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Abstract

Multiphase drivesystemshave receiveda growing interest in recent decades for marine
propulsion applications, due tbeir high power density, high reliability and good torque
performanceAmong the multiphase drivethe multi threephase drive with independent
neutral points is a popular option for this application, as it allows for the usage of standard
control and standardower electronics for the individual thrpbase systemdn high

power systems the switching frequency of the power semiconductor is usually limited
whichresults in high frequency current ripple caused by the PWM of the DC/AC converter.

The ripple affets the performance of the machine in terms of torque.

This thesis presenta novel mathematical modelling of multi thrpbase Permanent
Magnet Synchronous Machines (PMSMs) fed by voltage source Pulse Width Modulation
(PWM) converterslt is found thatpased on the analytical models of the multi thpbase

drive, thetorque ripple introduced B§WM voltage excitatiortan be reducebly the shift

of carrier phase angles among different thvhase inverters. For the tom ripple
analyzed in this thesisnly the interaction between the armature field, resulting from the
PWM voltage excitation, and the fundamental component of the permanent magnet field
is considered. The proposed carrier phase shift anglesptaimed forthe case stuigs of

a sectoredriple threephasePMSM and two dual threphase PMSMsNumerical and

finite element analysis (FEARnd experimental results are presented to validate the
analytical models of the multi thrgghase drivesAdditionally, the torque performance
improvement ad the effect on current ripple introduced by the proposed carrier phase

shifts are presented and validated by means of both simulation and experimental results.
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Chapter 1 Introduction

1.1 Motivation for the project

The interest in multiphase machines for high power and reliable drivamigmuously
growing, and many control algorithms have already been proposed to improve the torque
performance bmultiphase machines. This thepigsents aew approach to the modielg

of multi threephase drivs, aiming athe reducingf the torque pple introduced bPWM

voltage excitation, by the shift of carrier phase angles among differenjghase inverters.

1.2 Overview

Multiphase drives are well known for being a suitable solution for high power systems such
as ship propulsion, electric vehicles and More Electric Aircraft applicdtignglultiphase
drives have received growing interest in recent decades, due to their high power density,

high reliability and good torque performani@. The main advantage of a multiphase

drive is the significant improvement in terms of flexibility hretdesign and control of the

converters, and the reduced power rating requirement of the powtoeie components
[3].

Among themultiphase drives, the multi thrgdhase layout offers the possibility to obtain
a multiphase system by means of commercial tpreese inverters. Furthermore, the multi
threephase layout with parallel or indepentdn links offers a highdault tolerarce[4].

A scheme of a multi threphase drive is presentedrigurel-1.



AC
DC

AC
DC

AC
DC

AC
DC

+ h o oh

Figurel-1: Multi three-phase drive syste

To achieve high power and high power density drives, one of the main solution is to
significantly increase the speed betmaching5]. However, in igh power systems the
power electronics mushanagéehigh currents (or voltages) and the switching frequency of
the power semiconductor is usually limited (below 30 kHz). This results in significant High
Frequency current ripple caused by &M of the DCAC converter The ripple affects

the performance of the machine in terms of machine copper loss and [6fque
particular the introduction of HF torque ripple is source of vibrations and noise that are

undesired, especially for transport applications with high reliability requirerf@gnts

The number of output space vectorsdM grows rapidly with increasing number of
phases, which greatly increases the difficulty on the control of multiphase drives. However,

the control of hreephase drive can be easily extended to multiphase driveSORNM



[8]. Therefore, this thesis is mainly foats onCPWM controlof voltage converters in

multiphase drives.

In a multithreephase system, ¢hcarrier phase angles in differéimteephase subsystems

is thedegres of freedom in the control, which can be exploited for the cancellation of
some magnetic field harmonias the air gap of the electrical machirfes a result, the
introduction of the carrier shift in the control algorithm may leaait@anprovemat of the
torque performance.hE vibration and the acoustic noise of thachine can be reduced
by applyingproper carrier phase shift anglen multi threephase drive systes9]i [11].
Therefore, it is important tanalyze the relationship between the PWM related torque

ripple harmonic componerasid the caier phase shift angles in multireephase systems.

This thesisproposes an analytical model of the torgipple generated in eulti three
phase machine fed by a PWM control of multi thpbase modular converters. Starting
from the model, amethod for the torque ripple reductiday applying a CPFWM
technique to the multi thrgghase inverters is defined. Results of analytical, numerical and

FEA simulations are presented and validated by experimental tests.



1.3 Aims and objectives

This thesisaims to present mathematicahodelings of multi threephase drivesand
improve the torque pesfmance of multi threphase PMSMy applyingproper carrier

phase shit between théhreephase subsystems of the mtittieephase drive.

The objectives are:

1 Developnent ofa new approach to modellireg multi threephase PM machine

1 Developnent ofa new approach to modelling of multi thyglease drive with
modular PWM voltage source converters

1 Proposalof PWM relatedtorque ripple reduction methsan multi hreephase
drive with the application ofarrier phase shift angles

1 Evaluation of the phase curremtgroduced by the PWM torque ripple reduction
method

1 Experimental validation of the mathematical models of multi tiptegese drive,

torgue ripple reduction method and the effect on phase currents.



1.4 Thesis outline and content

Chapter 2 presents thditerature review of the multi threghase drive system for the
marine application. The overview of the electric machines and the vodiagee
converters in the multi thrgeghase drives is presented. TR&/M scheméfor the control
of the voltage source convertensth the analytical method to determine the PWM
harmonic components are described. Finally, the effect of the PWM harmontbge on

machine performance in multi thrphase drives is considered.

Chapter 3 presents mathematical models of arbitrary multi #please PMSM.The
inductancematrix of arbitrary multi-phase PMSMs analyzed by calculating the flux
linkage produced by every single coil of the stator winding, which are validated by the
FEA simulation resultsThe mathematical modelling of the multi thyelease drives

analyzedn both matrix equations and spacetg equations.

Chapter 4 showsthe mathematical models of the PWM voltage source converters in the
multi threephase drive and the corresponding torque equations based on chapter 3 with the
consideration of the PWM harmonics. Numerical, FEA simulatiodsexperimental tests
validate the analytical models of the torque equations. The selectygettarmonic
elimination method is introduced on a case study of a distributed duaipthase drive.

The selective torque harmonic elimination method is veddiaby simulation and

experimental results.

Chapter 5 analyzes the effect on phase currents applying the proposed carrier phase shift
anglesby consideringhemutual coupling effect between the subsystems in the multithree

phase drive. A sectored triple thrpbase machine and a distributed dual tiplease



machine are analyzed as case studies. Simulation results and experimental results validate

the analyticamodels of the phase currents in both cases.

Chapter 6 drawsa conclusioron this thesis. The significance of the proposed method to
improve the torque performancetiremulti threephase drive is summarized. In addition,
the future research work includj the modelling and the performance improvement on the

high power drive systems is listed.



Chapter 2 Literature review and background

2.1 Electricmarine propulsion

There is a growing tendency on using electric ships nowaddnes electric shiphave

several min advantages compared with traditional ships in terms of its good dynamic

response, flexible design options, dngh efficiency In addition, using electric powes

known as an environmenttlendly option with reduced emissioft2] [13]. A typical

integrated electric g power system is shown Figure2-1. The prime mover is powered

by fuel, which rotates the generator to generate the electric power. The electric power

drives the main propulsiomotor by power converters and offers elecpawerto other

ship service loadg 4].

Generator

Power
Converter ¢

Propulsion
Motor

Figure2-1: Integrated Power system for marine propulgidsi



The history of the application of electric ships is over 100 years. Nevertheless, the most
popular machinery at that stage was steam turbine propulsion, and it turns to diesel engines
later on Theprime mover is directly powered by the diesel and there is no need to using
electricity distribution systems. Therefore, limited amount of electric ships wereaused

the period of using diesel engines. In 1980&h the development of semiconductor
switching devices, which enables speed conifdhe electric machines by using power

converterg16]

The speed of the electric machine was not able to be controlled until the switching devices
such as thyristors and transistors were applied into high power electrificlierspeed

of the electric machine was controlled by vagythe input voltage, and later the varying

of the input frequency became a possible soluthinthe first stage, the speed of DC
electric machine was controlled by thyristor rectifiers. With the development of converters

controlled by varying frequencthe ac motors became a pib$s solution to be controlled

[1].

Multiphase drives are well known for being a suitable solution forfpagier systems such

as ship propulsiof8]. Multiphase drives have received growing interest in recent decades,
due to their high pwer density, high reliability and good torque performafi&. The

main advantage of a multiphase drive is the significant improvement in terms of flexibility
in the design and control of the converters, and the reduced power rating requirement of

the power electronic componerf$s.



2.2 Electrical machines fgoropulsion applications

2.2.1 Overview of electrianachines
DC Machine

TheDC machine is the one of the main types of rotating machlinese is a commutator

inside a DC machine to change the direction of the dc current under each pole, which
enables a et positiveoutputtorque of the machinelhe DC machines have different
dynamic and steady state performance with different winding connections (e.g. series
connection, shunt connection and compound conneclibe)mathematicamodellingand

control algaeithm of the DC maching are relativel\simple compared with other rotating
machines. In recent decades, the development of power electronics enables the control of
AC machines. There is a tendency that the AC machine is taking the placement of the DC
machne in variety of applications. Nevertheless, the DC mashiile continue to be used

with theirflexibility and simplecontrol of drive systemid9][20].
Induction Machine

The induction machine is a type of AC machine. Both of its stator and rotor consist of
windings and the stator windings are connected to the AC power silipplAC currents

in the stator windings generates the rotating magnetic field, which produces rotor winding
currents, and therefore produce the torque of the induction [2@}orhis type of machine

is calledas asynchronous mota@ince thespeed of theotor is slower tharthe magnetic

field generated by the stator currents. The induction maclainevorkunder a wide speed
range in fieldweakening mode and it has the capabilitinbkerent sekstart. The Induction

machine is easy to manufacture due to the absence of brushes, commutator, and slip ring
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compared with the DC machin€he induction motor dominates in the market due to its

ruggedness, reliabilityefficiencyand robusf21].
PermanentMagnet SynchronousM achine

Besidesthe induction machine, theMSM is another typical kind of AC machinén

PMSM, the stator consists of windings and it will generate the rotating magnetic field while
connected to the AC source. The permanent magaetisdded irthe rotor, which rotates

at the same speed with the stator magnetic field. The interaction of the two magnetic fields
from stator and the rotor produces the torque of the PM maf2iheThe PM material

used in PMSM has strong magnetic force, hence the PM machine tends to have large power
density and torque density compared with the induction machine and the DC machine. The
PMSM is theregarded as the maale with the high efficiency that is around 93% to 98%,
since the rotor flux is produced the permanent magnet in the rotor rather than the exciting
currents (copper loss and iron loss). Compadeethe induction machine with theame

power rating, the effiencyof the PMSMis around 5% to 12% higher than the induction
machine, andhe frame size of the PMSM is 30% smaller than the induction machine

[20][23].

