARY ANALYSIS

An alternative approach, when developing a PWMtetpa for the OeW drive, is to consider the two V8ks
separate entities. Having in mind a dual invertacihine supply and considering (3.1) and (3.6)eé@nss possible to
achieve multilevel phase voltage waveforms usinwalevel PWM method [Dujic et al. (2009)] for eafike-phase
VSI separately. The basic idea is to decomposedhtrol of the complete system into two sub-prolderha lower level
of complexity, by splitting the total referencednndividual references of the two inverters. Byindpso, it becomes
possible to apply well-known SV and CB PWM methéatstwo-level inverters [Dujic et al. (2009), Leet al. (2012)]
to two individual two-level inverters at each sétwinding ends. Hence, this kind of modulation s&tgges are referred to
as “decoupled” methods.

Common to all decoupled modulation methods istépdjtof the original phase voltage reference imio parts, in

order to share it between two VSIs. Modulationdsfprmed later, separately fo andvy, which are voltage references
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for VSI; and VS} leg outputs, respectively. Since decoupling affelse voltage references only, it is applicablédth
SV and CB PWM methods.

In the case of 2L-OeW-2L five-phase topology, tleealpled SV PWM method is used in [Levi et al. @01
Satiawan (2012), Bodo (2013)] fox= 1 and in [Jones et al. (2014)] fox 2. In this section however, the same approach
is covered considering dc-link voltage ratio asegrde of freedom, which allows an easier comparvsitim the results
obtained for coupled strategies in the previousis@cAs expected, presented results show thati¢eeupled CB PWM
approach has the same performance, but lower tigpdomplexity, when compared with decoupled SV PWikthods
in [Levi et al. (2012), Satiawan (2012), Bodo (2p1®nes et al. (2014)].

Clearly, there are several ways to realise decduptmtrol for the OeW drive. In other words, onealde to
perform reference sharing between the VSI modudatming different approaches and criteria. Probabéy most
important parameters to be considered are thentcrbiltages of the two inverters, which should beximally utilised.
At the same time, the two inverters can be openatdddifferent switching frequencies. One of threposed methods in
[Reddy et al. (2011)] uses switching frequencied plnase voltage references for two inverters tratpaoportional to
their dc-link voltages.

In [Corzine et al. (2006)] the original sinusoidaltage reference is shared based on the harmontemt, using
SV PWM methods for a three-phase open-end winding dsupplied from two three-level inverters. Twémary, so
called bulk inverter (realised using slow-switchibgt high-voltage blocking components) is operaedundamental
frequency (so-called square-wave modulation). Tdmsdary (conditioning) inverter is operated atighér switching
frequency, with the aim to filter out the unwanted-order harmonic content. Although this methodas referred to as
a reference sharing algorithm, the analogy is alsjisince both inverters are independently operaitbts method
however is not applicable to a 2L-OeW-2L topologye to an insufficient number of switching stateswvéll be
explained in Chapter 6, where so-called bulk amlt@mning method is analysed.

In this section reference sharing algorithms basadcombining two sinusoidal references with diffdre
amplitudes are analysed. This concept is basedlittirgy the original phase voltage reference itw@ parts, which
have their maximum amplitudes proportional to tedidk voltages of the VSIs. Both VSIs are operatéth the same
switching frequency. Pioneering results, for miitipe drives, can be found in [Jones et al. (2Q16)i et al. (2012),
Satiawan (2012), Bodo (2013), Jones et al. (2014)].

3.4.2.REFERENCE SHARING ALGOTIHMS BASED ON DC-LINK VOLTAE RATIO

As explained above, both VSIs modulators are feti géts of five sinusoidal references, labelledhwit andvay
for VSI, and VS}, respectively. The fundamental frequencies/gfand vy, are equal and determined with an overall
modulation indexV, in accordance with (3.8). Their amplitude howevemetermined with modulation indicé% and
M,, associated with Vgland VS}, respectively. Clearly, in order to utilise thdl footential of the two available dc-link
voltages, one has to take into account the dcsoltage ratio. At the same time, SAR should be an@nted, in order
to reduce switching losses in the low modulatiateixrange. As shown in the previous section, sui§icient to operate
the drive in two-level mode favl < My, /(r + 1), using only VSI

In [Jones et al. (2010), Levi et al. (2012), Satiaw2012), Bodo (2013), Jones et al. (2014)], thweriter that
operates in the low modulation index range is refito as VS| while VS stands for the inverter that works in PWM

mode only in multilevel range, foM > M,/(r + 1). Here, the same labels and terminology &eiction 3.3 are used, in
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order to make easier comparison within this chagtemwell as with the results in following chaptetalculation ofM,
andM, is based on the following expressions:
|0 if 0 M M, /(r +1)
1’{(r DM =M oy (r +D) if - Mg /(r +) <M < Mg,
M, :{(r +)M if 0<SM <M, /(r +1)
Mupax if Mo /(r+) <M <M

(3.16)

Obtained modulation indices, together with phaskage references from (3.8) should be used for &ion of
two VSI voltage reference sets. They are referree lasvy, andva, for VSI, and VS), respectively. It is important to
stress here that faf/f control one has to take care about the overab@haltage reference amplitude and fundamental
frequency. Henceyl; andM, correspond tory, andvay, amplitudes only. Frequencies wf andvay references have to be
determined with the origind¥l, used in (3.8) and (3.16). In order to make thalftalculations simpleRyxst= O case is

here assumed. Finaj, andv,, can be obtained using the following expression:

Vi (1) :1+—NI1 W (t)
1k 2 M k

1 M (3.17)
Vi (1) =§——M2 W (1)

Equations (3.16) and (3.17) represent so-calledquele reference sharing (URS). Note that reference d
component of 1/2 is added only because it is chts@ncarrier signals should be in the range frota 0, which makes
the final implementation easier. The complete URQIuntation strategy block diagram is shown in Figg53 The VSI
modulation indices and voltage references with @espo the overall modulation index and commandieasp voltage
reference are shown in Fig. 3.36. Depending oniezar€, and C, mutual phase disposition, as explained in [Bodo
(2013)], two different URS methods exist. The firgtthod, URS1, is based on carrier signals in pdesgmsition, while
URS?2 relies on carriers with mutual phase angl&38F.

There is however, another option: Mdr< 2/(r + 1}M., an equal reference sharing (ERS) can be usedraligt
for equal dc-link voltages this border correspowith maximal modulation index value, while in thase of unequal dc-
link voltages, one has to adopt a different appndac 2/ + 1yMyax<M < Myae A similar approach, which is based on
the proportional reference sharing (PRS) betweenitwerters, regardless of their dc-link voltagesapplicable for any
M andr value. However, ERS and PRS, employ both inveggen for lowM values, which results in worse harmonic
performance than URS [Bodo (2013)]. Hence, only UR&nsidered here, covering values &fom 1 to 4.
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Fig. 3.35.Decoupled URS algorithm block diagram: Algorithsrbiased on using equation (3.8) WRlgse:= O for initial
phase voltage reference formation and (3.16) aridJ3or obtaining the final V$land VS} references. Their
comparison with two carrier signals results infihal VSI switching states.
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Fig. 3.36.Formation of VSI voltage references using algonitihom Fig. 3.36V/f acceleration with URSZ%,= 1 and
final M equal to 0.5 (a) and with URS2= 2 and finaM equal to 1 (b). Difference between URS1 and URSshly in
carrier signal disposition (carrier frequency idueed to 100 Hz, for better visualisation).

3.4.3.SIMULATION RESULTS

The decoupled modulation methods are tested usingerical simulations and the parameters given ipefyulix
1. Obtained waveforms for several values ahdM = 1, the same as in Figs. 3.10 and 3.11, are @&ehin Figs. 3.37
and 3.38. The results demonstrate that the dcyoitage ratio does not have a strong influence ®&8U and URS2
performance regarding phase voltage waveformsewhRS1 results in somewhat higher phase currerttisiwg ripple
asr increases. The second observation is that theraadead-time spikes present in the phase voltageforms. This
is due to the fact that the phase voltages obtavitd URS1 and URS2 contain switching transitioesween all four
voltage levels throughout the fundamental periokijenin the case of PD and APOD (Fig. 3.10 and Bdiily the two
nearest voltage levels were used, resulting immgdtfour-level phase voltage waveforms, pollutety amith unwanted
transitions, during dead-time intervals. Hence ddae spike phenomenon is not present in the ddedunethods, due

to absence of simultaneous switching.

a) r=1, M=1 URS1

b)
< 400f ool < 400
. 200 | AT ool
s 0 s 0

r=2, M=1, URS1 c) r=4, M=1, URS1

e

o FTITTTOAARAALLL LI LAARAANITNT T

11

0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
Time [s] Time [s] Time [s]

Fig. 3.37.Simulation results: URS1 waveforms fdr= 1 andr = 1 (a),r = 2 (b) and = 4 (c).
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Fig. 3.38.Simulation results: URS2 waveforms fdr= 1 andr =1 (a),r = 2 (b) and = 4 (c).

3.4.4.INFLUENCE OF THE DC-LINK VOLTAGE RATIO ON DRIVE HARMONIC PERFORMANCE

The harmonic performance of the 2L-OeW-2L driveei@mined against dc-link voltage ratio, for URSH an
URS2. The simulation results are presented in Eig9. It is shown that the transition from two-lete multilevel
operation leads to a noticeable increase in hamnpaiiution. This is especially pronounced for higdlues ofr. When
r = 1, transition between two-level and multileveddes takes place Bt = 0.525. WheM < 0.525, two-level operation
is performed by VSI (Vge =300 V) only. AboveM =0.525, VS|, which has the same dc-link voltage value,
Vaa = 300 V, starts modulation due to the residuat pathe original phase voltage reference, accardn(3.16) and
Figs. 3.36. Since the amplitude\af is very small, for example in the caseMdf 0.6, harmonic pollution increases due
to dead-time effects and low duty ratio on YSide (in this caseM; = 0.15,M, = 1.05). The same thing happens around
M = 0.25 forr = 4. In this case however, the increase in THuadathe border between two-level and multilevel swod
is much higher. This can be explained by considetfiat two-level modulation with V§andVye, = 120 V was optimal
for M < 0.2, but modulation fa¥l = 0.25 is far from optimal since the amplitudevgfis very small, while VSIdc-link
voltage is 480 V. Hence, in these cases there in@eased low-order harmonic content, which letadan increased
THD. It can be concluded that for both URS1 and PRS- 2 is the superior choice. Comparison with Fi@03shows

that decoupled modulation results in a somewhdtdriarmonic content than the coupled methods.
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Fig. 3.39.Simulation results: phase voltage and phase ¢urt¢d(M) for URS1 (a) and URS2 (b) with differemt
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Furthermore, decoupled modulation does not offelegree of freedom equivalent Ry @s in the case of
coupled methods. This is because the decoupledodetiely on the inverters’ sine references @nd vy) being
compared with a single carrier signal (Figs. 3.88 8.36), so there is no possibility to choose ketwthe different
numbers of voltage levels, other than two-level amdtilevel modes.

3.4.5.EXPERIMENTAL RESULTS

Following on from the previously analysed simulatisesults, it appears that case=2 (Vygq =400V,
Vg = 200 V) is the most beneficial, due to the lowsstmonic distortion of the phase voltages andecus: Hence, this
case is experimentally verified. However, in orderallow consistent and complete comparison betwesupled
modulation methods, and decoupled strategies imgiéed using SV PWM [Satiawan (2012), Bodo (2013)],
experimental results far= 1 are obtained as well. In both cases, the maxiaue ofM, is set to 1.03, in order to avoid
pulse dropping in VSloperation.

Experimental setup parameters are the same asctini$8.3 (Appendix 2). Captured oscilloscope scshets,
showingv,; (CH1), vq; (CH2), v, (CH3) andi; (CH4) for differentM are shown in Figs. 3.40 and 3.41, with URS1 and
URS2 respectively, for = 1. Phase voltage and current spectra are showigs. 3.42 and 3.43. Comparison with
results in [Satiawan (2012), Bodo (2013)] confirthet CB PWM implementation of URS results in thensa
performance as SV PWM.
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Fig. 3.40.Experimental results: waveforms with URS1 PWM andl, withM = 0.2 ()M = 0.5 (b),M =1 (c).

Tek Swp —_— 500z Neise Fiter Tek Swp — §00M4z_Noise Fiter . Tel —_— 500z Neise Fiter

a ;‘«Tl HI AL T T AL

. T ITTTTTPTAGRL UJIII[IU,H[H[I:I”I']l (TTTRMEALLLE

T ; : Af_“ s A . '/"“\ o
& wov w0V )

@ v Pooms 000 )Em sSe0mA 320201 Hof17ss |. 400V € 204 J100ms )& 7224 FEEIL | :M‘ Immjwvlz;1 |
DPO2014B - 11:05:20 15/09/2015 DPO2014B - 11:06:33 15/09/2015 DPO2014B - 11:08:18 15/09/2015
a) b) c)
Fig. 3.41.Experimental results: waveforms with URS2 PWM andl1, withM = 0.2 (a)M = 0.5 (b),M =1 (c).
QM =02, URSL b)M =05 URSL OM=1,URSL
o 300 - @ 300 F @ 300 r
£ 5 . - E 5 - E 5 -
Q 0 Q
>, 200 012345678910 > 200 012345678910 >, 200 0123456780910
[ () [
2 100 2 100 2 100
S o0 - A S — - 3 0 — un
g 15 0.05, I g 15 0.05) B g 15 0.05,
0 Q Q
< 1 012345678910 < 1 0123456780910 < 1 012345678910
g 05 g 05 g 05
3 3 o . 3 o
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000
Frequency [Hz] Frequency [Hz] Frequency [Hz]

Fig. 3.42.Experimental results; andi; spectra for URS1 PWM and= 1, withM = 0.2 ()M = 0.5 (b),M =1 (c).
Subfigure in the top right corner shows rms valiethe first 10 low-order harmonics.
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It should be noted that both URS1 and URS2 aresserce the same modulation strategy ud to 0.525, if the
dc-link voltages are equal, since only one VSI afes. This does not seem optimal regarding OeV¥¢tsiie, since the
second inverter does not operate in the lower dfalfie modulation index (i.e. speed) range. Frois ploint of view, it
seems that decoupled methods are better suiteth&myual dc-links. Fortunately, the algorithm préedrere (Fig. 3.35)
requires no modification in order to be appliedtoarbitrary dc-link voltage ratio. Hence, the saigwrithm (equations
(3.8), (3.16), (3.17), diagram in Fig. 3.35) is kxb for r = 2. Obtained results are shown in Figs. 3.44-3M8veforms
in Figs. 3.44 and 3.45 are the same as in [Jonat €2014)] demonstrating that SV and CB methagsemuivalent
regardless of. Spectra presented in Figs. 3.46 and 3.47 shotbiith URS methods result in somewhat lower low-
order phase current harmonics witk 2 andM = 0.2. This is due to the lower dc-link voltageu$l,, for commanded
phase voltage reference, when compared with the afas= 1, where dead-time effects fiok= 0.2 are more dominant.
With M = 0.5,r = 1 results in better performance, since decoupledulation in this case effectively leads to twudl
operation withM; =0 andM, =1, while r =2 results in multilevel operation witkl, = 0.45, M, = 1.03, but with
combined dead-time effects from both VSIs. Compari®f THDs in Fig. 3.48 shows that URS1 has superio
performance, not only because it is less depermeM, but also due to the fact that for the same dcAioltage ratio
URS2 always results in higher THD. URS2 has sinpkformance for bothvalues. Once again, due to limited number
of available oscilloscope channelg;,; is not shown. Analysis of this parameter can bdopmed by considering the
simulation results shown in Figs. 3.37 and 3.38att be seen that URS1 introduces much lower ripptemmon mode
voltage, regardless of
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Fig. 3.44.Experimental results: waveforms with URS1 PWM and2, withM = 0.2 ()M = 0.5 (b),M =1 (c).
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3.5.SUMMARY

0.4 0.6

0.8 1.0

Modulation index

An open-end winding topology that comprises two Hdexel inverters is analysed in this chapter. Tvimdk of

modulation strategies are explained and their émfbe on the drive harmonic performance is invegtiyaFirstly, the

drive performance is examined using numerical satoths in order to identify suitable values of thelink voltage

ratio, a parameter that is seen as an additiorakedeof freedom, offered by the OeW topology. kliewn that unequal

dc-link voltages in the rati®yq:Vye = 2:1 ¢ = 2) provides optimal harmonic performance, whplevious research

efforts were mainly focused on equal dc-link votagHence, these two cases are compared and egptaliy verified.

It is demonstrated that coupled modulation methadisch are developed starting from level-shifted B®M methods

for multilevel single-sided drives, have superi@rfprmance, compared to decoupled methods, whiehbased on

reference sharing algorithms. It is shown that apen with unequal dc-link voltages and coupled P®M schemes

can lead to four-level phase voltage waveformsJevtiecoupled methods for the same dc-link voltad®s result in
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Chapter 3 Summary

worse harmonic performance. This is because th@ledumethods are designed considering both inveiiterthe

topology as one combined structure, while decoupiethods rely on separate and independent modulafithe VSis.

Hence, simultaneous switching action of the invertan be used to obtain one additional voltagel)éwt only in the

case of coupled CB PWM schemes. Expected perforenahthis approach is achieved only after elimmatof so-

called dead-time spikes, which are present duddariggering of unwanted voltage levels duringdianeous dead-
time intervals in the inverters’ legs on the twdes of the phase stator winding.

Both coupled and decoupled approaches are analysedns of CB PWM for open-loop control \if manner.
Comparison with earlier research results confirmede again that CB and SV concepts are equivatem¢rms of
harmonic performances. As reported earlier, CB P\&#ms more practical for multiphase drives becaifisthe
reduced algorithm complexity and lower computatioreguirements. Furthermore, the presented anabjsisvs that
modification of CB PWM for different dc-link voltagratios is simpler for the 2L-OeW-2L drive whenrggared to the
SV PWM approach. This is due to the fact that #wes set of equations and modulation scheme carsdz for CB
PWM, while the choice of which space vectors tolgppnd their dwell times, are heavily dependentrorit is
demonstrated that the 2L-OeW-2L drives offer a ibiiy to use only one inverter for modulation inds lower than
Mma!{(r + 1). This operation mode can be used as a rapkuefor two-level modulation that relies on sirankous
switching of the inverters. This leads to a reductiof the switching losses and an improvement inmbaic

performance, if the inverter with a lower dc-linkltage is used.
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Chapter 4

FIVE-PHASE OPEN-END WINDING DRIVES WITH
ONE THREE-LEVEL INVERTER AND ONE TWO-LEVEL INVERTER

4.1.INTRODUCTION

In this chapter, an open-end winding topology #raploys one three-level inverter and one two-léwedrter is
analysed. This structure is referred as the 3L-G#Wirive and it is examined for a five-phase drivée three-level
inverter (VSI) is realised using a neutral point diode-clampBdPC) topology [Kouro et al. (2012)]. Vsls a
conventional two-level voltage source inverter. sThhoice of three-level topology is mainly drivey the available
hardware in LIMU EMD laboratory. However, the dexeld modulation strategies, presented in this enapan be
extended to other topologies, where YiSIrealised using an active neutral point clamf@&dPC) VSI often referred to
as T-type NPC or a neutral point piloted (NPP) @ster [Rodriguez et al. (2009)]. Analysis of modida strategies for
three-level inverters which are useful for thise@gh can be found in [Rodriguez et al. (2009), idoet al. (2012),
Dordevic (2013)]. Firstly, the topology is analysgging the equivalent model approach. It is shdvat the 3L-OeW-2L
can be made equivalent to a four-, five- or sixelesingle-sided supply. The number of levels depeml the dc-link
voltage ratio (), which is similar to the 2L-OeW-2L case. As indpker 3, two coupled and two decoupled CB PWM
methods are developed and tested using simulatindsan experimental prototype. The analysis shtmabrt= 2 is
optimal in the case of PD and APOD PWM methoddoalgh it leads to four-level operation, which i tlowest
number of levels obtainable with a 3L-OeW-2L togplo Results from this chapter are reported in [jesit et al.
(2015a), Darijevic et al. (2015b), Darijevic et @015c)]. In the case of decoupled inverter cdntte dc-link voltage
ratio has a very small impact on the drive harmgrécformance. At the same time, only minor differes between
URS1 and URS2 are observed, contrary to the 2L-Qé&Wlrive case, where URS1 resulted in superior baim
performance.

4.2.MODELLING AND ANALYSIS OF THE TOPOLOGY

The 3L-OeW-2L drive and its equivalent model arevah in Figs. 4.1 and 4.2, respectively. Leg volaageVSk
and VS} are denoted withy, andvy for thek" drive phase and measured with respect to the raattwlink rail of the
corresponding inverten; andvy,). Phase voltage and phase current inkhelrive phase are labelled with and i,
respectively (Fig. 4.2). In Fig. 4.1, two complertaay pairs of power switches in ViSire denoted with superscripts’“
and ‘0" (S and S Spi and Sy for thek™ drive phase. Complementary switches in M8k labelled a§, and
Sinak- The rule is that complementary switches withitithces ‘Up” and “dn” should not be turned on at the same time in
order to prevent dc-link short circuiting. Havingat in mind, analysis is simplified using switchistates, which
represent complementary pairs in Fig. 4.1:

. S?k =1if Siplk or Diplk is turned onSEl‘k =0if Sznlk or D:nlk is turned on;

b

e b b . b .. b b .
* Sy =1if Sy 0r Dy is turned onSy, = 0 if Sy, Or D 4y i turned on;

o Sy =1if Spa Or Dypox is turned onSy = 0 if Sy OF Dz is turned on.

55



Chapter 4 Modelling and analysis of the topology

a a a a
“plog_ Dup12 “’1’7105_ upld
> >

b b b b b b
S“Pll D”pn SuplQQ_ DUP12 Sup1°5_ Dup15
N N N
CD Uy 11 Uy V12 Uy V15
a a a
Vdd ((;7111 dnl]] ((;7;12 dnl2 57L15 dn15|
o—| o— o—
™ , > ‘ R ‘
== Lig¢ a1 12 15
= | Li¢ <

\

|
|
|
|
|
|
|
|
|
|
|
|
|
|
| ! .
. b | b b
Cd(,12 S(?n,ll anll | S,l;{nlg anlQ 527115 anlS
o I 0— o
|
]
|
|
|
|
|
|
|
|
|
|
|
|
|
:

Un1

Five-phase LOeW machine

Fig. 4.1.Five-phase multilevel open-end winding drive watte three-level inverter and one two-level inverter
(3L-OeW-2L topology). Equivalent model is denoteidhwdashed red line.

Regardless of the chosen modulation strategy astdbfehe drive, it is clear from Fig. 4.1 that thatput voltage
of VSI; (i.e. vy with respect ta/y;) is determined witrsik andS?k:
. Sik =1 andS?k =1 results invy = Ve,
. Sik =0 andskik = 1 results ivy = Vip=Var/2;
. Sik =1 andS?k = 0 results ivy = Z;
. Sik =0 andskik = 0 results vy = 0;

The third switching combination listed above resit the off state 0152plk and Si meaning that th&lPC leg
output voltage is in this case determined by cotida®f antiparallel diodes and phase current sidnis is referred as a
high impedance stat&), Switching between 0 and,../2 is referred to in the rest of the text as lodesPWM operation,
while high-side PWM corresponds with switching beénVy../2 andVy.

The equivalent drive model, depicted in Fig. 419wss that there are®2 8 possible switching combinations.
This is summarised in Table 4.1 using the individderlink voltage values and in Table 4.2, wherdtages are
normalised withVy. Inspection of Table 4.2 shows that the 3L-OeWedPRive is capable of producing up to six voltage
levels. For some values ofhowever, similarly to the 2L-OeW-2L case, certaitching combinations result in the
same phase voltage level, which effectively leads treduction of the overall number of voltage Isvé&orr =1,
switching combinations 2 and 7 (Table 4.1 and 4e&ult in the same voltage level. For 2, voltage levels of

Vq/(r + 1) and 0 can be obtained using two differentaving combinations. This is a direct consequeridbedc-link

voltage ratio, sinC¥ye; = 2V results in equivalenogy, = Vga/2 = Vg, (Fig. 4.1).
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Fig. 4.2.Equivalent model of 3L-OeW-2L drive.

Table 4.1.Relationship between switching states and leg &devoltages.

b

N Sik S, S, v [V] Vo [V] Equivalentv [V]
1 1 1 0 \/ 0 Vi1 — 0

2 1 1 1 Vdcl Vdc2 Vdcl - Vdc2

3 1 0 0 Z 0 Z-0=Z

4 1 0 1 Z Ve Z—Vyeo

5 0 1 0 Vel 2 0 Vye/2 — 0

6 0 1 1 Vdcl/ 2 Vdc2 Vdcl/ 2 _Vdcz =0

7 0 0 0 0 0 0

8 0 0 1 0 Ve 0 —Viyeo = = Ve

As with the other OeW drive topologies, the ovedatlink voltage supply is equal ¥y = Vge1 + Veeo. This is
clear from the equivalent drive model, where in¢hse of/,; = v,, one would find that maximal and minimal equivalent
phase voltage are equal ¥, and -V, respectively. Maximal voltage amplitude acrose tbad is equal to
(Vaer + Vae2)/2.

Table 4.2.Relationship between switching states, normalisgdahd phase voltages.

N Sik S S, Vid Ve Vol Ve Equivalentv,/Vg.
1 1 1 0 ri(r + 1) 0 r/(r+1)

2 1 1 1 r/(r +1) /¢ +1) -1/ +1)
3 1 0 0 Z 0 Z

4 1 0 1 Z 1K + 1) Z

5 0 1 0 r/i(r + 1)/2 0 ri(r + 1)/2

6 0 1 1 r/(r +1)/2 1/¢+1) /2 -1)/¢ +1)
7 0 0 0 0 0 0

8 0 0 1 0 W+ 1) -1/¢ + 1)
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As in the case of the 2L-OeW-2L drive, the distabetveen minimal and maximal voltage levels is gsvaqual
(if normalisation withVy. is used, whilevy; is considered as the zero potential). These tviage levels define the co-
domain for phase voltage reference, in the casgeBbPWM. Development of coupled PWM methods is basedhe
normalised voltage level analysis, where the mihivottage level of #(r + 1) corresponds with 0, the maximal voltage
levelr/(r + 1) corresponds with 1 while inner voltage le\eels situated in between. Due to the existenca @idalitional
voltage level on the V$kide ¢, = Vyi/2) the inner voltage levels formation is more dejnt orr than in the case of
the 2L-OeW-2L drive. Using the equivalent models tbé two drives (Figs. 3.2 and 4.2) and switchingtes
combinations in Tables 3.2 and 4.2 one is ableatoutate equivalent voltage levels for differentues ofr. Voltage
level dependencies anare depicted in Fig. 4.3, for both topologies. tdgé levels are denoted withgand can be
calculated using the following expressions for 2heOeW-2L topology (Fig. 4.3a):

L=0

I, =1/(r +1) (4.1)

l3=r/(r+1)

l,=1

On the other hand, the 3L-OeW-2L voltage levelsiregmore complex calculations (Fig. 4.3b):

L=0
_ (V207 (r+1), if r<2 _ (U (r+D), if r<2

2 _{1/(r+1), if r>2 3_{]JZDI(r+1), if r>2 42)
1= 120/ (r+1), ifr<2 1= 1/ (r+D), if r<2

4_{1—1/(r+1), if r>2 5_{1— V203 (r+1), if r=2

lg =1

Fig. 4.3a indicates that 2L-OeW-2L drive has at ime® inner voltage levels and that they are preduasing
the same switching combinations, regardless &ig. 4.3b shows that 3L-OeW-2L has four innertagé levels, which
are produced differently far< 2 andr > 2. Clearly, forr = 1,15 andl, are equal, while = 2 results i, =15 andl; = Is.
Although carrier signals are time dependent vagigbtheir amplitudes are determined withn order to visualise the
influence of the dc-link voltage ratio on carriemistribution, they are represented with triangusignals in the
background. Using (4.2), one may conclude that3th®eW-2L drive withr = 1, 2 and 4 results in configurations that
operate with equidistant voltage levels. Basedtanfindings from the Chapter 3, it is expected thase cases are
optimal, regarding harmonic quality of the phasétages and currents throughout the whole modulatidex range.
Values ofr lower than 1 are not examined since it does nemnsleeneficial from the semiconductor voltage stpesat
of view, to supply a two-level inverter with highde-link voltage than the three-level VSI. Cleadwnly r = 2 results in
the same voltage stress of all semiconductor dsvitéhe drive, due t@y, = V. However, since other dc-link voltage
ratios lead to different performance, especiallthia case of coupled CB PWM schemes, a wider rahgés examined
further.

