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Abstract

The electrification of transportation is increasingly of interest to governments around the
world as a means of contributing to the achievement of climate changeTgaalsportation is a
significant source of greenhouse gasissions, but it is also theckbone of the global economy
and local mobility. Electrification is widely seen as a promising pathway to redgeeghouse

gasemissions from transportation while continuing to support economic growth.

Multiphase machines have distinctive featured ttraw attention in the transportation
electrification domain due to their features. Recently, powertrains based on the-soureet
inverter (CSI) are getting more attention to be a more reliable structiketdric VehiclesEVs)
by replacing the dtink capacitor with a choke inductor. This thesiembinesthese two

technologies to develop a more reliable, compact powertrain for {tkdy\electric vehicles.

First, a survey coverghe recent advances in several aspects such as topology, control, and
performance to evaluate the possibility and the future of exploiting them more in EV applications.
The sixphase drives are extensively covered here because of their inherent structure as a dual
threephase system which eases the production process. Urkieyspresents the different
topologies used in dual thrgghase drives, the modulation techniques used to operate them, the
status of using multiphase drives in traction applications industrially, and the upcoming trends

toward promoting this technology.



New powertrain configurations for headyty electric vehicleEHDEV) are proposed based
on currertsource inverters (CSIl) and asymmetrical@itaseelectric machinesSince the six
phase CSI comprises two thfpkase CSlIs, multiple configurations cansarbased orthe
connection between the two CSils. In this context, the proposed powertrain configurations are
based on parallel, cascaded, and standalorghsige CSls. The standalone topology is based on
separating the two thrgghase converters by supplg each converter with a dedicated-dic

converter.

A new and straightforward meth@lproposed to extend the gikase standalone CSlhe
proposed technique employs the vector space decomposition (VSD) to mitigate the inverter current
harmonics and extend the linear modulation region by abouf8%anotor drive applications,
increasing the fundamental output component can reflect higher torque production capability for

the samarive siz, given that thermal limits are not exceeded.

Moreover,to increase the drive's reliabilitgpace vector modulation (SVM) techniques are
developed to operate the gikase CSWwhile reducing the commemode voltage (CMV) content
associated with the switching of semiconductditseeSVM techniqueselectthe switching states

associated with the minimum CMV value offline to eliminate the need for measurements.

Experimental validation of the proposelfjorithmsis presentedo operatea scaleedown
six-phase PMSM fed by the proposed powertrain configuralibase proposed techniques make
the CSI basedpowertraina promising solution for futurDEVs in terms ofcost, performange

and reliability.
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Chapter 1

Introduction

1.1. Motivation

Climate change is an irrefutable fact that acquires global attetdi®avethe future.
Transportation electrificatigrsuch as electric and hybrédectric vehicles, morelectric aircraft,
and marine propulsion systems,one of many initiatives pursued to redwegbon emissions
Many challenges face electnieehicles in the competition with internal combustion engines,
including the energy storage limit coupled with the car milage, the cost of manufacture and retail,
and rare earth metals required for electronics and midfotdence, the research and development
trendsfocus on developing less expensive vehicles with higher efficieatgbility, andenergy
density.The reliability addressed in this context is mainlylifegime of the components since the
performance degrades with agidg.cording to[1], The U.S Department of Energy (DOE) targets
to reduce the cost of producing electric traction motors by 30% and increase the power density by

80% by the year 2025 compared to the targets of the year 2020 adeni. 1.
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Tablel.1 DOE Targets for Electric Traction Motofs|

Year 2020 2025
Cost ($/kW) 4.7 3.3
Power density (KWI/L) 5.7 50

One of the research trends to close the gap in achieving these targets is multiphase drives
(MPDs).Multiphase systems are gaining more popularity nowadays, not only in academic circles
but also in industrial applications. For example, several multiphasesdare currently
manufactured for electric vehicle (EV) applications by Dana TR}4One of the main merits of
multiphase drives is sfting the drive's full power into a higher number of phases compared to
their threephase counterparf8]. This feature enables the selection of semiconductors with lower
ratings without parallel devices to achieve high current ratings, as in the traction inverter of the
Tesla Model 94], which is based on the thrpbase topology. The increased number of phases
reflects an increased number of degrees of freedom. This feature can be utilized in-tbkefanlt
operation of sch drives with higher torque than the thpdease counterparfs, 6]. Furthermore,

a high torque density can be achieved by harmonic injection to either produce more torque or allow

higher torque production by the fundamental flux compofera].

In addition, one of the most used multiphase drives is th@lsgse one because of its
multiple threephase structure®]. The symmetrical and asymmetrical configurations are two

famous arrangements of the-gpilkase motor windings. The symmetrisailicturehas an electrich
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displacement angle of 8@h space between the two sets of thpbase windings. In contrast, the
asymmetrical onesilso referred to as seitwelve-phase, have an angle ofl3The asymmetrical
six-phase motors have an advantage in eliminating thediith seven space harmonics in the

airgap magnetomotive for¢20].

Recently, TM4© launched a manufacturing line of MPDs using thsee and ninephase
machinesFigurel.1 shows one of the products in the line called TM4 SUNfO/D. The product
has several models with a peak power range between 162 to 265 kW and maximum torque ranges
from 1600 to 3255 Nm. The product series is suited for medium to {tedyywehicles such as
buses and delivery trucks. Oslectric vehicle manufégrer that usethe TM4 products is EMOSS
company in their EMS truck series with a-pixase model up to 200 kwW/2950 NAnine-phase
model up to 250kW/3400N.mThe torquespeed characteristics of differesgries models are

shown in Figurd..2, and thesix-phase models have higher curves ttienthreephase ones.

Figure1.1 SUMO™* MD six-phase drivg11].

w
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Figure1.2 Torquespeed characteristics of different models of SUMOMD serieg[11].

TM4 also provides another series called SUMOHD series dedicatetb heavyduty
applications. This series uses nplgase machines with their high voltage inverter. This sefies
models provide high charactdics such as peak power up to 350 kW, peak torque up tg 3500
and max operating speed up to 3400 RPM. Thi s

heavyduty applications like buses and trucks.

One of the main challenges that face a new technologly @81 MPD is the availability of
well-established threphase drives. The cost of producing new technologies is higallyn
because the traditional drives are off the shaifd differences are not high enough as a
breakthrough technology to force theamufactures to produce more MPDs. The advances in
industrial power electronics and the fact that transportation applications depend-AQ DC
converters make MPDs more likely to be used in the future as the difference would be inverting
from dc to any numér of phases as long as the drive would be more efficient on the overall

performance basis.
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Another example of empowering multiphase machines in the industry is stufi@dl inhe
proposal is to studysing a ninephase traction motor in an ukhigh-speed elevator as an
alternative to traditional thregghase PMSM. The application requires a kiglhver motor to
achieve speeds such as Q@9/min and carry a weight of 1600 Kafjuivalent to 24 passengers to
travel 540 m. The estimated power of the motor is 1,Mkd the ningphase alternative provides
the opportunity to divide this higbower demand across a higher number of phases. The
exper i ment al tests were carri ed ,asithe paperclaimse o f
and the results show that the proposed system is reliable and can operate to achieve the required
standards. Due to the superior features of MPDs in ternmsaddensity, performance, and fault
tolerant capability, it is expected to see more manufactuwiirgoroduce MPDs for EV, ship

applicationsandelectric aircraft applications.

On the other handucrentsource inverters (CSI) are prominent in mediunhitggh power
converters applications such as offshore wind fgi8$ and general motor drives applications
[14]. Although voltage source inverteNVEI) systems have ofhelf availability,a powertrain
topology based on thrgghase CSI has received attention recently for electric vehicle applications.
The attraction towards the GBased powertrains is due to several métifis 16] The paradigm
of this shift is thelifetime enhancement prospect by replacing the limited lifetime bank of
capacitors irthe VSI powertrain with a choke dleductor in CSI powertraingl7]. Other merits
of the CSI system can be summarizedtasrtcircuit fault capability{18], elimination ofQ I'Q o

problemd19], motor fiendly output waveformg0], embedded voltage boosting capabilit§].

One of the industrial mediwwvoltage drives is the PowerFlex 7000 AC drigdown in

Figurel.3. The drive power ranges from 1.5 to 2M¥V andsupples2400to 6600V AC voltage
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The drivecontrok induction machines and PMSHg sensorless control, direct vector contosl
full vector control Marine applications electrically submersible purgp downhole pump

applicdions, conveyersandrefinersareexamples of industrial use of such drive.

Figurel.3 A 4160 V drive with PWM GCT rectifier and inverter. Courtesy of
Rockwell Automation Canad21].

CSkbased multiphase drives have been investigated lately, ingltite fivephase and six
phase ones. For example, space vector modulation (SVM) techniques are introduced to operate the
motor with controlled harmonics as [i22] and minimized commomode voltage (CMV) as in
[17]. The sixphase drives are studied i8] for the offshore wind farm applications and to address
the mitigation of the déink choke ripple currents and fattilerant operation under opeircuit
phase falts. The configuration in the fivphase case is discussed[17, 22] as thelegs are
connected in parallel to the supply. Meanwhile, in thepbiase CSI cadé 3], the two thregohase
CSils are connected in the cascaded configuration.

o
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The merits of multiphase systems and @Spire the development ofpwertrain for EVs

with high power demandas shown irFigure 1.4. Heavyduty EVs such as electric buses and

trucks are good candidates for the newertrain configuration.
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Figurel.4 Six-phase CSbased powertrains.

1.2.Research Objectives and Contributions

While combining botlmultiphase and C3é&chnologiess promising for heawguty electric

vehicles there are several emerging challenges required to be tackled:

1. In powertrains of electric vehicldmsed on VSlsdclink capacitor banks are bulky and

havea limited lifetime that affects the totéfetime of the drive. CSbased powertrains

can be a prominent substitute for the \@aseddrive since a more reliable ekhoke is

used as the conditioner stage betweedaand deac conversion stages.

2. Since one of the challenges of the EV industry is to incrdas@ower and energy

densities of power converters and motor drives, the multiphase features can be utilized to

increase the torque capability of the drive without increasing its mass or vdloengix

phase VSbased drives have been tested for this featdosvever, the potential of

utilizing suchafeature in sixphase CSbased drives is yet to be explored in this work.
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3.  One of the reliability issues is commarode voltage (CMVjesultingfrom the switching
nature of power converter€MV is oneissue that shortertbe lifetime of several parts
of the drive.The sixphase CSls have the potential to reduce the-feepkak and rms

values of CMV.

1.3.Contribution s and Publications

This thesisresearches powertrain developmerttased on skphase currersource fed
drives The author contributes to several original developments, which are presented in the

dissertation and briefly summarized as follows:

1. Different CSkbased powertrainonfiguratonshave been proposed addveloped
Since a sixphase inverter comprises two sets of tkphase invertes;, three
configurations parallel, cascaded, and standalone CSI, are developed from battery
to motor with case studies to compare the proposalslestsm of the bessuited
configuration is also presented and built on throughout the rest of the work.

2. A new space vector modulation technigsi@lsodevelopedo operate the selected
topology based on vector space decomposifibeextradegrees of freedom in six
phase systems prolong the-lddk current utilization with minimum harmonic
injection. The method is based on optimizing the injected harmonics within the
inverter constraints. This feature considers the processing speeds licoitrefit
microcontrollers by easing the computational burden on the microcontroller. The
implementation is based on looip tables that store the values of the optimized

harmonics versus the modulation index rang@ch simplifies the process.
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3. Inaddition acommonrmode voltage study is conducted to relate the resulting voltage
with the applied switching states of the inverfEnen, anovel offline selection
method of the nullector and active switching states is presented to reduce the
resulted CMV oflhe inverterThree proposed SVM schemes are developed based on
the selection method. The schemes are investigated against load power factor

variations and maximum ek current utilization.

4. An experimentalsetup is developed twalidae the feasibility of the proposed

algorithms.

During the time spent working on the thesis, | was also involved in other repeajeits.

Below is a list of all the journal papers and conferemesslting frommy work during the PHD.:

Journal Papers:

[J1] A. Salem and M. Narimani, "A Review on Multiphase Drives for Automotive Traction
Applications,” in IEEE Transactions on Transportation Electrification, vol. 5, no. 4, pp. 1329

1348, Dec. 2019, doi: 10.1109/TTE.2019.2956355.

[J2] A.SalemandM.Nariman, fi New Powertr ai n -ClmsefCurrgfioureet i ons

Inverters forHeawput y El ectric Vehiclesd submitted to

[J3] A. Sal em and Mbtulatioh &Rangentxtensipn ofi SBhase Cascad«diSI
Using OptimalHarmonics Injectioa s u b milBEE ©men lownal of the Industrial

Electronics Society



Ph.D.Thesisi Ahmed Salem McMasteri Electrical and Computer Engineering

[J4]

[C1]

[C2]

A. Salem and M. Narimani,Offline-Based SVM Techniques to Reduce Comrvrde
Voltage of SixPhase CascadédiSloin IEEE Open Journal of Power Electronics, 20&0i:

10.1109/0OJPEL.2022.3193058

ConferencdPapers:

A. Salem and M. Narimani, "Fatiltolerant Operation of Asymmetrical SBhase Motor
Drives in EV Applications,” 2020 IEEE Transportation Electrification Conference & Expo

(ITEC), 2020, pp. 21@15, doi: 10.1109/ITEC48692.2020.9161760.

A. Salem and M. Narimani, "Nir8witch CurreriSource InverteFed Asymmetrical Six
Phase Machines Based on Vector Space Decomposition,” 2020 IEEE Energy Conversion
Congress and Exposition (ECCE), 2020, pp. 19956, doi:

10.1109/ECCE44975.2020.9235771.

1.4. Thesis Outlines

A brief descriptiorof each chaptes given as follows

Chapter 1 provides the motivatiamd challenges regardimgultiphase drives and current

source inverters and the potential of the combination in powertrains for-detwiVs

Chapter2 reviewsthe multiphase drives in EV applicatiofrem featuresand modeling

methods of multiphase machines and convertelsanwhile, Chapter3 revolves around the

converter topologies used in this domain with their modulation technigbestesearchrénds

and challenges in topological advaga=ntrol methods, and wideband gap devices are discussed

in a dedicated section.

10
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In Chapter4, an overview of the threphase CSbased powertraingnd three new
powertrain configurations argropose and studied: parallel, cascaded, and standalone
configurations, including their structure, modulation, and sizing of components. Then, a
comparative analysis is performed in a case study. The simulatioexpepdmental results are

shown.

Chapter5 discusses the system model, and the inverter outputs are mapped into the
equivalent subspaces using thector space decompositigh'SD) method. The details of the
proposed SVM technique are illustrateghd the opmization problem is to minimize the
harmonics content while realizing the maximum linear modulation index. The effects of the
filtering capacitors are also discussed in this section. Simulation studies to verify the proposed

method are carriedut,and he experimental results with discussions are presented.