2.2.2 Multiphase machines

Thethreephase machines were uaigallyused athe beginning of the 20century as it
has better torque performance compared withotieephase and the twphase machines
that produce the twice pulsating torque ripplee increasing phase number of the machine
will not produce thetwice-pulsating torque ripple.The development of the power

electronics in 1980s enables the adoption of the macitiesnore than three phases. The
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machine carbe connected to theower converters rather thalirectly connected to the
threephase powesupply. Therefore, arbitrary phase machine can be asséahg as the

phase number of the machine matches with the phase numbepofitbeconvertef8].

There is ggrowing concernon multiphase machinedter 1990423]i [27], especially for

the application the electric propulsidg@9]i[33]. There are searal reasons that the
multiphase machine attracts a wide range of interest in the research community. Firstly, the
multiphase machine has good fault tolerance performance comparetdencttnventional
threephase machingd4] [35]. Taking a 15phase machine as an example, the machine can
be operated at over 90% of the rated power wittbtkakdown of one phase. $edly,

the adoption of multiphase machine greatly reduces the power rating requirement of the
power electronic components on each phase leg, which offers the feasibility of the
multiphase machine used in high power applicatidmg, [36]i [39]. Additionally, the
flexibility in the design and control of multiphase drive is significantly improved. There
aremore degrees of freedom in the multiphase drive system, which gives the pgggsibili
cancel the tim@lomain harmonics and spademain harmonics in the drive system.
Therefore, the efficiency artletorque performance in multiphasemproved compared

with the conventional thre@hase drivef2], [40]i [47].

Among the multiphase drives, the multi thygease layout offers the possibility to obtain

a multiphase system by means of commercial tpreese inverters. Furthermore, the multi
threephase layout with parallel or independentidks offers a highefault tolerancd34].

A scheme of a multi threghasedrive ispresented irFigure 1-1. The multithreephase
machine with separate neutral points is one of the most popular option among the

multiphase machines with the advantagetha simplicity to implement fault tolerant
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cortrol [48]. Besides, commercial thrgdnase inverters can be directly used tocibrrol

the multithreephase machinpt1]i[43]. The dual thregphase is one of most commonly
used multi thregohase drive, and detailed analysis ttve dual threephase drive is
presented in this thesi§he displacement phase angle between the two sets of the three

phase stator windings (in EIE&8trical radi a
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2.3 Voltage source converters

2.3.1  The threephase full bridge converter

Figure2-2 shows a conventional simplified circuit of tevel threephase voltage source
inverter. A thregphase full bridge converter consists of six groups of active switches
(S1~S), andeachswitch is paralleledwith a freewheeling diode The function of the
inverter is to converthe constant DC link voltage in&C voltage with variable speed and
variable frequency. The PWM and SVM are the two general schemes used to control the

two-level threephase invertef55].
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Figure2-2 Threephase full bridge converter for higlower applicationgwith series

connected swittes)[55]

The conventional threphase full bridge can be applied ifitigh power applications with
the power rating up to a few megawalf6]. The twolevel threephase conwger
dominates in the market due to its simple control algorithm, high reliability, simple

capacitor precharging circuit and the low manufacturing cddowever, the twdevel
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threephase full bridge converter has the disadvantage that it has high wlyfdt woltage,
which may lead to the short circuitachine winding and bearing faief57]. In addition,

the switching frequency of the twievel converter for high powexpplications is low due

to the limitation of switching devices, which leads to current harmonics in the machine

stator windings and power loss in the machine.

2.3.2 Multilevel converters for high power applications

This section presesta brief overviewof typical multilevel convertersncluding neutral
point clamped inverter, cascadeebHdge inverter and flying capacitor inverter high
power applications. The p@hase diagram of voltage source inverter topologies of the

two-level inverter and thentee types multilevel converters are showfigure2-3 [55].

Oty o— o—
+ + + +
j °
= Ccf - > l il I /‘ =
+
— i _
Cf" = Ccf Ccf =
_ /
— Ca,_ + —
T 3
) ; / _
o—ri_ o—t o— L ) o—t
Two-level Neutral-point Cascaded Flying capacitor
inverter clamped inverter H-bridge inverter inverter

Figure2-3: Topologiesof phase voltage souraeverters[55]

Neutral-point clamped inverter
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The neutraboint clamped (NPC)nverter is one of the most commonlged diode
clamped multilevel inverter in high power medium voltage applications, which is shown
in Figure2-3[58] [59]. The NPQGnverteris widely manufactured and dominates the market
as a commercial produf0]i [63]. An NPC inverter phase leg consists of four swigche
and four antiparallel diodes. Thesme=two capacitors on the dc side, which is split by the

neutral pointtonnected by thevo clamped diodesn the other side

Comparedo the twclevel threephase converter, the NRGverterhasreduced dv/dtue

to the increasedhumber ofvoltage level. Besides, the effective switching frequency is
doubled compared the twevel converter, resulting in a reduced THEaobutput voltage.
Additionally, all the switches in the NFAf@verterbear the same voltage (halftbé dc link

andthe dynamic voltages balanced on each switdieverthelessthemaindisadvantage

of the NPCinverteris that the complexity on the modulation scheme is increased due to
the increased number of the ac output voltage lekalsher contol algorithm needs to be
adopted to control the voltage variation on the neutral point. Besides, additional clamped
diodes are used compared with the 4exel converter with the same power rat[6g]i

[66].

Cascaded Hbridge inverter

The cascaded #ridge (CHB) is another widely used multilevel inverter for higivgo
medium voltage applicationsvhich is shown inFigure 2-3 [67]i[70]. The Hbridge
modules in the CHEBhverterare the supplied with isolated dc links, and/thee connected

in series on the ac sid€he number of the cascadedbiHdge cell in the CHB inverter
determines the power and voltage capacity of the CHB inverter, and the ac output voltage

THD. The level of ac output voltage depends on the number cddad Hbridge modules.
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For instance, if there is id-bridge per leg,lten the phase voltage has 2niedels and

line-to-line voltage has 4m+evels.

Compared with the conventional tievel threephase convertethe CHB inverter has
reduced dv/dt dueotthe increased number of voltage |laveBesides, the effective
switching frequency is proportional to the level of the ac output vqltagelting in a
reduced THD of ac output voltag&dditionally, the CHB inverters composed aflentical
modular Hbridgeswhich leads t@lower manufacture cosh each moduléNevertheless,

the CHB inverter has the disadvantage tihdias large number a$olates dc linkshence
thetransformerss employedMoreover, he CHBIinverterhas largr number of switching
devices with antparallel diodes compared with the thevel inverter. The increased
number of the components and the adoption of the transformer increases the size,

complexity and cost of the CHB inver{@bs].

Flying capacitor inverter

A threelevel flying capacitortopologyis shown inFigure2-3. The difference between the
two-level inverter and the flying capacitor inverter is that the dc capacitors are inserted to
the cascaded switchg&l][72]. The gate signals of the upper groups of the three switches
are alwaysthe opposite with the lower groups of the three switchiesncethree

independent drive ghals are supposed doive a thredevel flying capacitoinverter.

As a multilevel conveer, with the same characteristics of the NPC inverter and the CHB
inverter, the flying capacitor inverter has reduced dv/dt and THD dtieetincreased
number of the output voltage levels. However, the flying damatas two maidrawbacks

Firstly, each of the flying capacitor needs to begrarged and maintained at a constant
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value, and henceach dc capacitor requires a4otearge aicuit. Secondly, theomplex
control algorithmis required to control the voltage variation eachcapacitor,as the
voltage on each capacitors changes with theabipgy conditions of the convert@rhe two

main drawback limits the application of theiflg capacitor in the mark§z3].

2.3.3 Parallel converters

Figure2-4 showthatthe parallel converters are used to control the multi siplgéesse and

multi threephase drives respectively. The DC/AC moduld-igure 2-4 caneithera 2

level threephase inverter in Section 2.3.1, or a multilevel inverter in Section 2.3.2. The
adoption of parallel converters make it possible to control very high power anspleigti
machines with commercial producssnce the powerequirement on each inverter module

is reduced. Moreover, this topology has high fault toleranceangsnvertermodule is
independentvithout any electrical connectianto the other modulg84]. Besids, the
adoption of the parallel converters increéiseflexibility of the control algorithm. The
torque ripple, noise and vibration of the machine, and the dc link voltage ripple are possibly
to be reduced by applygnproper control schemelowever, the increasing number of the
inverter modules results in a more complex control algorithm. In addition, synchronous

gate signals are required to drive gaallel converter moduldg4] [75].
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2.4 Modulation techniques for voltage source converters

2.4.1  Space vector modulation

The space vector modulatiqi®VM) is one of the most commonly used modulation
technique for the digitatontrol of the voltage source converterhieTform of SVM
technique was proposed in the mid of 19808]. The working principle of the SVM
techniquds to generate an average output voltage with respect to the reference tgltage
selecing the potential switchingstates with their corresponding dwdiime. The
implementation of SVM calbe divided into three stagedefine the switching states,
calculate the dwell time and choose the switching sequence. Theh@¥kheadvantage
thatit isinherently digital and it is simpk® implement in hardware and softwdr&][79].

In addition, the SVM has better DC link utilization compared witAV{M [80] [81].
However, thenumber of the switdhg states is related to the phase number of the converter
and the level of the ac output voltage. Taking aphase converter with-level ac output
voltage as an example, the total number of the switching statés iBha increasing
number of the phaseumber andhe output voltage leMewill increase the complexity of

the implementation of the SVI82] [83].