Projections of two VSI voltage space vectormghandx-y planes are shown in Fig. 4.4 for different valaés.
Resulting phase voltage space vectors are obtaisied (3.6) and depicted in Fig. 4.5. In the case=o1 (Fig. 4.4a)
VSI; and VS} are producing different space vectors, which tdéauive-level operation, with equidistant voltatpyels.
From the overall number of switching states, orily-% = 2101 result in unique phase voltage space \&ctahich
have 122 different magnitudes. Six-level configiarwith r = 1.5 results in - 5 = 4651 unique phase voltage space
vectors and 356 different magnitudes. With 2, the 3L-OeW-2L is equivalent to a four-leveld, with the same phase

voltage space vector distribution as a 2L-OeW-2thwhe same dc-link voltage ratio. The number dilable phase
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voltage space vectors is again 781, resulting irdiferent magnitudes, the same as in Fig. 3.4ai\E&dent voltage
levels are equidistant. The second six-level caméijon, obtained with = 4, again results in 4651 unique phase voltage
space vectors. Equidistant voltage levels lead tmoee uniform distribution of space vectors in Fghd, which cover
the two planes more evenly then in the six-levelecshown in Fig. 4.5b (i.e.= 1.5). This can be concluded from the
comparison of radial lines in the first sectors ethcorrespond to different space vector magnitutethe case of = 4

the overall number of available magnitudes is 245.
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Fig. 4.3.Equivalent phase voltage levels agamfatr 2L-OeW-2L (a) and 3L-OeW-2L (b).
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4.3.COUPLED CARRIER BASED MODULATION METHODS

4.3.1. PRELIMINARY ANALYSIS

In this section, two LS CB PWM schemes are derieedh 3L-OeW-2L drive. Carrier arrangements for different
dc-link voltage ratios are shown in Figs. 4.6 and, 4or PD and APOD PWM, respectively, during onadamental
period (). Denoted voltage levels are calculated undeasisamption that the overall dc-link voltage is &00

With r = 1, the 3L-OeW-2L drive operates as a five-lesiegle-sided VSI. Carrier arrangements in Figsa4ed
4.7a show that foM lower thanM,./2 = 0.525, the drive will naturally operate indbrlevel mode, since the phase
voltage reference will be situated within referezomes 2 and 3 only. Clearly, this opens the pdigibf using only
VSI; for M < M /2, which will result in the same three-level maatidn.

In the case of = 1.5,Vq = 360 V andVy, = 240 V. It is clear from the voltage levels itikeged in Figs. 4.6b and
4.7b that two-level operation will take place fdr< 0.2. However, using only V&in this modulation index range is not
optimal, since PWM should be performed betweend H?0 V. With this configuration, four-level opemat will take
place for 0.2 <M < 0.4. ForM > 0.4 full six-level operation is utilised. Thewest number of voltage levels is obtained
whenr = 2. ForM < 0.35, the phase voltage reference is situatedmitte reference zone 2 only, leading to the two-
level operation, which can be performed in singtked mode, using VSl WhenM > 0.35, four-level operation takes
place.

While r =4 andr = 1.5 result in a six-level configuration, comgan of the two cases shows that two VSls
operate differently, due to differences in formatiof thel, 4 voltage levels. Alsor = 4 results in equidistant voltage
levels and two-level operation favl < 0.2 can be performed using ¥Sinly, without any drawbacks in harmonic

performance, sinc¥y, = 120 V.
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Fig. 4.6.Phase voltage reference with ammax injection and carrier signals for PD PWM for:
r=1(a),r =15 (b)r=2()r=4().
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Fig. 4.7.Phase voltage reference with min-max injection @adlier signals for APOD PWM for:
r=1(a),r =15 (b)r=2(),r=4(d).

4.3.2. MODULATION ALGORITHMS

With r =1 the 3L-OeW-2L topology operates as a fivedeldve and the phase voltage reference has to be
compared with four carrier signal€y(4 in Figs. 4.6a and 4.7a). Since Y3ias two and VSlone complementary
IGBT+D pair, transitions between certain phaseagst levels are based on simultaneous switchindnefirtverters.
Tables 4.1 and 4.2 show that in the caseVgf= 600V {q1 =Vye =300 V) obtainable phase voltage levels in
equivalent model are of —300 V, —150 V, 0V, 15@n 300 V. Relations betweay) (i stands for carrier signal ahd
for the drive phase number) and final switchingeﬁa(sik, Stik andSy) are derived and summarised in Table 4.3. The

overall number of combinations i¢ 2 16, but only 5 of them can be triggered in ficactThis is because the phase
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voltage reference cannot be smaller tikarmand higher thert;.,,, wherei andh are positive integers. From Karnaugh

maps in Tables 4.4, 4.5 and 4.6 the final expressﬁorsik, Sl;k andSx are obtained in theums of products form:

Sk = Au
S = Age *+ Ak Ay (4.3)
Sy = Az
Table 4.3.CB PWM for 3-=0eW-2L five-level configurationr(= 1) in state machine form.
Inputs Resulting voltages Resulting switching state
A | A | A | A Vi Vik Vak Sik Slik Sx
0 0 0 0 Ve 0 Vie2 0 0 1
1 0 0 0 Vaer/2 —Vieo Ver/2 V2 0 1 1
1 1 0 0 0 — OVae1 — Vo) 0 (V) | O (Vaeo) 0(1) 0(1) 0(1)
1 1 1 0 V2 Ver/2 0 0 1 0
1 1 1 1 Vet Vet 0 1 1 0
Table 4.4.Karnaugh map fo;, (r=1) Table 4.5.Karnaugh map foiS?k (r=1)
A3k A4k Agk A4k
00 01 11 10 00 01 11 10
Age Ax Age Ax
00 0 [(X Xy X 00 0 |[(X X X
01 X X X X 01 X X X X
11 0 X 1 0 11 0 X 1 1
10 0 [\ X X )| X 10 1 1| WX X XJ
Table 4.6.Karnaugh map fo$y (r = 1).
Az Ak
00 01 11 10
Ak Ax
00 | 1 X X X1
01 X X X X
11 0 X 0 0
10 (1 X X X

The inverter operations in the reference zonesanemarised in Table 4.7. It is clear from equati¢h8) that
operation of VS| in low- and high-side PWM switching is not symniedt, meaning tha!S’ik is constant in the lower
three reference zones, wh&& is constant only in the reference zone 4. Thismeehat switching of VSlside between
0 andVy4/2 is more frequent then switching betweép,/2 andVyg. This requires a more complex controllable dc
source on the NPC side, in order to keep voltagessaCqy.; andCy., in balance, as discussed in Chapter 5. The second
important conclusion is that both Sind VS} operate in PWM mode in reference zone 2, whicdddga dead-time

spikes, as discussed in subsection 4.2.3.

Table 4.7.0peration of the VSiIs vs. reference zonerforl.

Reference zone)( Range in Figs. 4.6a and 4.7a V8peration VS] operation
1 Oto 1/¢ + 1) low-side PWM hold¥ye
2 /¢ + 1) to 1/2r/(r + 1) low-side PWM PWM
3 1/2r/(r+1)to 1 — 1/&/(r + 1) low-side PWM holds 0
4 1-1Zr/r+1)tol high-side PWM holds 0
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With 1 <r < 2 the same topology operates as desiel drive Switching states in state machine form for tlaisec
are given in Table 4.8, while relevant Karnaugh snage given in Tables 4.9, 4.10 and 4.11. Theiogiships between

A and the switching states are as follows:

Sk = A +§4k [Agy
Sk = Ay + Aok Ty, (4.4)

Sy = Aak [Ag, + Ax
Only six out of 364 combinations are possible. The drive performs Kaneous switching in reference zones 2,

3 and 4, which means that dead-time spikes are fregeent. It follows that the additional voltagevél will not lead to
lower harmonic distortion of the produced waveforsiace the impact of the dead-time low-order aurtermonics is

increased, especially for lower modulation indebuga.

Table 4.8.CB PWM for 3L-OeW-2L six-level configuration (1r< 2) in state machine form.

Inputs Resulting voltages Resulting switching state
A | Ax | As | A | As Vi Vik Vok Si Slik Su
0 0 0 0 0 Vo2 0 V2 0 0 1
1 0 0 0 0 | Var/2 —Vie Vcr/2 V2 0 1 1
1 1 0 0 0 0-0 0 0 0 0 0
1 1 1 0 0 Vet — Ve Vier V2 1 1 1
1 1 1 1 0 Ver/2 Vcr/2 0 0 1 0
1 1 1 1 1 Vier Vet 0 1 1 0
Table 4.9.Karnaugh map fos;, 1l<r<2) Table 4.10.Karnaugh map 1‘0&5?k (l<r<2)
A Asg A Asg
Ak Aok Ask 00 01 11 10 Ak Aok Ask 00 01 11 10
000 0 | X XY X 000| O X X X
o011 X X X X oo1|| X X X X
o011l X X, X X 011 |_X X X X
X_| XJ| X 010| X X X X
(X T XY X 100, 1 T X[ X[ X
101 X [ X X[ x 101f X | X | X | X
1l 1 | X, 1 0 - T~X~17-r
110 0 |\ X | XJ| X 110] O X X X

Table 4.11.Karnaugh map fo8y (1 <r < 2).

Agc Asi
Ay Ay Agi
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Table 4.12.0peration of two VSiIs vs. reference zone forrl<2.

Reference zone)( Range in Figs. 4.6b and 4.7b Y 8peration VS] operation
1 Oto 1/¢ + 1) lowside PWM holdd/c,
2 /¢ + 1) to 1/2r/(r + 1) low-side PWM PWM
3 12r/(r+1)to 1 —1/&/(r + 1) rail-to-rail PWM PWM
4 1-2/2r/(r + 1) tor/(r + 1) high-side PWM PWM
5 r/r+1)to1 high-side PWM holds 0

With r = 2, the 3L-OeW-2L topology is capable of prodgcinly four voltage levels, since four out of eight
combinations in Table 4.2 are feasible. Using #mmes overall dc-link voltage &fy. = 600 V as in Chapter 3, results in
Vge1 = 400 V andVg, = 200 V and voltage levels of —200 V, 0 V, 200 Mlat00 V, with respect ta,; in the equivalent
model (Fig. 4.2). Carrier arrangements for thisceecase are shown in Figs. 4.6¢ and 4.7c. Indhge vy, is equal to
V4e2, Which means that several switching combinatiolh nesult in the same equivalent voltage levelsasmarised in
the Table 4.13. Due to the lower number of casgignals and reduced complexity of the inverter€ration, Karnaugh

maps (Tables 4.14, 4.15 and 4.16) result in muciplerr final expressions for the switching states:

Sik = Ay
Si = Ay (4.5)
Sy = A

Clearly, two inverters never operate in PWM modehat same time, as shown in Table 4.17, meaning tha

simultaneous switching and dead-time spikes doewit in this drive configuration. Also, PWM opécat between 0

andVy.1/2 andVy/2 andVy is symmetrical, due to symmetry that comes fropressions fosik and S?k,

Table 4.13.CB PWM for 3L-OeW-2L four-level configuratiom € 2) in state machine form.

Inputs Resulting voltages Required switching st@etputs)
Aw | Axc | A Vi Vik Vax Si, She Sx
0 0 0 Ve 0 Ve 0 0 1
1 0 0 Vaer/2 —Vier (0 - 0) 0 Vaez (0) 0(0) 1(0) 1(0)
1 1 0 Va2 — 0 Ve — Vo) Vier/2 Veer) 0 Vae) 0 1(1) 0(1)
1 1 1 Vet Vet 0 1 1 0
Table 4.14.Karnaugh map foS’ik (r=2). Table 4.15.Karnaugh map foSl;k (r=2).
AxAs 9o 01 11 10 AxAs 9o 01 11 10
Ak Ak
0 0 X X X 0 0 X X X
1 o [x 1 1J)] o 1 [1 | x| 1] 1
Table 4.16.Karnaugh map foBy (r = 2).
ArxAs g0 01 11 10
Agi
0 0 X X X
1 0 X |1 1)
Table 4.17.Operation of two VSiIs vs. reference zonerfer2.
Reference zone)( Range in Figs. 4.6¢c and 4.7c Y ®peration VS] operation
1 Oto 1/¢ + 1) PWM holdsVye,
2 1/¢ + 1) tor/(r + 1) holdsVy.1/2 PWM
3 r/(r+1)tol PWM holds 0
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In contrast to the previously presentedlsixel operation for > 2, (Figs. 4.6d and 4.7d)y, is greater thaWye.
Switching states are summarised in Table 4.18. Agaily six out of 32\, combinations are possible. However, due to
differences in inner voltage levels formation (FMg3b) the switching pattern is different, resigtin symmetrical VS|
low- and high-side PWM operation. This is cleamirthe final expressions for switching states, wliod derived using
Karnaugh maps in Tables 4.19, 4.20 and 4.21:

Sk = Aw
Sk = A (4.6)
Sy = Ask LAy + Ask LAy + Ay

The inverters operate simultaneously in PWM modly am reference zones 2 and 4, Table 4.22. In thise

Vg = 600 V results invy = 480 V, V4o = 120 V, and voltage levels of =120V, 0V, 120240 V, 360 V and 480 V
with respect tov,;.

Table 4.18.CB PWM for 3L-OeW-2L six-level configuratiom & 2) in state machine form.

Inputs Resulting voltages Resulting switching state
A | Ao | Aac | Auc | Ask Vi Vik Vax S She Su
O| 0| 0] O O v 0 Ve 0 0 1
10| 0] O O 0-0 0 0 0 0 0
1 1| 0| 0| O Vy/2—Vyo| Vial2 Ve 0 1 1
1 1 1] 0| O Vier/2 Vier/2 0 0 1 0
1 1 1 1| 0| Viu—Vie Ve Ve 1 1 1
1 1 1 1 1 Vet Ve 0 1 1 0
Table 4.19.Karnaugh map fosik (r>2). Table 4.20.Karnaugh map fosgk (r>2).
A4k A5k A4k A5k
00 01 11 10 00 01 11 10
Ak Aok Ak Ak Ao Ak
000 0| X [(X] X) 000 o X[ x| x
001 X X X X 001 X X X X
011 X X X X 011 X X X X
010 X X A\ X X) 010 X X X X )
100 0| XX X 100 0] X| x| X
101 X X X X 101 X X X X
111 0 X 1 1 111 1 X 1 1
110 0 X U X X) 110 | 1 X X X

Table 4.21.Karnaugh map foBy (r > 2).

Agc Asi

Ag Agc Agie 00 01 11 10
000[(1 [ X[ X[ X)
ool X | X | X[ X
o1l X | X[ X[ X
o0\ X [ X[ X[ XJ
100/ o | x| X[ x|
101 X [ X [ xX ][ x-
111 o | X[ o[- 1]
1101_1 | X X[ X3

|
|
G
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Table 4.22.0peration of the VSiIs vs. reference zonerfor2.

Reference zone)( Range in Figs. 4.6b and 4.7d Y Bperation VS] operation
1 Oto1/¢+1) holds 0 PWM
2 1/ + 1) to 1/2r/(r + 1) PWM PWM
3 12r/(r+1)to 1 — 1/Z/(r + 1) holdsVy.1/2 PWM
4 1—1/2r/(r + 1) tor/(r + 1) PWM PWM
5 r/r+1)to1 holdsVyq PWM

4.3.3. SIMULATION RESULTS

Simulation results are shown in Figs. 4.80 for conventional PD and APOD PWM. Both fivand six-level

operation suffer from dead-time spikes. With 1, spikes are only present in the reference 2oméhiler = 4 results in

dead-time spikes in zones 2 and 4. From shown caslsfour-level configurationr(= 2) is completely free from dead-

time spikes, since in this case the inverters neweultaneously operate in PWM mode.
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0 0005 001 0015 0.02 0 0005 001 0015 0.02
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Fig. 4.8.Simulation results: conventional PD PWM fr=1 andr = 1 (a),r = 2 (b),r =4 (c).
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Fig. 4.9.Simulation results: conventional APOD PWM fdr=1 andr =1 (a),r = 2 (b),r = 4 (c).
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Fig. 4.10.Simulation results: sievel operation with PD PWM (a) and APOD PWM (b) M = 1 andr = 1.5.

Comparison of these waveforms with those produged BPL-OeW-2L drive with the same dc-link voltageios
shows that dead-time spike issue is less relevarlf-OeW-2L topology, since the magnitude of tpéss is several
times smaller. Hence, their influence on curren-torder harmonics is also reduced. Proposed PWNMeseh
modifications that lead to dead-time spike elimimat(SAR and SRA) can be applied here as explaineithe next
subsection. As already explained, the 3L-OeW-2loltogy is capable of operating in six-level modehatitvo different
configurations, witlhr < 2 andr > 2. Simulation results far= 1.5 are depicted in Fig. 4.10 for both PD andDEPPWM
andM = 1. Clearly, dead-time spikes are more frequemtrmwcompared with six-level operation in Figs. 4a8d 4.9c,

resulting in worse harmonic performance. Hencesiodevel operatiom > 2 seems to be more suitable thanrl<<?.

4.3.4. DEAD-TIME SPIKES

As already explained, only one of the presentedigorations ¢ = 2) does not suffer from dead-time spikes issue.
Hence, straightforward implementation of the altjon given with equation (4.5) can be used in tlise; as shown in
block diagram in Fig. 4.11.

In all other cases, one has to apply SRA on coimwealt PD and APOD PWM schemes, in order to achieve
expected drive harmonic performance. When combinigiud SAR, this again leads to complete eliminatiadrthe dead-
time spikes throughout the modulation index rafide= same approach, presented in subsection 3.8.becased for the
3L-OeW-2L drive, and so only the final expressifmsAv are given, for different cases, in Table 4.23akFaalculations
of Avy andAv, based on the phase current sign and switchingribsturing one switching period remains the same as
for the 2L-OeW-2L drive. The values are used irckldiagrams in Figs. 4.12 and 4.13 where final GBMPalgorithms
are shown for five- and six-level configuration&®/algorithm for six-level operation with I<< 2 is somewhat more
complex than for the other cases, since one happly differentAv values in different reference zones. In zones®4an
value Av' should be used, whilav’ should be applied in the reference zone 3. Téibdcause of the differences in
voltage level formation, since simultaneous switghin reference zone 3 requires Y®IWM operation betwee¥y,;
and O (i.evqy, is not used) in order to utilise PWM betweém —Vy, and 0 — 0 equivalent voltage levels. This makes
SRA implementation difficult, due to increased n@mbf switching transitions that have to be synoiwed, while SAR
operation is not practical as already explainechddethis kind of six-level configuration is notpeximentally verified.
Additionally, SAR implementation is considered asllwbut only for the five-level configuration, i@ other two
configurations naturally employ Vsonly, forM < Md(r + 1).
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Table 4.23.0Operation of two VSiIs vs. reference zonerfor 2.

The dehnk_ Affected reference Reference offset for dead-time spikes elimination
voltage ratio zones
r=1 2 Av=2(1-r/2)/r +1)
1<r<?2 2,3, 4 AV=21-12)I+1) | AV=2r-1If+1)
r>2 2,4 Av=2(r/2 - 1)/f + 1)

4.3.5. INFLUENCE OF THE DC-LINK VOLTAGE RATIO ON DRIVE HARMONIC PERFORMANCE

In the previous analysis, it was shown that theCeiW-2L drive should not be used with T < 2 for six-level
configuration, since the same number of voltagelkeean be obtained with> 2, where unwanted effects caused by
inevitable simultaneous switching are easier tmielate. However, in order to find the most suitatielink voltage
ratio, one has to analyse the other cases as amil,to compare harmonic performance obtained witferent
configurations. Firstly, this is done using numatlisimulations. In Fig. 4.14 THM) dependencies are plotted for PD
and APOD PWM, for several values ofClearly, SAR and SRA implementation lead to aagreduction of harmonic
distortion, especially in the case of the five-lefre= 1) configuration with APOD PWM. In general, expeions that
increased number of voltage levels will lead to doWHD are fulfilled only if SAR and SRA are usefl.six-level
configuration obtained using= 3 results in higher harmonic distortion than 4. Three different configurations are

chosen for further analysis: four-level< 2), five-level ¢ = 1) and six-levelr(= 4).

a) PD PWM b) APOD PWM
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Fig. 4.14.Simulation results: phase voltage and phase dufieB®(M) for conventional PD and APOD (a, b) and with
SAR and SRA (c, d), with different dc-link voltagatios.
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4.3.6. EXPERIMENTAL RESULTS FOR THE FOUREVEL CONFIGURATION

Experimentally obtained waveforms for the 3L-OeW-@ive withr = 2 in Figs. 4.15 and 4.16 shaw (CH1),
Vi1 (CH2), v; (CH3) andi; (CH4) for three modulation index values. Both miation strategies naturally employ only
VSI, for M < 0.35, while VS] in this case (see Figs. 4.15a and 4.16a) holds adlg voltages at tha,, voltage level. In
the rest of the modulation index range, four-lese¢ration takes place. Contrary to the 2L-OeW-2¢ecdhe inverters
never operate at the same time, which eliminatgshaed for SRA implementation. Operation of Y&l low- and high-
side is symmetrical, meaning that there is no rfeeddditional capacitor voltage balancing, whistaiknown issue for
NPC converters. Comparison of obtained spectraTa#id(M), shown in Figs. 4.17 - 4.19 with the results méga in
Chapter 3 (Figs. 3.30 - 3.34), shows that both Hadaun strategies have the same performance asdhenterparts with
SAR and SRA in the case of 2L-OeW-2L drive with 2.
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Fig. 4.18.Experimental results: APOD PWW andi, spectra for = 2, withM = 0.2 (a)M = 0.5 (b),M =1 (c).
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a) PD PWM b) APOD PWM
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Fig. 4.19.Experimental results: phase voltage and phasemfiHDM) for PD (a) and APOD (b) far= 2.

o

4.3.7. EXPERIMENTAL RESULTS FOR THE FIVEEVEL CONFIGURATION

With r = 1, the 3L-OeW-2L drive operates in five-levehfiguration. Recorded waveforms are shown in Figs.
4.20 and 4.21 for conventional PD and APOD PWM. Tasults show that whekl < 0.525 there is asymmetrical
operation of VS], since only low-side PWM is performed. At the satinge, VSL operates during only one half of the
fundamental period when the reference is in theeZanThis leads to simultaneous switching, i.eddéae spikes and
increased energy losses, making SAR implementatémessary. Figs. 4.22 and 4.23 show results with &Rl SAR
implementation for PD PWM and APOD PWM, respectivétor M > 0.525, the drive operates in the full five-level
mode, but again with asymmetrical low- and higtesaperation of VS| The influence of this phenomenon will be
analysed in detail in the next chapter, togethéh wther issues related to capacitor balancinge/Qlrives. Regarding
the harmonic performance (Figs. 4.24 - 4.27), itlesar that conventional CB PWM suffers from deiadkt spikes
leading to third and seventh current harmonicss Thia direct consequence of the dead-time spildeish are causing

higher harmonic distortion when compared to a fewel configuration with 2L-OeW-2L drive and= 2.
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Fig. 4.20.Experimental results: PD PWM waveforms for 1, withM = 0.2 (a)M = 0.5 (b),M =1 (c).
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Fig. 4.21.Experimental results: APOD PWM waveforms for 1, withM = 0.2 (a)M = 0.5 (b),M =1 (c).
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Fig. 4.22.Experimental results: PD PWM with SAR/SRA wavefsrfarr = 1, withM = 0.2 (a)M = 0.5 (b)M = 1 (c).
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Fig. 4.24.Experimental results: PD PW#M andi; spectra for = 1, withM = 0.2 (a)M = 0.5 (b),M =1 (c).
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Fig. 4.25.Experimental results: APOD PWW andi, spectra for = 1, withM = 0.2 (a)M = 0.5 (b),M =1 (c).

Comparison of the results in Figs. 4.20 and 4.2th those in Figs. 3.26 and 3.27, shows that spike& lower
amplitude in the case of 3DeW-2L drive, but also that their presence is asgtnical. Hence, only one part of the
current waveform is affected with additional ripéze Figs. 3.12 and 3.18), which causes somewvigjla¢rhdistortion.
This asymmetry has no effect on the phase voltag®,Tas can be concluded from Fig. 4.28, where THAD(
dependencies are shown. Since SAR is applieMfap to 0.525, THDYl) dependencies for both modulation strategies
confirm that single-sided three level operatiordketo great reduction of phase current harmoni¢ectinAs expected,
due to lower amplitude of dead-time spikes, thefluence on THD is lower, when compared to the adsd -OeW-2L
four-level configuration. It can be also concludkdt differences in harmonic performances of PD AR®OD PWM are
lower for the five-level operation (Fig. 4.28) thimm four- (Figs. 4.19 and 3.34) or three-levelg(F3.25) operation.
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Fig. 4.26.Experimental results: PD PWM with SAR/SR£andi; spectra for = 1, withM = 0.2 ()M =0.5 (b)M =1 (c).
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Fig. 4.27 Experimental results: APOD PWM with SAR/SRAandi; spectra for = 1, withM = 0.2 ()M = 0.5 (b)M =1 (c).
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Fig. 4.28.Experimental results: phase voltage and phasemfiHDM) for PD (a) and APOD (b) far= 1.

4.3.8. EXPERIMENTAL RESULTS FOR THE SIXLEVEL CONFIGURATION

In this caser(= 4, Vg1 = 480 V,V4, = 120 V), two-level operation takes place whér: 0.2, which is performed
using VS only, without any modulation scheme modificatioMBSis not needed). For 0.2M < 0.4, the drive operates
in four-level mode, while all six voltage levelsansed in the rest of the modulation index randpe [bw-side of VS|
operates in PWM mode when the phase voltage raferisnin zone 2, while the high-side is in PWM madeone 4.
VSI, operates in PWM mode in all reference zones, whielns that SRA should be applied in zones 2 af@btined
waveforms for conventional PD and APOD, shown igsFi4.29 and 4.30, confirm the existence of de@é-8pikes in
these two zones. Results for both PD PWM and AP@IMRvith SRA are shown in Figs. 4.31 and 4.32, resigely.
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Fig. 4.30.Experimental results. APOD PWM waveforms ffor 4, withM = 0.2 ()M = 0.5 (b),M =1 (c).
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Fig. 4.31.Experimental results: PD PWM with SRA waveformsrfe 4, withM =0.2 ()M = 0.5 (b)M =1 (c).
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Fig. 4.32.Experimental results: APOD PWM with SRA waveforfiorsr = 4, withM = 0.2 ()M =0.5 (b)M =1 (c).

Due to the low precision of current sensors arocuuent zero crossings, the phase current sigotisivays
correctly determined, which explains a few remaingpikes in Figs. 4.31b and 4.32b. Comparison ofesponding
spectra in Figs. 4.334.36 shows that this has no influence on thealvenprovement when SRA is applied, since low-
order current harmonics are reduced despite thaindmg spikes foM = 0.5. THD versu$/ dependencies are shown in
Fig. 4.37. SRA implementation leads again to reddtamonic distortion, especially for 0.2k< 0.4 where dead-time
spikes are the most frequent. Only for APOD arolihd 1 SRA leads to somewhat higher current THD, Wiian be
corrected using closed-loop current control. VadtagHD(M) is similar for schemes with and without SRA, nhgin
because of the high number of voltage levels, amét dead-time spike amplitudes, when comparedhedfdur-level
operation with thes 2L-OeW-2L drive. For the saraasons, differences between harmonic performanic@®ocand
APOD are also smaller than in the case of the dniviéh the lower number of voltage levels.

With the 2L-OeW-2L drive in three- and four-levardigurations, APOD PWM resulted in much lower tgm
Vnory Waveforms. Simulation results in Figs. 4.8b ar@bdshow that the 3L-OeW-2L CMV far= 2 is the same as the
2L-OeW-2L drive in four-level configuration (Fig8.16 and 3.17). For configurations with higher nembf voltage
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levels,vnon, ac components amplitudes are vastly reduced, e idifferences between PD and APOD regarding CMV

performance.
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Fig. 4.34.Experimental results: APOD PW#¥ andi, spectra for = 4, withM = 0.2 (&) M = 0.5 (b),M =1 (c).
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Fig. 4.35.Experimental results: PD PWM with SRfAandi, spectra for = 4, withM = 0.2 ()M =0.5 (b)M =1 (c).

Frequency [Hz]

Frequency [Hz]

a)M =02 b)M =05 OM=1
10 10 10

7 300 I = 300 I | = 300 ] -
£ 5 £ 5 L £ 5 s
£ 0 = 0 Z Q = -
> 200 012345678910 = 200 012345678910 = 200 0123456780910
(6] (0] (6]
8 100 8 100 8 100
S o —— S o - | . S o —— .
g 15 0.05 I I g 15 0.05| I :g 15 0.05 I i}
£ N m = 0 = 0
< 1 0123456780100 < 1 012345678010 < 1 0123450678910
g 05 g 05 g 05
3 o 3 o - 3 o

0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000

Frequency [Hz]

Fig. 4.36.Experimental results: APOD PWM with SRfandi, spectra for = 4, withM = 0.2 (@)M = 0.5 (b)M =1 (c).
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Fig. 4.37.Experimental results: phase voltage and phasemufiiHDM) for PD (a) and APOD (b) far= 4.

4.4. DECOUPLED CARRIER BASED MODULATION METHODS

4.4.1. PRELIMINARY ANALYSIS

In this section, harmonic performances of URS1 E@RS$2 are investigated for the ®eW-2L drive. Due to the
algorithm simplicity, phase voltage reference sigiis performed in the same manner as for the 20/Qé drive,
using equations (3.16) and (3.17). The final moilutascheme requires modifications at the MSdle, since two carrier
signals are needed for three-level operation oNR€ inverter. The final modulation scheme diagiarshown in Fig.
4.38, where VSl carriers are denoted withy; andC,,, while C,; stands for VSl carrier signal. Alternatively, one may
find that different carrier arrangments for Y$hn be used. Based on the findings from [Dordé@d 3)], C;; andC,
in-phase disposition are used for both URS strategince this configuration leads to the lowesinoaic distortion in
the waveforms produced by the three-level inveff@rmation of the VSIs references is depicted o Bi39, for two
different cases. Since URS1 and URS2 use only, WsIPWM mode for modulation indices up M,./(r + 1),

multilevel operation will take place over a widange ofM for higher values of.
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Fig. 4.38.Decoupled URS algorithm block diagram for the 3&W@-2L drive: The modulation scheme is based on) (3.8
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references.
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Fig. 4.39.Formation of the VSIs voltage references usingritligm in Fig. 4.38V/f acceleration with URSZY,= 2 and
final M value equal to 1 (a) and with URS2; 4 and finalM value equal to 0.5 (b). Difference between URSA an
URS?2 is only in carrier signal dispositio,(, C,» andC,; frequencies are reduced to 100 Hz, for betteralisation).