In Chapter6, the analysis ofhe standalon€SI topology is introduced, which focuses on
the topology structure arahalysis of all the possible switching states, and the CMV anadysis
based on thmverter states. The CMV analysis comprises a calculation method for the total CMV
of thestandalone CSI $-CSI) and classification of the allowable states of $h€S| based on the
resultant CMV. Incorporating the CMV analysis is a steward developig the proposed
schemes. A general dwell time calculation method is developed, and each proposed SVM scheme
details. Optimum switching patterns are generated to minimize the total number of transitions per
sampling time Also, a quantitativeevaluation is carried out to compare the proposed methods
based on the dink utilization and RMS value of CMV. The experimental validation is discyssed
including the laboratory prototype description andsygtem operating resultmder the proposed

schemes.

11
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In Chapter7, the contents of the thesis are sumgsatwith the work's conclusionsThe
maincontributions of the thesis aitkistrated The chaptealsoconcludes by suggesting potential

future research that can be done based on the thesis work

12
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Chapter 2

Features and Modeling ofMultiphase Drives

2.1. Introduction

The first multiphase drive NIPD) was introduced in23], discussing how the torque
fluctuations in fivephase drives are lower than the traditional #please ones by approximately
67%. The sixphase case is investigated2d] as another milestone developingndustrial MPDs
considering a skstep modlation. The rapid development of industrial power electronics and
modulation techniques of converters encouraged more research in MPDs. The features of the
MPDs attracted researchers to utilize them in traction applications such as electric y2hicles

28] and electric ship propulsidg9, 30].

Multiphase drives (MPDs) have splendid features compared with their-ghase
counterpart$31-35]. One feature is splitting the power across a higher number of phases
the power rating per phase lower. Another feature is the impravenagnetemotive force

distribution in thanachine's air gapyhich reflects lower torque ripples. Furthermore, the degrees

13
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of freedomareincreased based on the number of independent phase variables of thelddkre
provides vital features such as fatdlerant operatiofb, 36-40] and torque density improvement

using harmonic current injectidi, 41-46].

Another aspect of studying MPDs is modelingich is one of the attractive topics to many
researchers. The main theories of modeling the dual-giivaee madhes are the vector space
decomposition (VSDJ]47, 48] and the doublelq model theory(49]. The different theories of
decoupling the variables of the drive syst@mea mandatory step in developing proper modulation

techniques for thtMPDs.

2.2.Multiphase Drives (MPDs) Features

MPDs have unique features compared to tiaait threephase drives. This section covers

the recent research contributions to highlight them:
2.2.1. Lower Power/Current Rating per Phase

The existing electric motor drive units in the commercial electric vehicles are designed such
that modules or discret&BTs are connected in parallekshown inFigure2.1, to deliver the
load currentFigure 2.1 shows the assembly of the Tesla Model S inverter components. This
connection results in different problems like the differences in turning on/off timing due to
manufacturing differences betem the paralleled transistors and different characteristics of the
gate driver modules. Another major problem is the different load sharing between the paralleled
transistors. Finally, the heat dissipation of all the transistors should be map#upgtdo transistor
exceeds the allowable thermal limit. In MPDs, the power is divided acrasg phases, and each

phase is supplied from a converter leg using a single component insteacltdl components.

14
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Using MPDs solvesthe problem of paralleledevicesat the expense of adding more complexity

to the assembly of the drive as the number of wires increases

Figure2.1 Tesla Model S inverter components 1) Control board, 2) Aluminum shield, 3) Phase
current sensor ferrite ring, 4) Gate driver board, 5) Phase busbars, 6) Heat sink&47) TO

package IGBTSs, 8) IGBT clips, 9) Dihk capacitorg50].

Figure 2.2 shows the reduction in phase current of several multiphase maamamasly,
five-, six-, seven, nine, eleven and twelvephase maching8]. All the phase currents are in per
unit (p.u.) valueswith the base value considered as the phase current of thetiase case. The
relation between the number of phases and th@lpese currenis inversely proportional. The
five-, six-, andsevenphase casesignificantly reduce pephase currents compared to theee
phase case. The reduction in-phiase current gets smaller as the number of phases gets higher

such as going from the elewphase to the twelvphase case. The phase currents fophixse

15
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machines are half the currents of thpg®se machines which can be interpretecha®singthe
same modules used for existing thpwase drivesand instead of paralleling them to contitmd t

same phase, they can be controlled separately to control different phases.
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Figure2.2 Phase currents in p.u. for different multiphase drives (MPE)s)
2.2.2. Fault-tolerant Operation

One of the inherent features of MPDs is the faniiérant operation. The increased number
of phases provides more degrees of freedom in faulty conditions. In faulty cases, MPDs are better
than their traditional threphase counterparts. Thlieive's performare is enhanced based on the

optimization criteria disussed in the literature.

The faulty conditions are the machine windings fardwulting in the loss of one or more
phases considerampencircuit faults. The fault tolerance capability of the-pixase drivefas
attractednanyresearchers recently; howes, it is limited to componedeével only. The detection
of the fault occurrence is discussed [Bil]. Six-phase machines have different winding
configurations dep&ling on the space angle betweentti@threephase windings. The machines
with the@ mare named the symmetrical gshase machinesvhereasthe asymmetrical ones are

the machines wittac Ttaf space angle difference. The asymmetricalpbiase machinealso

16
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referred to as the dual thrpbase machine, has advantages in terms of the space harmonics of the
fiftth and seveith harmonic in the air gap flux of the machine compared to their symmetric
counterpart§10]. The issue of operation under fault without any hardware reconfiguration for
different MPDs has been investigated for the first tim@@j using currensource inverters. The

criterion for optimization was only creating a rotatimagnetic field with the remaining phases.

In referencg38], the problem habeen investigated for a single oparcuit fault usinga
voltagesource inverter introducing two different optimization criterranimum stator winding
losses and maximum torque. A unified analysis using the same strategies but with more than
singlepha® winding loss is discussed [B]. An improved approach is introduced[B2] that
suggests widening theptimization critelon to achieve minimum losses in the full torque
operation range in the case of a single egecuit fault. The study has been extended to be applied
to double open circuit faults with different possible combinations of the faulty phases. Reference
[53] investigates the converter losses in the faulty cases after applying the different omtimizati

criteria introduced in the literature.

The asymmetrical siphase machines have two possible connections of the stator phase
windings depending on the connection of the neutral péiigure 2.3 shows the possible
configurations two isolated neutral points andsiengle isolated neutral point. The singleutral
point connection proves worthy in the fatdterant operationin contrastthe two ist¢ated neutral
points connection has better-lilak utilization and simpler current controllers because no-zero
sequence currents can physically flow using this conne¢bpnThe following discussion

concernghe faulty cases for asymmetrical and symmalso-phase machines.

17
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(b)

Figure2.3 (a) Singleneutral connection, (b) twoeutral connectias

Faulttolerant capability is one of the key features of MPDs to exploit this technology in
traction industries. The different faulty cases that the asymmetricphase machine with a
singleneutral connection can operate under with optimal current control are mentidrigdri@

2.4. The faulty phases which appencircuitedafter fault occurrence are colored in redrigure

2.4. Each case is assigned a notation nX composed of a number n represents the number of faulty
phases, where] plgho and a letter X represents different combinations of the possible faults,
where87 | H' h#$ . For example, two opegircuit faults could be either from the same set (2A)

or one from each sais in case (2BFigure2.4 shows all the possible nagepeated combinations

of the one, two, or three faulty phases. The other possible combinations are not shown here because
they havehe same characteristidSgure2.5 shows the maximum pefault torque range in p.u.

values under faulty conditions for asymmetrical machines iard)symmetrical ones in ([5].

18
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3A 3B 3C 3D

Figure2.4 Different faulty cases of asymmetrical gthase machines
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Figure2.5 Maximum postfault torque range in pwalues under different faulty cases for

symmetrical and asymmetrical gphase machings].

As shown in Figure.5, the connection of the neutral points of the machine winding has a
significant effect on theostfault torque range. It can be seen that the singléral connection

results in higher torque ranges compared to thengdral connectionn some cases, the two
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neutral connection can not support optimal current contwth as threphase fault for

asymmetrical machines and the cases (2CaBB 3C) for symmetrical ones.

It can also be noticed from the figures that the symmetrical machines are superior compared
to the asymmetrical ones regarding the torque range under faulty condibovesver, he authors
recommend the asymmetrical g9hase machines for EV applicaticias their merits in healthy
case conditionsand the difference between torque ranges under faulty conditions is not high
enough to choose symmetricalgikase machines instead. However, a hybrid connection of the
neutrals is introduced if6] to achieve better torqespeed exploitation by combining the two

torquespeed curves with the single and two isolated neutrals connections.
2.2.3. Torque Density Improvement

Torque density improvement is anotleciting feature of MPDs that coufatovidea high
power density motor drive for EV applicatio®»composed subplanes can model the variables of
multiphase machies as will be discussed in detail in thext section. One of the subplanes is
considered the torgyaroducing plangand the others as losses. In referdAdg it is proven that
with a specific winding layouthe zeresequence subplane can contribute to the torque production
of the machineThe concept is that a rotating magnetic field can be produced by injectingiwo 90
out of phase sets of zesequence currents into the two thgase sets with uniquewinding

layout.

The harmonic injection method could increase the torque density of multiphase motor drives;
however, two problems are associated with the third harmonic injection-jphase drives. One
problem is providing a neutral path for the curréatBow through. This problem is addressed in

[41] by connectinghe neutral ofmachine winding to the midpoint of the-tick. Referencd44]
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also addressed the problem of balancing the voltage of the midpoint to prevent it from drifting
during loading using an additional proportional controller. The other prold®ptimizing the

flux pattern in the machine air gap. During loading of the machine, the anglethifdtgarmonic
currents variesleadingto uneven hills of the resultant total air gap MMF. Several publications
targeted this issue to analyze thelgbeon and prevent [64, 55] The solutions proposed are based

on artificial intelligence techniques like genetic algorithmfbi] and neural networks if55].

Referencg42] also studies the optimal third harmonic amplitude injected into the current in
a dual thregophase machine. It is dependent on the ratio of the-ti@rchonic back EMF to the
fundamenthback EMF. The optimal third harmonic into the current in the dual {phese
machine without thircdharmonic back EMF is orgixth of the fundamental harmonic. For the dual
threephase PM machines with the thindrmonic back EMF and two sets of windirslsfted 30
electrical degrees, the optimal third harmonic into the current is dependent on the ratio ofthe third

harmonic back EMF to the fundamental back EMF.

Another proposal of current injection is investigated[48] that focuses on injecting
harmonic currents of fifth and seventh order to produce a flatter top current waveform to increase
the torque per fundamental current amperés. dnly problem is that these harmonic currents are
consideredcirculating currents thatlo not contribute to the torque production. Tihgected
currents' optimization and efficiency analysis haeen done irj7]. These techniques can help
increase the torque per fundamental current amper@gade asound reduction in the overall size
and weight of the motor drives, and lead the way to solve one of the main challenges in the research

field of electrified transportation.

Table2.1 summarizeghe possible methods to increase the torque density of asymmetrical

six-phase machines via harmonic injection. Toeth and core flux density constraints limit the
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increase of the produced torque in induction motors as in\i¢h considers machinestiva
concentrated winding. The PMSMs are investigatdd,id2, 43]with a possibility to increase the
torgue density beyond the valuesTiable 2.1. The interaction between the injected harmonic
currents and the same components of back EMF results in additional torque production. This
feature can be abled in PMSM by changing the stator winding layeasultingin the desired
harmonic components of back EMF. However, the additional torque improvement comes at the

cost ofaninevitable increase in torque ripples.

Table2.1: Comparison between Different Harmonic Injection Methods to Increa:

Torque Density of Asymmetrical SRhase Machines

Machine Harmonic order to , Minimum average Possible further
- Constraints :
Type be injected torque enhancement improvement

Pgak flux density . 20%
allowing teeth saturatior]
Induction Both tooth and core flux -
3rd harmonid41] density are within rated 21%
values
Both tooth and core flux
3rd harmonid42] density are \thin rated 15% It depends on the
PMSM values winding layout and the
Both tooth and core flux components of the
density are within rated 7.7% Back EMF
values

3rd harmonid41]

5th + 7th harmonics
[7,43]

2.2.4. Lower Dc-link Current Ripples

The dclink bank of capacitors is one of tlessentiakomponents in thelectric vehicle's
powertrainand the power electronic converter. Tdagpacitor bank sizis about twethirds of the
overall converter sizéne of the reliability concerns in EVs is theldtk capacitor bank because
of drastic performance degradation while agifilge study[56] focuses on the different types of

capacitors deployed in EV applications. The stal$p includeshe required ddink capacitance
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for different MPDs usinghe coulomb counting technique to estimate the count of charges based
on capacitor currents which can be calculated from the switching function of the invigytee.

2.6 shows a comparison between the required capacitance in p.u. for different MPDs considering
the base value of the diok capacitance as the one reqdifer the thregphase case. This figure
shows that the required cajiiance decreases with the increased number of phases of the system

up to the twelvgohase one [52].

There is a high decrease in thelitdx capacitance compedbetween thre@hase and five
phase cases. The curdecreasesonsidering the cases of sixeven and ninephase drives
However, the capacitance required for the cases,réleven and twelvephase machines appears
to be the same. Ashown in Figure2.6, the ddink capacitor values are almost reduced to half
when a sixphase drive is conséded, which could help the converter becanw@e powerdense

than a conventional thrgghase system.
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Figure2.6 Required DGlink capacitance for different MPL)S6].
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2.3.Modeling of Multi -phase Machines

Modeling multiphase machirssis requiredto provide a higkperformance modulation and
control technique for MPD4n this section, different modeling techniguespecially for sixphase
machinesare reviewed. Sikphase machines have differevinding configurations depending on
the space angle between the two thghase windings. The machines with theade named the
symmetrical sixphase machinesvherasthe asymmetrical ones are the machines withaf
space angle difference. The asymmicet sixphase machine also referred tdheliterature as the
dual threephase machine, has advantages in terms of the space harmonid#tbf #melseventh

harmonic in the airgap flux of the machine compared to their symmetric countétpérts
2.3.1. Double-DQ Model

Based on the doubBQ model, the two threphase windings in a siphase machine are
treated separatelgnd two thregohase different (Clarke) transformations are appligieghase
variables for each thrgghase winding49]. The| -axis of the stationary reference frame is aligned
with phasea: of the stator windingThe transfornation decomposethe sixphase variables into
two sets of stationary reference frame variables, denoted a§ and I components, for

windings setabca andabe, respectively:

Q Q “Y8'Q "Q "Q (2.1)
wheref is a general symbol for all the machine variables (voltage, cuoefitix) andk is the

subscript of values 1 or 2 to differentiate between the variables of the twegpttase windings

The decoupling transformation accounts for the spatial 30° displacement between the two
windings For an asymmetrical spphase machine, thewvariant powertransformation for

windings sets abcl and abc2, respectively, is given by:
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(2.2)

2.3.2. Vector Space DecompositiorfVSD)

VSD has beemidely used to model multiphase AC machifie£s59]. Theprimarypurpose
is to decomposehe machine voltages and currents fribra original sixdimensional spaceto
new independersubspaces. This transformatitly represents the machine dynamics and helps

design a controller with the same structure in healthy and faulty.cases

Based on the decomposition theory, all the machine variables in the origidahsimsional
space are transformauo threetime-orthogonal subspaselhe harmonicef the original vectors
are mapped intdhree groupsamed Thow &It 1 SubspacesThe first group represents the
fundamental harmonic componsiaind the harmonicsf orderQ p & pash=1, 2,3, ).
The| T currents are the torgymwoducing components since they represent the fundamental

harmonic.