2.4.2 Carrierbasedoulse widthmodulation

The carrietbased pulse width modulation (@) is known as the earliest and most
straightfaward modulation techniquB4]. The working principle of the CPWM is to
compare the reference modulating signvith the high frequency carrier signal to
determine the switching states of the converters. If the modulating signal is lower than the
carrier signal, the lower switch of tkenvertelleg is switched on; if the modulating signal
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is larger than the caer signal, the upper switcbf the converter leg is switched on.
Compared with the SVM, the CPWM has lower dwklivoltage utilization[85]. This
drawback can be avoidday theinjection of thezerosequence harmonid86]. The
implementation of CPWM is straightfornchand it can be extended to the control of the
multi-phase multievel converters without greatly increase the complexity of the control

algorithm.

Phaseshifted CPWM and levedhifted CPWM & the two main types of CPWM that are
applied tothe control d multilevel convertersAssuming the number of ac output voltage
level is m, the corresponding number of the required carrierslisAs for the phase

shifted CPWM, e basic working principle of thghaseshifted CPWM isthatthe phase
angledifference betweeany contiguous carrisiis set to be—. Considering the level

shifted CPWM, theamplitudes of the carrier signal in phadefted CPWM are equally
divided into m1 parts, and they are vertically placed to compare with the madyagnal.

The phaseshifted PWM has the same switching frequency and the same conducting
periods, while the leveshifted PWM has different switching frequency and conducting
periods. Therefore, the rotating of switching patterns is required on thestefted PWM.

Due to the uneven power distribution on the power switches of the converter of the phase
shifted PWM, the carrieshifted PWM is preferred on the CHB inverter and the flying

capador inverter[69] [87].
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2.43 Double Fourierintegral analysisnethodof pulse

width modulation

According to[84], if the function of botlw 0 andw 0 are periodic functionghe function
of Qah & can be represented as the summation of sinusoidal harmonics. Assuming the
period of both the functione& 6o and w6 is ¢* , the function of Qchw can be

represented as:

Qv — B 0 ATtGh 6 OElIw

B 0 Alddh 6 Omiw (2-1)
B B 6 AT®Ow t¢w 6 OEdw £ d,

with:

o) — . QU AT ®0 & OQOQ® (2-2)

0 — . QU OEd® & wQ®Q® (2-3)
where m and @are thepositive integer numbers.

Sinetriangle modulation is one of the most comiyomsed CPWM Figure 2-5a shows
the xy plane ofthe sintriangle modulation, whiclis presented by the functié@ai .
The bluearea representleparts when thaipper switch of the phase leg is turned amd
the whitearearepresentghe parts when theower switch of the phase leg is turned[88].
The xaxisand the yaxis areconsidered as thteme-varying angle of thearrier signal and
the time-varying angle of thenodulating signal respectivelyhe straight line inFigure
2-5a shows the function @b w . The slope of the functiow w is the ratio between the
modulating signal frequency and the carrier signatjuency. The intersection points
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between the functiob ¢ and the changing boundaries of the funct@aft are the
switching time instantsof the converter. The corresmding PWM output voltage

waveform is shown ifrigure2-5b.

Figure2-5: (a) Thex-y plane for thesinetriangle modulation (b) The-x plane for the

corresponding®WM output voltagg89]
Thetime varying modulating signal can be presdrds:
6 0 Lwe] w (2-4)
wherel is the modulation indexpis the time varying angle of the modulating signal.

With respect tq2-4), the intersection pointi& Figure2-5a can be given as two cases:

for the function'Qafo changesrbm — to—, theswitchinginstants happens at:
W CA -p 0D mphhofB (2-5)
for the functionQafwo changes from—to —, the switching time happens at:
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W CA -p 0DEIQ R mphhofB (2-6)
The switching time instanta (2-5) and(2-6) are the upper and the lower integral limits in
(2-2) and (2-3) respectively The function of Qafto — between the upper and the

lower limits. Substituting (2-5) and (2-6) into (2-2) and (2-3), 6 andd® can be
rewritten as:
o) — —AT ®w & QLW (2-7)

5  — —OEd O & DQOQ (2-8)

Substituting(2-7) and(2-8) into (2-1), and replacingpandwwith] ¢ —and] 0 —

respectively, the function 620 can be expressed as:

w0 — —00HEi0 —

—B B —0 a-0 OEbL ¢ -AT® 06 — &1 0 —

where— is the initial phase angle of the modulating signal-anid the initial phase angle

of the carrier signal.

By using the doubl&ourierintegral method, the timearying phase leg voltage @0

can be expressed with all tharmonics components (8-9).
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2.5 ThePWM harmoniceffect on the machine performance

The pulse width modulation (PWM) technique for the control of the power converters is
one of the main factors that leads to the machine torque [ji§94]. The PWM related
torque ripple harmonic components are the s®wf vibration, acoustic noig85]i [97]

and affect machine power I0€@8], [99]. Takinga dual thregohase systeras an example

the carrier phase angle difference between the two-fiirage subsystenis a degree of
freedom in the control, which can be exploited for the cancellatisoroé magnetic field
harmonicsn the air gap of the electrical machiie. a result, the intragttion of the carrier

shift in the control algorithm may lead & improvemat of the torque performan¢49].

The vibration and the acoustic noise of thachine can be reduced by applyp@per

carrier phase shift anglendual threephase drive systesfil1] [100].

In [11], for a dual thregohase drive system without phase displacement, the vibration of
the system is effectively improved when the carrier phase shift anglepplied between

the two sbisystens in the dual threphase drive athe PWM svitching frequency o#

kHz. Figure2-6 showsthe experimentalesultsthat hievibration harmonics around 4 kHz

(once the PWM frequencygnd 12kHz (three timeghe PWM frequency) are effectively
eliminated with the proposed carrier phase shift methiad.demonstrates ifiL00] that

the acoustic noise amplitude is decreased by 15.43% with the proposed carrier phase shift

angle in a dual threphase sstem.Xu (2019) shows that, for a dual thrphase drive with

the phase displacement-gfthe torque ripple harmonic componentshatsecond order of

the PWM switching frequencyare effectively be eliminated with applying carrier phase

angle of- between the two subsysterftt].
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Figure2-6: The vibration signal waveforms and their corresponding FFT spectra a)

without the proposed carrier phase shift b) with the proposed carrier phaggighift

Therefore, it is important t@analyzethe relationship between the PWM related torque
ripple harmonic components and theriga phase shift angles in multireephase systems.

An analytical model of the torque ripple generated in a multi tphese machine fed by a
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PWM control of multi thre-phase modular converters is analyzed in this thesis. Starting

from the model, a method for the torque ripple reduction by applying aFO¥3@

technique to the multi thrgghase inverters is defined. Taking a dual thpkase drive as

an examplethis workpresents how the PWM related torque ripple harmonic components

can be eliminated by applying CHSVM in the drive systemwith arbitrary phase angle
displacement. Two dual thrgghasePMSM wi t h phase di spl acement

considering as two case staslj areconsidered with their respective GIPSVM.
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Chapter 3 Moddling of multi threephasemachins

3.1 Inductance analysis of arbitrary phd@dSM

There are two main ways to analyze inductance, including the permeance of magnetic
circuit analysis method anithe magnetic field analysis meth@2il]. In this thesisthe
permeance analysis method is discusbBethe analysis process of this sectithe effect

of iron satwation is neglectedwhich means that the reluctance of magnetic ciisué
constant value and does notwary with the flux densityAdditionally, the effect of some
secondary factors such as the hysteresis and@ddsrt are neglectedBesides that, the

effecton sl ot har monics and iron reluctance

The flux-linkages produced by loop currents in A@achines can be divided into two main
parts, including the aigap flux linkage and the leakage flux linkage. Thegaip flux

linkage is the main part which links the stator and the rotor through the air gap. The
inductarce produced by leakage flux including two parts, one is the inductance produced
by slot leakage flux and the other is the inductance produced by the end region leakage
flux. With regard to the inductance produced by slot leakage flux, the mutual inductance
produced by the slot leakage flux exists only between the coil bars in the same slot. For the
inductance produced by end region leakage flux, it is very difficult to calculate exactly the

inductance produced by end region leakage flux.

The inductance ianalyzed with a single coil as a minimum unit in this thesis, thus it can
be extended to arbitrary phase machines with different winding configuratiornisis
thesis only the airgap flux linkage produced by statowils is considered, and aif the
leakage flux linkage iseglected.
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3.1.1 Air-gap MMF produced by single casurrent

The rectangular MMF caused by the electri

shown inFigure3-1.

F(8)

-pr/2pP (’.En:/ 2P
A A

Figure3-1: Air-gap MMFpr oduced by the current of

In Figure3-1, «f[ ) represents the MMF pdoiced by a single colif. is the horizontal axis,
which represents the mechanical angle of the electric magtigithe vertical axis, which
isthecentrelineat oi | AAG6, and represents the MMF ge
toKi r ¢ h hof f thesavefagervaue dff ) averone period-A h is®.gencethere
is no dc component of functio®f). yi s t he centreline of coil
«ff )=a{-[ ). Thereforeu([ ) is an even function with only cosine components and without
dc component. The functiaf(f ) can bewritten as:

O— B 0OAT¢GR ¢ plthofs (3-1)

with:

® -, O0—AT:&Q— —QOEH. (3-2)
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whereP is polepair numberry isratio of actual pith to full pitch;N is the turn number of

the coil

3.1.2  Selfinductance of a single coill

For a nonsalient machine, the agap permeance coefficiehtcan be assumei be a
constant valu€O representshe n' harmonic of MMFproduced bythe current of single
coi | heAtharmofic flux densitp produced by the corresponding MM® can

be obtained as:

8 O _ (3-3)
Thenselffluxl i nkage of coil AAOG can be obtained
6. 8 Qi (3-4)

whereR s the stator inner radiukis the stator iron lengtlf; is the mechanical angle of
theelectric machineSinceQi Q—Ya Y& Qthen"selffluxl i nkage of coil

can be rewritten as:

OYa 8 O (3-5)

As shown inFigure3-1, f or fi1e i + andfA®H— respectively. Substituting the

values of 1and[ zinto (3-5),then"selfflux-l i nk age o fcande rewritteA s o6
O'Ya 60— 0'Ya _oATebe— —— OBF . (3-6)
The selfinductanceo f t he <coi | thefotal aipgaponthgnetie filix linage

is represented as:
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0 - B ¢ plhofs (3-7)
3.1.3 Mutual inductance between two coils
The process to calculate the mutual inductance between stator winding coils is similar with
the process to calculate the self inductance of a single coil whicbmssh Section 3.1.2.
While considering the mutual inductance between coils, an additional vari@hkespace
shift angleof the two coil3, is taken into accounis it is shown in
Figure3-2, t he centerline ofofctoAMNimBBgnicdlamgleds t he
In this casethe lower limit and the uppdimit of the integral ar¢ —and] ——

respectively.