4.4.2. SIMULATION RESULTS

Decoupled methods are firstly validated using nucaérsimulations and the parameters given in Appedd
Simulation results, shown in Figs. 4.40 and 4.4d WRS1 and URS2, confirm that the produced phadtag®
waveforms are more sinusoidal than in the casbePt-OeW-2L drive, due to three-level operation of Y Similarly
to the 2L-OeW-2L case, phase voltages do not comtead-time spikes, while the output waveformsl@se sinusoidal

than those produced using the coupled PWM methods.

a) r=1 M=1 URS1 by r=2, M=1 URS1 c) r=4, M=1,URS1

0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
Time [s] Time [s] Time [s]

Fig. 4.40.Simulation results: URS1 waveforms fdr= 1 andr = 1 (a),r = 2 (b) and = 4 (c).
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by r=2, M=1,URS2 a) r=1 M=1 URS2 c) r=4, M=1,URS2

0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
Time [s] Time [s] Time [s]

Fig. 4.41.Simulation results: URS2 waveforms fdr= 1 andr =1 (a),r = 2 (b) and = 4 (c).

Analysis of the leg voltage waveforms shows that,\(erates with pulse dropping, due to the ekiaé effects.
This effect is eliminated during experimental vieafion in the same manner as in Section 3.4, dyaiag the maximal
value of M, to 1.03. The phase current ripple is much lowethi@ case of URS1, especially for 4. This can be
explained by the fact that= 4 leads to the highest number of voltage leaet®ng those shown in Fig. 4.40 and 4.41.
Nevertheless, detailed analysis of harmonic perdowe is needed in order to find the optimal dc-laltage ratio,
which is the focus of the next section. CMV ac comgnts are reduced, when compared to the 2L-Oe\Wri®e with

decoupled modulation schemes. URS1 is again supeggulting in lower CMV ripple.

4.4.3. INFLUENCE OF THE DC-LINK VOLTAGE RATIO ON DRIVE HARMONIC PERFORMANCE

THD(M) dependencies, obtained by simulation, are showkig. 4.42. Compared to the 2L-OeW-2L case (Fig.
3.39), current THD around the border between twellend multilevel modes is lower, due to the iased number of
levels of VS|. Higher values of result in lower harmonic distortion.

a) URS1 PWM b) URS2 PWM
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Fig. 4.42.Phase voltage and phase current TMPfior URS2 (b) with different dc-link voltage rasio
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4.4.4. EXPERIMENTAL RESULTS

Experimental setup parameters are the same a<tin$8.3 (Appendix 2). Recorded waveformsvef (CH1),
vi; (CH2),v; (CH3) andi; (CHA4) for different values dfl andr are shown in Figs. 4.48.48. Withr = 1, the 2L-OeW-
2L and 3L-OeW-2L drives produce identical waveforwith both modulation strategies up kb= 0.525, since only
VSI, is used (Figs. 3.40, 3.41, 4.43 and 4.44). Thisrseto be a waste of hardware in the case of th@8&l/-2L
topology. At the same time, waveforms fdr= 1 in Figs. 4.43 and 4.44 are very similar to teresponding ones in
Figs. 3.40 and 3.41. This fact reinforces the istgqrimpression (based on the topology analysis semiconductor
ratings), that low values are not of interest for the 3L-OeW-2L dri#eom that point of view, if decoupled CB PWM
has to be applied for the OeW drive witkr 1 (due to application requirements), the 2L-O2Mdrive seems to be the
superior option.

Whenr > 1, decoupled methods with the 3L-OeW-2L driveuiein more sinusoidal phase voltages and currents
in multilevel modes. As expected, due to the natfrelecoupled modulation, suboptimal modulatiorpéformed,
compared to the waveforms obtained with the sawedues and coupled methods. As already explaineith, 2L-OeW-
2L and 3L-OeW-2L topologies are able to producer folnase voltage levels if= 2 is applied. However, due to the
existence of additional voltage level on YSide, phase voltage waveforms are finer in the cdslecoupled methods
and the 3L-OeW-2L drive. Examination of the leg ah@se voltage waveforms in Figs. 4.45 and 4.46/fer0.5 and 1
shows that, for the negative and positive phaseage| different voltage levels on \{Slide are in use (0 ang.,/2 and
Vyer/2 andVy, respectively), while both VSIs are switching witte PWM steps of 200 V. This effectively eliminate
some of the unwanted transitions in the phase ge#tdhat are present in waveforms obtained with-©@W-2L drive

under the same conditions.
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Fig. 4.43.Experimental results: waveforms with URS1 PWM andl, withM = 0.2 ()M = 0.5 (b),M =1 (c).
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With r = 4, the drive is theoretically equivalent to g-lgivel single-sided drive. Hence, waveforms in Figd7
and 4.48 are more sinusoidal than those in Figs dnd 4.46. The drive operates in two-level motienviv < 0.2. For

M = 0.5 URS2 results in a more sinusoidal phasagelivaveform than URS1.
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Fig. 4.48.Experimental results: waveforms with URS2 PWM and4, withM = 0.2 (a)M = 0.5 (b),M =1 (c).
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Fig. 4.49.Experimental results;; andi, spectra for URS1 PWM and= 1, withM = 0.2 ()M = 0.5 (b),M =1 (c).
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The drive performance can be further verified byadled analysis of the obtained phase voltage amdeot

spectra, shown in Figs. 44954 and THD{) dependencies, shown in Fig. 4.55. WMh= 0.2, the best performance is

obtained withr = 4. In that cas#; = 0 andM, = 1, which leads to an optimal \\3hodulation. In multiphase operation,

the phase voltage spectra are similar for the skimend different values of, regardless of which URS scheme is

applied. URS2 has better harmonic performance fadutation indices around 0.5, while URS1 resultéoiwer phase
current THD around/ = 1. This is different to the 2L-OeW-2L case, wh&lRS1 was superior regardlessvof
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Fig. 4.51.Experimental results; andi; spectra for URS1 PWM and= 2, withM =0.2 (a)M = 0.5 (b),M =1 (c).
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Fig. 4.52.Experimental results; andi; spectra for URS2 PWM and= 2, withM =0.2 (a)M = 0.5 (b)M =1 (c).
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. 4.53.Experimental results; andi; spectra for URS1 PWM and= 4, withM =0.2 (a)M = 0.5 (b)M =1 (c).
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Fig. 4.55.Experimental results: THIM) for URS1 (a) and URS2 (b).
4.5.SUMMARY

A novel multilevel fivephase open-end winding drive is analysed in thaspter. The drive consists of a five-
phase induction machine with open-end windingspbeg from two voltage source inverters, with igethdc-links. The
inverter with the higher dc-link voltage is a thilegel neutral-point clamped VSI. The other sidetloé machine
windings is supplied from a two-level VSI. It isashin that this drive configuration can operate dsua-, five- or six-
level single sided five-phase drive. The numbereqtiivalent voltage levels depends on the ratio éetwdc-link
voltages that are used to supply the two inverteetailed analysis of coupled and decoupled CB PWaihods and
their harmonic performance versus dc-link voltagtoris presented, in order to narrow down the nemdf possible
drive configurations that might be of interest fagh-power applications. Similarly to the findingsChapter 3, dc-link
voltage ratios that result in equidistant voltageels lead to the best harmonic performance whepled CB PWM
methods are applied. Again, only the four-levelfgpration (dc-link voltage ratio 2:1) does notdet simultaneous
switching of the inverters, which is identified @hapter 3 as the reason for dead-time spikes. ptoblem is
encountered in five- and six-level configuratiorses. Although being less severe than in the casteotopology
analysed in Chapter 3, it is clearly shown thatddéae spikes again increase phase current harndisiortion and
practically eliminate all the benefits from a higlmeimber of voltage levels. In order to elimindtege issues, the same
CB PWM moadifications, proposed in Chapter 3, argliag in the affected reference zones. The finadutation
strategies are experimentally verified. Regardiivg-fand six-level configurations, PD and APOD tesn similar
harmonic performance, since differences introdunedifferent carrier arrangements are suppressetidinfluence of
an increased number of voltage levels. The samelesion can be derived for CMV performance.

Decoupled modulation strategies are analysed tieid. shown that almost the same modulation sch&om
Chapter 3 can be applied, regardless of the dcaitage ratio. The only difference in implementaticomes from the
different structure of the inverter with a higherlthk voltage level, where two carrier signals egquired for three-level
modulation. Despite the simple implementation,sitshown that this difference in topology structigads to great
improvement of harmonic performance, when compé#oetie case where decoupled CB PWM schemes ar@dypl
the topology with two two-level inverters. The asa$ of total harmonic distortion shows that thése modulation
methods have different performance in different olation index ranges. The idea that optimal decadiphodulation
should switch between URS1 and URS2, to optimisehdrmonic performance, as a function of instamtasienodulation

index value, is briefly discussed in Chapter 8etbgr with other topics which might be interestiogfuture work.
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Chapter 5

ANALYSIS OF DC-LINK VOLTAGE STABILITY
IN OPEN-END WINDING DRIVES

5.1.INTRODUCTION

In general, dc-link capacitor voltage balancingumsimportant topic for all multilevel voltage soartopologies
[Rodriguez et al. (2009), Kouro et al. (2012)]. §gsue has high importance since development dutation methods
usually assumes that the dc-link voltages are yeswhstant. Besides, capacitors are the primaryggnstorage
components in voltage source inverters and any pew®d voltage variation across their terminals rfeag to an
overvoltage, and ultimately breakdown.

In traditional single-sided two-level drives, the-lihk voltage is usually formed using an ac-dc\amer with a
single capacitor bank placed in between two dc-liaiks. The capacitor voltage is constant and stakiring regular
operation and only a braking process leads tordcuibltage increase (referred to here as overchgrghenomenon).
This is usually overcome using a braking chopperdiaesipating the excess power in a braking resistr applications
in which braking or speed reversal are frequentienommplex solutions are developed, in order tdokeneegenerative
braking [Wilamowski and Irwin (2011), Kouro et §2012)].

In the case of multilevel single-sided drives, ttagpacitor voltage balancing problem is usually riested as
unbalanced discharge of capacitor banks, whichsléadinexpected variations of voltage levels. ik dldest variant of a
multilevel inverter topology, CHB, separate andated dc voltage sources for every capacitor baekequired [Kouro et
al. (2012)]. This practically means that unbalandisdharge of the capacitors leads to unbalancegipoonsumption from
different dc voltage sources. In many other caags) as NPC, FC and MMC topologies, capacitor geltzalancing is one
of the primary tasks during the modulation stratdggign, since all voltage levels are formed frosingle dc source and
split among different capacitor banks in the prargh process [Kouro et al. (2012)]. The NPC hasglescapacitor bank
per voltage level, shared between all drive phasbidée FC and MMC have separate capacitor banlsaagh drive phase.
This difference does not have any consequencesiemverall volume and cost of capacitor bank corapts) often
considered as important parameter in the drivegdesiut it leads to simpler hardware solutionsdapacitor balancing
issue in the case of NPC, when compared to FC avfi€ bpologies, due to the centralised energy storag

In all multilevel drive cases the possibility ofpegitor voltage unbalance has to be taken intowattaduring the
hardware design stage, since discharge of one itaphank may lead to overvoltage of the other cétpabanks. A
straightforward solution to this problem is to cke@apacitors and semiconductor components thathdedo withstand
the overall dc-link voltage. As in any other cadeowerrating, this increases the overall cost amders the power
density of the drive. The second approach is toausdiary circuits, similar to the braking choppén two-level VSis,
in order to limit capacitor voltage rise above ttertain level. In that case unbalanced capacitschdirge causes
additional energy losses, due to surplus energypihgn A software approach, i.e. modification of thmdulation
strategy, is less costly and more elegant solutian, it always represents a trade-off between haienquality of
produced waveforms and capacitor voltage baland@ften, it cannot be realised without additionahs®s, which is

still much cheaper when compared to hardware neadifins at the power stage of the application.
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Chapter 5 Introduction

This chapter is dedicated to the analysis of thidolem with regard to open-end winding drives. Aligh five-
phase OeW drives are considered, the presentedlimgdend analysis approach can be applied to tinvedvith an
arbitrary number of phases. Probably the most agieattempts to analyse dc-link capacitor voltagkarcing in OeW
drives are reported in [Ewanchuk and Salmon (20Réydy et al. (2011), Somasekhar and Reddy (2@EManchuk et
al. (2013), Jones et al. (2014), Chowdhury et20116)]. All of them can be classified as voltagsdzhdc-link capacitor
voltage analysis, since they rely on the Kirchhoffbltage law and the analysis of space vectoriegifun times and
their impact on the dc-link capacitor voltages. Heer, they can be applied only in special casaswfach proposed
control algorithms are developed, since paramstgch as the number of voltage levels, number ekdrhases and dc-
link voltage ratio define the phase voltage spaeetors distribution, while their influence on the-lthk capacitor
voltages is defined under the assumption that ntiffew in all drive phases is always the same waeapecific vector is
applied. This last condition drastically limits thember of cases in which voltage-based analysisbeaused, since
phase angle between stator phase voltage and ptatee current is a variable load-dependent paeamet

In this chapter, a novel approach to dc-link cajpacioltage unbalance analysis, partly reportefDiarijevic et
al. (2015a), Darijevic et al. (2015c)] is explairfed 2L-OeW-2L and 3L-OeW-2L in Sections 5.2 an8,5espectively.
It is shown that complete analysis of dc-link camacacharging and discharging processes can bemeed using only
the Kirchhoff's current law, regardless of the dedi(projected) number of the phase voltage lemals number of
phases. This approach is referred to as curremigbds-link capacitor voltage analysis. Firstly, aofs of drive and
modulation strategy parameters on dc-link capacitdtages are analysed using a simplified and tharized drive
model, which does not include pulse width modutatand relies on a sinusoidal approximation, i.e tarmonic
content of all ac signals in the circuitry is nexgésl. Results from this analysis are verified usingierical simulations,
based on the models used in [Darijevic et al. (2D1Barijevic et al. (2015d)], where only PD PWMaisalysed. Here,
models are extended to other modulation stratdgpes Chapters 3 and 4.

It is shown that, in some cases, the modulaticatesyy naturally keeps all voltage levels constdnfortunately,
this is not the case when the dc-link voltage ratiased in combination with simultaneous switchafgwo inverters.
As reported in [Reddy and Somasekhar (2013), Jenak (2014)], the 2L-OeW-2L four-level drive seif§ from a dc-
link capacitor overcharging issue. Application bétderived modelling approach and analysis methodsvo drive
configurations i = 1 andr = 2), considering all modulation methods preseime@dhapter 3, shows that the overcharging
phenomenon exist only if coupled modulation is &ggpto the four-level configuratiom € 2). Unfortunately, this case is
identified as optimal, with regard to harmonic peniance in Chapter 3. Combination of the resutisnfChapter 3 and
Section 5.2 leads to a conclusion that a traddetffveen harmonic performance and dc-link capagittiage balancing
is necessary for the 2L-OeW-2L topology.

Section 5.3 provides the analysis of the dc-linkazdtor voltage balancing for the 3L-OeW-2L drivase.
Although this case is more complex, the conclusiares similar to those drawn from the analysis & 2b-OeW-2L
drive. That is, the 3L-OeW-2L drive suffers fromstable dc-link voltages if coupled modulation methare applied to
drive configurations where the dc-link voltage @ais used to increase the overall number of vollagels. As known
from Section 4.3, such modulation strategies alwagygploy simultaneous switching of two VSIs, whichables
utilisation of additional voltage level(s). It important to emphasise here that the dc-link voltagie is not the cause of
problem. Comparison of the results obtained witbhpted and decoupled PWM methods, applied for timeesdc-link
voltage ratio, shows that the main cause of dc-kalpacitor voltage unbalance or overcharging cofmas the

modulation strategy properties.
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Experimental verification presented in this chapteased on the comparison of measured dc-link otarfor
various OeW configurations, effectively demonstsdige impact of the overcharging phenomenon ordthe overall
energy consumption. These findings, in combinatigth the harmonic performance analysis reporte@lhiapters 3 and

4, lead to important conclusions about how the QiWe should be modulated when different configiora are used.

5.2.STABILITY ANALYSIS OF THE 2L-OEW-2L DRIVE DC-LINK VOLTAGES

5.2.1.PRELIMINARY ANALYSIS

The extended equivalent model, shown in Fig. 5.used in this analysis instead of the drive cirgun Fig. 3.1.
Two dc sources, denoted with green dashed recangpeesent the simplest dc-link voltage formatimased on three-
phase diode rectifiers with suppressed output geltdpple. Inputs of these two dc-sources are nliytisolated using
three-phase transformers. Voltages of ac sourges Va1, andvygs represent a symmetrical three-phase system with
120° mutual phase shift and amplitudes determinid thie desired output voltaggg.; = Vg1- Similarly, the second
three-phase diode bridge is supplied fraga;, Va2 andv,es, Whose amplitudes are adjusted accordingta Dashed
lines in continuation of dc-link rails suggest tladl five drive phases are connected to them. Rerpurpose of this
analysis, voltages across dc-link capacitors areotdel withve, andvee, indicating that they are treated as time-
dependent variable voltages (with dominant dc campt). Clearly, in regular conditions the two cafme’ voltages
have a dominant dc component and negligible ripplg: = Va1 andveger = Ve

A limitation of the presented solution is relatedpower flow, which has great significance for fbdowing
analysis. Due to diode bridge structure, it is clbmtiyy, andig, can be only positive. This is in agreement with th
expected behaviour of the whole drive system: sumtegesVy; andVy, are positiveijy; andig, should be positive as
well, in order to provide (i.e. source) power te thverters and finally machine, which is in motgriregime. However,
during braking and speed reversal, the rectifieuicstire disables the opposite power flow, i.e. alted regenerative
braking or power recuperation. This means thatakibg chopper is necessary, actually two of therthencase of 2L-
OeW-2L topology.

Using the Kirchhoff's current law, on the upper ldtc contours, which include all upper inverter-lagdes in
Fig. 5.1, one can determine dc-link currents fer2h-OeW-2L drive:
?odcl(t) = i.dcl(t) - ifjclinkl(t) (5.1)
ede2 () = iac2 (t) ~Tggink2(t)

dc source Vi dc source Vo

idclinkl Z.dclm/:Z |

[
Suplk Suka:'

Dupir

Ledel

) |
Cdcl | | ; ) . | N
— 7/(,(1(:1' U1k )2k | Vede:
] Sdnlk Sdn?k'

N, — t '

phase diode rectifiers with suppressed output geltépple.
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Currentsigina @andiggine can be calculated only if the inverters’ operaton conductance of each semiconductor
device is known. An upper IGBT in phasé VS|, (Spu) will conduct when its gating signal is on andhié phase current
ix is positive. Naturally, diodB, is turned off in this situation. For the negatplease current and the same gating signal
high level, freewheeling diod®,, conducts the phase current, wisilgxis turned off. The same reasoning can be applied
for the lower IGBT+D pair in VSI During the dead time interval, bdBj. andS;.ux are turned off, which means that only
Dypix Will conduct foriy < 0, andDgn for i, > 0. Relations between conduction states and phasent sign are opposite for
VSl,. Hence, Sy conducts only if its gating signal is on the highel andi, < 0, while Dy, can only conduct if phase
current is positive. Symmetricallo is turned on when its gating signal is on ang # 0, while Dy conducts only
negative phase current. Analysis of semicondudties for the condition, = 0 is not of interest for this model since this
case has no influence on dc-link capacitor chddging definitions of switching states from Chageit is clear that the
overall dc-link currents can be calculated as a sdfinall phase currents, multiplied with the switglistate of the
corresponding upper IGBT+D pair:

5

| acink 1. (1) = z (Su () O (1)

=L (5.2)

ik 2 () = ‘z (Sai (1) Gy (1))

k=1
General relationship between capacitor voltagecamcent are:
t2

1 .
Vcdcl(t2) = C_ _[ ledel (t) Cait + Vcdcl(tl)
dcl 1

5.3
L2 (5.3)

Vegez(t2) = . j gz (1) CEt + Viye o (ty)
dc2 1

wherevy(t]) andvge(t) are, respectivelyCq; andCy, voltage levels at=t;. The same expressions can be written in
extended form, which shows the relationship betwegitching states and instantaneous dc-link capaeiltage value.
Using (5.1) and (5.2) to calculatg. andic in (5.3) one gets:

t2

5
Vedea (t2) = i!{idu(t) - Z Sik (t) (t)] [0t + Vigea (1)
Clu k=1

0 (5.4)

1. >

Veaea (t2) :C—j[lm(t) +) Sy (t) T (t)]mn AR ()
de2 k=1

Analysis of (5.4) shows that the capacitor voltagmains constant only if the integral summand e z8ince it

is already concluded that, andig, cannot be negative, this condition comes downdg: andvgy, are constant only if
igainee @andiggine are positive. Obviously, the 2L-OeW-2L topologynnat suffer from capacitor discharge problem as
long as the rest of the dc voltage sources are t@bleliver additional charge fast enough. Howevethe drive
behaviour, caused by the chosen switching pattadioa for any other reason, is such thatw and/origiw. are
negative, some additional charge will be addedh¢odc-link capacitors, even if the correspondingimic source current

is equal to zero. From that point of view, it seesnfficient to analysé,ging andiggink, in order to understand what

conditions lead to dc-link capacitor overchargimgkpem (if any).

5.2.2.LINEARIZED DRIVE MODEL AND SINUSOIDAL APPROXIMATION
Under analysis the 2L-OeW-2L drive is in steadyestperation. Phase currents are assumed to bg pumesoidal:

i (t) = 1 Bin(wp, B - (k-1) 2&/5- ¢) (5.5)
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wherel,, stands for expected phase current amplitudekastdnds for phase number. In order to simplify waltons,
Im=1 Ais used in this analysis as well as in $ech.3. Phase angle, calculated with respect tedhesponding phase
voltage, is denoted withh. Angular frequencyw,, = 2z-f'M is utilised in (5.5) in order to model frequencl tbe
currents produced under thif law (equation 3.8). This simplifies the model,cgrapproximately constant phase current
amplitude in steady state operation is expectedutitftout the modulation index range. Simplified ghasltage

references are used, without min-max injection\aitd always constant reference offset:

v (1) =%+%Bin(wm[ﬂ—(k—l)ﬂ?ﬂc/5) (5.6)

Based on the phase voltage reference and modulakgmmithms, duty ratios o8y Dupik Sipac and Dypp are
defined as the time of their conduction during emétching period. In order to eliminate PWM sidéeets related to
dead-time influence on low-order harmonic and higlier harmonic components, all semiconductor dseviase
considered as ideal, under the assumption of vigly $witching frequency. This enables further sifigdtion of the
circuit, where each IGBT+D pair can be considergdmideal four-quadrant switch (although only entmidirectional
flow is of interest for this analysis). As a consence, a single duty ratio parameter can be asbitgn®,,;x and Dypu,
referred to asly. The same applies 8y, andD i pair, which together forrBy switch that has duty ratidy. The final
2L-OeW-2L equivalent model under sinusoidal appmation is shown in the Fig. 5.2. Currenfgiw and igginx
represent contributions of thé drive phase taying andigaine, respectively.

Careful inspection of the model and its repres@amain Fig. 5.2 poses several questions, which lshbe
addressed before further analysis. Firstly it eaclthat infinite switching frequency leads to nitly small switching
period, which makes terms such as duty ratio seaseHowever, switching frequency is only considetie be high
enough so that all switching effects can be negtkat the analysis. At the same time, duty raticobpges a continuous
time domain function, specified with modulationas&gy algorithm. Since all switching effects arenelated from the
analysis, while phase current is purely sinusoitta$ also means that there are no ac componenit® ioommon mode
voltage. However, Chapter 3 analysis leads to &lasion that for > 1, the CMV has non-zero dc component, which is
clearly disregarded in Fig. 5.2. In the real dnwmedel, this dc component is a consequence of sighaisphase voltage,
produced by modulation of two inverters with undaqi@links, which leads to almost sinusoidal phaseents. In this
model however, phase currents are considered w@ivieeys sinusoidal, regardless of the modulatiomwaf inverters,
which means that the dc CMV component has no impacthe analysis. The same can be concluded far ath
voltages in Fig. 5.2V andVy, are shown only to give the meaningi @f.ax andigiinex currents. Since all parameters
and variables in the above described model hava fofr piecewise linear functions, the circuit in Fig2 can be
presented in linear form, shown in Fig. 5.3. Twealtransformers are used to model the relatiohsdan the three

drive stages: VSJ) machine and VSl

delink1k Ldelink2k

%ﬂplk & Duplk Uk Suka & Dup?kf

¥ duty ratio: dig ’//\\ duty ratio: dag T
® S, ®

ik
Vdcl VdCZ

074 074
S San2k & Danak

anik & Danar
duty ratio: (1 —dix)  duty ratio: (1 — day)

Fig. 5.2.Equivalent model of ideal 2L-OeW-2L toEology undlee sinusoidal phase current approximation. For
simplicity, onlyk™ drive phase is shown.
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v = dig - Vier — dok - Vaea

ldetinkik = dik -+ ik bdelink2k = —dag * Tk

Fig. 5.3.Linearized equivalent model of ideal 2L-OeW-2L atgmy under the sinusoidal phase current approxamat

Numbers of turns of individual windings are relatedduty ratios of two inverters. The aim of thi®ael is to
provide insight into the phase current and modutasitrategy influence on dc-link voltage balancifigom this point of
view, it is practical to consider phase currentd dnty ratios as system inputs, while dc-link cotseare treated as

system outputs.

5.2.3.ANALYSIS FOR DC-LINK VOLTAGE RATIO 1:1

The first case under analysis is the 2L-OeW-2L @nvithr = 1, i.e. three-level configuration. Having in min
basic principles of carrier based PWM and two itemsr operation defined with (3.10), duty ratios tenanalytically
expressed, using phase voltage reference and éentiwenltage levelsl{= 0,1, = 1/2 andl; = 1 in Figs. 3.5a and 3.6a
and 4.3a). Any duty ratio in the circuit may takeiastantaneous value between 0 and 1. Howeveare gihase voltage
reference and carriers do not have the same amglind range, some numerical manipulations of tese voltage
reference are needed, in order to obtain duty gdtioexpected range. In order to eliminate theedffatroduced by
carriers’ minimal value different from 0, one has subtract the lower reference zone border framin the
corresponding reference zone (see Figs. 3.5a &aj. F-or example, if the reference belongs to #ference zone 1 in
Fig.3.5a, themw, has to be used in further calculations, sincddher reference zone borderlis= 0, i.e.vi(t) — 1 = vi(t).
Secondly, negation in the final expressions fortahing states based @, like in (3.10), means that the phase voltage
reference has to be subtracted from the uppergmltavel that defines that reference zone. Thie transforms the
output from the previous example 1g 4 vi(t)). Finally, the span of the reference zone vethasoverall phase voltage
reference range defines a multiplication factorjolwhensures that the overall duty ratio range isvben 0 and 1. If
equidistant voltage levels are used, this factoalgays ¢ + 1), which comes from (4.1) and Fig. 4.3a. Thiusal
expression fody, in the reference zone 1 is{l2—Vi(t)). The same reasoning is applied to the otherscpeesented in
this chapter. In the case of this drive configunat{3.10) yields that V$loperates in PWM mode i belongs to the
reference zone 2. Using the above rules, the éirptession fol, < vi(t) < |5 for dy is 2- {i(t) —1,), i.e.l, = 1/2, has to be
subtracted fronv(t), sincel, is the lower border of the corresponding referezm®e. A complete list of expressions for

duty ratios is provided in Table 5.1, for 1.

Table 5.1.Duty ratio calculations for the 2L-OeW-2L three-é¢eonfiguration with coupled PWM methods.