The other four vectors should be basedttwir orthogonality on the aforementioned
subspacg47]. It is found that the harmonics® ¢Q pash=1,3,56) spin in the
surface and their subspace is denotedhgyw tsubplane. Thev ceurrent componentdo not
contribute to the torque production process; hence they are considered as extra losses in healthy

case conditions and as extra degrees of freedom in faulty Gdsedast group is the triphe
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harmonics group that is defined 8 ¢Qas h=1, 2,3,

e)

and

manp Sulesphcet o

The current components of teTt subspace do not exighless there is a physical path for

neutral currents€Equation(2.3) shows tle VSD transformation matrixor asymmetrical sbphase

machines.
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By applying a transformation matrixhe variables are transformed intp 1 coat )

reference fram@t7]. A summarycomparison between doub¥ and VSD methods is shown in

Table2.2.

Table2.2 Comparison between TheePoupling Theories of a SRhase System

Modeling Method

Double-DQ

VSD

Approach

The machine is considereda
double thregphase machine.

The sixphase machine is
considered as one system.

Capturing the power-sharing of
each threephase set

Yes

No

Featuring the asymmetries betweer

the two sets

No

Yes

Complexity and implementation

Simple concept and easy to
implement.

More complex.

t
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2.4. Summary

This chapter presented a survey of the features and modeling of multiphase drives. The focus
isthesixphase drives since they are the most appl
subject. The features mentioned in this chapter include ther pphitting across higher number
of phasesComparingexisting technologies and multiphase ones supports the better utilization of
converter components, cable connectj@rg motor features in multiphase systems. The fault
tolerant operation feature aéso discusse@dhowing that siyphase drives have an extended torque

production capability under faulty conditions with optimized copper losses.

Moreover, the torque density improvement via harmonic currents injert®ummarized
in terms of which haranics to be injected and the different methods employed in induction motors
and PMSMs. The last feature discussedraducing dc-link ripples, hence, lower dink
capacitance requirements in multiphase systems. Thghase case is highlighted as theakieg

point in the domain of increasing the numbedi¥e phasesersus the capacitance requirement.

The modeling methods of multiphase machines are covered in the survey to build upon in
the next chapteio understand modulation and control strategetteb The twoleadingtheories
are the doublkelgmodel and the vector space decomposition (VSD). A comparison is presented to
show the advantages and weaknesses of both methods. The VSD method is adalpted in

thesi® s ¢ o n tsimde lit hata bettenoserallsystem representation
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Chapter 3

Topologies and Recent Advances Multiphase Drives

for EV Applications

3.1. Introduction

MPDs comprise power conversia@tagesthat are implemented using power electronics
converters. One of the power conversion processes iDG@C in industrial applications fed
from the traditional threphase mains using the puls#dth modulationrbased converters. The
literature presents the ABC conversion®s one solution using the matrix converters. Another
power conversiofDC-AC conversionis applicable in EV applications where #lectrical power
sources the batteries. Thishaptercovers the recent advances from the topological point of view

of the converters used in MPis EV applications
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One of the classical control techniques used to obtain the optimal performance of MPDs is
field-oriented control (FOC). Recently, mod®sel control schemes suchs model predictive
control (MPC) werentroduced as a simple control scheme. All these schemes and their features
are discussed in the control section providing a ttien the conclusion sectio®A dedicated
sectionin this chaper is provided to present an overview of tf@C and MPQechniques used
with MPDs Furthermore, the currestatus and examples of industrial manufacturing of MPDs
for EV applicationsare revisedLastly, the last sectioencounters the trends and chadles in

research to improve and incorporate the MPDs in the EV industry.
3.2.Six-Phase Power Electronics Converters and Modulation

Techniques

Electrical driveshave beensupplied and controlled recently usisgpower electronic
converter enabling the drive toperate in alpossible regions and reach the desired speed and
torque Figure 3.1 demonstrates the different topologies used for MPDs that carplbmted in
industrial motor application3.he topologies mentioned in this context are theAXconverters
since the energy storage is mostly battery packs in traction applgaliba topologies are
classified into three categories based on the stei@od number of levels of their respective

output voltage.
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Power Electonics
Topologies for MPDs
U m
Conventiona Reduced
. T-NPC
VSI switch-count

Five-leg

Figure3.1 Topologies of power electronics converters for MPDs

The (2L-VSI) topologies are discussed in the first subsectiociuding the modulation
techniques. Since the conventiofalL-VSI) topology is the one used in industry, ttiegapter
focuses more on the modulation techniqued @ossible switching patterns. The posSsiiof
reducingthe number of switches is also covered in the same subsection featuring tbeitche
converter (NSC) and fivkeg sixphase inverteAnother subsection is dedicatixdhe dual supply
inverters used for opeend winding configurationwhich produce more than twevel output
voltages based on the same basic&l) topology supplying each machining padsom both
ends. The final subsection discusses the efforts in the multilevel inverter topoloigiels are
promising to be used ih¢ traction application since it is expected that future cars will have higher

dc-link voltage levels (800V[60].
3.2.1. Two-level Conventional Sixphase Inverters

The twolevel sixphase is the most investigated topology in all the literatadual three
phase drives due to its simple structure, availability of industrial packs provided by mantgacture

as two thregohase bridgesnd the simple controllers needed to drive such converter compared to
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other complex topologies like matrix, multiel and operend converters. The structure of the

topology is shown ifrigure3.2.

&<
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£
\|
I
l
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| "
I_N_I

Six-phase
Machine

Figure3.2 Two-level inverterfed sixphase machine

A. Carrier -based PWM (CPWM)

Like the traditional twdevel threephase inverter, the most popular carbesed
modulation technique of PWM (CPWM) can be exploited to operateixhieverter. The CPWM
technique is implemented using the reference signals generated from the control scheme and
represents two sets of thrpbase outputs shifted by Ba'he referencevaveformsare compared
to a carrier signaland the output signals erused to fire the switches of the converter. The
operation of the converter is investigated6i] and for the higHrequency machines if62].

CPWAM is thamost straightforwardhodulation technique to operate the multiphase converter. This
simplicity and reliability arehe significantadvanages that make this technique suitable for EV
applications. One of the disadvantages of CPWM is the lack of control degrees to achieve better

performance of the converfauch as lowering the total harmonic distortion (THD) of the output
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waveforms. Anothe disadvantage is the lower tiok utilization compared to space vector

techniqueshat can be compensated with the zeequence injectiodiscussed in the next section.
B. Double Zero-Sequence Injection (DZSI)

The concept is based on the infamous -samuence harmonic injection technique exploited
with threephase inverters to lower the THD of the output and extend the linear control region of
the inverter. It can be implemented by adding the-gseguence component of each thpbase
set to their rgsective reference voltageSeveral publications have investigated the method, such
as developing the technique in [88], which shows that it is like the vector classification technique,
only simpler to implement since it is cardeased. The improvement the harmonis profile is
analyzed if63], and a general comparison between the techniques was discuf&gdes] A
method of designing a proportior@sonant integrator to control the drive and using the injection

technique has been introduced66].
C. SpaceVector PWM (SVPWM) basedon VSD Theory

Several SVPWM technigues have been presented in the literature to minimize the circulating
currents which are considered onl contributeto the ohnt losses of the drive. The first
SVPWM based on the theory of VSD theory was introducej, which presented the
decoupling of the machine variables discussed in the previous section. Using such transformation
enables the control of the gphase converter as a single ufiihere are 64 differerpossible
switching states referred tn this work by Vo: Ve3). The switching states are sorted in the same
way introduced in the literature to avoid ambiguity. The states are numbered from 0 to 63 in a
binary manner by considering each upper switch is a digit in a binary number bydémnsS.,

Sh2,S2,Se1, S1, Sur) Which makes theStiswitching state is (000000) and the"éd (111111).

32



Ph.D.Thesisi Ahmed Salem McMasteri Electrical and Computdtngineering

Theoutput phase voltage can be calculated based on the switching staté3.f)dor the

two isolated neutrals connection and fr{812) for the single isolated one.
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Applying the transformation matrix (3) to the resulted output voltages to transfer them to the

decoupled subplanes)( ), (w ) and (@

w ). Figure3.3 shows the projection of all

the possible switching states in the three orthogonal subplanes. Regardinfytheomponents,

all the vectos are mapped to the origin point in the case of the two isolated nebitnatsver, in

the single isolated neutral point connection, the vectors are mapped as presEigect13(c).

The vectors in the T subplane are classified into four categories based on their magiitiode.

3.1 showsthe four categoriésespectivecolorsplotted inFigure3.3.
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Table3.1 Voltage Vectors Categories

Magnitude Colour
W PP pd

w 1@ php S
O ™ X6 —
® TR Wi —

0.

8, 16, 25, 26, 28, 32, 41,

44, , 49, 50, 52, 59, 61, 6. 0.9,10,12, 17, 18 20,

27,29, 30, 33, 33, 32, 36,

4+
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
} 43, 45, 46, 51, 53, 54, 63 0.

1,2,4,11,13, 14,19, 21,
54 22,31, 35,37, 38,47, 55

(@ | 1 subplane (b) & dsubplane (c) Tt Tt subplane

Figure3.3 All possible switching states projected to three subplanes.

The SVPWM is exploited by realizing the rotating reference determined by the controller.
Thereferenc&omponents anasertednto (3.3) to calculate the dwell times of the possiafplied

vectors
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wherew the superscript) pltioft v is the sequence of the applied voltage vector and subscript

71 i fedo denotes the axis to which the voltage vector is synthesized.

Since there are four degrees of freedom in the two separated neutrals connection, four system
equations are adopted ¢alculate the dwell times. For the singleutral connection, it is proven
in the literature that the zesequence voltage components are nullified without any further
calculations based on the nature of the voltage vectors mapped to this swdspsmwenin Figure
3.3(c). However, choosing the vectors that cancel the componentsusfibplane is more
challenging. References stated several switcipatterns based on the number of sectors of the
modulation techniqueThe two distinctive strategies are-§€ctor SVPWM and the Zlkector
SVPWM [63}[65]. In each sector, four different vectors with magnitddeare chosen to
synthesize the referenoatput by volt second concept (6). The chosen vectors have a magnitude
of w in the| T subplane. On the other hand, these¢tor SVPWM is implemented by choosing
three vectors of magnitude and one vector of magnitude. The method of inserting ¢éhzere
vectors determines the continuous and discontinuous modulation si@¥rty. As stated in the
literature 24sector SVPWM method is easier to implement using DSP microcontrollers and results

in less THD in the output waveforms of the converter.

Table3.2 compareshe reported switching patterns based on thed@ 24sector switching

patterns for continuous and discontinuous modulations. The name of each switching pattern starts
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with the letter C for continuous modulation and D for discontinummes The patterns that start
and endvith a zerevector are denoted with the letterwhereas notatioBland B2to the patterns
that only start or end wittihe zerevector, respectivelyThe 24sector patterns have the advantages
of fewer transitions peone period of sampling time amdore straightforwardmplementation
since each switch is turned on or off one time per period compared to-feetb? patterns ith

more than one transition per period.

Table3.2 Possible Switching Patterns of SVPWM Technique for Asymmetr

Six-Phase Based on VSD Theory

Number of
transitions o : .
Method Patterns = DSP |mplem§ntat|on
(rising/falling) per B 14 v complexity
period
CA 12 1
D_A 8 Cs
12-sector D_B1 6 0 ) Complex
p
D_B2 6 C
C 6 P
24-sector b_B1 5 v 0] Simple
D_B2 4 C o

(*) "Q is the average switching frequency &d is the baseline switching frequenaeyhich isthe C_A pattern for the 1-8ector switching
patterns anthe C pattern for the 24ector ones.

Implementingthe 12sector patterns otihe DSP microcontroller is challenging since each
switch might have more than one transition per period. Howenplementirg the 24sector ones
is simpler because there is a maximunomé transition peperiod.Figure3.4 showsthe THD of
the output line voltage of a sphase inverter using the different switching patterns at the same

switching frequency at different modulation indexes. The differences are not veryHbigéver,
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the 24sector continuous modulation switching pattern shows the lowest profile of THD. @ased
the comparisons, the patterns based ese®tor modulation prove the best options for modulating
six-phase inverters in traction applicatioiiie switching losses will be lower, resultimgower

cooling requirements and higher efficiency operatmachieve extendednge vehicles

4 13 : !
— 12C-A
\ 1.25 \\ — 12-D-A

3 12-D-B1 |]
NS 12 — 12-D-B2
0.5 |0.52 0.54 0.56 0.58 0.6
o 4 24C |
L 2 / 24-D-B1
l_
\Q — 24D-B2
. =~
\
0
0 0.2 0.4 0.6 0.8 1

Modulation index

Figure3.4 Comparison between different switching patternsh@THD of theline voltage at

3150 Hz switching frequency

D. Vector Classification Technique (VCT)

This technique is mainly based on the doub(@ theory of modeling the siphase system.
VCT was proposed ifi71] and followed by further enhancements in choosing the vefidis
usinga modified neural network and getting better utilization of thdimc voltage such as in
[73]. Two different approaches have approached the realization of this teclasiguigigure3.5.
The first way is implemented by using two references rotating in the familiar hexagon representing
all the possible switching vemt of the thregohase inverteas shown ifrigure3.5(a). The second

way is by rotating one of the hexagons by &3d using a single referensech as ifrigure3.5(b).
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A study proposed irf74] compares the classification technique and thesel?or switching
patterns. The study shows that the classification techrégipler to implement and gives higher
utilization of the ddink voltage,but the SVPWM techniques based on VSD theamtyievebetter

harmonic minimization.
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\30“
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Figure3.5 Vector Classification technique realized by (a) two separate references (b) single

referencd75].

A comparison between the modulation techniques epBase inverters is shown Trable
3.3. The carriethased modulation techniques are simple to implement and can get to high
modulation indexes in the linearodulation regn by injecting zeresequence harmonics to the

referencesHowever, the SVPWM methods are superior in termsnbiancinghe quality of the
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output waveform using the redundant switching states. The SVPWM batiesl 68D method is
more complex tamplement butising the switching patterns mentioned in the pres/gubsections

can significantly reducthexy currents.