-pr/2P pr/2P -Bn/;m ﬂn]‘l’ﬂn

Figure3-22& at or coil AA6 and stator co

Then™ mutual flux linkageb et ween coil AAd and coi l BB6 ¢

O0Ya 60— —— OB Al (3-9)

Themutual inductance betweeno i |  AA6 an d bydatal airgaBfidxdinkege u s e d

is written as
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0 — 2 B—Aiz0 & pichf (39

3.1.4  Selfinductance of two single coils

The self indgtance of anywo single coils can be obtainbdsed on thealculation of self
inductance on single can Section 3.1.2As it is shown irFigure3-3,the coil A0 | ead s
A1A10  i(mmechanical ang)e The selfinductance of the twsingle coils can bebtained
through the total flux linkage produced the two single coils. Foraéih§ theflux linkage

is calculated through the integration of the flux density #ighlower limit and upper limit
is —and —respectively. For coiA2A2G the flux linkage is calculated through the
integration of thdlux densitywith the lower limit and tle upper limit of the integral

—and- —respectively

Y

Fi(8) Fz(0)

(0]

-Bnj2p -Bn/2P+g Br/2P  Br/2P+s

Ar Az A’ A

Figure3-3: Air-gap MMFproduced by the current of stator cAilA16andA2A20

() represents the MMF produced the single coil AA16 |, and td(ecahuncti c

bewritten as:

0O— B 0 ATtOh ¢ pihofs (3-10)
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«(]) represents the MMF proded by thesingle coil AA26 «x(]) is the functionwa(f)
translate through horizontal axis Ryandthe functioncx(f ) can bewritten as:
O— B O0AiEO— - h ¢ plghos (3-11)
«(J ) represents the total MMF produced by caiPA6 a pAdd , A wchnibewtitten as:
0O— O0— 'O0— B ® AitG-AT¢O— - ¢ pltlofB (3-12)

The A" harmonicflux density produced by thé"™MF can be obtained as:

6 O _ O — "0 — _ (3-13)

The total fluxlinkage of coil AAW6 can be obtained as foll ows
6, 6 Qi 0Ya 60— —— OB+ p AlEd. (319

The totalflux-linkage of coil A6 can be obtained as foll ows
6, 6 Qi 0Ya 60 — OEF p Alt0. (315

The total fluxlinkage of coil AA16 a pAdd akAcbe obtained as follows:

——— OB+ p Alt0. (3-16)
The total self inductance of the coilt#A&0 a pAdd A r o d u c e egapbmagndtio t al a

flux linkage is:

0 2 B——p Aitd ¢ piiis (G170
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3.2 Analyticalmatrixtorque equations of multi thrgghase
machines
3.2.1 Matrix inductance table of multi thrgehase

machines

While considering the selhductance and mutual inductance of the inductance matrix table,
the effect of iron saturation is not taken into account, which meanshiabductance

value does not vary with the flux density. Assuming the-iselfictance value on each

stator phasé ,A ,A, A ,A A arerepresentedby ,0 ,0 , &, |,
0 , 0 respectively. Assuming the mutdaductance value between phaseA ,
A, A,A A arerepresentedlty ,0 , &, ,0 respectively. The

matrix inductance table is@ o0 matrix table, which can be represented-by

0 0 0 0 0 0

n, i o . . N N Il

,,u 0 0 E -

1o 0 0 0 0 0 Iy

=I 11 2 - o i
& € = € >

Ry V] V] v L U "

= "n ”n (3] LN

1y v E U 0 0 N

W 0 0 0 0 0 ¥

AssumingCandGepresent thé" row and thg™ column of matrix! respectively. Due to
the mutual inductance theoy, 0 , so Matrixd is a real symmetric matrix. The
Matrix 4 is strictly diagonally dominant matrix whete B k0 and0 >0,
Therefore, the inverse of matexcan be written a$ , and the determinant of mateix

can be represented BYs ands!s m[101].
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3.2.2  The relationshipetween phase curra@nd phase

voltagesin multi threephase machines

This section is focused amalyzing the relationship between phase cusrant phase
voltages of multi threephase machines without phase displacements améegedi sub
threephase systems, which is shown Kigure 3-4. The relationship between phase
currents and phase voltages with arbitrary phase displacements among different sub three

phase gstems is analyzed in Section 3.3.

N modular converters N-3-phase (in phase) PMSM

- —_—- ™
N\
\

~, Effective N-3-phase PMSM
Y winding configuration

Figure3-4: N threephase drive systemithout phase displacemerasnong different sub

threephase systems

The phase voltage is voltage drop between termifgld ,A, @&, A , A and
terminal |, ¢ ,which can be represented by , 60 ,0 , &, ,0 ,0

respectively. The phase current is the current flowing through ghade A, A ,A ,
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A , which can be represented®, 'Q,"Q, &, Q,"Q respectively. The backmf
generated on each phase is representé@ hy2 ,Q ,é ,Q ,Q ,'Q respectively.

According to the electric principle, thidhasevoltage matrixs represented b§B-18):

o 0 0 0 0 0 0 O Y)
A " N . N N oo Ul 1 g
:.b Il,ll | IU v Y E V) V) Y Iyl | |Q I | Ig2 Il :.n Il,ll
o ) ) ) ) b aiQa 1Qn I*IQ
1€ :: N é N E " " é " IZIE‘I 'é I:I !Y: 'é I:I Il e |’F]
I(,D a0 v v v :: ?:Q :: |!:Q :: 1820
l(],) l’! Ilf U U E U U U Y l'p 1 I!p 1 I.Q I’!
w Uy 0 0 0 0 b U geu Jou WU
(3-19)
simplified as
N T
T *— YEF (3-19)
with:
0] > Q
. ry 1l >
:Y? |I’|l I .I.gz i ?Q :’ll
IPA, 1 : :% I:I I, n
T ||’el,l E I'e:,:, Ir |l|el,l
I(I:-) |:| | :Q N I!Q |:|
0 n l" 12 n

w U 0Q U uQ U

Due to the symmetrical design principle of machine winding configurations, the matrix

inductance table among multi thrpbase systems ,A A, A ,A A areidentical,

which means the inductance matdx 4 4 s, i R

~

wherery Ahnm~ pligB A |, and:

C:
Cc
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Additionally, in this sectionthere is nhase displacemengsnong different threphase
subsystemsTherefore, the bacEMFs generated on each phase are identical with the same

magnitudes and phaseshich means the badkMF matrixes F » Wherenn

plth8 Y , and:

According to operational properties of matriggs18) canberewritten as:

0 f Op 0 5 0 j G G O
0§ O 0 05— Y& Qp (3-20)
OF 0 j 0 g O Q QO
simplified as:
Yo, .
s 43 vk f (3-21)
with:
0 O0r 0 r 0 j G Q;
roSRR 0 Dy 0 R R O
Oh 0O p UL 5 0§ Q Qp

wheress is the total equivalent voltage: is the total equivalent currentr is thetotal

equivalent baclemf: 4 is the total equivalerinductance

According to(3-21), by using Laplace formula, neglecting the initial conditigascan

be representeds:

i4 YE [ (3-22)
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Neglecting the harmonics caused by cogging effect and the glemmanent magnet, the
backEMF is considered to be ideal sinusoidal. Therefore,sforand k, only the
fundamental component, and the harmonic components which are generated by PWM
modulatbn effect are consideredccording to(3-22), the total equivalent fundamental
voltage=s , the total equivalent fundamental curréntthe total equivalent harmonic

voltages and the total equivalent harmonic curréntan be represented:

T T T
Lot L s

= id vk o (3-23

= id v L
with:
0 f Q 0 G
+ O9h,E G, Or,E G
0 q Q, 0 Q

According to(3-23), by using Laplace formula, neglecting the initial conditigascan

be representeds:

= =ik, (3-24)
with:
i 0p Y i0 )

= [d Y i 0 f i Op Y {0
i0 j i 0f 0 p Y

5¢

(3-29)

¢

According to(3-23), k can be represented:

Lo |i=, (3-26)
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where| i is the inverse of matrix= i , and|| i can be represented as:

It —oe®Ri (3-27)
with:
$=is i Ly Yi1LUR YIiOp Y i T U YU j
i {0p YO g @ 1 0p YO p ¢ O {0 RO 5,
O QB
i 0p YiOp Y {0 5 ii0f YO 5 {0 g0 5 {00 F YO 5 00 R0 g

i i0 YO i 0 g0 i 0p Y1 Op Y {0 j{ i i0 5 YO p 00 0 f 8

h h
ii0 5 YO 5 {10 RO ii0 m YO 5 0 {0 j i 0 Y i O0p Y ©T0 j

According to(3-25), | i can be alternatively represented as

0i o1 o i
||i oi oi o i,
O i 6 i o i
with:
6 i h h h1
FE S
6 i h h h h’
FE 8
6 i h h h h1
FE 8
6 i h h h’
FE 8
6 i h h h h1
FE 8
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0 i :
&= s
$=is ULy YiOp YiOp Y i i Usg YU j
i 10 YO 5 @ 0T 0p YO p ¢ O RO RO
It can be seen thahe all the elements in the mati|xi includingé i ,6 i ,6 i,
0 i ,06 i ,0 i canberepresentedbyi :

Therefore, referring to the formulaof i ,itcanbeseenthat i ,6 ( ,6 i ,0 i,

0 i ,06 i arelow-pass filtes.