Condition dy(t) )
L=V =1 0 2- (= WD)
< w()<ls 2-(u(t) —12) 0

Using the expressions for phase current and dtigstacontributions of th&" drive phase to thRgina andigginke
can be calculated, based on the model in Fig.UsBg phase voltage reference and phase currerdfarws, as model
inputs, VSIs duty ratios and resulting contribusasf each inverter leg to the dc-link currents alo¢ained. Resulting
waveforms are shown in Fig. 5.4, for different miadion indices and phase angles, for the firstalphase. Horizontal

blue lines in the first subplot from the top remisreference zone bordetg (; andls), as in Figs. 3.5a and 3.6a. The

88



Chapter 5 Sability analysis of the 2L-OeW-2L drive dc-link voltages

upper two subplots represent model inputs, Vieand i, which is shown for three different values in (5.5).
Contributions ofk" drive phase tdqginkt andiggine are:igginkx(t) = dut)-ik(t) andigginex(t) = —da(t)-ik(t), respectively.
These are considered as final model outputs, shiowre lower two subplots in Fig. 5.4. Obtained efavms show that
phase shift betwedn andvi has a strong influence @gyinax andigginek- This comes from the fact that duty ratiggand

dy are determined using only (Table 5.1), while final dc-link currents argluenced byi, as well. For example, during
0 <t<T/2, wis in the reference zone 2, which resultsljg(t) = 2-§(t) —1,), i.e. VSh operates in PWM mode, while
VSI, holds constant voltage level,, d, = 0. However, phase current sign changes betweeth QT/4 for ¢ < 90°,
which means thaD,,« conducts longer thasu, resulting iniguinax > 0 for a longer period of time, when compared to
the interval whenginax < 0. Application of superposition principle givestfinal expression for the mean values of
igaine @Ndigaine currents, during one fundamental period:

- 1T 5
Iginka = ?I(Z(dlk (t) O (t))J (it

o\ k=0
1 T/ 5 (5-7)
I delink2 =_I Z(_ i (1) i (1)) |t
T 0 \k=0
Symmetry arguments and fact tloat andd,, are equal to zero in one half of the fundamenrgaiogl result ink = 1):
T/2
: MO, .9 . .
ooz == Dj sin®(w,, @) [os) +sin(w,, @) Eos,, @) Bin() | ot (5.8)
0
. MO, T( ., . . )
Idclink21 = — T DJ sin“ (o, ) [tos@) + sin(w,, ) [tosk,, () [$in(g) Lt (5.9)
T2

Using the fact that integral of the sum is equahtosum of the integrals, thginw andigine Mean values can be obtained
multiplying solutions of (5.8) and (5.9) with thember of phases. Final expressions for mean dczlintent values are:
_50M O, eos(p)

lgclink 1 = ladink 2 = 4 (5.10)
a) 2L-0OeW-2L, coupled control,r =1,M = 0.6 b) 2L-OeW-2L, coupled control,r =1,M = 0.8 c) 2L-OeW-2L, coupled controlyr =1,M =1
1 1 1
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Fig. 5.4.Waveforms obtained using the model in Fig. 5.3 @apled modulation far=1,¢ = 60°, 75° and 90° (black,
red and blue lines, respectively) add= 0.6 (a)M = 0.8 (b) andM = 1 (c).
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Expressions for both dink currents are the same, which is expectedesi¥8l, and VS} operate symmetrically,
each in one half of the fundamental period, regasllofM. The most important conclusion is that both cusere
always positive, since caf(is always greater than 0 forQp < 90°.

The same 2L-OeW-2L configuration£ 1) can be modulated with decoupled CB PWM. Olatdiwaveforms are
shown in Fig. 5.5. In multilevel operation modetydratios of two VSIs are equal to the correspogdihase voltage
references, given with (3.16) and (3.17). Usind 73 and (5.5) for the phase current calculations)(®ne gets:

_ 50, Leos(gp)

T delink 1 —fE(ZEM -1 (5.11)
- 50,, [tos(@)
lddlink2 = mf (5.12)

Obtained expressions are very similar to thoséhfercoupled modulation case. 8 sourcing the same amount
of current from its dc-link source, when the driwerks in multilevel mode, regardless bF. Both dc-link currents
always have positive mean value, regardledd ahd¢. These findings are confirmed numerically in Miatfar the full
range ofy andM. Results are shown in Fig. 5.6.

a) 2L-0OeW-2L, decoupled controly =1,M = 0.6  b) 2L-OeW-2L, decoupled controly =1,M = 0.8 c¢) 2L-OeW-2L, decoupled controly =1,M =1
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Fig. 5.5.Waveforms obtained using the model in Fig. 5.3 éacbupled modulation for= 1,4 = 60°, 75° and 90°
(black, red and blue lines, respectively) &me 0.6 (a)M = 0.8 (b) andM =1 (c).

a) 2L-OeW-2L, coupled modulationy = 1 b) 2L-OeW-2L, decoupled modulationy = 1
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Fig. 5.6.Phase angle influence on the dc-link current medunes in the 2L-OeW-2L three-level configuratioithw
coupled (a) and decoupled (b) modulation.
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5.2.4.ANALYSIS FOR DGLINK VOLTAGE RATIO 2:1

The second case of interest is the four-level goméition of the 2L-OeW-2L drive, with equidistartitage levels
(r = 2). Expressions fad;, andd,, are more complex for this configuration, sinceytdepend on the modulation index
and dc-link voltage ratio. Based on Table 3.4 aig$.F3.5¢c and 3.6c, one may conclude that therahaee different
expressions for both duty ratios, due to the emcsteof three reference zones. They are summanms@a@ble 5.2 and
depicted in Fig. 5.7 for the first drive phase,dthgr with resulting dc-link currents contributio@urrents yqinax have
similar properties as in the case of coupled metHodthe three-level configuration, i¢g< 90° always results in longer
positive intervals than negatives, which meanstthadrive sinks current from the \{Sic source. The situation is more
complex on the lower dc-link voltage side. For shewn cases, phase current is around its peaks/albenvi belongs
to reference zone 2. The presented waveforms shatthe phase angle influence in this ranges@rox is low, while
it's more dominant in reference zones 1 and 3. Nhithn index in this case also has a strong infbeeon VSI legs
contributions to dc-link currents. Hence, analysismean values has to be performed, in order td €inder which

conditions drive operates withyiw. > 0.

Table 5.2.Duty ratio calculations for the 2L-OeW-2L four-léwenfiguration and coupled PWM methods.

Condition dy(t) day(t)
L=V <l 0 3-(— vid))
o< vi(t) < 15 3- ilt) —12) 3- () —12)
I3 < Vi(t) <1, 1 3-(a—w(t)

a) 2L-OeW-2L, coupled control,r =2,M = 0.6 b) 2L-OeW-2L, coupled control,r =2,M = 0.8 ¢) 2L-0OeW-2L, coupled control,r =2,M =1
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Fig. 5.7.Waveforms obtained using the model in Fig. 5.3 @mapbled modulation far= 2,4 = 60°, 75° and 90° (black,
red and blue lines, respectively) avdd= 0.6 (a)M = 0.8 (b) andV = 1 (c).
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Detailed analysis of this case and analytical @tion of delink current mean values are given in Appendix 3.
Clearly, this case is much more complex, when caewgpdo the three-level configuration, not only hesm of the
number of necessary integrations, but also dud-ttependent integration borders. The final expressiobtained using

wxMaxima (an open-source computer algebra systeftware) and used for further computations are:

i glinky = % E{B Eo{arcsi{ﬁn [Cos@) +

(01 . (01 .
+M EFG [Cos@) BircsnEm] - 3E<l;|r{2 BircsnEmD Etm(qa)}}
i qelink2 = — 54DD;1 E{(4 @O{arCSi{ﬁD [tos(y) +

(1 (1 . 1
+M EEG [tos(@) Bircsv{mj -3 Ijto{z Bircsv{ﬁﬁ $in(g) - 3 P E:os((p))”

Although being very complex, (5.13) and (5.14) haireilar form and only differences are in the |eadsign and the

(5.13)

(5.14)

existence of —1/2-cosg) term in the last summand in (5.14). In orderind funder which conditions (i.84 and¢ values)
the drive does not operate with positive dc-linkrents, one would have to derive twi{¢) functions from (5.13) and
(5.14) equal to zero, by equalizing both dc-linkreat mean values with zero. Finalli(¢) roots need to be found.

Since it is clear the expressions are very complarjerical iterative analysis is performed in Matlé showed
that for anyg andM expression (5.13) returns a positive value, wtiie dc-link current of VSlhas a negative mean
value for 0.33 M < 0.825. The lower border represents the minimabr which 2L-OeW-2L withr = 2 operates in
four-level mode (using both VSIs), while the upperder is determined by numerical analysis of (b.B4tuations in
which only one inverter is used (i.®. < M,»/3) are not of practical interest for this analysigce in this case the dc-
link capacitor voltages are kept constant by thet of the power supply circuitry. Obtained resuéiad to several
important conclusions, which can be applied tortred drive case. The phase angle has influenceamnthe amount of
charge that is going to be added to@g, but not on the dc-link current sign, which depeodM.

The second interesting case for analysis with bgar 2L-OeW-2L drive withr =2, is modulation with
decoupled CB PWM. Expressions fiy anddy are again equal to VSand VS} phase voltage references, which leads
to almost identical final expressions for mean galwf the two dc-link currents, when compared ® pineviously

analysed configuration:

_ 5[Immzosta)(3[M _1)

| dctink1 = 6 (5.15)
- 50, [¢os
ldclink2 =mT@) (5.16)

Obtained waveforms for decoupled modulation arevshim Fig. 5.8. Comparison with Fig. 5.5 confirnmat the
two cases are very similar, which is expected ftbe analysis in Chapter 3, where very low depenglefcdrive
harmonic performance ans observed.

Dependencies of dc-link current mean values fomptaliand decoupled modulation of 2L-OeW-2L fourdlev
configuration are shown in Fig. 5.9. In both cag&s; operates with positive dc-link current, regardletg, sourcing
the current to the drive. Negative dc-link currentVSh, side suggests that the inverter has the oppositepflow in
the case of coupled modulation when 0.3 < 0.825. In the case of decoupled modulation sdrae inverter operates

processing the same current, sivels always constant in the multilevel operationgan
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a) 2L-OeW-2L, decoupled controly =2,M = 0.6  b) 2L-OeW-2L, decoupled controly =2,M =0.8 c) 2L-OeW-2L, decoupled controly =2,M =1
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Fig. 5.8.Waveforms obtained using model in Fig. 5.3, detmtipnodulation for = 2,¢ = 60°, 75° and 90° (black, red
and blue lines, respectively) all= 0.6 (a)M = 0.8 (b) anaV = 1 (c).
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Fig. 5.9.Phase angle influence on theliik current mean values for a 2L-OeW-2L four-legenfiguration with
coupled (a) and decoupled (b) modulation.

The presented analysis shows that in the case wfled PWM schemes € 2) V,» has to be realised using
current bidirectional power source and explainglat conditions this is necessary. Together witilysis in Chapter 3,
this leads to a conclusion that the superior haimparformance of 2L-OeW-2L four-level configuratids traded for
additional complexity in hardware and additionaémy losses, since simple solutions for dc sou(liles in Fig. 5.1)
cannot be used. In order to fully investigate whatexact impact oy, overcharging is, detailed numerical simulations

are performed, as well as experimental verificatibims is presented in the next section.

5.2.5.SIMULATION AND EXPERIMENTAL RESULTS

Ideal dc source models that are used in numerigallations in Chapter 3 are replaced with threesghdiode
rectifiers, fed from two three-phase ac source$ wit adjustable amplitude and frequeficy 50 Hz. The additional

components are modelled according to the AppendRréliminary analysis showed that carrier arrarg@s have no
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influence on the voltage stability of the-fiilck capacitors, which is expected from the anialys the previous section. In
other words, IGBT and antiparallel diode in the eippGBT+D pairs contribute to the dc-link capacitdrarge in the
same way, regardless of the carrier arrangemegt.5-10 shows dc-link voltages in the case of PDMP¥#hd URS1
PWM, representing coupled and decoupled modulatespectively. In order to isolate the influenceswitching pattern
on dc-link voltages, simulation is performed in foBowing manner: in the first 0.5 s the driveinstransient and ideal
dc-link sources are used. When steady state ibedabe ideal dc sources are replaced with threseprectifier models.
As reported in [Reddy and Somasekhar (2013), Jehat (2014)], PD PWM in the case of a dc-linktagk ratio 2:1
(i.e. r = 2) suffers fromCqy, overcharging. In particular, this phenomenon isesbed in the modulation index range
0.35 <M < 0.825, which is in agreement with findings froine previous section. However, it is clear thatcéxate of
overcharging depends on the phase angle. This usianl comes from the Fig. 5.9, where the same natidual index
results in different dc-link current mean values, differentg. In this case, the drive is considered to be undeload,
which means that demonstrated overcharging cornelsptmg value very close to 90fn other words, the presented case
is the best possible, where overcharging rate .f86 &M < 0.825 is the lowest.

This narrows down the number of possible application which dc-link voltage ratio can be used idesrto
utilise the additional voltage level in combinatiaith optimal four-level modulation. Namely, sinde-link voltage
ratio is considered to be constant, increasé;gfleads to improper modulation. This is clear frdra tvaveforms shown
in Fig. 5.11, for the last 0.2 s of simulation time. All the expected benefits from multilevel ogtion are eliminated in
the case oM = 0.6 andvl = 0.8, due to increase ¥fis.

The second important observation is related toothercharging rate when= 2. One may notice that thgox
mean value in Fig. 5.9a fdl = 0.8 is very close to zero, meaning that the etgqaovercharging rate should be very
slow. However, simulation results in Fig. 5.10b gesst that the overcharging rate is only 50% loweantin the case of
M = 0.6. This is a consequence of overcharging émfte on phase current low-order harmonics. Nantledysimplified
model considers the phase currents as purely sdalsahich does not hold for the waveforms showriig. 5.11, for
M =0.6 and 0.8. Additional distortion of the phaserents that comes from improper phase voltageefoamn (a
consequence of unbalanced dc-link voltages) intes@additional phase current low-order harmonicpgmments, which
lead to a different rate of overcharging, when carag to that expected based on the linear appréximalowever, if
the drive is aimed to operate only at its nomimpedesd (i.eM = 1, Fig. 5.11c) or more precisely at speedsthatespond
to for M > 0.825, then the 2L-OeW-2L with= 2 can be modulated with PD or APOD PWM for aogd (e.g. phase
angle), even if the simplest power supply realsatis utilised. However, for variable speed-driviésseems more

appropriate to use= 1 or decoupled modulation strategies.

a) 2L-OeW-2L,r = 1, PD b) 2L-OeW-2L,r =2, PD c) 2L-OeW-2L,r =1, URS1 d) 2L-0OeW-2L,r = 2, URS1
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Fig. 5.10.Simulation results: 2L-OeW-2L drive dc-link volegyfor PD PWM =1 (a),r = 2 (b), URS1 PWM =1 (c)
andr = 2 (d).
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a)M =0.6 b)M =0.8 coM=1
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Fig. 5.11.Simulation results: 200eW-2L drive with PD PWM; = 2 steady staig andi, forM = 0.6 (a)M = 0.8 (b) and/ = 1 (c).

Experimental verification of the dc-link capacitovercharging problem is complex, since an uncolatioté
increase of dc-link voltage can cause capacitoakstewn, often followed with further hardware damagberefore, a
controllable four-quadrant voltage source is usedng the examination of the 2L-OeW-2L four-levalndiguration,
modulated with coupled CB PWM schemes. Experimamtslts forV/f control are shown in Fig. 5.12, for all analysed
cases. The modulation index is linearly increasethfO to 1, which corresponds with linear driveederation from O to
1500 rpm. Speed estimation, based on modulatioexind shown in Fig. 5.12, obtained via a dSpack &dquisition
board, directly connected to the oscilloscope, Whielped later synchronisation of measurementss &lsio results in
the staircase shape of speed waveform due to lombeuof utilised quantization levels. The signdiswen in Fig. 5.12
are highly filtered, in order to eliminate switchimipple and EMI noise. Due to the hardware configjon, it is only
possible to measurig,; andig, since dc-link voltage capacitors are incorporatéthin the inverters. This has no
negative impact on the analysis, since the voltsmeces are keeping constant dc-link voltages aedsaorements of
their output currentd{; andig,) provide all needed information. In all casgs,is zero for two-level modulation. In the
same rangeM < 0.35), VS} has positive dc-link current, which means thas gourcing power to the drive. In multilevel
regime, three-level configuration with coupled miation and both configurations with decoupled matiah result in both
igr @andige being positive. This means that the overall dpeaver is formed by combination ¥f.; andV,.. However, for
r = 2, coupled modulation leads to negatiyein the first part of the multilevel range. Grepatbetween two curves in the

lowest subplot in Fig. 5.12a shows additional epéogs, caused by the overcharging phenomenon.

a) 2L-OeW-2L, coupled CB PWM,V/f control b) 2L-OeW-2L, decoupled CB PWM,V/f control
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Fig. 5.12.Experimental results: 2L-OeW-2L dc-link currentsldotal drive power during/f acceleration, for PD PWM (a)
and URS1 PWM (b) with=1 andr = 2.
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Since the inverters are supplied from the contbbdlalc sources, this means that total power isutated as:

P = {vdcl(w ey (8) + Veo ) o)) 1f Tge2(t) >0
0 Ve © T ® it igea(t) SO

where the bar over the symbol represents the malae wver one fundamental period. In the case vitodh inverters

(5.17)

are sourcing the power to the drive, that is, wheth delink currents are always positive, (5.17) gives sum of their
powers. Previous analysis shows thatis always positive, meaning that correspondingsaarce is always sourcing
power to the drive. Hence, condition in (5.17) ddessigc, only. Fig. 5.12 shows that the four-level configtion with
coupled PWM methods leads to additional energyelms§his can be seen as a trade-off between hagdweanplexity
and efficiency, for the given requirements of drh@monic performance. Superior harmonic perforraasfccoupled
modulation strategies for= 2 demonstrated in Chapter 3 potentially leadtiédower losses and reduction (or complete
elimination) of filter components in ac transmissimes between inverters and machine. Howeverptbeided results
show that harmonic performance cannot be the omgtraf modulation strategy quality. General, bfieo overlooked
conclusion is that all application demands (powesrsity, hardware complexity and price, efficieneypected operating

conditions, etc.) have to be analysed togethegctffg both hardware and software design.

5.3.STABILITY ANALYSIS OF THE 3L-OEW-2L DRIVE DC-LINK VOLTAGES

5.3.1. PRELIMINARY ANALYSIS

The second topology under analysis in this thesihé 3L-OeW-2L drive. Using extended equivalendeian
Fig. 5.13, one can derive the dc-link model basethe Kirchhoff's current law:
ede1(t) =iga(t) ~iggina (t)
icdea2(t) =g (t) —iggina () —imp (t) (5.18)
fede2 (1) = ige2 (1) ~Tgglinka (1)
whereiy, stands for the current sourced from the mid-pofrthe NPC inverter dc side (Fig. 5.13). This cotreas well
aSiqinkts Iddinks €an have both positive and negative mean valuaglone fundamental period, which affects capacito

voltage balancing on Vgkide.
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Fig. 5.13.Extended equivalent model for 3L-OeW-2L topology.
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Analysis of Fig. 5.13 and (5.18) reveals the caad& under which all dtink capacitor voltages are balanced.
Currentsig; andige, are always positive or zero, which means thati@afft condition for power sourcing from the dc to
ac side of application is thatin andigine have positive mean values. This also ensuresestiblink capacitor voltage
on VS} side, determined by the rest of the dc sourceuitisc The situation is more complex on the YSide. This
inverter is aimed to operate with three equidisiaitage levels\{yq, Vi = Vaar/2 andvy, = 0), while switching is only
allowed between adjacent levels, i.e. there shbelcho switching fronVy, to 0 and vice versa. The desired dc-link
voltage levels on VSlIside mean that the expected capacitor voltages.@ie= Veeer2 = Vaer/2. In this case, it is not
sufficient to have positiVRwina andiggine, in order to ensure stable dc-link voltages. Idi&oh, thein,, mean value has
to be zero over one fundamental period in orden§gi; andvi» to be equal. This can also be concluded from the

expressions for dc-link capacitors voltages, baseHig. 5.13:

t2

Vegea(t) = ﬁj(i et =T ) B+ (6)
cllu

t2

et = & [ a0 hna ) = O) B s (5.19)
Col il

t2

1 : .
Vcdcz(tz) == I (' dc2 (t) ~ldclink2 (t )) Lot + Vede2 (tl)
dc2 t1

In order to understand the 3L-OeW-2L drive dc-lgdpacitor voltage balancing it is sufficient to yse iyina,
imp @ndiguine. Relations between switching states and phasemtsirwith dc-link currents, obtained by analysis o

inverter operation in Chapter 4 and using labalmffFig. 5.13, are:

5
{dgtinka (1) = Z(ﬁi (t) (S5, (1) [, (t))
k=1

5

o ) :2(§i‘k(t) S5(1) mk(t)j (5.20)

k=1

5
gatink2 (t) = Z(SZk () (t))

k=1
where each switching state stands for one compBBd +D structure, while the bar over the symbolresents logical
negation operation. Obtained expressions are nmmplex than those in (5.2) regarding Y8¢-link currents, involving

both switching states of NPC converter. The expoes®r VSL dc-link current is the same as in the case of 2M2L

topology. However, careful analysis of switchingtpens shows thzﬁik andSlik are never in PWM mode at the same
time, at least for the analysed modulation stratedl'he only situation when this is not the caderisix-level operation
with 1 <r < 2, which is eliminated from further analysis doeworse harmonic performance and the impact oy ve
dominant dead-time spikes.

Although solving (5.20) can be simplified by spiig the analysis into several cases, which cormedpo
different reference zones, analytical calculationshe case of 3L-OeW-2L drive are more demandind eomplex,
when compared to the 2L-OeW-2L case, not only bezad the more complex starting expressions, t=at diie to the
fact that one of the conditions that should be imerder to have balanced dc-link capacitor voltaigemore strict.

In the 2L-OeW-2L drive case it is sufficient to peothat all dc-link currents have positive mearuealin order to
demonstrate dc-link voltages’ stability. In 3L-Oe2l- case, analysis off,y, is of special interest, which requires
consideration of the dead-time effects, since ayyranetry in switching pattern can lead to its nerezmean value. In

essence, this requirement is the reason why maigjessided multilevel topologies require specigioathms for dc-link
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capacitors’ voltage balancing. The ddade influence on dc-link currents is already immrated in (5.20), due to
definitions of switching states. However, this fdoes not make further analysis any easier, sieenbdulation algorithms
presented in previous two chapters, have deaditisegtion as the last step in the switching pattemmeration.

This means that expressions for duty ratios baseghase voltage reference manipulation have topuoated
with an additional term that represents dead-tiffects. This has no influence @gjinq andiggine, Since positive mean
values are of interest, which is the condition thas$ to be ensured by the modulation strategy,itegjardless of small
side effects, such as those caused by dead-timen Ehis point of view, the analysis in the previaestion is valid,
although dead-time influence is not included inlthear drive model. This can be confirmed by taet that the model
provided accurate predictions of drive behaviouirduexperiments.

On the other handl,,, mean value is very sensitive to dead-time, bug arilen an asymmetrical switching pattern
on VS| low- and high-sides is commanded by the modulasioategy. Inclusion of dead-time in the modelséases
the overall complexity of the analysis, since sarfi¢he integration limits are now dependent notyam M andg, but
also on dead-time effects. Hence, in this sectany starting sets of equations are provided facheaf the three
configurations (=1, 2 and 4), modulated with coupled and decalgehemes. Drive models, based on sinusoidal

approximation and circuit linearization, are anaty®nly numerically.

5.3.2.LINEARIZED DRIVE MODEL AND SINUSOIDAL APPROXIMATION

The 3L-OeW-2L drive is analysed here using the samperoach and model derivation arguments as in the
previous section. Linearized drive model based innseidal phase current approximation is shownim B.14. An
equivalent circuit, based on ideal transformers &&0) is shown in Fig. 5.15. Based on Figs. 5ah#l 5.15,
expressions for dc-link current contributions frome drive phase are:
atinkak (1) = A (1) O (1)

Tk (1) = d iy (8) [ (1) (5.21)

aetink 2k (t) = =d (1) Oy (1)
wheredm(t) stands for NPC mid-point duty ratio, which isadated as:

. b
d (t) — 1_dlak(t) if 1_dﬁ( (t) < dlk (t) (5 22)
mpk A2/ 7 b ; a b )
dak (1) it 1-dy(t) 2 dgi (1)
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Fig. 5.14.Equivalent model of ideal 3L-OeW-2L topology undee sinusoidal approximation. For simplicity, okl
drive phase is shown.
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vp = dig - Vier /24 dimp - Vier /2 — dok - Vigea
dactink1k = dig - ik N

le ik

Tdelink2k = —dak + Tk

Vide1/2

Tmptk = dmp - 1k %

Fig. 5.15.Linearized equivalent model of ideal -8eW-2L topology under the sinusoidal approximation

In (5.21) and (5.22)1?,( and d?k duty ratios correspond lﬁfk and ﬁk switching states, respectively. These two
expressions form the complete drive model, whiah loa applied to any configuration (irevalue) and any modulation
strategy. The only difference comes from the fhat tluty ratios are calculated in a different manRéase current is in
all these cases calculated using (5.5), while (p®Vvides the overall phase voltage reference,rdégss of drive

configuration and modulation strategy.

5.3.3.ANALYSIS FOR DC-LINK VOLTAGE RATIO 1:1

In this caser(= 1), duty ratios are calculated using phase gelteeference and expressions (4.4). As already
mentioned, the expressions are aimed for numaeaitalysis of dc-link currents. Considering thistéasl of using a time
domain condition based on reference intersectioitB mormalised equivalent voltage levels, it seesufficient to
express duty ratios in different reference zonelichvin the numerical model comes down to simifehen-else
conditional statements. These are summarised ife$&h3 and 5.4, for coupled and decoupled moduiatespectively.
Normalised voltage levels ate= 0,1, = 1/4,13=1/2,1, = 3/4 andls = 1 (Figs. 4.3b, 4.6a and 4.7a). Using expressions
(5.21) and (5.22) and Tables 5.3 and 5.4, one ls tabcalculate dc-link current values for evenydiinstant in one
fundamental period. Obtained waveforms are showhigs. 5.16 and 5.17. In the case of coupled mdidnlgFig.
5.16), low- and high-side PWMs of VSre not symmetrical, while VSbperates in PWM mode in only one reference
zone. Bothgina andiggine Clearly have more positive than negative instagas values during one fundamental period.
This means that the overall dc-link voltages areguing to be increased, even if current unidical dc sources are

used, like those in Fig. 5.13. Surprisingly, asyrtrgnen the VS| side does not affedt,, which is symmetrical and has
zero mean value during one fundamental period,rdbgss ofM and¢. Careful analysis onﬁik andd?k shows that)

has purely sinusoidal waveform altho@}g andd?k do not. However, this finding is not in agreemeith observations

made during experimental verification, to be préserfurther on, where separate controlgf andVy is required to

provide stable voltage levels on \{Side. In this caséy, has a strictly negative mean value.

Table 5.3.Duty ratio calculations for 3L-OeW-2L five-level ifiguration and coupled PWM methods.

Condition dd d:, dy
I, <vit) <1, 0 4- () =1) 1
[ < Vg(t) <ls 0 4-(s ) 4- (5 — V(D)
I < wi() <14 0 4- @) —13) 0
ls < Vi) <15 4- (ift) = 1) 1 0
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Table 5.4.Duty ratios for 3LOeW-2L five-level configuration and decoupled PWiMdthods.

.- b
Condition dik dy Oy
0<v(t)<1/2 | 2 ¢uft) — 1/2) 1 va(t)
12< () < 1 0 2y () vailt)

Comparison of simulation results with and withoetd-time effects shows that dead-time is respanéilolwhat
is observed in practice. Hence, the linearized mdmesed on sinusoidal approximation, is updateith wh additional
term for each duty ratio, which represents theedéfifice between commanded duty ratio (Tables 5.5 @)and actually
produced one, after dead-time implementation. Stheedead time interval in experimental rigtijs= 6 us, while the
switching period isTs= 500us, duty ratiosdellk and d?k have to be updated with —6/500- sign{vhile d, has to be
corrected with +6/500- sigiy) in order to include dead-time effects in the niddign(x) function returns —1 fox < 1 and
1 for x> 0). This modification has no influence @i and igginek @s well as ofgginke and iggine Mean values.
However, it has a strong influence igp mean value, when coupled control of two inverigngtilised.

In the case of decoupled modulation schemes, datairaveforms foryging1 andigiine: are always positive for a
longer period of time during one fundamental perigHich indicates corresponding dc-link currentgehpositive mean
values, regardless & and¢ values (Fig. 5.17). Waveforms obtained ifgs, are always symmetrical around zero, since
VSI; performs symmetrical three-level operation atiales, as a part of the decoupled modulation schegosed in
Chapter 4.

a) 3L-OeW-2L, coupled control,r = 1,M = 0.6

b) 3L-OeW-2L, coupled control,r =1,M = 0.8 ¢) 3L-OeW-2L, coupled controlyr =1,M =1
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Fig. 5.16.Waveforms obtained using the model in Fig. 5.1d @vupled modulation far=1,¢ = 60°, 75° and 90°
(black, red and blue lines, respectively) &me 0.6 (a)M = 0.8 (b) andM =1 (c).
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Results in Fig. 5.18 show dink currents’ mean values with respect to phasgleg calculated using duty ratios

after dead-time effects are included. As expedfezhupled control is used, there is a non-ziggonean value, even for

the purely inductive loadj(= 90 degrees), while dead-time effects are caetellut due to symmetrical switching in the

case of decoupled control.

a) 3L-OeW-2L, decoupled controly =1,M = 0.6
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Fig. 5.17.Waveforms obtained using the model in Fig. 5.1d decoupled modulation for= 1,¢ = 60°, 75° and 90°
(black, red and blue lines, respectively) &me 0.6 (a)M = 0.8 (b) andM =1 (c).
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Fig. 5.18.Phase angle influence on the dc-link current medimes in the case of 3L-OeW-2L five-level configtion
with coupled (a) and decoupled (b) modulation, wiitluded dead-time effects.
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Chapter 5 Sability analysis of the 3L-OeW-2L drive dc-link voltages

5.3.4.ANALYSIS FOR DGLINK VOLTAGE RATIO 2:1

In this caser(= 2), which is referred to as a four-level configion in Chapter 4, duty ratios are calculateahgsi
simpler expressions. All three complementary pafrswitches Sik, Sl;k and Sy) are equally and symmetrically used
during one fundamental period (in multilevel operat. Normalised voltage levels are= 0,1, = 1/3,1;=2/3 and,; =1
(Figs. 4.3b, 4.6¢c and 4.7c). This leads to complestable dc-link voltages, which is observed dgrexperimental
verification of the proposed modulation strategie€hapter 4. Here, analysis of dc-link currentased to confirm these
findings and to investigate if any phase angle mondulation index value can lead to dc-link capacimtage balancing
problems. Duty ratios expressions, based on (f#puthe assumption of infinite switching frequeracg summarised
in Table 5.5. Results are shown in Figs. 5.19 a@@.5Naveforms shown in Fig. 5.19 lead to a conctushatigginkux
andigginek have positive mean values. Contrary to the presijoanalysed configuration with coupled modulatistudy

of dik andd?k waveforms in Fig. 5.19 shows thdit, has a symmetrical waveform in this case. Dutyosasire updated

with —6/500- sigri(), but contributions of (1 dik) andd?k to dmy are equal, which eliminates dead-time influencehen

imp Mean value.