Table3.3 Modulation Schemes of SiRhase Twelevel Inverters

CBPWM SVPWM
SPWM DzSlI VSD VCT
Max. modulation index 1 1.154 1.154 1.154
Redundant switching states No No Yes Yes
Quality of output waveform Low Medium High High
Reduction ofxy currents No No Yes No
Complexity and implementation Simple Simple Complex Medium

3.2.2. Reduced Switchcount Inverters for MPDs

Increasing the power density of power electronics converters is one of the trends in EV
applicationg76]. One of the solutions to reduce the size of the converter is using reduced switch
count topologies. Nin&witch Inverter (NSI) is one of the topologies that has been investigated in
the literatire as a sbphase inverter for multiphase machif2§, 77, 78] Figure 3.6 shows the
configuration of the inverter. The modulation techniques are discus$é&&®6], which shows
that the maximum modulation index for supplying an asymmetricglls®se machine is around

81% as one of the disadvantag# this converter topology.
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Figure3.6 Nine-Switch Inverter topology

The switching frequency of the middle switches is double the switching of the other
switches i.e., the switching losses are the same as the conventional tvgghteh topology.
Several control techniques can be used with the top¢¥ag\B87#89]. The Zsource NSI topology

is comprised of Hybrid ElectiVehicle (HEV) applicationf00, 91]

Five-leg inverter is another topology with a smaller number of switches introduced as an
alternative to the conventional inverter for -pitase drived92], shown n Figure 3.7. The
topology is based on connecting one machine phase to the midpoint oflihle &k a reference
to the other phases. The main chalken§using such a topologyhsilancinghe midpoint voltage

[93].
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Figure3.7 Five-leg inverter topology
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3.2.3. Dual Supply Inverters for Open-End Winding Machines

A dual supply inverter topology is a converter topology used to supply machinearwith
openend winding configuration. This topology is supplied from isolated dc sources, so it does not
require a capacitor voltage balancing technjquiike most multileveinverter topologies. The
cascaded HBridge multilevel topology is also supplied from isolated dc sources typically provided
by customdesigned phasghifting transformers. In EV applications, the dc source is typically a
pack of batteriethatcan be reaenged and configured to supply such topologies. Lowinkc

voltages are one of the merits of using sachnverter with an increased number of components.

Several topologies were introduced in the literature based on the supplies used and how to
connet them. One of them is the topology with tsided supplies to supply two sphase
inverters and each phase winding is connected to a converter output from both phase terminals
and it will be referred to in this work dualipply topology | as ifrigure3.8. Another topology
uses only one supply (dual supply topology Il) to supply the two inverters in-pHase drive to

eliminate commormode voltagemployingSVPWM [94].
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Figure3.8 Dual supply inverter fed opeend winding sixphase machine (topology I).
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Reference[95] discusses a different topology with four thygease inverters and two
supplies connected from both sides with pazdtor commonly shared by the middle inverters

(dual supply topology lll)as shown irFigure3.9.

A N e I B A
A :N\f\m‘. A A LYY , I
| —— |
Vad2 == B, :NYY\: B | v AT B, :NYY\: B, | Va2 =
C OO G ” C NS —c;
ABC, ABG,

Figure3.9 Dual supply inverter fed opeend winding sixphase machine based on thpmse

inverters (topologyll).

This topology is used to suppress tifith andsevenh harmonics from the output voltate
addone more capator bank. The assessment of the converter performance is discu$8éd in
98]. Referencg96] analyzes the current ripples and propesethods taninimizethemto achieve
better drive performane. The converter can generate a tHesel output better than the

conventional twdevel one in terms of the resultingples in the output currents.

A comparison between the performance of symmetrical and asymmetrigdlasig drives
with openend configuration is discussed [@8] using diffeent modulation techniques. The
comparison shows that the symmetricalgitase drives have the same results as the-thnee
five-phase drivesvhile the asymmetrical behave differently according to the different techniques

applied.
3.2.4. Multilevel Inverters f or MPDs
Multilevel inverters are a famous solution for higbitage high-power motor drives.

Several topologies are discussed in the literature with pros and cons based on cost, size,
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performanceand complexity. The complexityf multiphase multilevel dves increass due to the
increased number of switches and switching states. However, since there is a push to increase the
dc-link voltage (>800V) in the next generation of EN&®], multilevel topologies will be a good
candidate to improve the output power quality while improving the overall efficiency with the low

voltage power semiconductors.

One well-known multilevel topoloy is the neutralpoint clamped inverter (NPC). The
research is focused up until this waok the thredevel NPC inverter to supply multiphase
machines due to thgystem's complexityFigure 3.10 shavs a thredevel NPCGfed sixphase

machine.

Six-phase
Machine

Figure3.10 NPCfed Sixphase maching®9].

Like the twclevel topology, the SVPWM techniques used for multilevel multiphase drives
are classificatiofbased and VSiased. The vector classification techrgcplongsidéhe drive's
modelingis investigated if100]. VSD-based models are also discussefb8) 101] The latter
publicationaddsa decouplingespecially to develop a switching pattern based on VSD. The

number of switching states to supplgual threephase machine is 729 with 665 distinetioltage
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vectors. It is quite the task to choose the optimum switching vector to drelarecingthe
midpoint of the ddink and minimal output circulating currents. Refere[id&l] demonstrates a
switching pattern to operate the converter taking atoount the elimination of thevoltage
components. An improved approach is introducefbj that proposes a decoupled modulation
technique to address the harmonic components from the back EMF generated because of
unbalanced parameters of the machine and to eliminate thesempnence components. The

improved technique hassgnificantdrawbackin the complexity and higher switching frequency.

A T-NPC topology for MPDs has also been discussed in the literandéhe modulation
technique of the topology is investigated 102], exploiting the voltage classification technique.
TheDirect Torque Control (DTC) control method is applied1i@3] to control the drivdbasedn
the double SVPWM. A topology based on CHB structure to sugpgsymmetrical siphase
machine is discussed [h04] as a mediunvoltage drve. As an extension to dusilipply inverters
topology, replacing the twdevel threephase topologyith the thredevel threephase NPC is
discussed in105]. [106] proposesa hybrid inverter to supply one thrgdase set from a
conventional inverter and the other from an NPC inverter. Some advanced multilevel topologies
based on FC, CHBand active neutrgboint clamped inverter (ANPC) to provide a high number
of output levels up to 49 are introduced[107-109]. Almost all the multilevel topologies for
MPDs have been developed for mediuaitageindustrial motor drivesand to the best dhe
aut horés knowl edge, no such multilevel topol o
summary comparison between theeviously mentioneatonverter topologies is illustrated in

Table3.4.
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Table3.4 Comparison between Different Converter Topologies forF3igse Drives

2-Level
NPC Dual-Supply
Conventional NSC 5-Leg
Number of 12 9 10 24 24
switches
Number of
. . - - - 12 -
clamping diodes
Topology I: Two
source
Number of DC Single Single source| L e
sources Single Single | source + two + two P ngrcés g
and capacitor source source capacitor capacitor _
Topology llI: Two
banks banks banks SF())urcge); + extra
capacitor bank
Access to the de
link midpoint No No Required Required No
requirement
Topology I: No
Voltage Topology II: No
balancing No No Required Required pology
. Topology I
requirements -
Required
Voltage stress on
g . Ve Ve Ve Vad2 Vad2
each switch
Number of wires 6 6 6 6 12
Reliability Medium Low Low Low-Medium High
Complexity Simple Moderate| Moderate Complex Complex
Power density Baseline Higher Higher Lower Lower
Technology Well established ang
status for EV already manufacture Research only
applications (e.g, TM4 [11])
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3.3. Control Methods

The control techniques used to obtain the optimal performance of MPDkearerrent
control method, classical fieldriented control (FOC), and the recent meogted schemes such
that model predictive control (MPC). All these schemes and their applications are discussed in this

section:
3.3.1. Harmonic currents mitigation Methods

As discussed earlier, the currents inxfisubspace produce losses and have no contribution
to the torque prduction process. These currents are produced because of the voltage harmonics
resulting fromthe modulation technique or deadtime. The resulting current harmonics have a
measurable amplitude even if the voltage harmonicaranénd due to the small equalent
impedance of the-y subspace. The solutions proposed in the literature are using controllers to
nullify these currents by applying a reference of aealng and the mission of the controllers is
to track the reference. The application of Pl cotdrelin the synchronous frame for several

multiphase induction machines was investigated 19].

The case of asymmetrical gphase induction motors was addressdd9by applying dual
Pl controllers in the synchronous and asytnchronous frames was proposed to mitigate the
unwanted harmonics in theyxsubspace and applying resonant controllers to compensate for the
inserted deadtime. The application of resonant cthatsan the xy subspace for the same machine
was addressed ifLt11]. Applying muti-resonant control in the synchronous frames has been
proposed iff112] to compensatéor current harmonics in symmetrical multiphase machines. The
asymmetrical shphase PMSMs were investigated1i3] to compensatéor harmonics using a

disturbance observer based on the dodplenachine modelThe compensatiors based on the
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multi-resonant controllers and the VSD machine m¢ti##]. The efficiency of many MPDs
including inverter losses for light load operating conditjomss been studied ifl15]. The
complexity and increased number of controllers lead to a stability issue for industrial applications

such as EVs.
3.3.2. Field-Oriented Control (FOC)

FOC is one of the faous vector control schemes used in electric drives to achieve desired
torquespeed characteristics with good transient performancepiiimary key to applyng FOC
is applying the rotor angle to decompase current components into the torque and flux
controlling components. The rotor flux angle is estimated in the induction machine using observers
and estimators to account for the slip between the estdrflux speeds=or PMSM, there is no
slip calculation,and the measured rotor angle can be appliedttty to find thedq axes$current
components and control them to the desired characteristics. The difference between applying FOC
in threephase drives and sphase drives is that multiphase machines have extra subspaces
representindosses as the-x subspace. The control scheme should have current controllers to
eliminate these currents. Sensorless control ofgivese machines is also discussed 6], and

a comparison between using Pl controllers and fuzzy logic controllers is investigHitéd]in
3.3.3. Model Predictive Control (MPC)

MPC control method was introduced [©18] to control power convertergienerally
providing a fast dynamic respong&pplying such a method to control asymmetrical@rase
drives is discussed [119]. The concept is that the switching pattern for each sampling period is
determined based on optimizing a cost function that uses the model of the drive system in the

discretetime domain, shown ikigure3.11.
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Figure3.11 Block diagram of applying MPC to sphase drives

All possible switching patterns are applied to the aasttion to determine which one is the
best candidate to be applied. The cost function can be used to satisfy the requirements of the drive
such that meeting a certain THD of the output waveform, eliminating circulating curréimescof
y subplane, providing fautblerance contro[120-122], control of machine torqgueand even
mixing some criteria in one cost function but with different weights according to their priority

level.

An exciting addtion to the control method is that instead of applying one voltage vector in
each sampling period, one can apply two of them with different weights to achieve the desired
output in the fundamental plane and a zaverage voltage in theykplane well. Tis method is
called the MPC using virtual voltage vectors that have been introducefl23]. The only
disadvantage to applying this method compared to the former-dmiteol set method is the
decreased utilization of the diok voltage by 7.2%. The main problems regarding applying MPC
arethe need trecis¢dy determine the parameters of the drive and the increased time of the
sampling period due tthe large number of computations needed. A simplified MPC method is
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develoged in[124] to reduce the computational time in the microprocessor to make the method
more feasible and practicalable 3.5 compared=OC and MPC methods to control a-pixase

drive.

Table3.5 Comparison between Different Control Methods for-Bhase Drives

FOC MPC
Speed controllers: ye§ Speed controllers: yes
Use of Pl or PR controllers
Current controllers: yeg Current controllers: No
Yes, Using extra
Yes, Usingthe VV
Elimination of xy subspace currents controllers forxy
method
currents
Transient response slow Fast
Switching signals are
Modulation technique CBPWM or SVPWM generated from the
controller directly
Implementation and complexity Complex Simple
Sensitivity to systems parameters sensitive Very sensitive
Stability study Required No

FOC method has been used for decades in industrial motor .dHeesever, the MPC
method igoromisingcompared to FOC sinceig simple to implement, the modulation scheme is
already included in the control method, no need to tune the parsnoé the controllersand the
transient response is fast compared to FOC. The MPC me#adbin the control area anits

challenges are covered in section VI.
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3.4. Research Trends and Challenges ithe Use of MPDs in Traction
Applications

3.4.1. Topological Advances
3.4.1.1. New topologies

The established inverter topologies for MPDs require an additional number of switches
compared to the conventional thiglease inverters to control the inverter properly and provide the
given features discussed in tpeper. This will be more complex and expensive where thiakic
voltage is higher than 800¥nd multilevel topologies will be very attractive to improve the torque
and THD performance while using the low voltage power semiconductor deMcitsevel
topologies with reduced switch count areexiiting area of research to employ MPDs in the next
generation of higivoltage delink EVs and take the benefits of high torque density and-fault

tolerant operation.
3.4.1.2. EVs with a highly integrated modular drivetrain

Integratingan inverter with the machine inside the drivetrain is to minimize the connections
from the inverter to the machine phases to overcome the disadvantage of the increased number of

phases and thus the connecting wires.

An asymmetrical ningghase machine with 20J phase shift between the three groups of
threephase windings witl highly integrated ninghase drivetrain is shown Kigure3.12. The
drivetrain developed ifi125] is a 60 kW with a 35 kW/L power density of the electronics part as
a powerful solution tgizingthe dive inside the vehicle. The maximum drive speed is 11500 rpm

with a peak torque of 170 Nm. The benefits reportdd25] are the easy integration of the drive,
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saving space in a limited environment such as BWdJower currentssince the drive is a nire
phase ongthe converter can be designed using lower class modules have lower prices and lower

size.

Figure3.12 Highly integrated ningohase drivetrain for EV applications (1) motor housing (2)

stator (3) ferrite motor (4) bearing shielohverter base plate (5) The inverf&25].

The challenges to such a topology can be in the ventilation, thermal management, and
cooling from a mechanical point of view. From an electrical point of view, thg hi
Electromagnetic Interference (EMI) and its associated problems must be studied thoroughly since

the inverter and its driving circuits are very close to the motor in this design.

Usingtheinterleaving strategy ifi.26] couldreducethe delink current ripples and the size
of the delink capacitors. A case study presented1i6] considers a fifteephase integrated
modular drive and the reduction in the capacitor sizing is up to half of its original siZ&2Wj,

a general solution to the design ofldk capacitors of integrated modular drives is introgd

based on a multriteria, multidegrees of freedom optimization problem.
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3.4.13. Integrated On-Board Battery Chargers

An emerging research topic in EV applications is using the onboard motor and power
electronics converters as chargers to theehiag of the vehicle to avoid the installation of
additional converters in the elffoard chargers and use just the terminals provided by the grid. The
options are to connect a single phase for slow charging to the vehicle or thehthses for fast
chargng. The challenge isnly to use the available gear to accomplish the charging process and
at the same timerevent the machine from revolvinhe movement can be staapby either
mechanical locks or special connections in the electrical power cikdedhanical locks are an
issue because of the sjageight,andextra electrical losses in the machine windingswever,
the goal is to generate a pulsating field in fast charging mode to achieve the charging without any

movement.

For asymmetrical skphase drives, fast charging is implemeritetivo configurations. One
of the configurations was introduced[k28], which uses a transformer with two secondary sets
to provide a sixphase supplyrad a phase transposition. The drawbacks of the configuration are

that the custormade transformer is costly and add the overall size.