According to the(3-25), the relationship between the total eqléve harmonic current

"Q AQ; AQ, and the total equivalent harmonic voltage Mo ; M ; can be represented as

Q 6 i 61 o6 i 065
jo3 6 i o061 o6 i O0nj (3-28)
Q 6i o6i o6 i On

Referring to the operational properties of matrix, hé@ceQ,, 'Q, can be represented

as:

QG o0 iofp O0i06fp O 105
D 6 i 6y 601 06f O 005 (3-29
Q O io6fp O0 i 0fF O io0fF

According to(3-29), the total equivalent harmonic curreif®, , 'Q,, 'Q, are considered to

be generated by thetal equivalent harmonic voltagé , 0 j, 0 j through lowpass
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filters (i.e. the reistanceinductance network i ). The cancellation of phase voltage
harmonic components may result in the cancellation of phase current harmonic components.
The next sukzhapter will show that the major torque ripple is causedtidyotal equivalent
hamonic currerd. Thus, the working principle of the proposed torque ripple reduction

method is based on the cancellatdtotal equivalent harmonic voltage harmonic volgage

Considering the low pass filter effect of the relationship between total eguivermonic
voltage and current, and more harmfulness of lower order harmonics in electric machine

systems, the lower order harmonic voltage is of first importance to be eliminated.
3.2.3  Analytical matrix torqueequationsn multi three

phase machines

The electromagnetic torque can be represented by:

Q

mo U
1 ¥
n o, o, v, = o, o, I I ~ I’I
Y —Borp —Q Q@ QETQ Q Q 1€ 0 (3-30)
IQ K]
1 n
uQ
where] is the mechanical speed of the machine
Sinceg f for A~ pleiB My , (3-30) can be rewritten as
Q
Y —G G Q Q| (3-31)
Q

According to(3-31), the electromagnetitorque ripple can be represented a
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Q

L q 9 q 0 (3-32)

i 1
According to(3-32), as only the fundamental component of the BBl is considered
the torque ripplés related tahetotal equivalent harmonic currei} iQ; AQ, . As it has
beendiscussedn the Section 3.2.2that the cancellation of phase voltage harmonic

components may result in the cancellationwfent harmonic components. Therefdre

working principle of the proposed torque ripple reduction method is based on the

cancellation of totakquivalent harmonic voltage
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3.3 Analytical torque equations of multi thrg#hase

machinedy voltage and current space vectors

This section is focused on analyzing the torque ripple equations of multipiase
machines with arbitrary phasésplacements among different sub thpbase systems by

usingcurrent and voltagspace vectors, which is shownRigure3-5.

N modular converters N three-phase PMSM

| = :
Vac i N~ Effective A three-phase PMSM

N
. (2-pole) winding configuration
N

Figure3-5: N threephase drive systemithout phase displacements among different sub

threephase systenid02]

As it is shown irFigure3-5, in a equivalent dole space winding structure of thethree
phase systems, the space shift angles betiyeen ¥ phed) threephase system and
the stator reference frame are represented by € , respectively. Tie phase voltage is

thevoltage drop betweetheterminalsA , A ,A, A ,A ,A andtheterminakl , é,
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| ,andarenamedds ,6 ,0 , 6,,0 ,0 respectively. Thequivalent phase
voltage space vector of thg§ (nN phah) ) threephasesutsystem® 0O can be

represented as:
® 0 -0 00Q 6 0oQ -~ 6o oQ (3-33
where| is the space phase shift émdetween the) threephase system and the

reference frameThe total equiglent phase space vector Mfthreephase subsystems

® 0 can be represented as:
@ 0 -®00Q ® 0Q @ 00Q E ® 0Q . (3-34)
Substituting(3-33) into (3-34), the total equivalent phase voltage space veéntor 0

can be represerdeas:
® o0 —B 6 00Q 6 0Q 6 oQ T . (3-39)

The backEMFs generated on each phase are represeni@d,lify ,Q, €,,Q ,Q
respectively. Similarly, the total equivaldmackEMF space vecto® 0 of N three

phase subsystencan be represented as:

® o0 —B Q 00Q Q oQ Q oQ . (3-36)
The phase current is the current flowing through phasé ,#, & ," ,# ,which
are represented b ,Q,Q, ®,,"Q ,"Q respectively. The total equivalent phase

current space vector 6f threephase systems 0 can be represented as:

- QoQ . (3-37)
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Theinstantaneouslectromagnetic torque generated byrihethreephase substemcan

be written as:

Yo wi Vo0 6 Qo0 6 QoOQ o
(3-38)
=— p 0B 0,
wherg is the mechanical speed of the machine.

The totalinstantaneouslectromagnetic torque generatedibthreephase subsystems can

be written as:

Y 6 — b 008 0. (3-39)
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3.4 The machines in this thesis

This work aimed atdesignng a novel drive system for marine application. Treposed
machine designed for marine propulsion is shown in Section 3.2.48islat, 8-polenon
salientPMSM with the rated power of 2M\&hd rated speed of 20000rpm. The paranset

of the 2MW PMSMare listed inTable3-1. There are two potential winding configurations

of the 2MW PMSM with either configured as an eight thpease distributed machine or

an eighthreephase sectored machine, which are showfignre3-7 andFigure3-8. The
andytical inductance values of distributed and sectored configurations are presented and

validated by FEA results in Section 3.5.

Due to the challenges of building2MW drive systemdirectly, different scaleaiown
machines are built to validate the machiperformance and the control algorithms
respectively. Firstlya scaleddown dual threephasePMSM with the rated power of
160kW and rated speed of 20000rpwes realized to validatethe feasibility of the
proposednachine to reach the maximum speed (20000Qr The parameters of tA60kW
PMSM are listed inTable 4-3. The mathematical model of thelevantdrive system is

validatedby sinmulation resukin PLECS in Section 4.4.1.

Secondly, a scaledown sectored triple thrgghase PMSM with the rated powerlo5kW,
and a distributed dual thrgghase PMSM with rated power of 18kW have been used to test
the proposed control algorithm of multi thrgkase dve. The simulation resudtof the
sectored triple threphase PMSM are shown in Section 4.4.1 and Section 5.3.1, which are

validated by the experimental results in Section 4.5.1 and Section 5.4.1. The simulation
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results of the distributed dual thrippase PMSM are shown in Sectid.2 and Section

5.3.2, which are validated by the experimental results in Section 4.5.2 and Section 5.4.2.
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3.5 Simulation results

This section shows the simulation results of machine inductances from FEA (Finite
Element Analysis) model in Maxwell aaghalytical models shown in Section 3.Figure

3-6 shows a 2MW norsalient PMSM machine model in Maxwell which is designed for
the marine propsion. It is a 48slot, 8&-pole doubk layer norsalient PMSMwith rated

speed of 20000rpm. The parameters of the machine are listethl@3-1.

Figure3-6: 2MW machine model in Maxwell

Figure 3-7 and Figure 3-8 show the machine windings of distributed construction and
sectored configurain respectively. Botltonstructions have 8 thrgdhase subsystems.
Distributed construction has the advantage of balanced mutual effect among three phases
in each subsystem, while it has strong mutual coupling effect among differenphiass
subsystems. Sectored construction has the advantage of weak mutual coupling effect
amory different thregphase subsystems, while it has unbalanced mutual effect in each
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subsystem. Therefore, it is of importance to compare the mutual coupling effect between

distributed construction and sectored construction.

Value
Parameter
DC link Voltage 500 [V]
Fundamental frequency 1333.33 [HZ
Pole pair number 4
Rated phase current (RMS) 550 [A]
Phase resistance 0.9 mY]

Back-EMF coefficient

Pitch factor

Number of turns per phase

Stator length

Stator inner radius

Air gap length

Sel f i nductance

B8, C8

0.073 (Phase rms ba&lVIF is

152.26V at 1333.33Hz)

5/6

0.233 [m]

0.137 [m]

0.033 [m]

of 0 =0 =0 = é0==0 =

0 =12uH

Table3-1: Parametersf 2MW PMSM for Marine propulsion
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5 15

Figure3-8: 2MW machine of sectored winding construction
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Table3-2 andTable 3-4 show the inductance matrixes of FEA (Finite Element ¥sig)
results based on the Maxwell machine model showfigare 3-6 in distributed winding
construction Figure3-7) and sectored winding constructidfiqure3-8) respectively. The
Maxwell machine model is working at rated power (RMS phase cuatB50A and speed

at 20000rpm)Table3-3 andTable3-5 show the inductancmatricesof analytical results
based on(3-9) and (3-17) with machine parameters shown Tiable 3-1 in distributed
winding construction Kigure 3-7) and sectored winding constructiofrigure 3-8)
respetively. The corresponding MATLABcode to generate the analytical inductance

matrix values are shown in Appendix A.

Comparinglable3-2 (Table3-4) with Table3-3 (Table3-5), the analytical results matches

with the FEA results in general. The differences between valuksbie 3-2 (Table3-4)
andTable3-3 (Table3-5) are mainly due to two reasons. The first reason is the parameter
uncertainties in the model, related to uncertainties in the machine parameters including the
changes of them with working o@ion because of saturations and iapar effects.
Secondly, as it has been mentioned in Section 3.1, the analytical inductance values are
obtained by the aigap flux linkage, which means the self and mutual flux leakage are not
considered in the analgal equations, which will also result in the difference between

analytical result and FEA result.

Comparing Table 3-3 and Table 3-5, distributed winding construction and sectored
winding construction have different mutual coupling effects. For the distributed winding
construction, the machineis =0 = €é0 = =0 =1.3uH. Therefore, the
machine has balanced mutual coupling effect in each-filtrage subsystem. For the

sectored winding construction, the machine has weak mutual coupling effect with the other
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threephase subsystems. For example, the subsystaBgCAand AB>C, have weak
mutual coupling with the subsystemsBAC1, A2B2Co, AzB3Cs, AsB4Ca, AsBsCs, AsBsCe.
Therefore, the sectored winding construction has less effect on other subsystems while
different control techniques applied to different subsystéras different PWM carrier

phase angles is applied to different subsystems).