Table 5.5.Duty ratio calculations for the 3L-OeW-2L four-léwenfiguration and coupled PWM methods.

Condition dd d:, dy
I, <vi(®) <1, 0 3- () — 1) 1
l, < vi(t) <3 0 1 3-[, — ()
l3< V() <14 3- W) —13) 1 0

a) 3L-0OeW-2L, coupled controlr =2,M = 0.6 b) 3L-OeW-2L, coupled control,r =2,M = 0.8 c) 3L-OeW-2L, coupled controly =2,M =1
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Fig. 5.19.Waveforms obtained using the model in Fig. 5.1d @vupled modulation far= 2,¢ = 60°, 75° and 90°
(black, red and blue lines, respectively) &he 0.6 (a) M = 0.8 (b) anaM =1 (c).
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Chapter 5 Sability analysis of the 3L-OeW-2L drive dc-link voltages

a) 3L-OeW-2L, coupled modulation,r = 2 b) 3L-OeW-2L, decoupled modulationy = 2
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Fig. 5.20.Phase angle influence on thelohk current mean values for a 3L-OeW-2L four-legenfiguration ¢ = 2)
with coupled (a) and decoupled (b) modulation.

Duty ratio expressions for decoupled modulation tagesame as in Table 5.2. As already stated irp@€hd,
decoupled modulation is in essence the same fordarink voltage ratio, which only has influence tire border
between two-level and multilevel PWM operation. Eenobtained waveforms in this case are almosttiinwith
those in Fig. 5.17. The only difference is in sorhatMowerM;. SinceM, = 1,iginex IS identical in all cases.

Phase angle influence on dc-link currents, for svealues of modulation index, and for both codpénd
decoupled methods, is depicted in Fig. 5.20. Cuiiggrnas a mean value equal to zero with both modulatiethods,
while all other dc-link currents have always pastmean values. This means that the 3L-OeW-2L duite r = 2 is
suitable for both coupled and decoupled V&id VS} control.

5.3.5.ANALYSIS FOR DC-LINK VOLTAGE RATIO 4:1

With r = 4, the 3L-OeW-2L drive is able to produce siuidistant voltage levels. Their normalised values a
1=0,1,=1/5,13=2/5,14=3/5,15=4/5 andlg =1 (Figs. 4.3b, 4.6d and 4.7d). As shown in Chag this drive
configuration employs V3lin every reference zone. ViSperforms low-side PWM switching in reference zéand
high-side PWM in reference zone 4. This kind ofragien is required, since transitions betwéenl; andl, —15 can be
performed only with simultaneous switching on b&@eW sides. Similarly to the case of 2L-OeW-2L féawel
configuration, this kind of modulation causes nolyodead-time spikes, but also capacitor balangirgdlem on lower
dc-link voltage side. Duty ratios for coupled maatidn methods are listed in Table 5.6. Using (5.2a)l (5.22)
contributions of each drive phase to the overallimc currents are obtained. Obtained waveformstfar first drive

phase are shown in Fig. 5.21, while Fig. 5.22 shdevBnk current mean values for coupled and detlsmmodulation.

Table 5.6.Duty ratio calculations for 3L-OeW-2L four-level miiguration and coupled PWM methods.

Condition d, dik o
L <vi) <1, 0 0 5- (1 -vi(t))
2 < () < s 0 5-G() 1) 5 (D) -1,
I3 < vi(t) <14 0 1 5-(la = V(1))
Lo < V() < s 5-Midt) — 1) 1 5- (4(t) ~ 1)
ls < Vi(t) <l 1 1 5-(ls — (1)
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Chapter 5 Sability analysis of the 3L-OeW-2L drive dc-link voltages

a) 3L-0OeW-2L, coupled control,r = 4,M = 0.6 b) 3L-OeW-2L, coupled control,r = 4,M = 0.8 c) 3L-OeW-2L, coupled controly = 4,M =1
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Fig. 5.21.Waveforms obtained using the model in Fig. 5.1d esupled modulation far= 4,4 = 60°, 75° and 90°
(black, red and blue lines, respectively) &he 0.6 (a) M = 0.8 (b) anaM =1 (c).

Due to symmetrical operation of the loand high-sides of V$linmy negative and positive parts are symmetrical,
regardless oM andg¢. Operation of VS| high-side also ensures thaiinak always has a positive mean value. Situation
on the VS} side is more complex, since this inverter operatesd| reference zones in PWM mode. For sdvhgalues,
this leads to an overcharging, which can be sean ftheiqyiwe: waveform in Fig. 5.21, foM = 0.6 and 0.8. In this case,
the lowerM value for whichiggine becomes negative is not equal to the border betwaeaie-sided and multilevel
operation (i.eM = 0.2). Detailed numerical analysis shows thas fhtienomenon takes place for 0.499 < 0.901,
regardless of the phase angle.

The same analysis is performed for decoupled mtidalanethods, modified for this configuration. Agaduty
ratios for this case can be obtained using Taldletence, obtained waveforms are almost identc#idse in Fig. 5.17.
Phase angle influence on dc-link currents for bodlupled and decoupled control is shown in Fig. 5R2sults
demonstrate that coupled modulation leads to theromarging problem, while phase angle influencett@iygin.
amplitude is similar to that shown in Fig. 5.9.

Although the modulation index range in which the-GeW-2L drive withr = 4 suffers from overcharging
problem is somewhat smaller, when compared to th®&@W-2L with r = 2, it is clear that this represents a huge
drawback. When compared to other 3L-OeW-2L configans ( =1 andr = 2) it is clear that the overall drive
performance is not greatly improved by utilisingecedditional voltage level, while the overchargprgblem leads to
additional energy losses and/or increases harde@mgplexity. In other words, this configuration (8eW-2L with
r = 4) may have great practical significance forligagions in which the machine is aimed to opeweith constant speed

most of the time.
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Chapter 5 Sability analysis of the 3L-OeW-2L drive dc-link voltages

a) 3L-OeW-2L, coupled modulationr = 4 b) 3L-OeW-2L, decoupled modulationy = 4
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Fig. 5.22.Phase angle influence on thelihk current mean values for a 3L-OeW-2L six-legehfiguration { = 4) with
coupled (a) and decoupled (b) modulation.

5.3.6.SIMULATION AND EXPERIMENTAL RESULTS

The findings reported in this section are obtaiwedsimulation of the extended drive model, whinbludes dc
sources based on three-phase diode rectifies wjihressed output voltage ripple, as shown in Fi§3.5Results are
presented in Figs. 5.23 and 5.24, for PD PWM andSURPWM, respectively. Ideal dc sources are useéhglur
acceleration until shortly after steady state &ched, at = 0.5 s, when they are replaced with diode rextsfand dc-link
capacitors, modelled according to Appendix 1. la tase of the five-level configuration £ 1), modulated with PD
PWM, this change of dc source type immediately $etd VS mid-point voltage level increment, which ruins the
modulation performance. At the same time, it isacléhat voltage across the low-side dc-link capac{Cy.,) is
increased. Although the VSbverall dc-link voltage remains the same, the olvarging mechanism leads to several
important issues. It affects not only the low-s@dpacitor bank design (it has to be able to witithdd,., instead of
Vu/2), but also semiconductor choice, since maxinhatking voltage can be twice higher than usual sTreinforces
the impression from Chapter 4: the 3L-OeW-2L with 1 does not seem to be beneficial for high-podvares, where
both blocking voltage and current conduction caliisds of all semiconductor devices are maximabkpleited. Further
detailed studies of simulation results based ordthee models with and without dead-time confirmttdead-time is the

main reason for non-zeig, mean value.

a) 3L-OeW-2L,r =1, PD b) 3L-OeW-2L,r =2, PD c) 3L-OeW-2L,r =4, PD
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Fig. 5.23.Simulation results: 3L-OeW-2L drive dc-link volegfor PD PWM =1 (a),r = 2 (b) and = 4 (c).
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a) 3L-OeW-2L,r = 1, URS1 b) 3L-OeW-2L,r =2, URS1 c) 3L-OeW-2L,r =4, URS1
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Fig. 5.24.Simulation results: 310eW-2L drive dc-link voltages for URS1 PWiM= 1 (a),r = 2 (b) and =4 (c).

The four-level configurationr(= 2) does not suffer from any dc-link capacitoftage balancing problems. As
expected, application of PD PWM to the six-levehfiguration results in an increase \&f;, sinceiyine IS negative,
while iz, can only be positive. Fig. 5.24 shows that decedi®WM methods keep dc-link voltages balanced lin al
configurations.

The influence of unbalanced voltage levels on pceduphase voltages and currents is shown in Fig$s. &d
5.26. Comparison of these two cases leads to alusion that the five-level configuratiorr € 1) with coupled
modulation methods leads to drastic harmonic poliytwhich is a direct consequencevgf increase, since this voltage
level is used in every switching period, for fiqddase voltage formation. Due to a non-ziggomean value, even in the
case oM = 1, the drive suffers from high current harmaodigtortion.

Six-level configuration (= 4) waveforms in Fig. 5.26 are highly pollutedemtM = 0.6 and 0.8 with low-order
harmonic content, which also comes from the faat the modulation strategy is designed for a dc-lioltage ratio of
4:1, while dc-link voltages are not in that rati®imilarly to the case of the 2L-OeW-2L drive with= 2, the
overcharging problem does not exist for nominal uation index value. Overcharging rates depicte&ig 5.23c are
not in agreement with model based findings fromphevious subsection. Overcharging rateNbe 0.8 is higher than
for M = 0.6, as a consequence of additional current coets. Phase currents amplitudes are increasE).irb.26,
which is the consequence of using modulation sisatdeveloped for dc-link voltage ratio 4:V44 =480V and
Viez = 120 V), whileVy, eventually becomes greater thag = Vy1/2. These findings are confirmed experimentally, by
performing the same kind of acceleration tests untecontrol, under no load, as in the case of 2L-OdWd@ve.

Results are shown in Fig. 5.27.
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Fig. 5.25.Simulation results: 3L-OeW-2L drive with PD PWM; 1 steady statg andi, forM = 0.6 (a)M = 0.8 (b) and
M =1 (c).

106



Chapter 5 Sability analysis of the 3L-OeW-2L drive dc-link voltages

a)M = 0.6 b)M =0.8 oM =1
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Fig. 5.26.Simulation results: 3l0eW-2L drive with PD PWM, = 4 steady statg andi; forM = 0.6 (a)M = 0.8 (b) and
M =1 (c).
a) 3L-OeW-2L, coupled CB PWM,V/f control b) 3L-OeW-2L, decoupled CB PWM,V/f control
'E 1500 ‘T 1500
S 1200 I,,‘[—ﬁ S 1200 sl
= -, = i, = ._‘__,_,-‘T_\ = ‘,
T 900 et r= T 900 | r=1
o 600 —r=2— 9 600 —r=2—
Q [ o [~
o 300 S —r= 4}7 n 300 "] _f = ‘f’
ol_a~ [ o] |
1 1
05 c—— 05
T = | z |
= 05 = 05
-1 -1
0.2 0.2
. o1 — o1
£ -01 \— —£ -01
-0.2 -0.2
1 ] 1
v N
z AN L= NA=
R " R
5 -05 2 -05
-1 -1
500 500
400 400
2 300 ‘E 2 300 A
08 200 o & 200
2 100 . 2% 100 =
o—1 o
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time [s] Time [s]

Fig. 5.27.Experimental results: 3L-OeW-2L dc-link currentsldotal drive power during/f acceleration, for PD PWM (a)
and URS1 PWM (b) with=1,r =2 andr = 4.

Regarding coupled control, it is clear that 2 results in optimal energy consumption, whilethie two other
cases (= 1 andr = 4) additional energy losses can be observedthHeocase of = 1, two controllable dc sources are
used on VSi side, connected in series, between the lowernkcril andvy, (low-sideVy»/2) and between,, and the
upper dc-link rail (high-sid&.1/2). Three-level single-sided modulation is usedfe<M < 0.5. The drive enters five-
level operation mode at one half of the full spesage, which immediately causes negative mid-paimtent. In order
to keepvy, = Vua/2, somewhat more energy is needed. Energy lossissi case come from asymmetrical use of low-
and high-side dc sources, meaning that they ddvan the same output currents, which leads to nainincrement in
the overall power consumption (expected, due ty sarall value of ).

In the case of = 4, VS| naturally keeps its voltage levels balanced, dugymmetrical low- and high-side PWM
operation. However, coupled modulation leads torcharging on VSl side. The modulation results in negatiy@ox
mean value over one fundamental period, for ang@langle lower than 90°. Experimental results wodipled PWM

methods (Fig. 5.27b) show that drive operates nétiurally balanced dc-link voltages for all thregues ofr.
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Chapter 5 Summary

5.4.SUMMARY

This chapter deals with dink capacitor voltage balancing in open-end wirgddrives. In particular, the ability to
naturally balance dc-link voltages under the motiulastrategies presented in the previous two @raps analysed. It
has been shown that in some cases coupled PWM dwzethdfer from different sorts of dc-link capacgovoltage
balancing issues.

For the purpose of this analysis, both drives aoglefled using a sinusoidal approximation of phaseents.
Models are further simplified assuming almost itéirswitching frequency, i.e. linear change of stitluty ratios. This
enables derivation of analytical expressions fotimc current mean values in the case of 2L-OeWeRive, which is
then analysed for each configuration and correspgnthodulation strategies. It is shown that theacitpr voltage
overcharging phenomenon occurs at the,\68le when dc-link voltages in the ratio of 2:1 ased, but only if coupled
modulation methods are applied. As a consequeheeharmonic performance is far from expected. &tgame time,
this may lead to capacitor bank overvoltage ane®k, semiconductors damage, due to their limited veltApcking
ability. The same drive does not suffer from anylidk voltages stability issues if decoupled modiola methods are
used. This conclusion applies for both analysedigorations, i.e. for dc-link voltages in ratio lahd 2:1.

The same kind of model is derived for the casele©8W-2L drive. Due to its increased complexityisttrive is
analysed only numerically, in order to find thesaas for the dc-link capacitor voltage instabiligcountered when
certain modulation strategies are utilised. Thisotogy tends to operate with unstable dc-link cépaocroltages, if
coupled control of five- and six-level configurat®with equidistant voltage levels is used. Infifst case, the problem
exists on the VSlside, where NPC inverter mid-point voltage teralddcrease, due to commanded switching actions by
the modulation strategy. It is shown that this dasgpecific, since dc-link capacitor voltage uipale actually comes as
a consequence of asymmetrical low- and high-sideMPd@eration of the NPC inverter. Only in this cadead-time
effects on switching pattern lead to non-zero nmaihp current mean value, which causes low-sideirdc-tapacitor
discharging. In the second case=(4) VSh dc-link voltage capacitor can be overcharged liergame reasons as in the
case of the 2L-OeW-2L with= 2.

These findings are compared against detailed stinnland experimental results, which confirm théidigy of
the proposed modelling approach, for both analydéees. It is shown that overcharging always letmsdditional
energy losses or the necessity of having contralabrrent bidirectional dc-link voltage sourcel@av dc-link voltage
side. This additional hardware complexity and gmealuction of efficiency can only be avoided byngssimple,
decoupled control, which leads to worse harmonifopmance and potentially higher losses. Only i tases when the
drive operates at its nominal speed, or very ctosig the overcharging problem is eliminated naliyr This opens a
possibility to utilise coupled PWM methods in higbwer applications where drive is aimed to opeaatgonstant speed
most of the time, since superior harmonic perforceameading to minimal torque ripple, is in thisseeguaranteed, as
well as dc-link voltages stability. For variableesgl drives, it seems more appropriate to use difwink voltage ratios

and modulation methods with suboptimal harmonidgrerance.
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Chapter 6

OPEN-END WINDING DRIVES WITH A SINGLE
DC VOLTAGE SOURCE AND ISOLATED INVERTERS

6.1.INTRODUCTION

As explained in Chapter 1, open-end winding drieéfer several advantages, when compared to singésls
supplies in terms of control and fault tolerancethfe same time, the OeW concept leads to a redum@gponent count
at the dc to ac conversion stage. However, orgamisaf the dc power supply for OeW drives leadsptiential
drawbacks, which often limit the applicability ¢fi$ concept. The proposed topologies require dcitinlation, in order
to eliminate the zero-sequence current flow pathil@ other hand, isolation allows the dc-link agk ratio to be used
as an additional degree of freedom in order togiase the total number of voltage levels [Corzing.e2004), Darijevic
et al. (2015a)]. Since two isolated dc sourceseqeired, the total number of power devices is Ipwet still similar as
in the case of equivalent single-sided solutionsaming that savings in hardware complexity and aostnot high. In
some cases [Bodo (2013), Nian et al. (2016)], sotated dc-links are used, while zero-sequencegtnirculation is
supressed using the modulation strategy. The ushgesingle dc source that supplies both invertstglly leads to a
reduced number of voltage levels. In other wordsmse voltage and current waveform quality are ttafde circuit
complexity.

From the point of view of hardware organisatioriyels can be classified in two major groups. Infttet one, the
inverter(s) and machine are close to each othas, Titegrated drive structure, leads to much gnaat transmission
lines between inverter housing and machine termifdius, expected copper cost for single-sidedopet-end winding
drives is similar, while the latter solution reli@n simpler inverter structures, reducing the comembd count and
increasing the reliability and fault tolerance. lkind of drive configuration has gained a lot nferest in modern
industrial and especially automotive applicatiolegsding to compact solutions in which machine, acathd dc-ac
converters are packed together. In other casessipelectronic converters cannot be installed ctosthe machine, due
to some physical limitations of the system (oftelated to the mechanical part of the applicati&imce dc rails between
ac-dc and dc-ac stages of the drive have to bedseghort as possible (due to parasitic effectslamtiigh cost of the dc
bus-bars), the only option for these, so-calletrithisted drive structures, is to make ac cableg lemough to reach from
the inverter(s) to the machine. For these appbtiaatithe open-end winding drive concept is not @dgaption, because
of the additional cable cost. In the drives wherdirzes are several tens of meters, the overatl @osables overwhelms
the cost of additional components required formgls-sided solution with the same number of lewsld power rating.
At the same time, the OeW configurations with ddelsource supplies require two mutually isolatedpties and
therefore additional magnetic components, which faavy and expensive, due to the current and \@ltagjngs
associated with high-power applications. Althougalisation of dc sources in EVs can be based origalated battery
packs, existence of two dc sources still has somelthcks, related to the battery charging process.

An alternative open-end winding topology, which d¢ones features of isolated topologies and thosk siiigle
dc-source is introduced in [Corzine et al. (20039rzine et al. (2006)] for a three-phase drive. @e OeW side, a

three-level inverter with a low switching frequenisyused for supplying the bulk of the machines @oweeds. The
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other side of the windings is connected to theated conditioning inverter, capable of high freqgag switching. This
inverter is isolated but it does not have an indepat voltage supply for dc-link formation. Instedlde modulation
strategy is designed to maintain a constant dc-dmpacitor voltage. This concept has been apptedifterent drive
configurations [Ewanchuk and Salmon (2010), Ewakatal. (2013), Haque et al. (2013), Chowdhurgle{2015)] in
conjunction with SV PWM.

In this chapter, a novel five-phase single dc sestgplied OeW topology with isolated inverterptissented. In
Section 6.2 two OeW drive configurations are aredyfor the case when both VSIs are supplied usidgpendent and
isolated dc sources, but using a modified CB PWMhoe, referred to as modified PD PWM. In particuldris
modification is possible only if the inverters ire@ configuration do not operate in PWM mode atgame time. This
implies that only 2L-OeW-2L witlr =1 and 3L-OeW-2L withr =2 are suitable for the proposed control concept.
Contrary to the conventional PD PWM, the proposedimation performs PWM switching of one invertetyprwhile
the other operates in staircase mode. Simulatisoltee show that, for both topologies, this modtiica leads to
operation equivalent to PD PWM for the same drigafiguration, but offers a possibility to eliminatiee active dc
source at the PWM switching inverter side.

This feature is analysed in Section 6.3. The irerethat operates in staircase mode is referreds tthe bulk
inverter, since it supplies the drive with the nmajjoof the required active power. The inverterttbperates in PWM
mode is named the conditioning inverter, sincenin role is to suppress the low order harmonicslpeed by the bulk
inverter. This requires some modifications of theduation strategy, when compared to previouslys@néed
modulation methods, which relies on PWM operatiérbath inverters in order to produce the desiredsghvoltage
fundamental and to suppress unwanted harmonic moealysis shows that introduction of the clos$eop control of
the conditioning inverter dc-link voltage offerspmssibility to maintain the drive performance. Rermore, it is
demonstrated that this can be done even withoim@ease of the remaining active dc source voltddeés feature is
known as dc voltage supply boosting in OeW driesdnchuk et al. (2013)]. The proposed control iz leferred to as
bulk and conditioning (B&C) CB PWM, indicating th¥SI; and VS} perform the functions similar to those presented
in [Corzine et al. (2004), Corzine et al. (200&ijmulation results demonstrate that eliminatioomé dc source does not
lead to any significant drawbacks in the 2L-OeWdive case, while 3L-OeW-2L drive is able to defivexpected
harmonic performance with a single dc source. Hetiiie configuration gained more attention andipriglary results

are presented in [Darijevic et al. (2015c)].

6.2.MODIFIED PD PWM

6.2.1.PRELIMINARY ANALYSIS

It is shown in Chapters 3 and 4 that the 2L-OeWakd 3L-OeW-2L topologies have only one configuratio
which two inverters never operate at the same timi®&VM mode. This is the case if 2L-OeW-2L drivesigpplied from
equal dc-link voltages = 1), which leads to three-level configurationddar 3L-OeW-2L drive withr = 2 (four-level
configuration). These configurations lead to thevdst number of voltage levels (in multilevel opara}), when
compared to any other dc-link voltage ratio, applie the same drive. However coupled modulatiorsdad cause any
problems related to dead-time spikes (Chaptersd34gnor dc-link capacitor voltage stability (Chapt®. Another

common feature of both drive configurations is thegt equivalent voltage levels are equidistantsTheans that PWM
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switching is always performed with the same voltatgps, regardless of which VSI operates in PWM andtithe
overall dc-link voltage is 600 V, in the case of ®L-OeW-2L drive witlr = 1, VSk and VS} operate with PWM steps
of 300 V (equal to their dc-link voltages). For geme overall dc-link voltage, the 3L-OeW-2L drivith r = 2, operates
with PWM steps of 200 V. This feature can be usegtbrganise the operation of the inverters, asshwext.

6.2.2.REORGANISATION OF INVERTER OPERATIONS IN THE CASEFO'HE 2L-OEW-2L DRIVE

Equidistant voltage levels and absence of simultasedPWM switching of the inverters offers a pod#ibio
modify the modulation strategy in such a way tha verter operates only in ten-step mode, whiéesecond inverter
operates in PWM mode at all times. In this reseav@i, is aimed to operate in staircase mode and ithinig states
are obtained by comparison of the phase voltageartev, with reference zone borders instead of carriehis €an be

written as:

if vi 21,
Sk =1, .

if v <I,

In order to provide the same performance as PD PWMet of five voltage references for Y3 acquired as a

thenl
thenO

(6.1)
difference between the produced waveforms by; 484 original phase voltage references:
Vai (£) = Vi () +1- 209 (1)

wherevy, stands for the normalised waveform produced by; \(iBil this caseyy, =

(6.2)
Si)- Multiplication with 2 comes
from the ratio between reference zones size anavtbeall reference range, similarly to multiplieatifactors in duty
ratio calculations in Chapter 5 for coupled methodis additional level shift that is equal to 1 equired in order to
obtain the reference in the range from 0 to 1. fil@ VSI, reference is compared with a single carrier sigmahe
range from 0 to 1f{= 2 kHz):
s, = {|f v%k >C

if v <C

ent ©3)
This way, the difference between the purely sindaslophase voltage and the staircase waveform peadbyg VS| is
suppressed by PWM operation of YSExpressions for duty ratios are summarised inlel&bl, while Fig. 6.1 shows
reference formation for three modulation index ealuThis kind of modification can be performed A##OD PWM as
well, but with some additional calculations. Inttikase (6.3) has to be split in two parts thatespond to the reference
zones 1 and 2, due to different orientation of twesriers in Fig. 3.6a. Since this increases the ptexity of the

algorithm, while APOD PWM results in worse harmopérformance, only modified PD PWM is consideredifer.

a) M=0.2 b) M =05 c) M=1
] 1 V' /" \
P qpEE— e s \_//\\/ 1 \/ \/
0 0 0
1 1 1
12 ST/ 12
0 0 0
1\.../ N 1\/ \/ 1
S 12 B Y7) /\ S
% T2 T 3712 21 % T2 T 3112 pag % T2 T 3772 21
Time [s] Time [s] Time [s]

F|g 6.1.Formation of the inverters’ references: modifiddl PWM for 2L-OeW-2L topology withi = 1. Top to bottom:
v\ comparison with equivalent voltage levels, and comparison afy with carrierC for M = 0.2 (a)M = 0.5 (b)M = 1
(c). Carrier frequency is reducedvPtimes, for better visualisation.
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Table 6.1.Duty ratios for 2L-OeW-2L withh = 1 and modified PD PWM.

Condition dy(t) d (1)
I; < V:((t) <l, 0 *
L < vi{t) <5 1 V()

The topology under analysis is the same as inFg Vg1 = Vg = 300 V), which means that the corresponding
linearized drive model is identical to the one shawFig. 5.3. Here and in the rest of Chaptera@ntonic components
are considered to be the same in every drive ph@sstands fom™ harmonic produced by inverter, whileX, stands
for phase voltage™ harmonic. Analysis of VSland VS} reference formation with respecthbyields a conclusion that
VSI; always operates with the same conduction angle 80°, which results in the sargnq mean value for anyl, as
shown in Fig. 6.2. The produced staircase voltageeform has a fundamental compon¥nt whose rms voltage is:

2 wdcl

mR/2

When the commanded phase voltage fundamental canpXn has a lower rms value thafi;, the VS} produces

X33 = =135V (6.4)

fundamental componed;, in order to adjust the overall phase voltage fumefatal. Numerical analysis shows that this
kind of operation takes place fbt < 0.63. For this reasoM = 0.6 leads to a negativgw. mean value in Fig. 6.2, i.e.
VSI, dc-link source is sinking instead of sourcing gyeBased on the analysis in Chapter 5, it candmeloded that
M < 0.63 cause€y, overcharging, if dc voltage source with unidirentil output current flow is used f@, formation.
For higher values oM, VSI; operation results iX;; < X;. As a resultX;; and X;, are now in phase, which leads to
positiveigine mean value over one fundamental period (Fig. 8.2, 0.8 andM = 1). The bordeM value, for which
iqine Mean value changes its sign, is referred tdlaim the rest of the chapter.

Waveforms and rms spectra obtained in simulatiocémventional and modified PD PWM are shown in. Big
for M = 1. Fig. 6.3a shows that conventional PD PWM Itesm symmetrical operation of the inverters, t8sg in
identical spectral components in Fig. 6.3c. Sirfee ihverters are ideal, all unwanted harmonicsgmies vy, and
cancel out each other and a purely sinusoidal ptalage is produced, while both inverters contigbaqually to the
phase voltage fundamentXl; + X;,=X; X331 =X;,=106 V rms. The same phase voltage can be prddogethe
modified PD PWM modulation, but in a different mann(Fig. 6.3b) where V$Iproduces a high fundamental
componentX;; = 134 V rms, but also much higher low-order hario@montent, when compared to the conventional PD
PWM case. The unwanted harmonics are filtered gu¢$l, operation, which also supplies the remaining péihe

fundamental componerXy, = 78 V rms, which is lower than in the case ofvantional PD PWM.

a) duty ratios,M = 1 b) dc-link current mean values vs. phase angle
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Fig. 6.2.Duty ratios in the first drive phase (a) and phasgle influence on the dc-link current mean valiggor
modified PD PWM in the case of the 2L-OeW-2L drvgh r =1,1,,=1 Ain (5.5).
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a) conventional PD PWM b) modified PD PWM ¢) rms spectra
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Fig. 6.3.Simulation results: 2L-OeW-2L drive= 1 andM = 1, conventional PD PWM (a), modified PD PWM éoid
resulting rms spectra comparison (c).