A study in[129] discusses the other configuration in which the tpiegse grid terminals
are connected to the gphase inverter as each grid phase is connecteatphases of the inverter.
Figure3.13shows the connection and current flow in the different phasegds$éntiato mention
that the connectiaof the phase windings are altetgdemployingcontactorgo change from
propulsion mode (two separate neutrals connection) to charging mode (special connection to the
threephase grid). For singlphase grid connectipthe problem of rotation disappeabecause

the field in the machine is pulsating because the two neutral points are connected to grid ferminals
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as shown irFigure3.14. The chargingurrent is the zergsequence componeii30] and nullifies

the other subplanes to stop revolving while minimizing the losses.
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Figure3.13 Fast orboard battery charger using gpkase drivg129].
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Figure3.14 Singlephase ofboard battery charger using gkase drivg130].

The control of former topologies depends on the mode of operation. The control technique
is well established in propulsion madnd no modification is required. The charging mode aims
to control the currents in the machine windingsharge the battery and produce a z&rerage
torque. For fast charging, the connection of the phases to thiegriinals ensures the production
of a pulsating fieldso the system is equivalent to a thptmse rectifier connected to a grid. A
voltageoriented control is adopted with a minor modification of adding extra controllers in the

antisynchronous frameteliminate the asymmetries in the phase currents resulting from different
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equivalent impedances of the machine. The vehicle to grid mode is the same as the charging mode

with the opposite power flow direction.

Although the integrated onboard battery cleariglea has been developed for asirase
drive, there are still some challengbatrequire more attention by researchergch as lowering
the THD of the grid currents to meet the standards, substituting the auxiliary contactors to change

the connectio of the windings, and integrating the PWM rectifier and thdaconverter.
3.4.2. Control Methods

The modelbased control techniques such as MPC methods have shown better performance
at the expense of the complexity andnycomputationsThese issues worsevhen the number
of phases increases. The challenge facing the development of these control techniques for MPDs
is the feasibility of implementing these controllers in the current DSP microcontrollers matching
the speed and memory limits. Therefore, furtieeluction in computation while keeping the best

performance of MPDs in EVs is a big challenge.

These advanced control techniques need to be developed to reduckrtkeplgle currents

and thus reduce the{iok capacitor valugswhich further improvepower density.
3.4.3. The use of Wide Band Gap Devices in MPDs

The technology of Wide Bandgap devices is the next generation in the power electronics
industry that will enableéhe manufacturingof high-power electric drivesvith fast siwthcing
frequencies Silicon Carbide (SiC) and Gallium Nitride (GaN) are the most used matéorals
WBG devices. The WBG modules are better than conventional Silicon (Si) modules in losses,
weight breakdown voltage, switching frequenagd higher junction temperaturgds31]. A case

study is investigated ifiL32] to design a 1200V, 100-A VSC with SiGbased modules. The study
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compares SiC modules and Si modules at different operating switching frequeteress of the
estimated losses. The comparison shows the prevalence of SiC modules at all frequencies and
showsthatthe SiC can operate even at 50 ki#hich Si modules cannot. [233-135], the focus

is on the application of WBG devices in EV applications. d@itidt issueis addressed ifiL36],

and a proposed solution is included using a multistage drive circuit.

The lower losses associated withngsWBG devices ineasethe switching frequency to
obtain better output waveforms, especially indimtuctance drive applications. The challenge of
high dv/dt arises with the application of WBG devices accompanied by high switching frequency
at high volages. Another challenge facbg the spread of industrial manufacturing of WBG
devices is the cost. The cost is expected to decline if the manufacturing technologies advance and

the market demands change.

3.5.Summary

This chapter surveys the multiphase inverdg@ologies emphasizinghe ones that are used
or good candidates in EV applications. The topologies covered are thievelosixphase
inverters, reduced switetount inverters, dual supply inverters, and multilevel topologies.
Furthermore, the most griloyed control schemes in multiphase drives are discusseatately
One of the covered control issues is the mitigation of harmonic currents xy shibspace that
result from the moteconverter asymmetries. The control strategies for multiphase nsoichrsas
FOC and MPC aralso coveredn dedicated subsections. The chapter extends the study to cover
the recent research trends and challenges of employing multiphase teclim&dgyThe covered
trends are the topological advances such as multilepeldgies for high voltage dk drives

(Vac  800). The MPC method is continuousiphanced, and research attention is focused on
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developing more robust, faster, and simpler techniques in multiphase drives. The status of the use
of WBG devices is mentited and the challenges that netedbe addressed avoid the problems

associated with them while benefiting from their better thermal performance.
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Chapter 4

New Standalone CurrentSource Inverter (CSl)}Based

Six-Phase Powertrain

4.1. Introduction

Since bothmultiphase drives and CSI are suitable for medium power applications, the
asymmetrical skphase drives fed from a CSlI focus on developing the powertrain of HDEV in this
context Three configurations are developed and proposed ichiisterto struct thgpowertrain.

The idea behind the powertrain variations is based on the different possibilities of connecting the
two threephase CSls and the -dc converteto be adequately sized to perform optimally. The
proposed configurations connect the two thpbese CSls in parallel or cascade with oneddc
converter to provide a steady, controlled current. The authors also propose a different configuration
called the standalone configuration. The standalone arrangement is based on separating the two

threephase Gls so that each one of them is supplied from a differemicdmwonverter. To the
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authors' best knowledge, the different configurations (parallel, cascaded, and standalone) CSI have
not been appropriately studied for the EV applications yet. difapterhas studied the selection
of the most appropriate configuration that comprises both conversion stagksdaloverter and

six-phase CSI). The objectives and research contributions are summarized in the following points:

1 A Proposal for studying three diffemt configurations of siphase CSbased powertrains
is made in dedicated subsections, including all the stages of the powertrain from the battery

to the motor.

1 A detailed case study with comparison is presented and followed by a discussion about

which canfiguration is the mosuitable for the application of HDEV.

4.2.0Overview of Three-Phase GSl-Based Powertrains

4.2.1. Structure

This subsection is dedicated to studying the tipfeesse CSbased powertrains, starting with

their structureas shown irFigure4.1.
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Figure4.1 Common CSihased thre@hase powertrain structure.
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The threephase CSI consists of six unidirectional power semiconduatecslled switches
in this context. Every two switches are connected in series to form a converter leg. The switches
can be revese blocking IGBTSs, IGCTs, or even IGBTs with one forward series diode to block
reverse voltages and conduct in one direction only. A filtering stage consisting of ac capacitors is

entailed in such topology for proper operation.

In CSkbased powertrainghe constant dc voltage supplied by the battery pack is converted
to a controllable dc current via a-dc converter coupled with a choke induc®everal previous
works [4, 19] reported that the simplest topology is a bidirectional chopper convertegiopo
The converter consists of two half bridges tlmhbineonly one switch and one diode in each leg.
The dedc converter connects the battery terminals to the output terminals in either positive or
negative polarity or even disconnects the battery. Jée is to either charge, discharge
freewheel the ddink current depending on the-tiok controller's effort to regulate the current.
The switching states and the required design of the battery voltage level should be considered to
achieve the requed declink current levels flowing in the dchoke. Afterward, the power is

delivered to the motor by dc/ac converter, the CSI with the filtering capacitors at the output.
4.2.2. Modulation

The modulation of threphase CSl is covered as a step before extentingpithe details

of the sixphase topologies.
4.2.2.1. Three-phase CSI

SVM modulation of thregphase CSI has been established previously, @8 138] The

main rules that must be fulfilled while operating CSls are listed here as:
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1 The output currents othe inverter must be defined regardless of the nature of the

connection of the load.
1 The delink current cannot be interrupted due to switching actions.

Based on these rules, only two semiconductor switches out of the total number of switches
connected tthe same ddbus can be turned on per switching cycle. Hence, the allowable switching
states are nine (6 active + 3 null). As showifrigure4.2, athreephase CSI is implemented by
six switches (S1 to S6). The mapping of the output currents produced by the possible nine
combinations using the famous Park transformation from the originalpheese frame to an
equivalent tweaxis frame is shown iRigure4.2 [137]. The calculations of the dwelling times can

be done usin{l38].
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Figure4.2 Possible switching states for thrpbase CSI.

4.2.2.2. Dc-Dc converter Operation

Based on the structure of the-dic converter, four switching states can be applied. The four

states are shown Figure4.3, with the path of the current colored in red. The first possible state
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is achieved by turning of, and$, switches simultaneously, as showrFigure4.3 (a). In this

state, the chopper voltagé that appears at the terminals of the converter equals the battery
voltageVqc. This mode is often called the motoringpde. The power flows from the supply to the
inverter side in this mode. Another state can be activated by turning off both switches, forcing the
two diodes to conduct and returning thelid& current back to the battery, as showirigure4.3

(b), which is called the regenerative mode. The power flows from the inverter side to the battery
to cause a charging action in this moBgure4.3 (c), (d) represents a freewheeling state. The
battery is disconnected in this mode, and thérdccurrent freewheels on the side of the inverter.
Thechopper converter output voltage is describe@ib) as a function of the switching states of

the two switches&, and$S,.

Y Y p (4.1)
«—V, — «—\V,—
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Figure4.3 Possible switcimg states for delc converter.
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4.3.New CSI-Based Powertrain Configurations

The three new proposed configurations are introducethig section. The structure,
modulation, stresses, and sizing of the semicawdsicare aspects of the study of each
configuration. The considerations regarding thédimlcinductor and simplified selection criteria
are developed in the subsection of stressesiaim) ParallelCSI configuration and then followed

to deduce the stress for the other configurations in their dedicated sections.
4.3.1. ProposedParallel CSI-Based Powertrain(P-CSl) (Configuration 1)
4.3.1.1. Structure

The twothree phase inverters G&ind CS4 are connected in parallel in this configuration,

as shown irFigure4.4.
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Figure4.4 New powertrain configuration based on-pixase parallel CSI (Configuration 1).

The six legs of the inverter are all connected to the sarialdterminals in this topology,
which means that one dlc converter is needed to provide the digent source. In this topology,
the six phases of the motor can be connected in two arrangements: either the two isolated neutral
points or the single isolated neutral point. However, the modulation scheme should control the

zergsequence currents in teengle neutral point arrangement.
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4.3.1.2. Modulation

Two approaches can be used to apply SVM tegpbixse inverters, namely, the vector space
decomposition (VSDM7] method and the vector classification technique (V[Z2). The VCT
method is adopted in this context for its simplicity in implementation. Following the
abovementioned rules, just two out of the twelve switches in thghsige inverter can be turned
on per switching cycle. Consequently, there are ofily 36 available combinations for this type
of six-phase topology. Out of the 36 possibilities, 18 states (12 active + 6 null) represent a separate
operation of the two CSls by turning on two switches fthensame threphase CSI wholly and

only turning off the other CSI.

These 18 states have an advantage over the other remaining available ones because selecting
between these states prevents the problem of compensating for zero sequence components. The
problem originates from the fact that while operating two phases from two different CSls, only
one phase is activated during the switching cycle in each-pivase group leading to possible
zero sequence components. For this reason, these 18 states e, selbich in principle

represent duplicating the available states in the t{hhese case.
4.3.1.3. Stresses and sizing

In this subsection, the stresses of the inverter semiconductors are analyzed first, followed by
the delink inductor and chopper cwoarter discussion. An assumption is implemented here that
either the phase current or voltage ratings are halved-phsige systems compared to thpbase

counterparts while both systems have the same power rating.

The stresses of the semiconductorntskes of the inverter in-ESI| can baeleducedrom its

operation. The switch estate current stress is the same as tHmkcurrent since no current split
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occurs in CSI at any switching state. Since only one CSI can be turned on at a time during each
modulation cycle, the utilization of the diok current in the RCSI is halved compared to the
threephase CSI. This point is crucial regarding the sizing of the whole powertrain components
that employ the ESI. For the si¥phase systems running at hdietcurrent rating of their
equivalent thregghase counterparts, the-lilak current required in f£SI is equal to the same as

the one needed in the thrpbkase case.

The blocked voltage stress is considered the voltage that appears between the terminals of
the turneebff semiconductors during the states of operation. For the twifieslvitches of the
legs that have other turne switches, The appearing voltage is the loadtliHene voltage Vm)
which is the difference between the phase voltage assdaidth that leg and the phase voltage
associated with the other active leg. Meanwhile, the switches in the legs that do not have any active
switches share the lirte-line load voltage. For example, the switching skaieapplied to CSlas

shown inFigure4.5 to show the voltage and current stresses.
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Figure4.5 P-CSI operating in the switching state 12 {S1+S6} for CS&laa example to show

the voltage and current stresses.

According to Kirchhoff's Voltage Law (KVL), The Stresses on switcBemdSs, the off
switches in the active legs, equal thebdis voltage. Meanwhile, the stresses on swit&esd

S, switches ban inactive leg, share the-ink voltage aso @ . It can be easily deduced

also that the dtink voltage is equal to the lir@-line voltage aso @ . Based on the analysis,
the highest possible blocked voltage that can appear across any switch is the maximum value of

the lineto-line load voltae.

The chopper converter operates to compensate for the switching nadu(es ttie voltage
that appears across the input of the CBie blocked voltage strefsr all the semiconductors of
the chopper converter is the battery voltage. At any simtgchtate, the two devices conducting
are connecting the battery to the output terminals. Meanwhile, the current stress is stilirtke dc

current.
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The inductor coil must withstand the-tick current and the maximum expected ripple
current regarding the dc choke. In addition, the inductance of the choke and the controllers tuning
determine the current ripples in the-ldk current. Furthermore, thaverage inductor current
should follow a dc reference with minimal current ripples at a certain sgtatéyoperating point,
assumingproperly tunectontrollers and ideal conditions. Hence, it is vital to choose a minimized
inductance value so that theples are within an acceptable range and the -s@s#onal area of
the wiring of the choke coil and the overall size of the choke is also acceptable. To develop a
simplified selection method, the voltage equation of the inductor is shown in termsGfitke
input and chopper converter's output voltages &.2).

SR ik (4.2

Since the voltage/, varies over time due to the switching actions nature of the CSI.
Compensation is applied from the chopper converter at the other side of the dc choke voltage so
that a zereaverage voltage @b can be achieved each sampling period. Hence, the excitation part,
the left side of Eq4.2), can be minimized, and the change in thdimc current is minimized.

This rule maintains the current level of theliohk. Hence, the choke's inductarsteould have a
high enough inductance to suppress the current ripples accompanyinglitiie @arent. The
ripples are generated because the voltagesdw are not equal instantaneously. They are equal
over a sampling period as the controller attempts to make the average appearing voltage
equal tow each sample. The criteria chosen in this context is a simplified approach to pitking a
appropriate value of the choke's inductance. The discretized verg)as shown in(4.3) and

rearranged to get the expression for calculating the inductance.
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In the next section, the case study of the proposed powertrains, some assumptions are made,
and Eq.(4.3) is employed after modifications to estimate the inductance required for proper
operation. An important note is that the battery voltage should be at least high enough as the highest
possible wltage that can appear ¥s From the analysis of the ®SI stresses earlier, the voltage
Vi is equal to the lin¢o-line voltage, which depends on the switching state of &SP Hence
the battery voltage must be equal to or greater than the maximilm lofeto-line voltage of the
motor without applying boosting capability16]. The blocked voltage stres®r all the
semiconductors of the chopper converter is the battery voltage. At any switching state, the two
devices conducting are connectirige tbattery to the output terminals. Meanwhile, the current

stress is still the dbnk current.
4.3.2. ProposedCascadedCSI Based Powertrain(C-CSl) (Configuration 2)
4.3.2.1. Structure

In the GCSI topology, the two threphase inverters are connected in cascade as shown in

Figure4.6 and fed from a single didc converter
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Figure4.6 New powertrain configuration based on-pixase cascaded CSI (Configuration 2).