It is of importance to analyze the different mutual coupling effect between the distributed
and the sectored winding configurations, as the two winding configurations haverdiffer
advantages with different applications. The effects on the current ripple introduced by the
PWM related torque ripple reduction method, is analyzed with two case studies of one
triple threephase sectored machine and one distributed dual-pive@se mehine in

Chapter 5.
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Al A2 A3 A4 A5 A6 A7 A8 Bl B2 B3 B4 B5 B6 B7 B8 Cl C2 C3 C4 C5 C6 C7 C8
Al 1212 19 -07 07 -07 07 -07 19 07 07 -07 07 -07 -35 -05 07 -07 07 05 -35 -07 07 -07 07
A2 19 121 19 -07 07 07 07 -07 07 -07 07 -07 07 07 -35 -05 07 -07 07 -05 -35 -07 07 -07
A3 07 19 1214 19 -07 07 -07 07 05 07 -07 07 -07 07 -07 -35 -07 07 07 07 -05 -35 -07 07
A4 o7 -07 19 122 19 -07 07 -07 -35 -05 07 -07 07 07 07 -07 07 -07 07 -07 07 -05 -35 -07
A5 07 07 -07 19 121 19 -07 07 07 -35 05 07 -07 07 -07 07 -07 07 07 07 -07 07 -05 -35
A6 07 -07 07 -07 19 121 19 -07 07 -07 35 -05 07 -07 07 -07 -35 -07 07 -07 07 -07 07 -05
A7 o7 07 -07 07 -07 19 121 19 07 07 07 -35 -05 07 -07 07 -05 -35 07 07 -07 07 -07 07
A8 19 -07 07 -07 07 07 19 1214 07 -07 07 -07 -35 05 07 -07 07 -05 -35 -07 07 -07 07 -07
BT 07 o07 05 -35 -07 07 -07 07 1212 19 -07 07 07 07 -07 19 -07 07 -07 07 07 -35 -05 07
B2 o7 -07 07 -05 35 07 07 07 19 121 19 -07 07 -07 07 -07 07 -07 07 -07 07 -07 -35 -05
B3 -07 07 07 07 -05 35 -07 07 -07 19 121 19 07 07 -07 07 -05 07 -07 07 07 07 -07 -35
B4 o7 07 07 -07 07 -05 35 -07 07 -07 19 121 19 -07 07 -07 -35 05 07 07 07 07 07 -07
BS 07 07 07 07 -07 07 -05 35 -07 07 -07 19 121 19 -07 07 -07 -35 -05 07 07 07 -07 07
B6 -35 .07 07 -07 07 -07 07 05 07 -07 07 -07 19 121 19 -07 07 -07 -35 -05 07 -07 07 -07
B7 05 35 07 07 -07 07 -07 07 -07 07 -07 07 07 19 121 19 -07 07 -07 -35 05 07 -07 07
B8 o07 05 35 -07 07 -07 07 07 19 -07 07 -07 07 -07 19 121 07 -07 07 -07 -35 -05 0.7 -07
cCl -7 o7 -07 07 07 -35 05 07 -07 07 -05 -35 -07 07 07 07 121 19 -07 07 -07 07 -07 19
c2 o7 07 07 -07 07 -07 35 -05 07 -07 07 -05 -35 -07 07 -07 19 121 19 07 07 -07 07 -07
C3 -5 07 -07 07 07 07 07 -35 -07 07 -07 07 -05 -35 07 07 -07 19 121 19 -07 07 -07 07
C4 35 05 07 -07 07 -07 07 -07 07 07 07 -07 07 -05 -35 -07 07 -07 19 121 19 -07 07 -07
C5 07 35 -05 07 07 07 -07 07 -07 07 -07 07 -07 07 05 -35 -07 07 -07 19 121 19 -07 07
cé6 o7 07 -35 -05 07 -07 07 -07 -35 -07 07 -07 07 -07 07 -05 07 -07 07 -07 19 121 19 -07
¢7 -7 07 -07 -35 05 07 -07 07 -05 -35 -07 07 -07 07 07 07 -07 07 -07 07 -07 19 120 19
C8 07 -07 07 -07 -35 05 07 07 07 -05 -35 07 07 07 07 -07 19 07 07 07 07 -07 19 121

Table3-2: InductancguH) matrix of FEA (Maxwell) resulin distributed winding construction
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Al A2 A3 A4 A5 A6 A7 A8 Bl B2 B3 B4 B5 B6 B7 B8 Ci1 C2 C3 C4 C5 C6 C7 C8
Al 102 13 -13 13 -13 13 -13 13 -13 13 -13 13 -13 64 12 13 -13 13 12 -64 -13 13 -13 13
A2 13 102 13 -13 13 -13 13 -13 13 -13 13 -13 13 -13 64 12 13 -13 13 12 64 -13 13 -13
A3 -13 13 102 13 -13 13 -13 13 12 13 -13 13 -13 13 -13 64 -13 13 -13 13 12 -64 -13 13
A4 13 -13 13 102 13 -13 13 -13 64 12 13 -13 13 -13 13 -13 13 -13 13 -13 13 12 -64 -13
A5 -13 13 -13 13 102 13 -13 13 -13 -64 12 13 -13 13 -13 13 -13 13 -13 13 -13 13 12 -64
A6 13 -13 13 -13 13 102 13 -13 13 -13 64 12 13 -13 13 -13 64 -13 13 -13 13 -13 13 12
A7 -13 13 -13 13 -13 13 102 13 -13 13 -13 64 12 13 -13 13 12 64 -13 13 -13 13 -13 13
A8 13 -13 13 -13 13 -13 13 102 13 -13 13 -13 64 12 13 -13 13 12 64 -13 13 -13 13 -13
B1T -13 13 12 -4 -13 13 -13 13 102 13 -13 13 -13 13 -13 13 -13 13 -13 13 -13 64 12 13
B2 13 -13 13 12 64 -13 13 -13 13 102 13 -13 13 -13 13 -13 13 -1.3 13 -1.3 13 -1.3 64 1.2
B3 -13 13 -13 13 12 64 -13 13 -13 13 102 13 -13 13 -13 13 12 13 -13 13 -1.3 13 -1.3 -6.4
B4 13 -13 13 -13 13 12 64 -13 13 -13 13 102 13 -13 13 -13 64 12 13 -1.3 13 -1.3 13 -13
B5 -13 13 -13 13 -13 13 12 64 -13 13 -13 13 102 13 -13 13 -13 -64 12 13 -13 13 -13 13
B6 64 -13 13 -13 13 -13 13 12 13 -13 13 -13 13 102 13 -13 13 -13 64 12 13 -13 13 -13
B7 12 64 -13 13 -13 13 -13 13 -13 13 -13 13 -13 13 102 13 -13 13 -13 64 12 13 -13 13
B8 13 12 64 -13 13 -13 13 -13 13 -13 13 -13 13 -13 13 102 13 -13 13 -13 64 12 13 -13
c1T -13 13 -13 13 -13 64 12 13 -13 13 12 64 -13 13 -13 13 102 13 -13 13 -13 13 -13 13
c2 13 -13 13 -13 13 -13 64 12 13 -13 13 12 64 -13 13 -13 13 102 13 -13 13 -13 13 -13
c3 12 13 -13 13 -13 13 -13 64 -13 13 -13 13 12 64 -13 13 -13 13 102 13 -13 13 -13 13
c4 64 12 13 -13 13 -13 13 -13 13 -13 13 -13 13 12 64 -13 13 -13 13 102 13 -13 13 -13
¢ -13 64 12 13 -13 13 -13 13 -13 13 -13 13 -13 13 12 64 -13 13 -13 13 102 13 -13 13
c6 13 -13 64 12 13 -13 13 -13 64 -13 13 -13 13 -13 13 12 13 -13 13 -13 13 102 13 -13
c7 -13 13 -13 64 12 13 -13 13 12 64 -13 13 -13 13 -13 13 -13 13 -13 13 -13 13 102 13
c8 13 -13 13 -13 64 12 13 -13 13 12 64 -13 13 -13 13 -13 13 -13 13 -13 13 -13 13 102

Table3-3: Inductance|{H) matrix ofanalyticalresultin distributed winding construction
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Al A2 A3 A4 A5 A6 A7 A8 Bl B2 B3 B4 B5 B6 B7 B8 Ci1 C2 C3 C4 C5 C6 C7 C8
Al 1212 19 -07 07 -07 07 -07 19 05 07 -07 07 -07 07 -07 -35 -35 -07 07 -07 07 -07 07 -05
A2 19 121 19 -07 07 07 07 -07 -35 -05 07 -07 07 07 07 -07 -05 -35 -07 07 -07 07 -07 07
A3 07 19 1214 19 -07 07 -07 07 07 -35 05 07 -07 07 -07 07 07 -05 -35 -07 07 -07 07 -07
A4 07 -07 19 121 19 07 07 -07 07 -07 35 -05 07 07 07 -07 -07 07 05 -35 -07 07 -07 07
A5 07 07 -07 19 121 19 -07 07 07 07 07 -35 -05 07 -07 07 07 -07 07 -05 -35 -07 07 -07
A6 07 -07 07 07 19 121 19 -07 07 07 07 -07 -35 -05 07 07 07 07 -07 07 -05 -35 -07 07
A7 07 07 -07 07 -07 19 121 19 07 07 07 07 -07 -35 -05 07 07 -07 07 -07 07 -05 -35 -07
A8 19 -07 07 07 07 -07 19 121 07 07 07 -07 07 -07 -35 05 07 07 -07 07 -07 07 -05 -35
B1L -05 -35 07 07 -07 07 -07 07 1212 19 -07 07 07 07 -07 19 -35 -05 07 -07 07 -07 07 -07
B2 07 -05 35 07 07 -07 07 -07 19 121 19 07 07 -07 07 07 07 -35 -05 07 -07 07 -07 07
B3 -07 07 05 -35 -07 07 -07 07 -07 19 121 19 07 07 -07 07 07 -07 -35 -05 07 -07 07 -07
B4 o07 -07 07 05 35 -07 07 -07 07 07 19 121 19 -07 07 07 07 07 -07 -35 -05 07 -07 07
B -07 07 07 07 -05 -35 -07 07 -07 07 -07 19 121 19 -07 07 07 -07 07 -07 -35 -05 07 -07
B6 o7 -07 07 -07 07 05 -35 07 07 -07 07 -07 19 121 19 -07 -07 07 -07 07 -07 -35 -05 07
B7 -07 o7 -07 07 -07 07 -05 -35 -07 07 -07 07 -07 19 121 19 07 -07 07 -07 07 -07 -35 -05
B8 35 -07 07 07 07 -07 07 -05 19 07 07 -07 07 -07 19 121 05 07 -07 07 -07 07 -07 -35
ci 35 -05 07 -07 07 -07 07 -07 -35 -07 07 -07 07 -07 07 -05 122 19 -07 07 -07 07 -07 19
c2 07 -35 -05 07 -07 07 07 07 -05 -35 -07 07 07 07 -07 07 19 121 19 07 07 -07 07 -07
c3 o7 -07 35 -05 07 -07 07 -07 07 -05 -35 -07 07 -07 07 -07 -07 19 121 19 -07 07 -07 0.7
c4 07 07 -07 -35 -05 07 07 07 -07 07 -05 35 07 07 -07 07 07 07 19 120 19 -07 07 -07
¢cs o7 -07 07 -07 -35 -05 07 -07 07 -07 07 -05 -35 -07 07 -07 -07 07 -07 19 121 19 -07 0.7
cé -07 o7 -07 07 07 -35 -05 07 -07 07 -07 07 -05 -35 -07 07 07 -07 07 -07 19 121 19 -07
c7 o7 07 07 -07 07 -07 35 -05 07 07 07 -07 07 -05 -35 -07 -07 07 -07 07 -07 19 121 19
cg8 -05 07 -07 07 07 07 -07 -35 -07 07 -07 07 -07 07 -05 -35 19 07 07 -07 07 -07 19 121