In [Bodo (2013)], the lower dc-link capacitor oviearging is reported for the range from 0.5281< 0.66, which
is in agreement with the presented findings (Figbjh Note that min-max injection is not appliedte simplified drive
model analysed here. The overcharging range lowetdn in [Bodo (2013)] comes from the fact thatyomhe inverter is
used forM < M/2. As a solution, [Bodo (2013)] proposes the adjasnt of dc-link voltages in order to eliminate the
overcharging problem. This modification leads tcedapping the range o in which overcharging occurs with
M < Mw/2 where overcharging cannot exist due to singlessioperation. However, this kind of modificati@nniot in
agreement with desired operation equivalent toraettevel single-sided supply and it still relies o isolated dc

sources.

6.2.3.REORGANISATION OF INVERTER OPERATIONS IN THE CASEFO'HE 3L-OEW-2L DRIVE

The same modification of the PD PWM scheme carpipéied to the 3L-OeW-2L drive with= 2. Again, VS] is
controlled using staircase modulation while Y& aimed for PWM operation. Note that these fudlities can be
swapped without any consequences in the case dfltti@eW-2L drive due to the symmetrical structunel &qual dc-
link voltages of two inverters. However, this ig tiee case for the 3L-OeW-2L drive. Only staircassdulation of VS
(three-level) and PWM operation of \WSitwo-level) results in the samg, vo, andi, waveforms as in the case of
conventional PD PWM, presented in Section 4.3. [@ityi to the previously analysed case, YSWwitching states are

obtained by comparison with normalized equivalaitage levels:

. {if Vi =1, thenl
k —). *
if vy <l thenO
e (6.5)
b _ If vy 21, thenl
%k . *
if v <l thenO
Staircase waveform produced with (6.5) utilisegtatte dc voltage levels on ViSlide. Voltage referenogy is:
a a
Vi = Sik +252k (6.6)

VSI, voltage references are again obtained as theefiffe between, andvy:
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Vi (1) = 209 (1) +1- 30 (1) (6.7)
Voltage references, formed using (6.5) - (6.7), sltewn in Fig. 6.4. As in the case of conventiorBl PWM, for
M < 0.35, the phase voltage reference is alwaysdmatly andls, which results in two-level operation, performeilhw
VSI; in PWM mode only, while VSIholds all its leg outputs at,,. For higher modulation index values, both invester
are in use. Duty ratio expressions are summarisddble 6.2. VSloperates in staircase mode, producing a leg wltag

with a fundamental rms component equal to [Coreinal. (2006)]:

2 wdcl

2=

In this case, conduction angtecorresponds withi(t) intersections with, = 1/3 and; = 2/3.

Xy = [cos(a) (6.8)

Table 6.2.Duty ratios for the 3L-OeW-2L with = 2 and modified PD PWM.

Condition d:, d:, Aoy
I, <vi(®) <1, 0 0
< v <ls 0 1 va(t)
|3 < V;(t) < |4 1 1

Using (3.8) withRys = 0.5, (6.8) and the conditiof(t) = I3, VSI, leg voltage fundamental component rms is:

Xqq = %Eo arcsif —— | | = V2 Vi 9M?-1 (6.9)
T 3 3M Ur

ForM =1, (6.9) yieldsX;; = 170 V rms, while the fundamental component requlyg the machine iX; ~ 212 V rms.

Like the previously analysed configuration, the GeW-2L is also not capable of satisfying the phaséiage
fundamental component using \{Sinly. Based on Table 6.2, the drive model in Bid5 and sinusoidal phase currents
approximation withl,,= 1 A in (5.5), duty ratio waveforms and mean id&-Icurrent values in Fig. 6.5 are calculated.
Due to symmetrical Vgloperation, thé., mean value is always zero, which guarantees ieaNPC inverter operates
with balanced dc-link capacitor voltages. Phasdeaimfluence on the overaillyinw: mean values is similar to the case of
conventional PD PWM (Fig. 5.18a). Contrary to the@eW-2L drive caseM also has influence on thg., mean
value, but much lower than in Fig. 5.18a. The M&l-link current mean value depends highlyMnin the cases when
VSI; produces higheKy than commanded, theigine Mmean value is negative, and the low- side dc-iokage is
sinking power instead of sourcing. This takes platéM /3 <M < 0.764. In the rest of the multilevel operatiamge,
VSI, is contributing to they, fundamental, which results in positiyg;w. mean value. Simulation results are shown in
Fig. 6.6.
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F|g 6.4.Formation of the inverters’ references: modifiddl PWM for 3L-OeW-2L topology withi = 2. Top to bottom:
v\ comparison with equivalent voltage levels, and comparison afy with carrierC for M = 0.2 (a)M = 0.5 (b)M = 1

(c). Carrier frequency is reducedvPtimes, for better visualisation.
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a) duty ratios,M =1 b) dc-link current mean values vs. phase angle
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Fig. 6.5.Duty ratios in the first drive phase (a) and phasgle influence on the dc-link current mean vali@gor
modified PD PWM in the case of 3L-OeW-2L drive with 2.
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Fig. 6.6.Simulation results: 3L-OeW-2L drive= 2 andM = 1, conventional PD PWM (a), modified PD PWM &ud
resulting rms spectra comparison (c).

Conventional PD PWM results in lower harmonic distm of the leg voltages of the two inverters when
compared to the modified PD PWM. Phase voltagedomehtal component is formed in a different manoengared to
the 2L-OeW-2L drive withr = 1. The fundamental components supplied by tkerters depend oM, since VS] only
operates in reference zones 1 and 3, while, \@Bérates in PWM mode in the reference zone 2 dmbdified PD PWM
modulation increases VStontribution to the phase voltage fundamentalrequiredX;, is lower than in the case of the

2L-OeW-2L drive. Another advantage of the 3L-OeWlive are lower low-order harmonics produced by,VS
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6.3.ELIMINATION OF ONE DC SOURCE

As shown in [Corzine et al. (2004), Kim et al. (29)0Corzine et al. (2006), Ewanchuk and Salmon @201
Ewanchuk et al. (2013), Haque et al. (2013), Chawglet al. (2015)] some OeW winding topologies liegjonly one
active dc-link voltage source, which supplies tiveiter that operates in staircase mode. Thisaleecbulk [Corzine et
al. (2004), Corzine et al. (2006)] or main [Ewankland Salmon (2010), Ewanchuk et al. (2013), Hegfual. (2013),
Chowdhury et al. (2015)] inverter is capable of ducing the complete phase voltage fundamental, kthao an
appropriate dc-link voltage on that drive side. Teeond inverter is operating as an active filtely,oin order to
suppress undesired harmonic content. This invésteeferred to as a floating bridge [Ewanchuk amaéhf®n (2010),
Ewanchuk et al. (2013), Haque et al. (2013), Chawglet al. (2015)] or conditioning inverter [Corgiret al. (2004),
Corzine et al. (2006)]. Special attention is paidthe VS} dc-link capacitor voltage balancing algorithm, dxson
closed-loop control, incorporated within the modiola strategy. This kind of drive configuration,deal on a single dc
source and isolated inverters, requires more commatrol algorithms and higher dc-link voltage @8I, side, when
compared to the dual supply case. Neverthelessnthization for omitting one dc source from thecaitry is still very
high, since it leads to lower hardware complexityg aost.

As shown in the two previous subsections, analyspdlogies with modified PD PWM form the phase agh
fundamental component using both inverters, althotigir operation is similar to those presentedCorzine et al.
(2004), Kim et al. (2004), Corzine et al. (2006)yeachuk and Salmon (2010), Ewanchuk et al. (2083jue et al.
(2013), Chowdhury et al. (2015)]. A minor differenim operation comes from the fact that conductinglea is not
actively controlled. The major difference is inlisgéd dc-link voltages. In all previous researclfioe$ except in
[Ewanchuk et al. (2013)], the complete phase veltamdamental component is supplied from the irrdtiat operates
in staircase mode. The control proposed in [Ewakatal. (2013)] leads to dc-link voltage boostimdpich means that
the achievable phase voltage fundamental is hitfre@ar maximally producible by V&halone. This approach offers a
possibility to balance the charge stored in theddaning VSI dc-link capacitor, which leads to tdesired dc-link
voltage ratio and to utilise the overall dc-linkltage equal td/q; + Vg, for phase voltage fundamental production,
instead of utilisation 0¥y, only, as in [Corzine et al. (2004), Kim et al. (29, Corzine et al. (2006), Ewanchuk and
Salmon (2010), Ewanchuk et al. (2013), Haque e28113), Chowdhury et al. (2015)]. At the same timeharmonic
performance equivalent to the multilevel singleesidnverter case is achieved. In this section,\eeincontrol algorithm
is proposed, based on the analysis of dc-link otsrand dc-link voltage stability presented in Ghap.

In both analysed cases in Section 6.2, the, \d@8lvoltage source delivers most of the active pawaethe drive.
Hence, the dc source at \{®lrive side can be potentially omitted. This letmequivalent models of the two topologies as
in Fig. 6.7. The first consequence of Y8 source elimination is the need for initial chiag of Cy». The simplified
equivalent circuit for pre-charging is depictedHig. 6.8. The first drive phase is used to transidficient charge from the
VSI; dc source tdCy,, in order to increasey., from zero to the desiréd,. Control of this process is performed using
Spz1 and Syp1 in PWM mode, while every other leg output of the tVSls is kept at constant voltage potential. dgét
acrossCqyc, is monitored and controlled with a Pl controllehich adjusts duty ratid,;, and ensures thaty., slowly
reaches the commanded voltage leV&l&). Due to the desired dc-link voltage ratios, thisthod is more accurate for the
3L-OeW-2L drive, while in the case of 2L-OeW-2L \dria steady-state error exists, due to dead-tifeetefand voltage
drops on machine windings and semiconductors. Hethé® pre-charging method is more accurate fordhse when
Vg = 400 V is used for achievingq, = 200 V (3L-OeW-2L), than in the case WheéR; =V we = 300 V (2L-OeW-2L

drive).
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Fig. 6.7.Equivalent models of: 2L-OeW-2L (a) and 3L-OeW-@®l) with single dc source. For simplicity, \6lc-link
capacitor is labelled witl,, instead of previously use,; in the case of 3L-OeW-2L drive.

However, simulation results show that this erronaurally eliminated during regular drive operatithanks to the
closed-loop/qe, balancing algorithm, which is explained next.

The analysis presented in Chapter 5, yields ttaCtlp voltage can be constant only if thgiw. mean value is
equal to zero. However, it is shown in Figs. 6.8 &rb that modified PD PWM leads to both negative positivei 4
mean values, depending on the modulation indexy @rl 90° results in angine Zzero mean value for any value Mf
Although this case has no practical importance, tduamachines characteristics, it actually providesdue to howCqc,
voltage can be balanced. As shown in [Ewanchuk €2@13)], control of the phase angle betweenreziees of the two
inverters provides a sufficient degree of freedamdc-link capacitor balancing on the floating irtee side. If VS|
modulation has a role of producing the phase velfagdamental, the phase angle between &gl voltage and phase
current depends on the machine and its load ortis ®pens the possibility to adjust the phase abgteveen VSI
reference and phase current in such a way thatdhe mean value is zero during one fundamental pefitmvever,
this approach requires complex calculation andredion of phase angle based on phase current nesasots, which is
difficult to perform, especially during speed treamgs or load variations.

In [Darijevic et al. (2015c)] a different dc-linkapacitor voltage balancing algorithm is proposexkel on the
analysis of dc-link currents and drive models pnés@ in Chapter 5, where it is shown that @g charge depends on
the conduction times (i.e. duty ratios) of semiagetdrs in upper IGBT+D pairs in VSISince the drive is symmetrical,
it follows that each stator phase has to be tremtdte same way, which is naturally achieved usd® PWM. The
simplest method for capacitor voltage balancin@pased on a Pl controller, which compares measwgdwith the
referenceVaqe, similarly to the pre-charging control. Controbobk diagram is given in Fig. 6.9. Error signa) {s
processed with proportional and integral gada € 0.004 V*, K, = 0.08 V*s%). The anti-windup constant &,, = 50 V,
while output saturation block (SAT) has limits 0.2 and +0.07, in the case of 2L-OeW-2L and 3L-CWdrives,
respectively. The error signal is conditioned wWill> Mg, Since the balancing algorithm should be appliely ér dual
inverter operation. For the 2L-OeW-2L drig,; = 0, while Fig. 6.4 yieldMg, = 0.35 for the 3L-OeW-2L drive if min-max

injection is applied.
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Fig. 6.8.Equivalent circuit foiCye, pre-charging mode. Fig. 6.9.PI controller for capacitor voltage balancing.

The final output of PI controllers} represents the small offset that should be adolébevy, in order to adjust
the switching times. Parameterhas no unit and it is directly applied to the nalised voltage references. Such an
updated reference for VSk compared with carrier sign&t
S, = {if évgk +aE1;lign(.ik)g> C thenl (6.10)

if \v,, +o$ign(i,)]<C thenO
The phase current sign is taken into account ssne@uld otherwise change its sign approximately pvalf of the
fundamental period. However, since the phase cusign is not the same in every drive phase, itld/dne necessary to
tune each phase voltage reference independently,differents. In essence, capacitor voltage depends on thdialura
of conduction intervals o0&,y andD . If the phase current is positive, when did@igy is on, some amount of charge
will be added to th&,;. Negative phase current and conductiorSgfi will lead to the capacitor discharge, which
reduces/e;. This leads to a conclusion that the amount ofgighat is transferred ©y, wheni, > 0 andD g is on,
and taken from th€y1 wheni, < 0 andS« is on, should be equalised. Conduction intervélS,g, are of interest for
this analysis only wheip < 0. Similarly,D gz« conducts only wheBy = 1 andi, > 0.

In order to clarify the proposed method, let uslgs®two examples. In the case wheg, < Ve andic> 0, o
takes positive value, while sigg(equals 1. This increases the instantaneous wdlug, meaning that comparison with
C results in somewhat longer duration of st8fe= 1. Since the current is positive, additional rgeais added to the
capacitor viaD g, leading to thevy, increment and reduction of the Pl error signalth&t same time, some other phase
current is negative. In that phase, positveill be multiplied with —1 and added to the copending VS} reference.
Comparison of such an updated reference @ithill result in shorter duration @,. In other words, less charge will be
removed from the capacitor (by switching actionshiat phase) than in the case of the origiaalThe overall effect is
therefore increment of th€y, voltage. The same mechanism leadsg reduction forvee > Vige. This algorithm is
incorporated within the modified PD PWM, which lsad a complete bulk and conditioning (B&C) carti@sed PWM
technique. Application of this method is firstlysted in idealised drive models presented in ChdptResults are shown
in Figs. 6.10 and 6.11.

In order to simulate the influence of closed-lo@mtrol, an estimation of is applied tovy, multiplied with the
phase current sign:

Oy = Vo + T I8igN(iy ) = Vi +1 DXHB/E D(900 9
Ve 0
whereM,, = 0.63 for 2L-OeW-2L drive anil, = 0.764 for 3L-OeW-2L drive, whil&y; is calculated using (6.4) and

(6.9), respectively. As a result, absoligg. mean value is minimised throughagutange. Duty ratial,, in Fig. 6.10a is

M, = M) B8ign(iy) (6.11)

highly distorted, when compared to Fig. 6.2a.
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Chapter 6 Elimination of one dc source

a) duty ratios, M = 1,9=75 b) dc-link current mean values vs. phase angle
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Fig. 6.10.Duty ratios in the first drive phase fot= 1 andg = 75° (a) and phase angle influence on the dcdimkent
mean values (b) for B&C in the case of 2L-OeW-2lvelwithr = 1,1,,=1 Ain (5.5).

For the 2L-OeW-2L drive, B&C leads to the higherrhanic distortion for low modulation indices, sing&l,
duty ratios are always close to the minimal and imakvalues. This means that the YSWitching pattern for lovim
values is similar to staircase operation (Fig. . Note that single-sided PWM operation upMe= M»/2 as in [Bodo
(2013)] is now not feasible, since \bRloes not have an active power source. Whgs balancing algorithm is applied
for low modulation indices, requireglis highly negative and distortion of the \yS&ference is very high, in order to
keepveee constant. Similarly, in the range arouwd= 1, VSL contribution to the phase voltage fundamentaigé.hin
order to prevenC,, from discharging, high and positivevalue is produced by the Pl controller. In boteesa capacitor
voltage balancing is traded for elimination of lowder harmonics introduced by the staircase moidulatf VS.
Consequently, the harmonic performance is far ficeal.

Similar effects of the voltage balancing algorithan be observed when B&C is applied to the 3L-Od\Whave,
as shown in Fig. 6.11. However, staircase moduidagoow performed with the higher dc-link voltageganing that the
VSlI; contribution to the phase voltage fundamental ammept is higher. This means that the required foreddal
voltage boost from VSlside is lower, compared to the 2L-OeW-2L drive.th¢ same time, the staircase waveform is

less distorted, which reduces the requirementbferorder harmonic conditioning, makingi., balancing easier.

a) duty ratios,M = 1,9=75 b) dc-link current mean values vs. phase angle
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Fig. 6.11.Duty ratios in the first drive phase fof= 1 andj = 75° (a) and phase angle influence on the dcdimkents
mean values (b) for B&C in the case of 3L-OeW-2lvelwithr = 2.
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Chapter 6 Elimination of one dc source

Unfortunately some restrictions apply. Namely, B&&hnot be applied for the 3L-OeW-2L drive with agée dc
source wheM < M,/3. The reason is that the proposed modulationteesuformation of a star connection on VSI

side, since (6.5) will givesik= 0 and52k= 1, which results in a constant leg voltage edoa¥y,, throughout the
fundamental period (Fig. 6.4a), for all five-phasAsthe same time, the inverter that does not tavective voltage
source (VS], Fig. 6.7b) should be in PWM mode, according tg. B.4a. Hence, foM < 0.35 VS| is used in PWM
mode, with a low switching frequency of 1 kHz. histoperation mode, Vgls used for the star connection formation,
which means that the machine is supplied from aetlevel single-sided supply with an effective ishIvoltage of
Vier =400 V. If Cy, can be treated as lossless (which seems to basanable simplification for very short time
intervals), the proposed modification results/in, voltage being constant féd < 0.35. WhenM > 0.35 both inverters
are used, according to the modified PD PWM, with, voltage balancing algorithm. As explained in Cleap8,
modification of this approach, based on active drdf bulk inverter conduction angle for low modtibn index values
is one of the topics for future work. Here, the maim of this research topic is to investigateaifid under what
conditions, the OeW drive with a single active darse is capable of delivering the same harmonifopaance as its
counterpart with two active dc sources and the sdarmk voltage ratio.

One may wonder if a similar modification can be laggpto the 2L-OeW-2L drive under B&C control, inder to
avoid the mentioned deterioration in harmonic penfance for lowM. When compared to the 3L-OeW-2L drive, where
this modification is necessary, it seems that sigjtied PWM operation of VSin the case of the 2L-OeW-2L drive is
impractical, due to the highé&fy, i.e. blocking voltage requirements for IGBT+D miteb on VS| side. At the same
time, single-sided operation with the 2L-OeW-2Lvérshould be applied up M = 0.525, due to dc-link voltage ratio of
1:1. After all, this leads to two-level modulatiomhile for the 3L-OeW-2L drive three-level modutatiis utilised in the
same operation mode. In other words, the 3L-OeWdie requires single-sided operation in a lowkrange, which
has smaller drawbacks in drive design and harmpaiformance.

The THDM) dependencies for both topologies are obtainetjusimulations. The results are shown in Fig. 6.12,
for the operation with no load, and Fig. 6.13 foad torque equal tdL = 2 Nm. As expected, if modified PD PWM is
used, both drives have similar harmonic performandbat obtained with PD PWM (Figs. 3.20c and 4)1#owever,
THD(M) dependences for B&C control yield a conclusioat tthe 2L-OeW-2L drive suffers from degraded harimon
performance, while the 3L-OeW-2L drive produces ldistorted waveforms even under load conditiomgs @ifference
is a direct consequence of utilised dc-link voltaggos, as well as the superior three-level staecmodulation, when

compared to the two-level counterpart.

a) 2L-OeW-2L,r=1 b) 3L-OeW-2L,r =2
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Chapter 6 Elimination of one dc source

a) 2L-OeW-2L,r=1 b) 3L-OeW-2L,r =2
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Fig. 6.13.Simulation resultsy;, andi; THD againsiM for 2L-OeW-2L (a) and 3L-OeW-2L(bJL =2 Nm.

VSI; contribution to the fundamental voltage is alwajgher in the case of the 3L-OeW-2L drive, sincehat
caseVy, is about 33% higher than the same dc-link voltagéhe case of 2L-OeW-2L drive. At the same tintes t
requirement of the conditioning inverter with redjdo suppression of low-order harmonics is lowere do the finer
voltage shape produced by \{SIThis outcome can also be seen from the proposesbd:loop v, balancing
parameters. Namely, the 2L-OeW-2L drive requiresuald2% higher saturation limits of SAT block irgF6.9, in order
to maintain thevg, at the desired level, during transients and utaked conditions. This means that a 42% higher
value can be expected, which lowers the abilitgupress unwanted low-order harmonics under loaditons (Fig.
6.13). Clearly, the 3L-OeW-2L drive is the bettandidate for this kind of B&C control.

The dynamic performance of the two drives undércontrol is depicted in Fig. 6.14. Traces for difietM and
TL values are shown in order to demonstrate therdiffees in steady state which are predicted by previous analysis of
linearized models (where load is modelled as imibgeof phase angle on dc-link currents) for diffédead conditions.
Acceleration of the 2L-OeW-2L drive results in anstablevg., in the region of low modulation indices, due t@ th
inherent inability to reduce the phase voltage &mdntal produced by VSIThis causes saturation of the PI controller
output, leading to higher harmonic distortion agg, voltage drop, since Vgis not able to balance its dc-link voltage
and control phase voltage fundamental in this medio the samé range, the 3L-OeW-2L drive operates in single-gide
mode, where the Vgbwitching frequency is 1 kHz, which eliminates thg, balancing problem up t®l = 0.35 (when
min-max injection is applied).

a) 2L-OeW-2L,r =1, B&C b) 3L-OeW-2L,r = 2, B&C
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Fig. 6.14.Drive acceleration with B&C PWM for differe andTL values, in the case of 2L-OeW-2L drive with 1
(a) and 3L-OeW-2L drive with =2 (b).
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Chapter 6 Experimental results

The final o is different for different loads, which clearly ares that harmonic performance is ruined even in
steady state, under loaded conditions in Fig. 6.Fdethermore, in the no load case, the 2L-OeW-Neds hardly able
to balancevye if nominal speed is commandelll € 1), according to damped oscillationsadirirace in this case. This
issue can be suppressed with a highgs value, but this again leads to the higher hardweas# and reduced power
density. Fig. 6.14b shows that the 3L-OeW-2L dfiers more stable operation in all analysed caemad,lowers value
in steady state conditions, which results in bettantrol of low-order current harmonics. This findiis in agreement
with THD performance in Figs. 6.12 and 6.13. Foesth reasons, only the 3L-OeW-2L topology is comsildor

experimental verification in the following section.

6.4.EXPERIMENTAL RESULTS

Recorded waveforms for bulk and conditioning operafor the 3L-OeW-2L drive withr = 2 are shown in Fig.
6.15. Four oscilloscope channels CH1 to CH4 shew vy, v and iy, respectively. During single-sided operation
(M =0.2), the drive operates in three-level modeilevnB&C operation (Figs. 6.15b and 6.15c) produties phase
voltage and phase current waveforms equivaleridse obtained with four-level operation (Fig. 4. Hsiol 4.15c). Some
pulse dropping in VSloperation can be observed fgr= 1, which is a consequence of the appligg, balancing
algorithm, i.e. non-zere value (Fig. 6.11). According to the constant malivSI, leg voltage value foM = 0.5 and
M =1, it can be concluded tha, is stable.

Obtained spectra and THEJ dependencies are shown in Figs. 6.16 and 6.3@ectively. Comparison with PD
PWM shows that somewhat higher low-order harmoaoiat@nt is produced. Three-level operation Viith 1 kHz and a
dc-link voltage of 400 V leads to lowel"®ut higher & phase voltage harmonic, when compared to two-lepetation
in Fig. 4.17, where only V$loperates in PWM modés= 2 kHz, Vqe, = 200 V). When the/, balancing algorithm is
active M > 0.35), harmonic distortion is slightly increasetlie to the trade-off between voltage balancing an
suppression of low-order harmonics by YS$hodulation. As expected, differences between PDMP@hd B&C
harmonic performance are the smallest in the re@i6n<M < 0.8, where VSl produces almost the complete phase
voltage fundamental. Simplified model analysis fr@action 6.2 yieldsX; = X;; for M = 0.764. However, in both
detailed numerical simulation analysis (Figs. 6ab#& 6.13) and experimental verification (Fig. 6,1v)n-max injection
is applied, which leads to an increased dc-linksatiion. As a resulk; = Xy, is obtained foM = 0.7. Around this value
VSI, naturally keeps low-order harmonic content lowasdl as maintaining the desiredy,. For the case when the
machine operates with no load, experimentally iestihere, this means thatvalue is close to zero, since induction
machine has a phase angle of almost 90°. For moalulindex values aroundll = 1, slightly higher phase current THD

values are obtained, due to somewhat increasednd&r harmonics in the second plane.
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Fig. 6.15.Experimental results: B&C operation waveforms,F0,M = 0.2 (a)M = 0.5 (b),M = 1 (c). Traces from top
to bottom: CH1 shows,, (400 V/div), CH2v,4 (250 V/div), CH3v; (250 V/div) and CH4, (2 A/div).
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Fig. 6.17.Experimental results: Comparison of phase volagkephase current THBA) for PD PWM, single-sided
three-level operation with V$Ifs = 2 kHz) and B&C operation of 3L-OeW-2L drive.

Fig. 6.17 also shows the harmonic performance eftlthee-level single-sided PD PWM operation, thdisas
VSI; atfs= 2 kHz. This is tested only féd < 0.35, in order to examine the switching frequereduction, with regard to
the proposed modulation method in this range. Gleéine impact of the lower switching frequency rgnor and
tolerable. Due to lower dead-time effects, PWM ehiitg at 1 kHz seems to be more appropriate for ev M, around
0.1. B&C performance under loaded conditions iseeixpentally verified in Chapter 7, where the OeVWelrdynamic

performance under closed-loop control is analysed.

6.5.SUMMARY

In this chapter, a possibility to reduce the OeWalhardware complexity is investigated. It is shotlat two
previously analysed drive configurations in Chapt@rand 4 are suitable for CB PWM scheme reorgamisavhich
would lead to different roles for the two invertewgith regard to phase voltage fundamental cordral low-order
harmonic content reduction. The basic principlehaf proposed modifications is to perform PWM swiitghwith one
VSI only, while the remaining inverter contributés the final phase voltage by holding a constaritage level
(staircase modulation). It is explained that ohlg 2L-OeW-2L drive withr = 1 and the 3L-OeW-2L drive with= 2 are
suitable for this kind of control, since coupled dutation in these cases does not rely on PWM ojperatf the both
VSiIs at the same time. Next, the possibility to toimé dc source at the PWM (conditioning) inveriele is investigated.

Although analysis shows that both inverters aretrdmuting to the phase voltage fundamental, i.eque producing
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component, it is shown that so-called dc-link vgétdooosting is taking place in both topologies,chteénables full speed
range of operation with only one dc source, that the same dc-link voltage as in the dual supphfigaration case.
This dc source supplies the bulk inverter, whiclerages in staircase mode, making further hardwas¢ eduction
possible, by using low-frequency switching devides bulk inverter realisation. The second, conditig inverter
operates in PWM mode. For this OeW drive realisgtiralancing of the conditioning inverters’ dc-liokpacitor voltage
is essential, in order to keep the desired dciokage ratio. This offers a possibility to obt&iarmonic performance
equivalent to that obtained with a correspondingl dupplied OeW drive. However, elimination of a@source limits
the drive ability to operate under loaded cond#ioespecially in the case of the 2L-OeW-2L drive. tbe other hand,
the proposed reconfiguration in the 3L-OeW-2L droase results in much higher bulk inverter contidruto phase
voltage fundamental component, as well as lowembaic pollution of the three-level staircase motlalg when
compared to the two-level counterpart. As a resulingle dc source supply of 3L-OeW-2L drive isrensuitable for

bulk and conditioning operation, which is experinadiy verified.
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Chapter 7

DYNAMIC PERFORMANCE OF OPEN-END WINDING DRIVES
UNDER THE CLOSED-LOOP CONTROL

7.1.INTRODUCTION

It has been demonstrated that open-end windingeslroan be a suitable solution for high-power apfibos,
with regard to harmonic performance. Furthermohés toncept offers several benefits, as discusse@hapter 1.
Probably the greatest motivation for the OeW dig/¢he utilisation of simpler inverter structureghere the structure
corresponds to off-the-shelf two- and three-levewer modules. Although the OeW drive utilises tveolated dc
sources, their voltage ratings are lower, when @b to a single dc source for a single-sided taud#l inverter (with
the same overaW,). From a hardware complexity point of view, itsisown that even greater savings can be achieved,
using certain dc-link voltage ratios, which leads higher number of voltage levels, since equivaleingle-sided
solutions require more power modules, dc-link cépes; etc. Drawbacks, introduced in these casesifoyltaneous
switching of two inverters, can be mitigated usignodified modulation strategy, as shown in Chapferand 4.
Solutions for issues related to dc-link capacitaiage stability can be found in the modulatiomatggy design as well,
since results in Chapter 5 indicate that super&monic performance of coupled PWM schemes camaued for dc-
link voltage stability by using decoupled methodsly in certain modulation index ranges). At thensaime, it seems
that all analysed configurations, in combinatiothméoupled modulation strategies, can be intergsfiin some high-
power applications, in which the complete speedean not expected to be required most of the time.