The decurrent flows from CSland the load groupbc, then to CS and groupabe, then
back to the supply. By connecting the two CSls in this configuration, higHerkdeoltages can
be maintained, which has proven beneficial in the case of HVDC farms. UR&,Rhe six
phase load cannot be connected in a single neutral configuratigmdper operation reasons,

explained later in the modulation section.

4.3.2.2. Modulation

In the GCSI topology, the two CSls are connected in a cascade, allowing the current to flow
from one group (CSI and load) to the other, resulting in more than légs operating
simultaneously. The upper CSI does not disrupieration of the lower CSI and vice versa if
the delink current is not interrupted at the coupling point P, as showfigare 4.6. All the
possible nine states of thrphase CSI can be applied to both inver@®: and CSi, enabling

the opportunity to maximize the utilization of theldd current.
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Figure4.7 illustrates the difference in the modulation stratepietsveen FCSI and CCSI
for better understanding. A modulation method adopted freVCT of VSI is presented and
discussed if13], where the two inverters are operated based on the realizing two references
displaced by 3@ The SVM switching patterns are optimized to minimize thdirdc current

ripples between the ac rdr and motor side inverter.

P.CS CSh CSh
TJ2 T,
CSh
c-CSl
CSh
T42 T,

Figure4.7 Time diagram to show the key difference between the modulatiofC&lRnd C
CSl.

4.3.2.3. Stresses and sizing

The current stress is similar across all the switches in all the CSI topologies, which are equal
to the delink current. However, two essential points must be highlighted here. First,-thnk dc
current required in the-CSlI topology is half the value die one in the f£SI case. Secondly, the
conduction time of each semiconductor is increased compared teGBé ¢ase since both CSls
have switches turned on all the time. Consequently, the reduced current stress and increased

conduction instants affedbté conduction loss, resulting in approximately the same power loss as
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P-CSI. Regarding the blocked voltage on the inverter switches, like-tB8IPthe turneeff
switches of the €CSI must withstand the lir®-line voltage of the active phases in ea&i.Gor
exampleas shown irFigure4.8, if switching statd: is applied to CSlandle to CSb, Vs2becomes

equal to Mic1, and Va2 equals \éog2.

lgc CS|
tsy st s d
S3 VSS
| T |
Aq _
Vi1i=Vaic1 B:
A A Cie
2L Ve, T v,
| |
Y CSh
tsp 4 sp Asu
Vg7 Vso
| | y
A
Vi2=Vcop2 B, c <
Lo
A ?
% V|saslq Slal:* Vle

A

Figure4.8 C-CSI operating in the switching state 12 {S1+S6} for CSI1 and 16 {S5+S4} for CSI2

as an example to show the voltage and current stresses.

Regarding the ddc converter, the switches must withstand thdirdc current, which is
reduced to half compared to th&Ci81 case. The blocked voltage is the same as the battery voltage
VB, which is different in the case ofCSlI. Following the evaluatiodone in the FCSI section,
the battery voltage must be at least equal to the highest instantaneous value of VI. The voltage VI
is the summation of the two voltages resulting in the input of both CSI1 and CSI2, VI1 and VI2,

respectively. Both VI1 and VIare equal to the lin®-line voltage of their corresponding CSI.
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The highest possible VI can be calculated by summing one phase from group 1 with the three
possible voltages from group 2 individually since the other combinations will give similar results,

just different in phase shift. For example, considering line voliage from the first group, the

three possible combinations are showfigure4.9 with the aid of phasor diagrams.

Ay, T TTTTTT S
VCZ AD : VA151+V02_Az:
VClAl : 1.414V 15, 45°
I
I
I
I
I
I
VAlB:Ii !
VBZC - > o ~_
Vaie1+Ve2c= VAZBZ Vaie1+Vaze2=
VBlCl 0.518Va1g1 -75° 1.932Va1pi -15°

Figure4.9 Phasor diagram of the summations of line voltagas: andVaze2, Veaco, Veoaz.

The phasors are drawn assuming that the line voltageis the reference and the other
voltages are at the same magnitude and shifted in time by the correct phase shift in asymmetrical
six-phase systems. Apparently, the highest combination in nuagnis the one between voltages
®w andw

It is worth mentioning that this deduction is subject to the power factor angle and the
switching instants. From a design perspective, the veaist scenario must be taken into
consideration. The oocrence of the maximum valup8w w is dependent on the

coincidence between two events. One event is that the viMtagat its peak value. The other is

when the same active switching states are applied to both CSls. Consequently, the battery voltage
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and the semiconductor devices must be designed to be at around double the level employed in P

CSI. The choke inductor degi is also affected by this change.
4.3.3. ProposedStandalone-CSI Based Powertrain(S-CSl) (Configuration 3)
4.3.3.1. Structure

Unlike in RCSI and GCSI, the two thre@hase CSls are fed from onedic converter, and

they are supplied separately frordedicated dac converter as iRigure4.10.
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Figure4.10 New powertrain configuration based on-pixase standalone CSI (Configuration 3).

The benefits of this variation are getting a similaflidk current utilization as the €SI
while eliminating the requirement almost toutbte the system's battery voltage to ensure proper
operation of the ddc converter. The separation of the two inverters makes the only possible
configuration of the load connections is the two isolated neutral points as irGis. Ch this
topology, thetwo dcdc converters can be connected to a separate dedicated battery pack or both

converters to one main battery pack. However, this point is not covered in this context.

4.3.3.2. Modulation
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The modulation of the -€SI is dependent on the tlok currerts to be adequately
controlled. Assuming the two currents are held at the same level as inGBé case, the exact
strategy applied to the-CSl topology can be used in theCSI. The current level needed for both
converters would be equal to the onettve GCSI, which is half the threphase case. The
controllers of the delc converters work separately based on the measurements of the two dc links
currents. The possibility to operate at different levels efirdc currents is not covered in this

context
4.3.3.3. Stresses and sizing

The current stress in the two CSls is the same as inD8IC@ase, as the same-ldk
currents are assumed to be achieved for a proper operation. The blocked voltages are again the
same as the CSl since, in any activease, the maximum blocked voltage is the -liodine
voltage which is the difference between the phase voltage of the two active phases. As for the dc
dc converters, the current stresses are the same as in the case-6f3hpdwertrain. However,
the blaked voltages are different since, in this case, the two CSls are separated. The separation
results in lower values of the voltagés andVi> compared to the €SI case. Each input voltage
to the two CSIsVi1 and Vi2, is equal to the line voltage corpemdent to the applied active
switching states. Unlike the-CSI configuration, these two voltages are not summed up. The two
dc-dc converters compensate them for maintaining the curdrgngndlgc2 with minimum ripple
currents. Consequently, the reaurlievel of the battery voltage is the same as in the-fiirase

and RCSI cases.

This configuration has mixed merits from theCBl and GCSI simultaneously. Still, the
increased number of components might come across as a concern regarding the mtyesfde

the powertrain. However, a critical remark that must be highlighted while comparing all the
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configurations is the sizing aspect. Since the stresses on the semiconductors are the lowest overall
compared to £SI and GCSI configurations, the need tonnect switches in parallel or series to
withstand specific stresses is eliminated. Instead, the same number of semiconductors can be used
and controlled separately. This approach is better from a control and operation perspective because
turning on andff switches in series or parallel has many problems. These problems arise from
the difference in the characteristics due to the manufacturing processes and the gate drivers. These
differences result in neooncurrent timings of turning on/off actions atttk load sharing
difference between the connected devices resulting in a challenging thermal management design

to account for these problems.
4.4.Case Study

This study compares the proposed configurations with the-fiivege one, considered the
benchmark. An eighpole PMSM rated at 150 kW peak power is used as the traction motor. The
motor is rated at 250 V line voltage (), 175 A phase current&)) to develop 240 N.m torque at
1200 RPM base speed. The assumptions made to size all thermtgpin the powertrain are

enlisted as follows:

1 The sizing in all the configurations should accommodate the power levels required by both

supply and load sides so that every stage can work properly.

1 Every component is selected to withstand 150% to 206&4he following rating of

commercially available modules) of the voltage and current stresses.

1 Maximum delink ripple currents are at 10% of the average dc curi@y
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1 The switching frequency for the chopp&y and CSISQ, in all configurations

are fixed to 50 kHz and 10 kHz, respectively.

1 The maximum inductor voltage is selected based on the maximum value of the inverter

input voltage wy; that can occur while applyings = 0.

1 The filtering capacitors are the same in all the configurations since the selection is based

on fixed features such as motor characteristics and the switching frequency of inverters.

The sizing methodology starts Bgsessing the motor needs and accommodating them from
the CSI side. Then, the diok requirements and finally the dic converter side. The dink
current and the battery voltage must be appropriately selected to deliver power to the motor at the
ratedvalues. Starting with the dik current, the utilization limits that have been discussed earlier

are employed in this section. Fora5l, the ddink current must be at least double the value of
the maximum rated motor curreqC’'O v 1t ). However, fo C-CSl and SCSI, the required

dclink value must be at leastic’O ¢ v It

The battery voltage is discussed in the previous section, and the required voltages are at least

¢cw  x T for the GCSI case whileVicowo o v @ are sufficient for the £Sland S
CSI. Hence, the selected voltages are 800 for #&SCand 400 for both the-€SI and SCSI.
Based on assumptions (1) and (2), the sizing for the IGBTs for the CSI in every configuration is

shown inTable4.1.

Table4.1 Comparison between thrgghase CSI, ££SI, GCSI and SCSI

75



Ph.D.Thesisi Ahmed Salem McMasteri Electrical and Cmputer Engineering

Three-phase CSI P-CsSI C-Csl SCsl
Battery Voltage 400 V 400 V 800 V 400 V
(41GBTs +4
diodes) (4 IGBTs + 4 diodes (4 IGBTs + 4 diodes(4 IGBTs + 4Diodes
Components Each 2 Each 2 IGBTs/diode Each 2 IGBTs/diodeEach 2 IGBTs/diode
Chopper P IGBTs/diodes are  are connected in  are connected in ~ form a separate
connected in parallel series chopper
parallel
Ratings 600V, 400 A 600V, 400 A 600V, 400 A 600V, 400 A
Current 500 A 500 A 250 A 250 A
DC-link
Choke Inductance 140pH 140pH 532puH 2 280pH
Insulation 1kv 1kv 2 kv 1kV
12 RBIGBTs 24 RBIGBTs
Components Each 2 IGBTs/diodeEach 2 IGBTs/diode 12 RBIGBTs 12 RBIGBTs
Inverter P are connected in  are connected in
parallel parallel
Ratings 600 Vi 400 A 600 Vi 400 A 600 Vi 400 A 600 Vi 400 A
AC filter ~ Total Cap. 30 yF 60 uF 60 uF 60 uF

All the cases use the same ratings for fair comparison based on the required number of
switches. As mentioned imable 4.1, the lowest overall strees on the inverter switches are
associated with the-SSI configuration. The ratings selected can completely withstand the stresses
of the SCSI, and in all the other cases, the stresses are higher than the selected ratings.
Consequently, an increased riuen of switches is required in all the other configurations. The
stresses in the other configurations, such as the piva@se case, are twice the rating of the selected
current rating of the switches, so every two switches are connected in paralletathsizng is

applied to the ECSI case since the same current stress is unavoidable.

The voltage ratings of all the switches are based on the maximutoine voltage of the
motor. The filtering capacitors are appropriately selected to avoid pkheimgsonance effect with

the motor inductances at the fundamental harmonic. The leakage inductance per phase for the
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model is at 1QuH. The capacitance is selected to place the resonance effect af' thartdnic
resulting in a 1QuF per phase based ¢h4) [139].
P
0 0 (4.9
Regarding the dtink inductor sizing, the selection requirements are the minimum
inductance to meet the assumptions, withstanding the maximum instantaneous and aetage dc
current and insulation level higher than the voltage stress across theinBudtbhng on Eq4.3),

the selection of the dink inductor is executed based ¢f5) accounts for assumptis (4.3),

(4.4), and(4.5).

The inductance values are stated @ble4.1, and the lowest values are achieved in the P
CSI and thregohase cases. However, a higher ampacity rating is required for both cases since the
dc-link currents must be 500 A. The maximum arganeous current is around 550 A in the worst
case scenario since 10% ripple currents are assumed to be achieved. As f&@S3henhigher
possible instantaneous-tiok inverter voltage results in a higher inductance value to maintain the
same ripple cuent constraint. The-ESI has a lower inductance value peilidk; however, two

inductors are required.

The dedc converter switches are sized based on the stresses determined by the voltage
battery and ddink current. Both the threphase CSI and-ES cases have the exact sizing. Four
switches and four diodes are used to implement ordcdmnverter by paralleling every two

semiconductors to withstand the current stress. Meanwhile, iie clenverter in the €SI case
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is comprised of the same numloéiswitches and diodes, but every two are connected in series to
withstand the voltage stress. TSI has two dalc converters. Each one is implemented by two

switches and two diodes with ratings statedable4.1.
4.5. Experimental Results

4.5.1. Experimental Setup

A scaleddown prototype is used for the experimental test as illustrat€ture4.11 to

verify the feasibility of the proposed modulation scheme.

Dc-link inductors  Current sensors Dyno Six-Phase IPMSM

Bridge module
+ gate drivers

Current
Sensors

Filtering caps

Bridge
module

Gate drivers Controller

Figure4.11 The experimental setup to test the proposed scheme.
The dedc converter is implemented using the IGB modules PM50RL1A120 from

Mitsubishi rated adces = 1200V andlc = 50A. Two switches and two diodes are utilized to
implement the dalc converter from e&acmodule. A sixphase GCSI is implemented by six half

bridges SKM50GB12V IGBT modules connected to SKHI 22 A/B H4 gate drivers from Semikron.
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The reverse blocking is achieved by connecting eackbhnialfe to a DSEI2x3D6C diode module

one diode to clampach IGBT to the positive and negative rails. A LAUNCHRR8379D digital

signal processor generates the firing signals. Apbixse IPMSM is used as the load in the
experiment. The parameters of the motor are enlist@dlie 4.2. The motor in the experiments

is operated at 350 rpm, which is the same load torque of 31.6 N.m. -Tih& darrent is set to 8A

for the RCSI case and 4A for<CSl and SCSI. The dc voltage is set to 200V for theCBI and

S-CSI cases and 400V for the-@SI case. The loading is achieved by coupling the motor
mechanically to a belt starter generator (BSG) from D&V Electronics (modeR387]. The BSG

also regulates the espply by providing a battery emulator. The motor is controlled using FOC,
and the operational mechanical point is kept the same to validate and compare the proposed

configurations. The D&V Pro software sets thesdpply voltage and the loading torque.