Table3-4: InductancguH) matrix of FEA (Maxwell) resulin sectored winding construction
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Al A2 A3 A4 A5 A6 A7 A8 Bl B2 B3 B4 B5 B6 B7 B8 Ci1 C2 C3 C4 C5 C6 C7 C8
Al 102 13 -13 13 -13 13 -13 13 12 13 -13 13 -13 13 -13 64 -64 -13 13 -13 13 -13 13 12
A2 13 102 13 -13 13 -13 13 -13 64 12 13 -13 13 -13 13 -13 12 64 -13 13 -13 13 -13 13
A3 -13 13 102 13 -13 13 -13 13 -13 -64 12 13 -13 13 -13 13 13 12 -64 -13 13 -13 13 -13
A4 13 -13 13 102 13 -13 13 -13 13 -13 64 12 13 -13 13 -13 -13 13 12 64 -13 13 -13 13
A5 -13 13 -13 13 102 13 -13 13 -13 13 -13 64 12 13 -13 13 13 -13 13 12 -64 -13 13 -13
A6 13 -13 13 -13 13 102 13 -13 13 -13 13 -13 64 12 13 -13 -13 13 -13 13 12 64 -13 13
A7 -13 13 -13 13 -13 13 102 13 -13 13 -13 13 -13 64 12 13 13 -13 13 -13 13 12 -64 -13
A8 13 -13 13 -13 13 -13 13 102 13 -13 13 -13 13 -13 64 12 -13 13 -13 13 -13 13 12 -64
BT 12 64 -13 13 -13 13 -13 13 102 13 -13 13 -13 13 -13 13 -64 12 13 -1.3 13 -13 13 -13
B2 13 12 64 -13 13 -13 13 -13 13 102 13 -13 13 -13 13 -13 -13 64 12 13 -13 13 -1.3 13
B3 -13 13 12 -4 -13 13 -13 13 -13 13 102 13 -13 13 -13 13 13 -13 -64 12 13 -13 13 -13
B4 13 -13 13 12 64 -13 13 -13 13 -13 13 102 13 -13 13 -13 -13 13 -13 -64 12 13 -1.3 13
B5 -13 13 -13 13 12 64 -13 13 -13 13 -13 13 102 13 -13 13 13 -13 13 -1.3 64 12 13 -13
B6 13 -13 13 -13 13 12 64 -13 13 -13 13 -13 13 102 13 -13 -13 13 -13 13 -1.3 64 12 13
B7 -13 13 -13 13 -13 13 12 64 -13 13 -13 13 -13 13 102 13 13 -13 13 -13 13 -13 -64 12
B8 64 -13 13 -13 13 -13 13 12 13 -13 13 -13 13 -13 13 102 12 13 -1.3 13 -1.3 13 -1.3 -6.4
ciT 64 12 13 -13 13 -13 13 -13 64 -13 13 -13 13 -13 13 12 102 13 -13 13 -13 13 -13 13
c2 -13 64 12 13 -13 13 -13 13 12 64 -13 13 -13 13 -13 13 13 102 13 -13 13 -13 13 -13
c3 13 -13 64 12 13 -13 13 -13 13 12 64 -13 13 -13 13 -13 -13 13 102 13 -13 13 -13 13
c4 -13 13 -13 64 12 13 -13 13 -13 13 12 64 -13 13 -13 13 13 -13 13 102 13 -13 13 -13
¢ 13 -13 13 -13 64 12 13 -13 13 -13 13 12 64 -13 13 -13 -13 13 -13 13 102 13 -13 13
c6 -13 13 -13 13 -13 64 12 13 -13 13 -13 13 12 64 -13 13 13 -13 13 -13 13 102 13 -13
c7 13 -13 13 -13 13 -13 64 12 13 -13 13 -13 13 12 64 -13 -13 13 -13 13 -13 13 102 13
c8 12 13 -13 13 -13 13 -13 64 -13 13 -13 13 -13 13 12 64 13 -13 13 -13 13 -13 13 102

Table3-5: Inductance|{H) matrix ofanalyticalresultin sectored winding construction
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3.6 Conclusion

This chapter presents mathematical models of arbitrary multi-givage PMSM.n
Section 3.1,the nductancematrix of arbitrary multi-phase PMSMis analyzed by
calculating thelux linkage produced by every single coil of the stator windiSgction

3.2 derives the mathematical matrix torque equations of arbitrary multi-gheese
machines with detailed analysis on the relationship between phase current and phase
voltageby using the muitthreephase inductance matrix. Section 3.3 describe®thee
equationof multi threephase machineith voltage and current space vect@sction 3.4

shows an overview of different machines used in this thesis.

The simulation results of machine unalances from FEA (Finite Element Analysis) model

in Maxwell and analytical models in Section 3.1 are gnawSection 3.5It shows that

the analytical results matches with the FEA resgéreerally.Besides, the distributed
winding construction and seceadl winding construction have different mutual coupling
effects. The distributed winding construction has balanced mutual coupling effect in each
threephase subsystem, while the sectored winding construction has weaker mutual
coupling effect with other fasystems. The numerical, FEA and experimental results will

be presented in Chapter 5 and Chapter 6 to validate the analytical torque equations in

Section 3.2 and 3.3.
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Chapter 4 Analysis of PWM related torque ripple

reduction methoth multi threephase drives

4.1 Modelling of multi threephase PWM voltage

converters

For doubleedge naturally sampled pulse width modulation, the harmonic components of
the PWM voltage waveform of each converter leg, and the resulting phase voltage, can be
evaluated by using the dbleFourierintegration[84]. The voltage difference between the
terminalsA ,A A, A ,A ,A and the middle point of the DC linklin Figure3-5) is

referred to a® . Its timevarying expressiod 0 can be represented (4-1):

o} 0 TuAIdLDo |

(4-1)
B B 6 Al dw o two |
With:
o) —0 a-0 OEBL ¢ -, (4-2)
wo 10 —, (4-3)
wo 1 0 — (4-4)

where'™®  ¢fohod andn v pfs) .| is the space phase shifingle between thg
threephase system and the stator reference frame (resulting from the machine current
control of the multiphase machin®). is the DC link supply voltage of eagtdependent

converter moduled is the modulation index0(N T1ip ). & and¢ are the carrier and
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modulating signal index respectivety. 0 is thetime-varying angle of the carrier signal

in then threephase systerfrad]. w 0 is time-varying angle of the fundamental phase
voltage (modulating signal) of tHast threephase system [rad) is theamplitude of
the harmonic component. is the frequency of the carrier signal in rad/i€is the
frequency of the carrier signal in Hg) is the frequency of the modulating signal in rad/s
('Qis the frequency of the modulating signal in Hz}, is the phase angle of the carrier
signal of the] threephase system—is the phase angle of the modulating signal of the
first threephase systenfccording to(4-1) (4-2) (4-3) and(4-4), settingw =60V, D

), "Q= 50 Hz,"Q=2 kHz, the timevarying phasdeg voltage waveformand its FFT

spectrum arshown inFigure4-1.
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Figure4-1: Phase leg voltage a) time varying phasevidtage b) the corresponding FFT

spectrum of the phase leg voltagaveform
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According to(4-1), the phasdeg voltage of th& , A~ pfed) threephase subsystem

0 ,6 ando arerepresented as:

0 0 TUAI(ﬁ)o |

(45
B B 0 Aldov o t¢wo | |
6 o ZoAido 2
¢ (4-6)
B B o Al o t¢wo - :
6 o LoAido ¢ |
N (4-7)
B B O AT dn o &£¢wo -“ ,
with:
wo 1 0 —, (4-8)

wherew 0 istime-varying angle of the fundamentatiase Avoltage(modulating signal)

of the first thregphase system [rad]

Accor di ngfornda: Eul er 0

AT 0 —, (4-9)

Substituting(4-9) into (4-5), (4-6) and(4-7):

w .,
0 0 TU Q Q
(4-10)
-B B 0 Q Q ,
W
o} 0 Ti) Q B Q B (4-11)
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W , _ _
(0] 0] T L Q Q
(4-12
-B B 0 Q - Q -

The phase voltage thevoltage drop betweetheterminalsA ,A ,A, A ,A ,A and
theterminakl , & ,andarenamedas ,0 ,0 , & ,,0 ,0 respectively.

The phase voltage space vector of the, NN pM) threephase sudystem is
represented in(3-33). The voltage difference betweén andU, is referred to as the
common mode voltagé . Since each threghase system is star connected, according to
Kirchhoffds | aw, agelwd notgemerate any zem deguence® durrent.
Therefore, the common mode voltage will not lead to torque ripple, and its effects are not
considered in this thesi®emovingall the common mode voltage components from the
phase leg voltagem (4-10), (4-11) and (4-12), ther voltage space vectaran be

obtained ly substituting(4-10), (4-11) and(4-12) into (3-33), which can represented as:

(4-13

simplified as:
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: - ‘ (4-14)
B B Q e ou p

Q ke oa p
wheredis an integer number. The voltage space vedbtod contains the fundamental

component—0 Q and the harmonic components which are caused by the PWM.

The harmonic components include both positive sequence components:
B B 0 Q
and negative sequence components:

B B 0 Q

ConsideringanN threephase PMSM with arbitrary phase shifts referring to thereace
frame, itseffective twapole stato winding construction is showin Figure4-2. The total
voltage space vector fed by modular thpdase converters to control tNemulti three
phase®PMSM arerepresenteth (3-34). The total voltage space vector with all harmonic

contributions can be obtained hybstituting(3-34) into (4-14):

® o —07Q
: - (4-15)
5 B B B Q e oo
Q ke oa p

The voltage space vectar 0 contains the fundamental componentd ‘Q  and

the harmonic components which are caused by the PWM. The harmonic components

include both positive sequencemponents:
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Figure4-2: Effective twopoleN threephase winding construction

According to(4-15), the total harmonic voltage space vector can be eliminatagdying
different values of carrier phase angle—) into different threephase subsystems. For

example, for aN threephase PMSM without any space phase shifts among different

subsystemg m forf v pheE) ). Whenew 1 0 , all of the harmonics

are cancelled out excepiegroups of the harmonics arouadd . The total voltage space

vector @ ) FFT spectra with @plying to each thre@hase subsystem are

shown inFigure4-3, Figure4-4 andFigure4-5. Figure4-3, Figure4-4 andFigure4-5 show

that the PWM voltage harmonic components can be effectively eliminated by applying the
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proposed CPFWM. There is more degreef freedom to eliminatiée voltage harmonic
components with increasing number ofulti threephase subsystemdN) As the
fundamental voltagef a N threephase drive is a constant despite the valudl,ahe
voltage components without CHSVM are always the same as the voltage components of
N=1. All the voltage harmonic groups less ti@riQare eliminated wheh=10 gplying

the proposed CRBWM. In addition, comparingrigure 4-3, Figure4-4 andFigure 4-5,

the fundamental voltage are proportional to the modulation index M due to the term
—0Q in (4-15). The amplitude of each PWM harmonic component changes under

different modulation indeM). The modulation index is one of the main factor affecting

the amplitudes of the harmonics.