The need to implement a novel drive configuratiod apply a certain modulation strategy is not aelated to
harmonic performance. Nowadays, a number of in@ddigddrives are under closed-loop control, which mages their
dynamic response and offers a higher controllgbdit relevant (output) drive parameters, when comgdo an open-
loop control approach. Unfortunately, the majodfynovel drive configurations and modulation stgiés presented in
the literature are not tested in terms of closexploontrol dynamic performance. This can be jusdifivith the fact that
the inverter structure and corresponding modulasitvategy should have no effect on the drive speedition and
torque control. However, vector control resultsnmch faster dynamic response and maximal torquengispeed
changes is expected during speed transients. Assequence, a sinusoidal shape of phase voltageneg cannot be
claimed any more at all times, since acceleratiomfO to a nominal speed of, for example 1500 ripgnphase voltage
fundamental frequency change from 0 to 50 Hz, seeted to take place in a very short time interalthe same time,
the phase angle between produced stator voltagewanent varies over a very wide range, even ierternal load is
applied. For these reasons, dynamic performansewsdral previously analysed OeW drive configuraianexamined
for the case of closed-loop speed control. Duetdcsimplicity and ease of implementation, indireator flux field
oriented control (FOC) is chosen for this testing.

Additionally, the most dominant low-order currer@rimonics in thex-y plane are suppressed using Pl current
controllers. Initial results for the 2L-OeW-2L dewithr =2 and PD PWM under closed-loop control are [shigld in
[Darijevic and Jones (2014), Darijevic et al. (2JJ16n this chapter, FOC performance for both 2LVG&L and 3L-
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OeW-2L drives with coupled and decoupled PWM schemeanalysed. The 3L-OeW-2L drive under B&C cohtso
also tested in the same manner.

7.2.CLOSED-LOOP CONTROL

7.2.1.INDIRECT ROTOR FLUX FIELD ORIENTED CONTROL

The FOC algorithm is shown in Fig. 7.1. Inputsteé tontrol are speed referenceandiy which corresponds to
rotor flux. According to the open-loop steady stptese current amplitude in no load conditionss ifound thatig
= 2.7 A should be applied. Feedback signals, atarrmechanical speead, rotor positiond and phase currentg are
obtained using dSPACE boards, as explained in Agige2 In order to obtain stator current vector pomments in a
rotational reference frame, decoupling and rotatiamansformations are applied. The latter usessorea 6 and
estimated slip angléy;, = i;/(T,- i:,) for rotor flux vector position estimatiofl, = 6 + 0gi,. The rotor time constant is equal
to T, = 1/R-(L,r + L)), while machine parameters can be found in TAdld. The structure of the PI controller used in
the speed control loop is the same as in Fig.luBwithout conditioning of error signal with modtibn index value. Its
parameters ard$, = 0.205 A s/radK, = 0.5 A/rad. The anti-windup constantig, = 6 radA™s?, while the SAT block
has limits of +5 A.

The influence of the multiphase drive topology ddG-implementation comes down to the usage of differ
transformation matrices, when compared to the thheese drive case. The decoupling transformatigeiormed using

the following expressiory(= 2/5):

1 cosf) cos@y) cos@y) cos@éy)]| [i;
ig 0 sin(y) sin@y) sin@By) sin@y)| |i,
iy :\/%[] 1 cos@y) cos@y) cosBy) cosBy)|x|is (7.1)
0 sin@y) sin@y) sin®y) sin@y)| |i,
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Fig. 7.1. Rotor flux field oriented control algorithm.
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The rotational transformation is similar to onedisethree-phase drives, since rotation is apphét respect to

the current components in the first plane only:

ig cosf,) sin@.,) O O O] |i,

iq 5 -sin@,) cos@,) 0 0 0| i,

iy :\/: 0 0 1 0 0x|ig (7.2)
5

iy 0 0 0 1 0f |ig

i 0 0 0 0 1| |is

The final phase voltage references are obtainatflsiverse transformations and normalisation wittasured

value 0fVyc = Vet + Vieo-

7.2.2.CLOSED-LOOP CURRENT CONTROL AND SUPPRESSION OF LAYRDER PHASE CURRENT
HARMONICS

Multiphase drive structure leads to additional iegents of controlling stator current componentg-y plane.
Since these are not torque producing componerds, igfferences are set to be zero. Closed-loogcuoontrol in Fig.
7.1 is shown in more detail in Fig. 7.2. The stuuetof Pl controllers is the same as in Fig. 680 Df them are used in
the first plane, foiq andiy current components, which is denoted ;) in Fig. 7.2. Standard decoupling is included
between these two currents. Initially, the same@egagh is applied to thig (i,), which requires only two Pl controllers in
the second plane. However, due to higher rippléesinwhich mainly depends on the dead-time infb@eon low-order
current harmonics, this approach is not found tcséiisfactory. Therefore, a different approachdasidered, which
relies on separate control of the two most domieantent harmonics in they plane. As shown in Fig. 7.2, this requires
additional rotational transformations, which in easse result in formation of two fictitious planéhe planes rotate
synchronously with the3and 7' current harmonic vectors, which enables sepaatea of theirx andy components,
denoted as (iyg) andiy (iy7), respectively. This effectively reduces the amponents in the error signal of the PI
controllers, while its dc component correspondeaomonicx andy projections in two planes, since referenk;*geandi:,
are always equal to zero. Although this requires @l controllers, in order to contri, iys ixy andiy; separately, the
algorithm is still very simple and easy to extemdan arbitrary number of harmonics that should bppesessed.
Empirical results show however that control of #feharmonic in the first plane and other higher harit® does not
lead to significant improvement in harmonic perfamoe. Hence, only thé*and 7' current harmonics are processed in
this manner. The parameters of the current coetolire given in Table 7.1.

Table 7.1. Parameters of Pl controllers in Fig. 7.2.

PI1 controller applied to Kp K, Kan SAT limits
ig(io) 40 VIA 6000 VA's™ 5000 A/V +500 V
iva (iya) 25 VIA 1000 V A's? 5000 A/V +50 V
iz (iy7) 10 V/A 200 V A's? 5000 A/V +50 V

Fig. 7.2. Closed—loob current control algorithm.
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7.3.EXPERIMENTAL RESULTS

7.3.1.DYNAMIC PERFORMANCE OF THE 2L-OEW-2L DRIVE

Firstly, the dynamic performance of the 2L-OeW-2pdlogy is tested under indirect rotor flux oriehtentrol.
Although Chapters 3 and 5 show that equal dc-livlkage ratios result in easier drive control, withizssues such as dead-
time spikes and dc-link capacitor overcharging tifiig testing = 2 is chosen, which leads to a four-level cornigjon, but
also requires a more complex modulation strate@yRP®M with SAR/SRA implementation) and the use abatrollable
current bidirectional dc source fof, formation. As in the case of previously reporteghezimental verifications, the
overall dc-link voltage is set to B&. = 600 V, which leads t¥; = 400 V andVy = 200 V. Experimental results for the
case when two inverters are modulated using PD RAM\hown in Fig. 7.3. Speed transients, showtigs £.3a and 7.3b
demonstrate that the proposed modulation algorithrauitable for high-performance FOC control. East changes
between single-sided and multilevel operation, Whigquire instantaneous changeRgfs from 1/6 to 1/2 whe = 0.35,
do not cause any negative impact on the dynamfonpesince. For example, in Fig. 7.3b, the driveiaiiit operates with
steady state speeat= 1350 rpm, where is equal to Z/60w. This n value corresponds thl = 0.9, meaning that both
inverters operate during one fundamental periodt AB s speed reversal is commandeds —1350 rpm. During the
transient, the drive dynamically changes its ojrggainode twice: for 1350 rpean > 525 rpm drive operates in multilevel
mode, for 525 rpre n> -525 rpm only VSl is modulated, while V$Iforms star connection according to SAR algorithm,
and finally multilevel operation is performed agén —525 rpm >n > -1350 rpm. A controllable power supply is used for
VSI; dec-link supply. This kind of dc source is ableetimpensate small changes in dc-link voltage, wirifdementation of
digitally controlled braking (Appendix 2) additidhyaensures that dc-link voltage ratio is kept dans at all times. This
applies for drive deceleration as well, since anlymall increase &f,; can be detected, is formed using a linear four
guadrant power source, due to the overcharginglgmgbwhich also ensures stable YS$lc-link voltage during the
deceleration transient. Fig. 7.3c shows the dresponse to the step loading and unloading testtHi®mpurpose, a dc
machine is mechanically coupled with the five-phasachine under test. Electrical terminals of thend&chine are
connected to a resistor bank via a mechanical Bwithis enables step loading of the induction motath torque
proportional to the rotor speed. Sudden changeaaf tauses a reduction of drive speed which isklyuiegulated thanks
to the closed-loop speed control. The load causéscacase of; component to about 3 A. In the same manner, th&alo
quickly eliminates the error in speed introduceddipoval of the load.

The dynamic response of the drive is tested undeoubled modulation. Results for the case of URBIMP
scheme are shown in Fig. 7.4. Acceleration frora 0300 rpm shows that in the range 0< 525 rpmvy; = 0, meaning
that the VS] forms a star connection at its side of the windingt the same time, Vgbperates in PWM mode. For
n > 525 rpmv,; has constant amplitude. Comparison of both spestd, ti.e. for speed step and reversal commanigjin F
7.4 with corresponding ones in Fig. 7.3, shows tifstsient between single-sided and multilevel afi@n modes results
in somewhat smoother phase voltage reference shaghe case of decoupled modulation. This is a equnsnce of
differences between PD and URS1 PWM. In the fieste¢ wherM is close to, but still higher then 0.35, Y3lolds a
constant voltage level in reference zones 1 andoR.the samévl, URS1 operates both VSIs in PWM mode, which
provides higher controllability over the phase &gk instantaneous values. In both cases, CMV dgaoemnt is
changed during transient, from —100 V to 100 V sTikishown in Fig. 7.5 (CH1 trace shawsCH2:v;, CH3: Vipn, CH4:
i1). The CMV transient takes about ten switchingqasj which also has an influence on modulationtiegfyaperformance
aroundM = 0.35.
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Fig. 7.3. FOC response of 2L-OeW-2L drive£ 2) and PD PWM with SAR and SRA: acceleratiomfrd to 1200 rpm
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speedig, iq, i1, vy, and dc-link voltages.
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7.3.2.DYNAMIC PERFORMANCE OF THE 3L-OEW-2L DRIVE

The same dc-link voltage ratio is chosen for 3L-G2M/drive dynamic performance testing. This enables
comparison with the previously considered 2L-OeWeRive. Although the four-level configuration isag utilised, the
3L-OeW-2L drive does not suffer from dead-time ggilor dc-link capacitor voltage stability issuegnkke, a simpler
realisation of dc sources is used in this caseebas three-phase diode rectifiers, as in Fig. fpEBameters can be
found in Appendix 2). Results in Figs. 7.6 and diitained with PD and URS1 PWM, respectively, shioat the small
dc-link voltage fluctuations do not have a sigrfit impact on the dynamic performance of the draitally
implemented PWM braking allows only small increa$é&/q., during deceleration, whilgy, is kept stable at all times.
This can be expected since Y8peration during deceleration quickly leads to khwty ratios, i.e. the amount of charge
that can be returned on that drive side is congtainbpping according to the analysis in Chaptefis makes dc-link
control easier on that drive side, using a brakegjstor. It can be concluded that the 3L-OeW-2thwi= 2 is able to
deliver the expected FOC performance, with bothptemi and decoupled modulation strategies. This @sdirms that
all dc-link voltages are stable (Chapter 5) foridenrange off, combined with fasM variations, which is a requirement

of high-performance control.
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7.3.3.DYNAMIC PERFORMANCE OF THE 3L-OEW-2L DRIVE WITH BUK AND CONDITIONING CONTROL

The 3L-OeW-2L topology with a single dc source lidk-voltage ratio of 2:1, and operating under B&antrol,
should lead to a harmonic performance similar & ttbtained using PD PWM for the same drive comfijan when
two dc sources are used (Chapter 6). Absence addteurce at the Vgkide introduces an additional requirement, in
terms of maintaining/ 4o = 200 V at all times, regardless of the commansieeked and applied load. This leads to a
trade-off between three conflicting requirementnionic performancey, stability and drive dynamic performance.
The experimental results are shown in Fig. 7.&ah be seen that the drive is able to deliver #tpeeted dynamic
performance for both speed transient and load rhiahce rejection tests. On the other hag; voltage is less stable
when compared t&y, voltage in Figs. 7.6 and 7.7. In order to investg/4» balancing performance during FOC
transients, the braking chopper is used only ategtion, i.e. not for keepingconstant. In other wordsg, voltage
stability is here completely determined with B&Qaidithm (Chapter 6). During transients, fer< 0.35, only VS]
operates in PWM modds(= 1 kHz). Transition between single-sided and iewiel operation is similar to the one
obtained with the 2L-OeW-2L drive with= 2 and PD PWM. This leads to a somewhat increeppte content ofy and
iq during transients, caused by non-constavilue. Tests also show that the speed-torque clesistic of the drive is
influenced by the absence of the lower dc-link agét dc source. This can be seen when 1500 rpm 1 = 1) and a
high load torque is applied. This leads to a higiue ofs, produced by the voltage balancing algorithm. Guirr

distortion in this situation is visible in Fig. 7.8lthoughv,; demonstrates that VSdic-link voltage Y) is stable.
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Fig. 7.9. Experimentally obtained steady state waveformsterfirst drive phase for 3L-OeW-2L drive with B&C
control andM = 1, when heavy load is applied. Traces from tpdttom: CH1v,, (400 V/div), CH2vy; (250 V/div),
CH3v, (250 V/div), CH4iy (2 A/div).

7.4.CLOSED-LOOP CURRENT CONTROL PERFORMANCE

As explained in subsection 7.2.2, current contrsllaimed for suppression of the most dominant logeno
harmonics are incorporated in the FOC control s&efithough their performance is not the primarpitoof this
research, THIN!) dependencies are obtained for this kind of cdrisonvell, for the two most interesting cases.

The first one is the 2L-OeW-2L drive with PD PWMhigh requires SAR and SRA implementation, according
the issues related to dead-time spikes. As show@hapter 3, SRA leads to somewhat increased lowrocdrrent
harmonics, since the effective dead-time intersaldubled in reference zone 2. Chapter 3 also shwatthis drawback
can be eliminated if closed-loop current controaplied. The second investigated case is the 30+~Qk drive with
r =2 and B&C control. In this case, the lower dd¢lvoltage capacitor balancing algorithm introduaesmall reference
offset, which enables control G, voltage, but also leads to increased harmonioriish. This opens the question if the

additional distortion can be suppressed using dis@p current control. Results for both caseshmvn in Fig. 7.10.
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Fig. 7.10. Experimental results: comparison of obtained TMD{ependencies with open- and closed-loop current
control, for 2L-OeW-2L withr =2 and PD PWM (a) and 3L-OeW-2L witk= 2 and B&C (b).

Open-loop THDI) dependencies, already shown in Chapters 3 (foPRI) and 6 (for B&C control), are shown
here just for comparison purposes. Closed-loop nnea®nts are obtained in steady state operatioar /FAC and with
closed-loop current controllers. Clearly, reductifrthe 3* and 7' current harmonics leads to great improvement ef th
phase current THD for low and high modulation inglalues, i.e. in the regions where the original atatibon schemes had
the worst harmonic performance. Although implemgoaof a more sophisticated current controller negd to further
improvement, it seems that the remaining harmoaillujon is mainly caused by switching harmonicsedo very small

variations in the phase current THD throughoutMhenge when the proposed current control methagptied.

7.5.SUMMARY

This chapter discusses the experimental resultsraat with several previously analysed OeW confitions and
corresponding modulation strategies, under closefd-kpeed control. In particular, indirect rotarxfloriented control is
applied to a 2L-OeW-2L drive and a 3L-OeW-2L driveh r = 2, in combination with different modulation $&gies. In
all analysed cases, dynamic performance is in agree with expectations. Detailed analysis of resghows that
differences in modulation strategy complexity haeey small influence on the speed transients irnvitiaity of M values
which are at the border between single-sided antilevel operation modes. These transitions ardfopered more
smoothly when both inverters are operated withssiial references (URS1), when compared to congaepled control,
although the latter results in better steady $tatenonic performance. From that point of view, ofithe future work topics
may be related to optimal OeW control, which corebidifferent modulation methods, with regard tdrtimepact on drive
dynamic response and steady state harmonic pemfieendhis is discussed in more detail in the seaiwout future work,
in Chapter 8.

Additionally, closed-loop current control of phaagrent harmonics in the second plane is applidthofigh the
proposed method is very simple, harmonic perforraaadmproved, when compared to the results obdainghe case
of open-loopV/f control. This is investigated in detail for twosea, where phase current harmonic content is imflee
the most by modulation algorithms: PD PWM for 2LMDL drive and B&C control of 3L-OeW-2L drive € 2 in
both cases).

When compared to the widely published single-sidades behaviour under closed-loop control, itlesac that
the OeW drive concept offers the same performanbich makes this concept equally relevant for hpginformance
industrial and automotive high-power applications.
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Chapter 8

CONCLUSIONS AND FUTURE WORK

8.1.SUMMARY AND CONCLUSIONS

This thesis addresses modulation strategies fottileudl five-phase open-end winding drives. Two OeW
topologies with isolated dc-links are analysed. Titet one, is the simplest OeW configuration amiptoys two two-
level inverters (2L-OeW-2L drive) while the secomake consist of one three-level and one two-levediiter (3L-OeW-
2L drive). Both drives are able to produce différeamber of voltage levels, which mainly dependdtenratio between
the dc-link voltages. Analysis of the equivalentvdrmodels, a method developed during this reseatubws that the
2L-OeW-2L topology can be considered as a threetldsive, if equal dc-link voltages of two inverseare used, while
any other dc-link voltage ratio leads to utilisatiof four voltage levels [Darijevic et al. (20138garijevic et al. (2013b),
Darijevic et al. (2016)]. The 3L-OeW-2L topologyrche configured as a four-, five- or six-level @iy using dc-link
voltages in the ratio 2:1, 1:1 or in any otherpexgively [Darijevic et al. (2015a), Darijevic dt €015b), Darijevic et
al. (2015c)]. Hence, the dc-link voltage ratio @sidered as a degree of freedom, enabled by th¢ @&e structure.
Thanks to this parameter, both drives are abldilisaia higher number of voltage levels, when careg to a single-
sided solutions with the same component count andware complexity. Results in this thesis alsonstiat a further
reduction of hardware complexity is possible, buitydn certain cases, where one dc-link voltagere®wean be omitted
from the circuitry [Darijevic et al. (2015d)]. Irhis research only CB PWM schemes are considerette Siuality
between certain SV and CB PWM schemes is knownd®dac (2013), Dordevic et al. (2013)], methods tha easier
for development and less computationally demande®m to be a logical choice. Besides, the structitiee CB PWM
schemes leads to a conclusion that the presentédlation strategies are easily extendable to aitranp number of
phases. This makes the contributions of this themise general and the developed CB PWM methodaldaitfor a
wider application range.

The thesis begins with a short introduction, whasaivation and the main aims of this research apgaimed.
Chapter 2 provides a survey of relevant literatureich is used as a starting point for this redealtcalso shows that
topics covered in this thesis have not been ingastd so far and that the herein presented resdtsyell as the
developed analysis methods, are an original carttdb to the overall knowledge in this researclhdfie

The harmonic performance of modulation strateg@stifie 2L-OeW-2L drive is analysed in Chapter 3, fo
different dc-link voltage ratios. Modulation strgtes are divided into two major groups. The firsbup comprises
modulation schemes developed from modulation gi@éefor single-sided multilevel inverters. Consenfly, the OeW
drive is considered as a single entity, which mas@® the harmonic performance quality of the dridewever, these
so-called coupled modulation methods, in some casgsire simultaneous PWM operation in inverteegjd connected
to the opposite sides of the same stator windifgchvcauses triggering of unwanted voltage leveisnd dead-time
intervals [Darijevic et al. (2013b)]. As a conseqece, the harmonic performance is worse than exgeats the
modulation strategies require some modificationsautation and experimental results in Chapter 3wshbat the
proposed modifications are able to significantlyigaite this issue. The second group of modulattcategies are those

that consider the inverters as separate entit@seflet al. (2014)]. The overall phase voltagereefee is shared between
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two two-level carrier based pulse width modulatarghe same ratio as the ratio between correspgrdti-link voltages
is. Each inverter is modulated independently, whégtds to somewhat worse harmonic performance, wbhempared to
the coupled modulation methods for the 2L-OeW-2Ziedr

The same approach to modulation strategy developiseapplied in Chapter 4 for the 3L-OeW-2L drivase.
Due to the higher number of utilised voltage leyvdifferences between harmonic performances oldaivith coupled
and decoupled modulation methods are smaller. Hmeesconclusion comes from comparison of dead-tipikes
influence on coupled modulation strategy harmorecfggmance in the case of 2L-OeW-2L and 3L-OeW-2lved
higher number of voltage levels utilised in thedatdrive case reduces the impact of this issupt@ase voltage and
phase current harmonic content.

Results in Chapters 3 and 4 yield several conahgsibat are common to both topologies. Firstlylidk-voltage
ratios that result in equidistant voltage leveladleto the best harmonic performance and more umiféHD
dependencies on modulation index, when compareth&r cases. Secondly, only one dc-link voltagie agr topology
leads to the utilisation of all phase voltage lsweithout employing simultaneous switching of thedrters. This always
results in the lowest number of voltage levels wiadale by the topology. In particular, a dc-linkitege ratio 1:1 in the
case of 2L-OeW-2L drive leads to utilisation of pihree equivalent voltage levels, while the 3L-G&Vtopology
produces its minimal number of levels (four) if the-link voltages are in ratio 2:1. At the samedjranly in these two
cases, dead-time spikes do not occur.

Influence of the proposed modulation strategie€hapters 3 and 4 on stability of dc-link voltagesunalysed in
Chapter 5. A novel approach, based on the linedrizave models under the sinusoidal phase curneptaximation is
introduced, in order to derive the dependenciedosfink current mean values on relevant drive patans, such as
modulation index and phase angle between stataephaitages and currents. Indicatively, coupled utedtbn methods
developed for OeW configurations in which dc-linkltage ratio is used in order to maximise the numidfevoltage
levels, suffer from dc-link voltage instability. gether with the analysis of their harmonic perfonges in Chapters 3
and 4, this finding yields a general conclusiornt t@upled modulation schemes are optimal when thénd voltage
ratio is the same as the ratio between individoatiters’ number of voltage levels reduced by @ .the other hand,
the same cannot be said of decoupled modulatioanses, which naturally balance the dc-link voltagegardless of
dc-link voltage ratio. It follows that the decisiarhether or not to use a decoupled modulation ntetioones down to a
trade-off between harmonic performance and dcaivlkage stability.

Five-phase OeW drives that employ only one actiwesa@urce are investigated in Chapter 6. Both 2L-€W
and 3L-OeW-2L drives are analysed in terms of egjeivt drive model in the case when PWM switchingasformed
by only one inverter, while the second one contdbuo the phase voltage formation by holding astzot voltage level
for a longer period of time. Analysis based on radthintroduced in Chapter 5 shows that this sedathodified CB
PWM method leads to the different power sharingveen two inverters, although harmonic performasceqguivalent
to that obtained with a conventional CB PWM scheffitds leads to a conclusion that the active pathefdc source
used for dc-link voltage formation of inverter ttegierates in PWM mode can be omitted from the iimcuThus, two
OeW topologies with a single dc source and isoldtetinks are analysed next: 2L-OeW-2L and 3L-OelVdPive with
dc-link voltages in ratios 1:1: and 2:1, respedyivén both cases, the inverter that has an aat/supply connected to
its dc-link rails, operates in staircase mode amgbbes the bulk energy to the rest of the drivalKknverter). The
second, so-called conditioning inverter has onficdink capacitor at its dc side. This invertepferated in PWM mode

at all times, and its main purpose is to elimirth& low-order harmonics introduced by staircase utaitbn of the bulk
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inverter. However, in order to keep harmonic periance at the same level as in the case of thenaligirive
configuration (with two active dc sources), it immdatory to keep the conditioning inverter dc-lvidtage constant,
which results in the same dc-link voltage ratiorethe original drive configuration. Analysis shothsat the 3L-OeW-2L
drive is more appropriate for this kind of modifiicen, since a dc-link voltage ratio 2:1 is usedhis case, which leads
to the higher contribution of bulk inverter to thkase voltage fundamental when compared to the @M-QL case. At
the same time, the 2L-OeW-2L drive suffers fromiraability to control the conduction angle of thdlbinverter, due to
limitations of staircase modulation of the two-IEVSI.

Finally, Chapter 7 examines the dynamic performarafehe OeW drives, when closed-loop control ipligg.
Analysis shows that the developed modulation gjfateare capable of achieving the required dynagsponse. This
experimental verification is of significant impontee for the adaptation of the OeW concept in futadustrial and

automotive applications, where high-performanceeddontrol is of great interest.

8.2.FUTURE WORK

Due to practical restrictions related to the profganisation, available resources and time,régsarch covered
only several, but probably the most important, atpef modulation strategy developments for opethagimding drives.
This work can be easily extended to drives thalisatidifferent number of phases, machine types waitting
distributions, as well as to topologies that utildifferent inverter structures. Probably the mogiortant outcome of
this project is the set of analysis methods whidghtrbe used for development of CB PWM methodsafoy other OeW
drive configuration. However, the expected bendfiign extending this analysis are minimal. Firsgxtension of CB
PWM methods for the same drive structure, but fiéieent number of phases is straightforward anel éxpected
novelty and contribution to this field of reseaisltherefore incremental. Secondly, it can be amt®d that the rate of
harmonic performance improvement drops with incnein@ the number of voltage levels. That is, thHedénce in
harmonic performance between four-level and thesetldrives is lower than between three-level avatievel drives.
From this point of view, this kind of extensiontbe herein presented research might only haveipahétnportance in
the case where further increment of the numberotibge levels is a consequence of the power remeinés of certain
applications. At the same time, it does not seenetigal to develop alternative modulation stragsgbased on SV
PWM approach, due to the proven duality betweeritta switching patterns between CB and SV PWMesoés. Still,
there are several important topics related to OeMés, which have not been covered so far:

» Results presented in this thesis show that diffemedulation strategies offer different benefiteolfably the most
obvious case for this are decoupled methods foBth®eW-2L drive. Results in Chapter 4 indicatet tHRS1 and
URS2 offer different harmonic performances for sagne modulation index, but it seems to be harceterchine
which case is superior in general. Hence, thetfiyst for future research is related to combirtimgm into a hybrid
CB PWAM strategy. Practical experience gained duthiggresearch showed that modulation algorithmsbeaeasily
combined and that transiting between different nhatéhn strategies does not represent a problenm @éugng fast
transients. The final goal for this research idind an optimal modulation strategy, which satisftee following
criteria: stable dc-link voltages under any opegationdition and minimal harmonic distortion. Thésearch topic
can be extended to combination of coupled and géedumodulation schemes as well.

 The second approach to achieve the two above nmeatigoals is to introduce the closed-loop dc-liokage

control for coupled modulation strategies. Althoutitis introduces a need for additional controllensd
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measurements, similarly to the B&C control casés gxpected that this approach may provide a betde-off
between harmonic performance and dc-link voltagbikty, when compared to the previously proposedhod.

» Nowadays industrial trends show that further impraent of performance in general is more and mdatedtto
parallel and simultaneous research and developrokritoth hardware and software components for given
application requirements. When applied to open-wimdling drives, this approach can be also usedyrder to
maximise drive performance. For example, dc-linkage ratio can be varied during drive operatibthat leads to
better efficiency (i.e. elimination of the overchiaig problem) and better harmonic performance. Nueexistence
of a primary dc source and formation of the secasdally lower dc-link voltage level can be perfedrby using
some sort of buck-derived dc-dc converter. At tome time, this approach opens a possibility tésatioth isolated
and non-isolated OeW drive structures. Additiondtligirectional dc-dc converters should be consideas well,
especially for the cases where lower dc-link vatagpacitor suffers from overcharging. Namely,hese cases,
solutions based on controllable dc sources arebéajeé preventing lower dc-link voltage overchaggibut only at
expense of additional energy losses, as demorsstrat€hapter 5. Hence, the main motivation for tbigic is to
investigate a possibility to utilise the lower dakl voltage side surplus current recuperation, Sipgi bidirectional
dc-dc converters, which enables the return pathdsgt the two dc-links in OeW drive. By designingtblardware
and control software for the herein proposed Oepdltgies with actively controlled dc-links, one Mik able to
truly utilise all the benefits offered by dc-linklage ratio variability.