Table 4.2 PARAMETERS OFTHE MOTORLOAD UNDER THESIMULATION STUDY

Symbol Parameter Value

0 Rated power 3 kW
Y Rated torque 70 N.m.

1 Rated speed 405 rpm
0 Pair of poles 17

Y Statorresistance 1.3m

0 D-axis inductance 13.576 mH
U Q-axis inductance 13.926 mH
0  dnductance 4.076 mH
r PM flux 0.156 Wb
Q Switching frequency 10 kHz

o) Filtering capacitor 10‘ &
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4.5.2. Experimental results

The motor runs at 350 rpm for the three configurations, meeting a load torque requirement
at 31.6 N.m. by adjusting the dc voltage andinlk current values. In the-ESI topology, the dc
link current is set to 8A since the-tiok utilization is limitedto half the full range. The results
acquired for the ZSI configuration are shown Figure4.12. The speed and torque of the motor
are shown irFigure4.12(a). The ddink currentlqc and the inverter outpui, are illustrated in
Figure 4.12(b), which shows that the dmk current is regulated at 8A, and the ripples are
minimized. The motor phase currentg,(ip1, ia2, ib2) and phase voltagesaf, b1, Va2, Vb2) are
presented ifrigure4.12(c) and (d). The currents and voltages are nearly sinusoidal and are at the
correct phase shifting in asymmetrical-ptxase loads. The speed is settled around the reference
point 350 rpm. The buck voltagé and the inverter dénk voltageV,, i.e., the voltages before
and after the ddink inductor, are presented Figure4.12(e). The buck converter attempts to
counter the voltage across the inductor so that tHeklcurrent remains constant. The results
emphasize that this operational point could only be achibyesktting the ddink current and

battery voltage to the values mentioned earlier.

Regarding the €SI, the battery voltage is changed to 400V, and tHeka@urrent is set
to 4A. The speed and torque, in this case, are showigime4.13(a). They are similar to the-P
CSI case for a fair comparison. Thelohk current and inverter phase current for phase Al are
shown inFigure4.13(b), and the difference in the-CSI case is that the current is fixed at 4A,
which can be fully utilized for the motor currents. The motor phase currentslsagles are shown
in Figure4.13(c) and (d), and they are at the same level as the ones fronCBEelRIt at half the
value required for the dlink. The second difference is the level of the inverter voltage that appears

in this configuration which is higher as analyzed in earlier sections. The voltages before and after
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the inductor are shown Figure4.13(e), which confirms that a higher battery voltage is necessary
to compensate for the inverter-tick voltage, which can be at almost double the-tméine

voltage.

Regarding the €SI, the stting is modified to be 200V for the battery and 4A to thérdc
voltage. As shown irfrigure4.14(a), the mechanical conditions are satisfied athénprevious
casesFigure4.14(b) and (c) show both groups'-tick currents and inverter currents. At the same
time, Figure4.14(d) and (e) show the motor phase currents and voltages. The figures show that
the results are similar tbhe other configurations. However, the results of the twdadconverters
are different in this case, as shownrFigure4.14(f) and (g). The ddink currents are regulated

efficiently by the two dalc converters.
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Figure4.12 Experimental results of the-CSI configuration at motor speed = 350 rpm at load

torque = 31.6N.m.
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Figure4.13 Experimental results of the®SI configuration at motor speed = 350 rpm at load
torque = 31.6N.m.
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Figure4.14 Experimental results of the Sl configuration at motor speed = 350 rpm at load

torque = 31.6N.m.

4.6. Summary

This chapter presents a proposal to build a powertrain for HDEV based on combining six
phase PMSMs and CSI. Threespible configurations are investigated based on the connection
between the two threghase groups, leading to theGSI, GCSI, and SSCI. The comparison
between the three configurations shows that #@SCis more suitable for applications with high
suppy voltages, such as HVDC windfarms. TheCBI is not a favorable configuration since it

requires an increased number of switches to withstand the current stresses.

The SCSIl is the most suitable configuration among the three proposals since it compromises
the stress requirements and the number of components while maintaining the desired voltage and
current levels in multiphase systems. The experimental results agree with the case study
comparison since adjusted dc voltage cfinlc current are applied in the cases €Sl and P

CSI, respectively, to achieve the exact operationGS&
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Chapter 5

A New Space Vector Modulation technique for Six
Phase StandaloneCSI (S-CSI) with Extended Linear

Modulation Range

5.1. Introduction

The development of space vector modulation (SVM) techniques to utilize the features of
such systems is one of the attractiesearch topics in multiphase inverters. Using VSD modeling,
the SVM method can control the harmonics in different subsjé8e$9, 140] Ordinarily, the
reduction of the harmonics is the main target of most techniques to increase the system's efficiency

and maintain thermal limi§g0].

Moreover, in twelevel VSI multiphase inverters, the modulation range can be extended

linearly using the @ditional degrees of freedoff41, 142] The penalty of such a feature is the
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increased harmonic content in the output voltage wavefghich implicates increased losses and
lower efficiency. This topic is exciting since the traafecan achieve beneficial gains outweighing

the drawbacks by optimizing the harmonic content required to achieve the extension. This
approach has been investiga for fivephase systemd43] and sixphaseones[144-146]. In

these methods, an objective function is defined based on the harmonic content in the extra
subspaces, and the optimization procdasssao achieve the desired modulation index in the

fundamental subplane with the minimum possible harmonic content in the other subplanes.

The SVM based on the VSD method has been discussed fgtfase CSJ17, 22] In both
works, an extension method of theldwk current utilization is achieved by using the same ratio
betweerthe large and medium vectors[R22] or by injecting a third harmonic component in the
additional subspace as][it7]. C-CSI modulation has been discussefili8] based on thdouble
dg methodwhich is manipulated in the previous chaptdowever, to the ést of the authors'
knowledge, a realization of SVM based on VSD3ESI| and extension of dink utilization has

not been investigate@he contributions othis chapter are enlisted as the following.

The proposed method adopts the two laagdtwo medum vectors modulation scheme to
control the modulation index linearly from zero to the maximum. Minimized harmonic content is
achieved using zeraverage Ampergecond balance per switching sampling period by utilizing

the analogy between VSI and CSI syss.

An extension of the modulation index range by aroundsargetedvith minimum injected
harmonics in thev dising a new proposed approach based on stored, operating points in a look

up table (LUT) for fast and easy implementation of the scheme.
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The work presented in ththapteiis distinguished from the VSbased for VSiIs in devising
the modulation in the extension region. In the proposed method, a backward approach is
developed. The desired output after harmonic injection is shaped, and lityecdbd®-CSl is
checked to produce such reference. Then, the operating points are stored in a LUT to recall while
needed to achieve a desired modulation index in the extension range. On the contrary, in the
previous methods for VSI, the possible invesites are studied in the extension region, and the
schemes are based on optimizing all the possible solutions based on the geometry of the selected
vectors. The proposed method can also be generalized easily to other multiphase CSls based on
each case'svailable degrees of freedom. Another advantage of the proposed method is that the
dwell time calculation remains the same over the whole modulation range, unlike the previous
extension works for VSIs. The proposal mimics the harmonic injection method$ougecjue
density improvement, such as in [33, 34], only using SVM rather than tuning several proportional

resonant controllers as in \\Based systems.

5.2.Modeling of a SixPhaseS-CSl

5.2.1. Operation of a SixPhaseS-CSI

The structure of a siphase cascadedSCis shown irFigure5.1. TheS-CSI comprises two
threephase CSls connected in series. ThéirdccurrentO passes from one inverter to thber
oneg as shown irFFigure5.1. This structure allows the modulation of the two inverters separately

which means full utilization of the dimk current.
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Figure5.1 The standaloneix-phase CSI%CSI) topology for2N configuration.

Two conditions of operation must be followed to operate CSls properly. The first condition
is that theO mustbe continuous without any interruption. The second condition is to produce a
predefined output current waveform. This condition allows omty dut of the six switches to be
turned orsimultaneouslyn each thregohase inverter. It should be noted that the only valid neutral
point configuration that can be applied here is 2hNeconfiguration. There are nine possible
switching states for eaclmreephase CS[137, 147] and thus in total, there are 81 possible
switching states for theix-phaseS-CSI. The output currents produced by the possible switching

state can be calculated usifgl):

2 ] (Y“Y N Ul

(g e o~

I_g o I“$ _‘¥ i

1 ool i

Qe 'Y Yo © 1)
'0 |"| LY Y n

dQuU gy YU



Ph.D.Thesisi Ahmed Salem McMasteri Electrical and Computer Engineering

where§, j= {1, 2,é 12} is the state oddItoQlarethe phasert er

currents.
5.2.2. Vector Space Decomposition (VSD)

The VSD method decomposes machine variables (voltage, current, and flux) into three two
dimensional subspaces. The three subspaces dregonal to each other; hence decoupled
variables are mapped to each subspace. The first subspace is callgdbstispace. As in the
Clarke transformation, the f subspace represents all the harmonics of the ardey & p,

'Q  plkfot8 which impactthe electromechanical conversion process (i.e., torque producing
harmonics). The second subspace is calledsubspaceand harmonics of the ordar ¢@Q p,

'Q plofufB  are mapped to it and considered as loss components. The final subspace is the
representatin of the triplen harmonics or the zesequence harmoniés 0QQ  plotuis

and is referred to as the 1 subspace. The cand thert m subspaces do not contribute to the

torgue production process, and they are losses harmonics.

A transformation matrix is deduced mathematicalljdir] to transfer sixphase currents into
the three subspaces. This transformation is based on the phase shift angle betweethtbe two

phase group sets and the angles between the phases in each group and i$5g®yen in
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The rew variables are decoupled and can be controlled to achieve the desired performance
such as desired power transfer and power factor control fotigddapplications or the torque

speed references for motor drives applications.
5.2.3. Mapping of the Current Components

The VSD method can help to map the output current vectors into thedeweapled
subspaces using all the possible switching states. Since the load is connected W the 2
configuration, the current components in thert subspace are lahullified. The current
components are shown kigure5.2. These output currents components are the result of applying
all possible switching stadeand can be determined by using El) and(5.2). Each vector is

referred to a8asn N  phhsdy p.
The mapped components are classified in this context based on their magnitude in the
subspaceshown in

Table 5.1. The groupOhas the largest I components and the smallestecomponents. The
classified components & have equal magnitudes in both and thew subspaces. It is worth

noting that the two group®andO have components that are out of phase irutlg@ubspace,
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which can be exploited in the modulation scheme. The vectors from the other groups have lower

magnitudes compared to the others.
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Figure5.2 Projection of possible output states of 81€SI structure using the VSD method.

Table5.1 CATEGORIES OFCURRENTVECTORS
BASED ONTHE STATES OFS-CSI

Group Quantity Color
0 o pOjiic -
0 Uic "0 —
‘0 O —
0 Vo p Ojlig —
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5.3.The Proposed Modulation Technique

In thissection the proposed approach introduces two regions for the modulation index. The
first region (Region I) covers from zero to the highest modulation index. In this region, the VSD
based SVM technique is employed to diminish the unwadtdthrmonics and obita sinusoidal
output currents. The second region (Region II) is the extension region, in which the proposed
method is applied to achieve the highest possible modulation index (1.08) while minimizing

harmonic components.
5.3.1. Proposed VSDbased SVM technique fo S-CSI

The| 1 subspace can be divided into twelve sectors. The numbering of the sectors is shown
from | to XII in Figure5.2(a). When a reference vector is located in each sector, the reference
vector can be synthesized by selecting four active vectors and one null vector. In the proposed
approach, a fivaegmentwitching sequence cycle is also considefidee method is based on the
analogy between VSI and CS$lencetwo vectors are chosen frotine large group i), and the
other two vectors are chosen from the) group as if146]. The large and medium vectors are
seleced such that each large vector is in the same direction as the medium vectar in the
subspace. Meanwhile, they are out of phase imtt®ubspace. One example in Sector | is shown

in Figure5.3.
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Tb

Figure5.3 The selected vectors for sector I.
The calculation of the dwell times is given(#®3) in the same manner as gkase VSI

[33]. The calculation method is based on synthesizing the selected vectors and the reference into

their respective i hohtycomponers:

0 0 0 O m Q.
a7 ~ Tl
0. 10 "0 'O 0O ™ Q~
c > ) iy o, w, %] 1)
:g-; 'O 0 0 0 m ,Q.Y (5.3)
sy 0 0 0 0 moron
T U p p p pY upY

where"Yis the switching period to 0 are the dwell times of the selected active vectors
per sectofOto " respectively. In Eq(5.3), the current componen®,[ ¥ | § huhw refers to
the axis of synthetization of the component, @ phghoft refers to the order of theelected
vector to represent a sector of modulation. MeanwQlilefers to the decoupled reference current

componentsSince the aim of thishapteris to apply VSD modeling to extend the maximum
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modulation index inS-CSl, only vectors from th@ andO groups are considered in the

following discussions.
5.3.2. Regions of Operation

Two regions of operation for the proposed scheme are defined anddstidiis
categorization is based on the designated level of harmonics allowed in the output currents of the
S-CSI. The following subsections define the set limits of the output harmonics for each region,

and it is explained how to modulate the schac®rdingly:
4.3.2.1.Region | (min. harmonics region)

Undoubtedly, the lower the harmonic content in the output current can lead to higher
efficiency and bettesystem thermal performanddowever, the harmonics cowdntributeto the
output power or torque productipn 42]. In Region I, the goal is to linearly change the modulation
range from zero to maximum with the low content ofdhé@ubplane harmonics. This candmne
by setting the referencé&g, "Q to zero in the dwell times calculations in E53). The modulation
index () is defined as the ratio tveeen the amplitude of the fundamental component of the

reference inverter current®); and the ddink current'O . Hence, the skphase reference

currents vectorQ canbe realized using E¢5.4):

r;%l’l % ooe = ¥
u,,gir- PeE— P Cj}”{n
. B o oon IPE G T,
Q it aolB (5.4)
g & +— pum
ug U Wé — ¢ xnr

Based on the fundamentals of pulse width modulation, as the modulation index increases,

the null time decreases. Hence, the maximum modulation index in Region 1® can be
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determined ¥ determining the equation to calculate the null tine. Since the dwell times of
the inverter are periodically repeated in every sector, studying one sector of modulation is enough
to calculated . For instance, the following proceduwktainsthe nul time equation in sector |. To
determine th@ first, all the components on the rig¢idnd side in(5.3) must be defined. The
componentgO of the selected active vector® (0 HGHO ) in sector | should be substituted in
(5.3). Then, by using the VSD transformation givel5i2), the reference currents can be mapped
into the decoupled reference current componeéngtiown in(5.5):

.'Q VoaOAl 6

o Vicao OEL

Qo Qom
UQ Q m

(5.5)

Themt 1t References are physically realized because of the neutral connection applied in
the S-CSI. Consequently, there is no need to include the last branch &.&qn the following
calculations. The reference output curréftgiven in (5.5) should be substituted i(b.3) to

determine the null time equation in sectaarid it is described i(5.6).
OF Yp aAl S (5.6)

To achieves °, two variables in Eq(5.6) must be determined; the values-eand
(o . The angle that represents the minimum null time valde isrt vhich makes the cosine

term in Eq.(5.6) becomes maximum. By substituting fefEq. (5.6) becomes a.7).

O Yp & B (5.7)
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8

The null timeod j ata reaches zeravhich is the minimum realizable null time.

By equating(5.7) to zero, thex 8 deduced is equal to one. That metres ability of the six
phaseS-CSl to realize the maximum fundamental output curref@®g () with zercaveragen w

harmonic currentg-igure5.4 shows the null time over two sectors at the maximum modulation
index inside Region I. It is worth mentioning tlegiplying a zeraverage Ampere balance does
not guarantee the total elimination of the harmonic currents invtta&ibplane. However, a

minimized harmonic content can be achieved by using such a teclhrque

y tO [1-cos(15)]Ts

Sector Il

Figure5.4 Null time at the maximurmodulation index.

4.3.2.2.Region Il (extension region)

In Region Il, the target of the proposed SVM is to take advantage 8f@& system and
achieve the full ddink utilization linearly. The proposal is to calculate and inject appropriate
harmonic ontent in thew ¢o produce a higher fundamental comporieahRegion I. The dwell
time calculations in(5.3) can be used without changes. Unlike the triplen harmonicsp the

harmonics can flow without any hardware reconfigurafi3j.

The harmonics mapped to ttecsubspace are of the order ¢Q p,’Q ploluB as
mentioned in the VSD section. The general formula of the output current waveform after injecting

the w dnarmonics is shown i(5.8):
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M O dhé+ B ppmQ OEIEQ p— o
(5.8)
N wéEigQ p— -
WhereQis the petunit (p.u.) value of the injected harmonics ant the phaseshifting

angles of the waveforms

To obtain the form of the ceurrent components in the refereneeery reference phase
current in the reference vectdR stated in(5.4) should be modified to include the injected
currents as ir(5.8). Then, by applying VSD transformation and simplifying the formulas, the
current references injected in theisubspace arghown in(5.9):
o= . WEigQ p— -

Vio'0 Q PP

Q i i QxQ p— -

¢

(5.9
- 0EigQ p— o

The next step is to determine the optimum values of the coeffid@me optimization
process is developed here to find these coefficients. The optimizationcafind the minimum
harmonic content to be injected to extahd modulation range into Region Il. The objective
function ¢ & @ defined in(5.10), and it consists of the summation of the squared values of the
coefficients. The optimization problem is to find the minimuné abfd@ each modulation index
in Region II. The constraint is also illustrateq® 1), representinghe feasibility of applying the
dwell times. These times calculated (5y3) must be greater than or equal to zero at the values of
k selected by the optimization process. The optimization problem can be solved using MATLAB

software by deploying the fminc@rfunction with the MultiStart option.
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A XO) Q Q (5.10)

subjected to

06 0 0 0 O0s T MTTMNTNT (5.11)

Initiate k and: parameters according
to h and define the starting modulation
indexm=1

!

Incrementm by gm

v

Define input forffminconfunction asm, initial
values and boundaries kft ,

Y

v
Storek and: Define objective calculation and constraints
values scripts h=h+2
v Mmax=M

Runfminconwith MultiStart feature

Ye Feasible solution found

No

m > Mpax Yes

No

Figure5.5 The flowchart of the optimization process to select the amplitudes and angles of the

injectedw dnarmonics.

Since the formula i(5.9) is infinite, an algorithm is applied to determine a finite number of

essential harmonids get an applicable solution. The algorithm starts With p and attempts to
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solve the optimization with the modulation indexegdnd the limit of Region I. The optimization

algorithm increases the values @funtil no feasible solution can be found. This approach

determines the maximum modulation index in Regiorill 8 while applying a certaiiQ

The algorithm tops atQ ¢ and achieve& 8 P81 X X The’Q o means that thessential
harmonics to be injected are tH& 5", 17", and 19' to ensure a feasible modulatidhis worth
mentioning that considering cases with ¢ would increase the accuracy of implementation and
reduce the harmonic contetowever a tradeoff is madeto stop atQ o because of increased
problems with higher harmonics regarding the implememaflhe selection of the filtering
capacitors and switching frequenase other motives to stop'& o. The optimum values of all

coefficients are shown ifigure 5.6 when the modulation index changes frprto p8t x Xiro

Region 1.
— 0.15,
3 —6—]€5 —6—]67 ]{717 —B—k’lg \/k‘g + k% + k% + k%g‘
= 01t
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= |
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Figure5.6 The results of the optimization process with unlimited injection.

As shown inFigure5.6, the amplitudes of the optimal injected harmonics are not linearly

increasing with the modulation index in Region Il. The SVMtinod can be easily implemented
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in Region Il by storing the coefficients of the harmonics in the digital controller memory and
recalling them when needeBased on the deduced maximum modulation indexes in each region,

the limits of the two regions can blistrated geometrically ifrigure5.7. The two arcs ifrigure
5.7 mark the end of the two regions. Region | realizes the references of magnitudéaip to

Region Il ends at the outer circle with a perimeter equasito WIGO .

A
K (55)
! Regionl
|
i v
=Slalnininininiy’y 7V jgiaininininininy b fUEhd
0
/I\
(37) \
(61)
Regionll

Figure5.7 Linear modulation regions.

All the coefficients are calculated over the modulation range in RegtorcHeck that the
optimization problem resultare feasible. Sector Il is chosen to execute thekctfuedeasibility
since the dwell times are periodicahd one sector is enough for the check. The calculated dwell
times are shown ifigure5.8. Since all the times are positivecan be concluded that tiseCSI

can realize the selected harmonics for injection
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Figure5.8 Dwell times as ratios of the sampling time over section Il based @ptheized

coefficients for the injected harmonics.

5.3.3. Effect of Filtering Capacitors

A critical CSI output phenomenas the resonance between the filtering capacitors and the
load inductancdn this section, the pgshase equivalent circuit is studied to determine the relation

between the output current of the invertér and the load curreff® after the filtering stage

UL



Ph.D.Thesisi Ahmed Salem McMasteri Electrical and Computer Engineering

the main reason is to get a deeper understanding of the system to avoid the resonance effect.
Another reason is to avoid amplifying or shifting the injected harmonics in the prapdsedion

method The equivalent circuit of the filtezrapacitor and the load is shownkigure5.9. The

transfer function between the inverter output and the load in-ttoenain is described i(5.12)

for the case ofY 0 loads. For steady state analysis, one can substitut&) to get the
magnitude and angle of the transfer functiot analyze the filtering stage:

O 0

0 p Y& 0@ (519

Iinv IIoad R L
> > ANN—IR—

csi(1) TCC

Figure5.9 Perphase equivalent circuit of the load and filtering stages.

Fordiscussion and clarification, a system running at the parameters specifauaeb.2 is
illustrated asan example. Given that the system under study is a meatwer load, selecting
the switching frequency of the CSI around th&0kHz range is suitable for such applications

[148]. Using(5.13), three values of the filtering capacitbrare chosen such that the resonance

frequency'Q would be at the (2% 30", 35") harmonics.

P
Ta o 619
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Table5.2 parameters of the resistireductive load for filter selection study

Symbol Parameter Value
0 Rated power 250 kW
W Rated voltage 210V
"Q Outputfrequency 60 Hz
Q Switching frequency 5 kHz
0O Load power factor 0.9 lag
0 Filtering capacitor 30.7' &

The magnitude of vs. a frequency range up to 50 kHz is presentdeignre5.10 using
bode plot. Meanwhile, thieansfer function G angls shown inFigure5.11. It can be noticed from
Figure5.10 that the resonant frequency is at the selecteahdwdics and the frequency span can
be divided into three sections. The first one stretches from the beginning of the range of frequencies
up to the resonance phenomenon. The second section is the resonance bandivaltis
estimatedat around the 70.7%f the maximumvalue ofs S The third section is the filtering
section where the high frequencies get attenuataeth as the band around the switching
frequency. Fronfrigure5.11, it can be deduced that the angles of the injected harmonics are barely
changedwhich makes the proposed SVM with harmonic injection method more powerful to be

used forS-CSl topology.

Seleting the filtering capacitor must ensure the following point based on the previous
discussion The'Q must be placed between the significant harmonics and the switching
frequency harmonics. In addition, the high the valuéQof leads to seleittg small filtering
capacitorsasseenn (5.13). This approach can reduce the size of capacitors and thus intipeove

system's overall lifetimeA simple solution to compensate for the filter effect on the magnitude
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and angle of the currérs to employ an observawrhich is introduced if149] for motor drives
applications.
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Figure5.10 Bode plot of the magnitude of the transfer function G.
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Figure5.11 The angle of the transfer function G.

5.4. Simulation Studies

A simulation study is carried out in this sectioy developing a simulation model of an
asymmetrical sbphase fed by &CSI and then demonsating the results
5.4.1. Simulation Model

The simulation model is based on the equations eplsase IPMSM in the synchronous

frame as described (5.14) [150].
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0 Y 0n 1 0 Q T
0 10 Y o Q77
(5.14)
0 Y 0,0 1S Q
v Tt Y 0,0 Q

wheren is a differential operator, is the electrical angular speéq, v ,'Q, andv are the dq
current and voltage components, respectivBlyQ 0 and0 are currents and voltages dne

subplane, respectively.

The developed torqu&of the machine is described (B.15).
"Y WMo "Q "QQ0 O (5.15)
The mechanical equation that governs the rotation of the machine is:
Y Y O o] (5.16)

where”Y is the load torquep is the inertia and is the fricton coefficient and is the

mechanical speed of the motor.

The control scheme is shownhigure5.12, including the implementation of the proposed
scheme. The control scheme is built on the indirect-belented control (FOC) methadiaxis
current set to zero as the operation is in the below base speed amgicfiter capacitor
compensation based ohet equations iff151]. The index calculator in the block diagram is

described in{5.17), and it is used to determine the operating point inside Region Il of thaenyv
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QR (5.17)

Qe QQm —
P8t X ¥o'O

The output filtering capacitors are chosen to avoid resonance withakis, j-axis, andw @
inductances of the motor at one of the injected harmom@dition, the switching frequency is
selected to be in the attenuation region of the filter efldet.parameters of an interior permanent
magnet synchronous motor (IPMSM) aescribedn Table5.3. The results of running the model
to operate at base speed and 244 N.m. loading torque, then a step loading is executeti¢o push
S-CSlinto operating in Region The simulatiorresults arshown in Figure5.13, themotorspeed
and torqueare demonstrated iRigure5.13(a), which shows that the desired speed is achieved,
and the motor counters the load torque developed torghe.results show that the transition is
seamless between the teperation pointsfrom Region Ito Region 1| of the inverter modulation.
The motor pase currents are illustrdten Figure5.13(b). The currenpeaks are below the diok
current before the step loadingey saturate at the diok level after loading The motor phase
voltages are illustrated frigure5.13(c), and the effect of the harmonics takes place after loading

as theS-CSl enters Region Il of operation
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Control block diagram of IPMSM
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Figure5.12 Control block diagram of the motor drive simulation to test the proposed scheme.

Table5.3 parameters of the motor load under the simulation study

Symbol Parameter Value
0 ; Rated power 150 kW
O dc-link current 250 A
Y Rated torque 244 N.m.
1 Base speed 12 ,rpm
0 Pair of poles 4

0 D-axis inductance 0.25 mH
0 Q-axis inductance 0.27 mH

PM flux 0.0557 Wb

Q Switching frequency 10 kHz
o) Filtering capacitor 150‘ &
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Figure5.13 The results of the IPMSM simulation model under the proposed scheme and
controlled by FOCThe motoruns at reference speédi = 1200 rpm and 244 N.m. loading

torque. Asteploadof 22 N.m.is appliedto run theS-CSl in Region Il of thenodulation.
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5.5. Experimental Results

5.5.1. Experimental Setup

A scaleddown prototype is used for the experimental,tastllustratedin Figure5.14 to
verify the feasibility of the proposed modulation scheme. ApsiaseS-CSl is implemented by
six haltbridges SKM50GB12V IGBT modules connected to SKHI 22 A/B H4 gate drivers from
Semikron. The reverse blocking is achieved by connecting leslEbridge to a DSEI2x3D6C
diode module one diode to clamp each IGBT to the positive and negativéraA&JNCHXL -
F28379D digital signal processor generates the firing sighAadsx-phase IPMSM is used as the
load in the experiment. The parametershaf motor are enlisted ifiable5.4. The motor in the
experiments is operated at 350 rpm at different load torques to change the modulationtimelex of
S-CSlI. The loading is achieved by coupling the motor mechanically to a belt starter generator
(BSG) from D&V Electronics (model: HR50). TheBSG also regulates the -dapply by
providing a battery emulator. The -tick current is fixed at 4Aand theS-CSI controller
determines the control of the outpdiwo cases are captured and compared in this context to

validate the proposed scheme.
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Figure5.14 The experimental setup to test the proposed scheme.

Table5.4 Parameters of the motor load under the simulation study

Symbol Parameter Value

0 Rated power 3 kW

Y Rated torque 70 N.m.

1 Rated speed 405 rpm
0 Pair of poles 17

Y Stator resistance 1.3m

0 D-axis inductance 13.576 mH
0 Q-axis inductance 13.926 mH
0  dnductance 4.076 mH
r PM flux 0.156 Wb
Q Switching frequency 10 kHz

o) Filtering capacitor 10‘ &
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5.5.2. Experimental Results

The tests performed in this section include running the inveréer at p andé P81 X.0
The experimental results of running the setufp at p are showrnn Figure5.15. This test shows
the performance of the proposed scheme in Region | of the modulation. The waveforms shown are
the load currents iffigure 5.15(a), where phase currents) oo ftd , ando ) appear on the-4
channel scope measured using Hefféct current sensors. The currents are sinuscadha the
harmonic spectrum 6f2 is shownin Figure5.15(b) using the Fast Fourier Transform function in
MATLAB. As expected, the spectrum shows low harmonic content as the operation is in Region
| of the modulation. The load phase voltage is demonstratéigime5.15(c) and its spectrum in

Figure5.15(d), which contains low harmonic content.

The esults of thes-CSlI running in Region Il are illustrated kigure5.16. The waveforms of
the output currents have a nearly tiap shape because of the harmonic injectaminFigure
5.16 (a). The cost of extending the modulation index appears in the harmonic spectrum of the load
currents and voltageas inFigure5.16 (b). The %' and7" harmonics are higher than the injected
values since the capacitor selected ressndth the load inductance in thie (subspace at thé'8
harmonic wamplifying the 5th and 7th harmonics by a small faasosshown previousliyiFigure
5.16(c). However, the higheorder harmonigssuch as the 17and 19" harmonicsare diminished
because of that capamitselection. The load voltage is shownFigure 5.16(d), and it can be
noticed that the voltage harmonics are not significant to the fundamental voltage harmonic as in

Figure5.16(e).
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Figure5.15 Experimental results of running the setugiat p at] o v it &Y
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(c) Harmonic spectrum of the phasecurrent.

(d) Load phaseoltages(cy Foo Frd , and).
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Figure5.16 Experimental results of running the setuggiat p8t X xat o v irtn &Y
oc®i& 8
MATLAB analyzes the harmonics of the currents and voltaggsrocess the recorded data

points of the waveformd.he formula for calculating the THD of the measured currents is defined

in (5.18).
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