« Bulk and conditioning control, proposed in Chafecan be improved by introduction of active coratucangle
control of the bulk converter. This would lead t@e higher contribution to the fundamental compafierm that
OeW drive side, as well as a different solution foodulation indices lower than 0.35. At the sammeti
comparison of this B&C control approach with theegmesented in Chapter 6, would provide a clu® aghether
or not extension to different topologies may leaddme benefits. Namely, it has been concludecthieabptimal
dc-link voltage ratio is equal to the ratio betweedividual inverters’ number of voltage levels veed by one.
Note that the same dc-link voltage ratio is suiabkr CB PWM modification leading to a possibiltty eliminate
one voltage source from the circuitry. Chapter$bahows that higher voltage at the bulk inverige $s more
suitable, since expected dc-link voltage boostmdpiver, with regard to phase voltage fundamentgblaude.
From this point of view, it seems logical to extdB&C control to higher dc-link voltage ratios. Fexample dc-
link voltages in ratio 4:1 might be used if fivendatwo-level converters are combined. When compé&oe8i_-
OeW-2L drive, this would also lead to much finegistase modulation and lower requirements for diordng
inverter dc-link capacitor voltage rating.

e So far, results presented in this thesis and toficsfuture work are related to drive operation haalthy
conditions. As already explained, both open-enddimig and multiphase drive concepts offer a greétmal for
development of modulation and control strategiesesl for post-fault operation. Some of the possiedi for
five-phase open-end winding drive reconfigurati@avénbeen examined during this research [Darijenit Jones
(2014b)]. It is shown that some of the post-fatritegies do not require any additional hardwdr@e\W concept
is used. Many different aspects, such as openitifault, or IGBT fault while corresponding antigdlel diode
remains in circuitry, are yet to be investigatetbdably the most important question is whether doation of
multiphase and open-end winding concepts léads higher controllability and reduction of usyatiecessary

additional hardware for drive reconfiguration wreefault takes place.
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Appendix 1

NUMERICAL SIMULATION DETAILS AND PARAMETERS

Al.1. PRELIMINARY REMARKS

This appendix describes principles of numericaluations applied in this research. Having in mimanplexity
of the proposed topologies and control algorithings clear that numerical simulations are an intpor step in the
overall research process. For this purpose, twiowsoé packages are used: Matlab with its integreedulink
environment and PLECS software, which is similarMatlab/Simulink, but specialised for simulations power
electronics.

The initial idea was to rely on Matlab’s built-inleetronic component models, available in Simulink’s
SimPowerSystems library. However, due to alreadytiored circuitry complexity, in many cases thiswcept has
proven not to be useful for several reasons. Firdililt-in models include various semiconductord apassive
component parameters which are not of interesthisrkind of numerical simulation, with regard teetanalysed effects
and time-scale of simulation. This dramaticallyreases simulation run-time while the necessity ofletling galvanic
isolation between two inverters and correspondingalirces is the main reason of weak models’ nwalestability. At
the same time, inclusion of an already existingtiplbidse induction machine model [Dordevic et ab1(@)], derived on
a signal and not on an electrical level becomey eemplex in Matlab, requiring additional contrdila current and
voltage sources. As a result, precision of eleakrsignal calculations is reduced, while the sirialaprocess becomes
more computationally demanding, i.e. slower andranfical. Therefore, development of modulationtstyges presented
in Chapters 3-6, models presented in Chapter ksed loop-control algorithm in Chapter 7 are dase custom-made
models of all relevant power electronic devices the circuits under analysis, without usage of avgtlab
SimPowerSystems proprietary blocks and models. Dped models are briefly explained in the followsegrtions.

The modelling approach presented in this appencix be easily modified in order to be used in other
programming environments. Matlab/Simulink is chosene mainly because of easier experimental vatifa, since
LIJIMU EMD multiphase multilevel experimental rig (Bendix 2) is based on dSpace - Matlab integratRItECS
software is used only for further verification afmsilation results, when usage of detailed semicotmtumodels was

necessary.

Al.2. FIVE-PHASE INDUCTION MACHINE MODEL

Detailed description of the induction machine mathet is used in this research can be found in {Beic et al.
(2010)]. Parameters that correspond to measuradaiaistics of two five-phase induction machineailable in LIMU
EMD laboratory are given in Table Al.1. This maehimodel has been used in [Satiawan (2012), Bod&3j20
Dordevic (2013)]. Here, the model is slightly impeal using pre-calculated values for all the cortstamthe machine
model. This is enabled by degrading the model faocompletely general multiphase to the specifie-fpbhase case, with
known parameters. As a result, the overall simoitatiun-time was reduced by about 12%, when comptoeithe
original induction machine model, surrounded witle same power electronics circuitry. Additionalby; setting the

initial electrical machine speed to be equal te @-f,, transient time can be halved. Although in sonsesa simpl&-L
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Appendix 1 Two- and three-level inverter models

load model can be used, a complete induction maamiodel is preferred, since it enables easier casgaof steady-

state waveforms obtained in experiment, with tras@ined in simulations.

Table Al.1. Five-phase induction machine parameters.

Parameter Value Description
R 3Q Stator resistance
3Q Rotor resistance
L,c 45 mH | Stator leakage inductance
L, 15 mH | Rotor leakage inductance
Ly 545 mH | Magnetising inductance
f, 50 Hz Rated frequency
A 300 V Rated phase voltage peak value
p 2 Number of pole pairs
J 0.1 kgm® | Rotor inertia
TL rated 8 Nm Estimated rated torque

Al.3. TWO- AND THREE-LEVEL INVERTER MODELS

Inverters are modelled using Matlab/Simulirlnction Blocks, which are referred to here as VSI blocks. Gating
signals, dc-link voltage(s) and phase currentscaresidered as inputs, while semiconductors’ conduocstates and
inverter leg voltages are block outputs. Each VBtk accepts separate gating signals for compleanmgnGBT+D
structures, while dead-time implementatiag € 6 us) is performed within modulation blocks, accordingFigs. 3.8,
3.9, 3.15, 3.35, 4.11-13 and 4.38. Calculationgdé®/SI blocks are based dor loop in which five leg voltages are
calculated usingf-then-else statements which are based on the gating sigmalsphase current sign. The final leg
voltages are obtained aGthen-else statement outputs (logical 1 or 0) multiplied Whe tdc-link voltage level that
corresponds with that switching combination. Leage outputs of two VSI blocks represeptandv,,, which are used
for von @andyvg calculations. In order to avoid so-called algebiaops, phase current at VSI blocks inputs is\edefor
one simulation time-step. Note that this simple glodoes not include any semiconductor dynamic cheritics,
voltage drops, leakage currents and on-state aesist During development of VSI blocks, simulatiesults for known
modulation strategies are compared with those éthin PLECS, using detailed semiconductor modiels.shown that
inclusion of these parameters has no effect omyéimerated waveforms of interest, mainly becaugheofime scale that
is used in the analysis. Namely, simulation tinepsif 1us is proven to be sufficiently small, while allnsient times in
contemporary semiconductors are usually shortetipArallel diode reverse recovery timg,)(is comparable with
chosen time step, but switching loss analysis igobé the scope of this research. At the same tidetailed
semiconductor models in SimPowerSystems and PLE@S8 cequire presence of snubbers in inverter ngpdelorder
to avoid large ddt and d/dt, which might cause singularities in the overadtastspace model of the circuitry. Inclusion
of snubbers in the model is not only in disagreameéth the laboratory rig (Appendix 2) but also lieases simulation

run-time and computational requirements.

Al.4. MODELLING OF DC SOURCES

For analysis of modulation strategies’ harmonicfgenance, with regard to different drive configunas

presented in Chapter 3 and 4, ideal dc source m@delused. This practically means that dc-linkag#s at inputs of

147
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VSI blocks are set to be constant at any time,enthieir values are pre-calculated usingrtiparameter in the simulation
initialisation Matlab script.

In other cases (Chapters 5 and 6), complete thnasepdiode rectifiers with suppressed output veltdgple are
modelled using capacitance values chosen to besdinge as for the dc-link capacitors in the expertaleng,
Cqe1 =Cye2 = 1.5 mF. Considering the extended equivalent modéig. 5.1, it should be noted that; andv,, are

mutually isolated. Three-phase ac sources are headelth the following system of equations:

V() = \:751 BiNRGE O, ), Vyp(t) = \:751 SiNQRGEF, T-20/3), Vy(t) = \1751 Bin@EC, Q0-4@3) (Al)
V() = Y2 BN CE (), v, (1) =2 Gin@GE OF, B-203), V()= 22 Gin@GE (F, B0-4F3) (A2)
ac21 \/5 g ’ ac22 \/§ g ' ac23 \/5 ¢ '

If two rectifiers in Fig. 5.1 have their outputdtlepen, their final output voltages will be eqt
Vout—rect-1(8) = Vp1 = Vig = MaXVaeq1 (1), Vac12 (1), Vacaa () = Min(Vae11 (1), Vaca2 (1), Vacas(t))
Vout—rect—z(t) = Vp2 V2 = maX(Vac21(t)vVa022 (t)vvac23(t)) - min(vac21(t)1vac22 (t)1vac23(t))

where min/max stands for the function that retuhgslowest/highest value from given set of valdg®e finalvg; and

(A.3)

Vegeo @re calculated using modified (5.4):

Vi (1) = Voga1s) = M8 1), Vesat) === | - S0 () 21)
dcl tj_llgils (A4)
Vara(t) = Vo) = M 02 Va8) + = [ D (0 (0) 1)

This modelling approach can be easily extendedh¢o3L-OeW-2L topology, by representing the ove¥&dll; dc-link

voltage as sum of two capacitor voltages, calcdlate

1 t2 5

Vagena(t2) = Vagena(t) == [ 2 (2 (1) 85, (1) O, (1) Ct
d:rl:-ll t[12k251 (A5)
Vet t2) = Vageno(t) = [ D (S5 (1) L85, (1) G (1) ot

Finally, the dc-link voltages on Vgside are calculated as:

Vaer(t2) = MaXVoy-rect-1(t2)) Vogera(t2) + Vegero (t2))
- (A.6)
Vrrp (t2) - Vodclz (tz)
Similarly to this casevc, i.e. the dc-link voltage of the conditioning imtex in Chapter 6 is calculated. Note that
equations (A.1) - (A.6) can be implemented usingcfion blocks and basic Simulink blocks (integrajoiSimilarly to
the case of VSI blocks from the previous sectianlusion of additional parameters, such as capatigguivalent series

resistance (ESR) is straightforward.

Al1.5. SIMULATION PROCEDURE AND DATA ACQUISITION

General simulation parameters given in Table AX® @wsed in all simulations unless specified diffiélse in
certain cases. Built-in numerical solver Runge-Kutf the 4 order is used, with a fixed simulation time-step.
Undertaken simulations can be classified in twaugso

In the first group are those aimed for analysistefdy-state harmonic performances. A simulatioiptsgm-file)
is used for parameter initialisation, running tlimawdation and finally data acquisition in text flewhich are later used

for performance analysis. In those cases, samdleglevant signals (leg voltages, phase voltagémse currents,
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common mode voltage) are taken in every time stefngd the last fundamental period, while the ovesmhulated time
is set to be equal to min(2 s,-BP This was proven to be enough to reach steadg;sfadhe machine electrical speed is
initially set to be equal to 2-M-f,,. Using nestedor loops (usually 3 or 4), several variables of interest swept through
their full rangeM, r, modulation method, SAR/SRA implementation.

The second group of simulations are related tostesuh analysis. Although simulation parameterstheesame,
data acquisition is performed in somewhat diffenmatinner. Since the initial drive speed is set tedpaal to zero, the
overall simulation run time is several times longéren compared to the first group of simulatiohg,, is set to be equal
to min(5 s, 60r). Hence, sampling of signals relevant for transemalysis (torque, speed, dc-link capacitor vatag
etc) is performed every 204, while electrical signals relevant for harmonicfpemance, are sampled evekybut only

during the last fundamental period.

Table A1.2. Model parameters for simulations.

Parameter Value Description

At 1pus Simulation time step

Ve 600 V The overall dc-link voltage
fs 2 kHz VSils switching frequency

Muin 0 Minimal modulation index

M max 1.05 Maximal modulation index

AM 0.05 Modulation index step

I min 1 Minimal value of dc-link voltage ratio
I mex 4 Maximal value of dc-link voltage ratig
Ar 0.1 dc-link voltage ratio step

Tsop min(2 s, 30T) | Simulation end time

149



Appendix 2

EXPERIMENTAL VERIFICATION AND RIG PARAMETERS

A2.1.INTRODUCTION

This appendix describes the experimental setup usdtlis research. As already mentioned, the coérigo
implemented using a dSPACE platform, which enabdgsd prototyping, based on Matlab/Simulink simidatfiles.
This approach also enables real-time control frems@nal computer, using Control Desk (Unicode stethgersion 2.6)
integrated development environment. The exact lmnkfof dSpace control files preparation, based oevipusly
developed control algorithms in Matlab/Simulinkeigplained in Section A2.2. This is followed by dgsitons of the
two- and three-level inverters, as well as the poseairces. Measurement equipment and data acquoigitocedure are

presented in Section A2.3.

A2.2. EXPERIMENT PREPARATION AND CONTROL HARDWARE DETAILS

Rapid prototyping, enabled by dSPACE and Matlabgrdtion, still requires some modifications, befone can
test algorithms developed in Matlab/Simulink sintiolas on real hardware. Firstly, the power stagapgfication, that is
simulated in Matlab/Simulink (based on AppendixHgs to be replaced by control blocks that repted®pace modules
(i.e. boards), available in dSpace Simulink librarize core of the system is a dSPACE DS1006 procéssard (quad-
core AMD Opteron™ x86 processor, with 2.8 GHz clrdquency). The generation of gating signals i$gueed using
DS5101 digital waveform output boards (16 chanrteise resolution of 25 ns). For measurement oftated signals, a
dSpace DS2004 analogue to digital conversion b{Egdhannels, 16 bit vertical resolution, convarsime of 800 ns
per channel) is used. Mechanical speed and rotsitiggo are measured using a dSPACE incrementaldemdaterface
board DS3002 (6 channel, 32 bit position countgppsrts up to 4096-fold subdivision between encdides).

Real-time control is organised as follows: one DE5thannel sends an interrupt routine flag to #léochannels
on the same DS1006 board every 580 which corresponds to the switching period. Aregponding interrupt routine
applies the duration of time intervals in whichiggtsignals should be on high and low voltage Ie\fel each of the
PWM channels. These are obtained in an additioratlaid function block, in terms of so-calledrmalised time delay
signals. In order to enable easier implementatiodifferent modulation strategies for the same @roonfiguration, a
somewhat complex calculation algorithm is develog€de differentnormalised time delay values are used per PWM
channel, here referred to @, 5, whereTD4, TD; andTDs, correspond to high voltage level of gating sigiual state),
while TD, and TD, determine low voltage level gating signal duratfoff state) during one switching period. These are
shown in Fig. A2.1. In order to produce the saméching pattern as in simulation, where phase gataeference is
compared with a triangular carrier signal, symmaetfyswitching times yieldsTD; = TDs and TD, = TD4. The phase
voltage reference, sampled at the beginning ofsthiéching period determines the overall on and giffte in the
corresponding drive phase, according to duty reaioulations in Chapter 5. FinallyD, 5 are determined according to

the desired carrier arrangement, which comes doweimtpleif-then-else statements, as shown in Fig. A2.1.
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initial 1 ; 1 ‘
arragment TD+|TDs| TDs| TDy|TDs: T Dy| T Do TDs| TDy|TDs
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| \ | |
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Fig. A2.1. Formation of DS5101 PWM outputs (gating signakhg rormalised time delay signals. Equivalence
between this method and reference comparison \aittiecC, used in simulations is depicted for the case ofo&W-2L
configuration, for PD (a) and APOD (b) PWM. In tist case;TD; = 0, while APOD results ifiD; = TDs = 0. In this
casenormalised time delay signals are applied to VS) due to the modulation strategy properties (Chiagite

For example, if a specific carrier orientation ledd a high voltage level of gating signal at tlegibning and the
end of the switching period, while a low voltagerde of gating signal is expected in the middle,nttéD; = 0,
TD; =dy/2, TD,=TD,= (1 —-dy/2), for jth inverter and k" drive phase. For safety reason§Ds=1-—
(TD; + TD, + TD3 + TD,), which ensures that the overall duration of théching period in each drive phase is equal to
500us, while in regular conditions it yieldED, = TDs. Exact implementation of this PWM generation pattecludes
modification of initial PWM.src andrti5101dwo.c files that describe the interface of DS5101 boaitth the rest of the
dSPACE platform, i.e. its central processor bodilte Matlab/Simulink function block that generatesmalised time
delay signals takes phase voltage reference as its input, dsas/ekveral constants:

* Normalised equivalent voltage levelg §);

¢ Modulation index values that determine bordersdpecific kind of modulation, i.e. borders between
single-sided operation, multilevel operation, etc.

* For SRA implementation, this block includes caltiolas of phase current sign and application of
corresponding reference offsets, as described apteh 3.

For the all 2L-OeW-2L drive configurations, a siedgS5101 board is used, since only eight PWM cHarare
needed per inverter. A parallel interface from dSEAprovides gating signals for ViStlirectly, on the lower eight
channels. Since so-calleibuble control mode is used, the V{Shput interface also processes the higher eigahwcéls
and transfers them to the VSRRWM inputs, using the same interface. In the cdthe 3L-OeW-2L drive, two DS5101
boards are necessary, since the three-level inv@r&®l;) requires twelve gating signals for all of its $&gs PWM
control, while VS} requires eight gating signals, since it has elghtoutputs. Hence, each inverter is controllecaby
single DS5101 board, which are synchronised usimgarditional PWM channel per board. Synchronisatorealised
externally in the following manner: the DS5101 lbassociated to V$Isends an active high signal to the second
DS5101 board (associated to Y)Sthannel that generates interrupt requests foerodWM channels on that board.
Instead of measuring time independently, this cbhon the second DS5101 board is configured agpurt,i waiting on

the rising edge at the beginning of each switcipiegod.
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Appendix 2 Power stage of the experimental rig

A2.3. POWER STAGE OF THE EXPERIMENTAL RIG

In all experiments, a custom-made five-phase indoanachine is used, with the parameters givenppehdix
1. Two- and three-level inverters’ key parametems given in Table A2.1. Communication between itewesr and
dSPACE is realised with two parallel interfaceseTfrst one, inverter input signals, correspondsPWM signals
generated by DS5101. The second one provides iels@nal measurements, obtained using invertesasr(i.e. their

output signals) to DS2004 board. The layouts oftthe interfaces are available in the two- and tHesel inverter

manuals.
Table A2.1. Two-level (2L) and three-level (3L) inverters paueters.
Parameter Name, value Key facts
Number of 2L VSI: 8 /
phases 3L VSI: 6 /

IGBT+D 2L VSI: Semikron FS50R12KE3
modules | 3L VSI: Semikron KM50GB12T4
Rectifier . . Module with two diodes connected in series, blogkioltage:
diodes Both: Semikron SKKD46/12 1200 V, nominal current: 90 A.

Epcos B43456-A5158-M Electrolytic capacitors, 1.5 mF, tolerance 2@8R,, = 92 n2

Two-level module, blocking voltage: 1200 V, nomrreut: 50 A.

Capacitors rated voltage 450 V.
(dc-link) ltelcond ARX-HG Electrolytic capacitors, 1.5 mF, tolerance 2@8R,, = 80 nQ2
rated voltage 400 V.
Sensors LEM LV 25-P Voltage transducer (10 V - 500 V), acaey +0.9%.
Honeywell S&C CSNE 151-100, Current transducer (AQGaccuracy +0.5%.
Dead-time tyy = 6us Analogue realisation
Gate Gate drive optocoupler, integrated desaturationE)/@etection
drivers Avago HCPL-316J and fault status feedback. Maximal current: 2.5 A.
Trips Analogue protection and fault | Overvoltage, overcurrent, overtemperature and |@Bdn circuit

signalisation fault.

The inverter power supply, i.e. dc-link formatios liealised in different manners, according to thecsic
experiment requirements. Each inverter has an paated three-phase diode rectifier, which enabksge of three-
phase mains supply for dc-link formation, as shawfigs. 5.1 and 5.13. This approach is implementken stability of
the dc-link voltage is guaranteed by modulatiomtstyy characteristics. Isolation is provided bye#hphase isolation
transformers (rated for up to 400 V, 10 A at 50,Hghile the exact dc-link voltage ratio is adjustesing three-phase
variacs, installed between the transformer andhhee-phase diode rectifier inputs. This kind oflidk formation has
several drawbacks, due to voltage drops on tram&fie and variacs (rated for up to 415 V and 20e%,ghase), which
depend on the overall dc-link current. Detected0%1dc-link voltage drops during fast transients amdler load
conditions resulted in somewhat lower harmonicgentince. For these reasons, a more sophisticatdwdor dc-link
voltage formation is applied in the final experirtssrbased on isolated controllable dc sources Sere®GI-600-25,
which is able to provide dc voltage output is uB@® V and source up to 25 A. In cases where dcdirercharging is
expected a Spitzenberger & Spies four-quadranatipewer supply is used, based on three PAS-25@lifeers and a
SyCore control system. Since PAS-2500 amplifiessrast mutually isolated, the four-quadrant suppn be used on
one drive side only. The dc-link for the secondeirter in those cases is realised using Sorensesoualces. For the
dynamic response tests, presented in Chapter @dditional braking hardware is used, based on cthale PWM
braking and energy dissipation on external resibamk, since the preliminary tests showed thatgnatied dynamic

braking system of the inverters is not precise gho&or example, dynamic braking starts at 500 & desired dc-link
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voltage is 400 V, which clearly affects the dc-limiltage ratio during braking, which has to be kephstant, due to
applied modulation algorithms. Besides, it is basadanalogue hysteresis control, which should tésusomewhat
lower dc-link voltage than desired, at the endh& braking process. This is a regular protectiomsuee in systems
where three-phase rectifiers are used for dc-lanknation. However, controllable dc sources are gméag any voltage
drop in dc-link voltage. This means that the brgkprocess cannot end if integrated braking systérustom-built

inverters is used, unless some of the trips aligadet!, caused by dc source overcurrent or brat@sigtor overheating.
For these reasons, an external braking circuisélubased on digital PWM control of dc-link vokatipat employs an
additional inverter leg with resistor bank conndcte its output. As a result, only about 1% of thelink voltage

increment is detected, during reversal tests, whicks not have a significant impact on dc-link agé ratio and
modulation strategy performance, even under loateditions. The experimental set-ups for the OeWediopologies

considered in this thesis can be seen in Fig. A2.2.

Fig. A2.2. Hardware structure for experimental verificatidmmdulation strategies for 2L-OeW-2L drive witks 2 (a)
and for 3L-OeW-2L drive during testing (b).

A2.4. MEASUREMENTS AND DATA ACQUISITION

The measured waveforms are obtained using a TektM802014 oscilloscope. The leg voltages of ¥&hd
VSI,, associated with the first drive phase; @ndv,,), and the corresponding phase voltag¢ &re measured using
Tektronix P5205A high voltage differential prob&hase currenti,§ is measured using a Tektronix TCP0030 current
probe. The same type of current probes is usedddink current measurements in Chapter 5, white rthtor speed is
obtained from dSPACE, using DS2101 digital to agaé converter board. Results in Chapter 7, whepsient
performance of OeW drives operating under FOC &yaed, are recorded using the dSPACE system only.

In the case of oscilloscope measurements, datasioou is performed in Open Choice Desktop (vemsibl)
graphic user interface which supports TekVisa protdserial communication) between oscilloscope aedsonal
computer. Obtained .csv files are later processed/atlab, in order to calculate THDs and producetgl THD
calculation is performed using (3.14), without amiyndow function, since deep-memory oscilloscopeised for data
collection. Only samples from the first fundamengatiod are used for THD calculation. Every measwnet is repeated

at least three times. In order to minimise measargrerror, the final results are obtained usingmedues.
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Appendix 3

DERIVATIONS OF EXPRESSIONS (5.13) AND (5.14)

The first step in this analysis is to determinetitree instants in which the phase voltage referentegsects with
equivalent voltage levels (i.e. goes from one mfee zone to another, see Fig. 3.5¢). Obvioushy,ptiase voltage
reference never intersects the lowest and the kiglwuivalent voltage level, (= 0 andl, = 1, Fig. 4.3a). Therefore, it is
sufficient to analyse under what conditions phaskage reference belongs to the second reference. Zdchis can be
written as:

Iz<%+%I];in(wmtﬂ—(k—l)l:?_&/5)<I3 (A3.1)

wherel, andl; are two inner equivalent voltage levels in Figoc3.The expression (A3.1) can be written in more

convenient form, with respect to
arcsinM I:(Ji - 1)) arcsinM I:qL 1
2 1+l 27 _(k-p@E/5<t< 2 1+l 20 _(k-prm/s (A3.2)

wm wm
Using (4.1), and trigonometric transformations &.andr = 2 andk = 1 the above condition provides four time instant
in which v intersects with, = 1/3 and; = 2/3 §, = 50 Hz):

. 1 .1 .1 .1

arcsm(?'— arcsmb arcsm? arcsm?

M ) _T_ M ) T M ) T M )

S, Ty, = S, Ty + S, =T S (A3.3)
100 M 2 100z M 2 100z M 100z (M

The final expressions fat, andd, are:

1=

3V (1) if O<tsty

1 |f T1k <t< Tok
dy =43 () if 7y <t<ty (A3.4)

BV (1) if 7y <ts<T

3 (t) if 0<t<ty
B~ (V, () +1/3)) if 7y <t<ty
dy =431V (1) if 7y <t<Tg (A3.5)
B~ (V. (1) =1/3) if g <t<ty
3V (1) if 7y <t<T

Note that (A3.4) and (A3.5) are dual with expressiin Table 5.2. The only difference is that Tabl2 provides duty
ratio expressions with regard to the vertical ani&ig 3.5c (i.e. equivalent voltage levels), whife3.4) and (A3.5) are
considering the time domain (i.e. horizontal axisFig. 3.5¢). Resulting duty ratios anginwk andigginek for several
cases are shown in Fig. 5.7. The starting expressar dc-link current mean values’ calculations: ar
711 7,1

: 50, 1 M_. . .
laglinkt =~ I(3Eﬂ§ +? [Sin(y, ) Bin(, B - ¢)) Leit + I(sm(a)m [fi—¢)) Lt +
0

1

(A3.6)
731 T
+ I(SEQ%+% Sin(,, ) Bing,, [ - ¢) Gt + jl(sm%+% Sing,, ) Bing,, [ - ) Gt
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iz =~ % ! (8Lt +22 Csin(o, ) Bin(oy, - )t +
1M . 1M .
+ j(3[@6+?@,m(wm X)) $in(e,, [ - ¢)) (@it + J.(SEQE+?B|n(wm 1)) Sin(ew,, @ - @) Gt + (A3.7)

11 721
o5 M . Tl M .

+ j(stqg+7@,m(wm 1)) Bin(e,, [ - @) Gt + I(SEQE+7B|n(wm 1)) Bin(oy, [0 - )
3 .

The above expressions are obtained by summationeain values (integral summands) that corresponumni
intervals in which phase voltage reference beldongsne reference zone. This comes from the fadtdbty ratios are
calculated differently in each reference zone, ediog to the modulation strategy rules, i.e. equai3.11) and Table
5.2. After integration in wxMaxima software and tiplication with number of phases, the expressifons yying and

iqdinke Mean values are obtained:

- 50, 1 L1
iggink; = —— R 4[¢os(arcsii——) — ¢) + 4[¢os(arcsih——) + ¢) +
dclink1 87 E{ ( 3M ) 40) ( 3M ) 40)

(A3.8)
+M EElZE:osto) mrcsinﬁ) -36inR @rcsinﬁ) +¢) —-3EinR @rcsinﬁ) - (0)}}
i == S E{(4 m:os(arcsiﬁi) -@)+ 4|j¢05(arcsi0i) +Q+
dclink 2 AT 3[M 3 (A3 9)

+M EElZE:osto) @rcsinﬁ) -368in2 @rcsinﬁ) +¢) —-38in@ mrcsinﬁ) -¢) - 3@@08(0)):'}

Those can be further simplified by using the trigaetric identities. The first two summands in (A3c&n be
considered as sum of cosines, ikecosk +Y) + A-cosk —y), wherex = arcsin(1/(3M)) andy =¢. That sum can be
transformed into a trigopnometric product in thenfio?-A- cosk)- cosy). The same applies to the last two summands in

square brackets in (A3.8). The final expressiorif@fqa mean current value is:

Tdclink1 = SA%"; E{S E:os(arcsi(wﬁ)) [tos@) +M EEG [Cos@) @rcsinﬁ) -303in(2 @rcsin(ﬁ)) Etin(qo)} (A3.10)

When the same transformations are applied to (A#h®)final expression fdgyiwe mean current value becomes:

. 50 L1
iqglink2 =~ 4D’; E{(4 E:os(arcsmm)) [tos@)

(A3.11)
+M EEG [tos@) @rcsinﬁ) —-3[tos@ @rcsinﬁ)) $in(@) —% DT@OS@)):H

Equations (A3.10) and (A3.11) are used in Chapfer further analysis as equations (5.13) and (5 fepectively.
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