Fundamental voltage components p.u.
(all equal to 0.45 )

0.154

plitude

. 7
. ) 45 6
Frequency 10f, 1 "% N %

‘Without the proposed

CPS-PWM method With the proposed

CPS-PWM method

Figure4-3: Total wltagespace vector FFT spectra without and veigiplying CPSPWM

underM=0.9
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Fundamental voltage components p.u.
(all equal to 0.25 )

Amplitude

Without the proposed .
With the proposed
CPS-PWM method CPS-PWM method

Figure4-4: Total voltage space vector FFT spectra without aitldl applying CPSPWM

under M=05

Fundamental voltage components p.u.
(all equal to 0.05 )

Amplitude

) ) > ?
F . mf, T /
requency . L% ] %

Without the proposed .
With the proposed
CPS-PWM method CPS-PWM method

Figure4-5: Total voltage space vector FFT spectra without and with applyingFORE
under M=0.1
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4.2 Analytical PWM related torque equations in multi

threephase drives

The man torque ripple caused by the PWM is due to the interaction of the high order
winding field harmonics with the fundamental component of the permanent magnet field.
The torque ripple caused by the interaction of the high order harmoijc&'(3.1", 13"¢ )

of backEMF is neglected in this analysis. Thus, only the fundamental component of the
total backEMF space vecto® 0 is considered while modelling the total phase
current space vectar 0. The relationship betwegrhasevoltages andphasecurrents

is shown in(3-18). Since the three phases in eactosystem arstarconnected, the sum

of threephasecurrents is zero in any subsystéading to the following constraint:
M Q 1 (4-16)

where fo) ¥ pf&d) . According to(3-18), (4-15) and (4-16), the total current space

vectorp 0 can be represented as:

) o M

: - ‘ (4-17)

——8 B 8 2 e od p

Q ke od p

with:

m — —00Q 0 0, (4-18)
wWo ] 0o —, (4-19)
T I (4-20)

65



wherg is the frequency of the harmonic component witbarrier signal index ana
modulating signal indexd is the impedance of the harmonic component at
frequency Y Is the impedance of the ridamental component, ard is the

phase angle of the fundamental component of phase cuftéetfost threephase system.

Under the assumption of considering for only the fundamental component of the total back

EMF space vectd® | 0, the instataneouslectromagnetitorquecan be represented
by:

Y og 0O —bP 0@ [o. (4-22)
It results from(4-21) that the average torque is produced by controlling the fundamental
componentOof the total current space vecmr 0, whereas the main torque ripple
caused by the PWM is generated hg harmonic components in the total current space
vectore 0 . Therefore, the minimization of the harmonic componaftshe total
current space vectar 0 corresponds to the minimization of the related torque ripple.
As it is expressed i¥-17), there ara) degrees of freedom to change the carrier phase
angle—; of each sub thregphase system. Thus, different optimizzdrier phase angie
—, can be found for multi threghase drives with different values of thrpbase systems

0 and related phase shift angles

Asacase study, an 18 slots and 6 polgddrthreephasePMSM is shown inFigure4-6.

The machine hakiree sectors, sector 1, sector 2 and sector 3 respectively. Each sector has
three phases (phage phaseB, phaseC) with an independent floating mgral point
Therefore, the threphase baclEMFs generated in each sectoe supposed to have no

electrical degrephaseshift with respect to other sectors
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Figure4-6: Cross section of the 18 slat$ poles 3 sectored PM machii®?2]

For the mathematical model of the total current space vectoro shown in(4-17), the
number of thregphase systems is 3( o) and the equivalent space phase shift angle is

0 for all of the three sectors (T AN phcho ).

The effect of the carrier phase angle of jhethreephase system+ (0 0 71 O

—, ) is analyzed througthe voltageand current tolaspace vector equatioins(4-15) and

(4-17). It is found that wlen the carrier phase shift angles ax¢ 1, —7 — and

— ~ — for sector 1, sector 2 and sector 3 respectively, all of the harmonic components

of the current space vector are cancelled out exbemgroups of harmonics around the
frequency ofod "Q (& N phch8 hb ). According to (4-21), the correspondindgFT
spectrum of the normalized torque without and with applying the proposed carrier phase

shift angles under different modulation indéx)(is shown inFigure4-7. In Figure4-7,
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Figure4-7: FFT spectrum of the normalized torque a) without applying carrier phase shift

method b) with applying the proposed carrier phase shift m¢1Oajl

68



the xaxis refers to the frequency diet groups of harmonic componentsadf(a N

phcMB AHb ; "Qis the carrier frequency), and theayis refer to the modulation indéx.

As it is shown in(4-2) and (4-17), the amplitude of each PWM harmonic component
changes under different moduation indéX). The modulation index is one of the main
factor affecting the amplitudes of the harmonigs.it is shown in(4-2), themodulation

index0 affects the amplitudes of the PWM harmonic components with the term of the
Bessel function® & -0 (4FE N phcho8 ). The Bessel functiong , for &

TipFB fp are shown in Figure 4-8, which shows that) , tends to decease with the

increase of .

03\

o
0.6 /‘-S( Jy J; Jy Js| J
0.4 \X—& WA I
NVIV.0.9.0 0
REURRAN
0 \\\J&x§§
-0.4
-0.6

01 23 456 78 910
g

Figure4-8: Bessel functions , foré rdpF8 hp[84]
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4.3 Selective torque harmonic elimination method on dual

threephase drives

This Section presents a model of dual thrpbase drives with arbitrary phase
displacements. Torque ripple harmonic components can be selectively eliminated by
applying a proper carrier phase shift between the two -fitnase subsystems of a dual
threephase driveThis sectionpresents how the PWM related torque ripple harmonic
components can be eliminated by applying Carrier Phase Shift Pulse Width Modulation
(CPSPWM) in a dual thregohase system with arbitrary phase angle displacement. The
displacement phase andbetween the two sets of the thuglease stator windings (in

el ectrical radi a n44])[43]i [49] [64¢ mherefard, WwoyduaDthree r "/ 6
phase Permané Magnet Synchronous MachinBMSM) with phase displacement of O

and “~/ 6, consi der i oogsidered withuheir resgestiee CPE8M.di e s |,

4.3.1  Dual threephase drive system

Figure4-9 shows a dual threghase drive system fed by two independent modular-three
phase converters. The voltage differences between terndinals, A, A, A , A and
terminalsl ,| are considered as phase voltages, which are represenied by , 06 |,

0 ,0 ,0 respectively. Similarly, the phase currents are represent€d,f , "Q, Q,
‘Q,"Q, and the backEMFs generated on each phase by the rotor flasnfpnent magnets)
can be defined @@ ,Q ,Q ,Q ,Q ,Q respectively. In the considered dual three

phase drive system it is possible to introduce a total voltage space @ectorcurrent
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space vectop  and the baclEMF space vecto® by means of the transformation

(4-22):

Mo M oQ QoQ "

(4-22)

where'Q¥ 0@ ; '@ and'® are the voltage (current, baB#MF) space vectors of the

first and the second thrgdhase subystems respectively.

Dual modular converters Dual three-phase PMSM
Ve [

2 ;7 a

z] a

ARY

2

Vae | 4 4

If Z a» b2

Ee T oakk

2

Figure4-9: Dual threephase drive system

The main PWM related torque ripple is causedthy interaction of the fundamental
component of the rotor field with the high frequency harmonic components of the stator
field. The torque ripple caused by the interaction of the high order rotor field harmonics
such as 8, 7", 11" 13"¢ ar e n m this @amlysss.dThus, only the fundamental
component of the total badkMF space vecto®  is considered. Therefore, the main
electromagnetic torque ripple caused thg PWM current distortior’Y can be

represented bf4-23):
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(4-23)

wherep includes all thePWM related harmonic componerdkthe total current
space vectop , as® the PWM related harmonic components of theltota
voltage space vect@ . The main torque ripple caused by the PWM is generated by the
voltagespace vecto® . Thus,the elimination of the harmonic components in the
voltage space vectab is relaed to the elimination of the corresponding

harmonics in the torque ripple.

4.3.2 Analysis of PWM Related Torque Ripple

ReductionMethod

As it hasbeen mentioneih Section 4.3.1, the PWM torque ripple dae reducedy
eliminating the corresponding PWM harmonic components of the total voltage space
vector. Thereforefor the sake of simplicitythe focus of the analysis for tharque ripple

reduction is on the PWM voltage space vectors rather than on the torque.

The phase leg voltages are the voltage differences between the tednidalA , A | A |

A andthe middle point of the DC linkz(in Figure 4-9). Considering a doubledge
naturally sampled PWM, the complete PWM harmonic content of the phase leg wltage
solvedby usingthe doubld=ourierintegration metho{B4] [89]. Thus, the PWM harmonic

voltage space vectors of the fitlsteephasesubsystent j and the second thrg@hase
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subsystem with respect to the first thpese subsyster (®p, 'Q ) can be

represented bf4-24) and(4-25) respectively:

@y -0
S - (4-24)
B B Q hv s o~Q ,
Q he oQ p
®@ R -0
~ 7 (4-25)
B B « h ¢ cQp
Q he oQp
with:
o) —0 a-0 OEb & -, (4-26)

whereQis an ntegernumber. In(4-25),| contributes to the phase of the space vector

®y  with two terms:

1 the termQ introduced by the control algorithm of the dual thptease
machine, which aims to maximize the performance of the drive according to the
desired Field Oriented Control (FOC) strategy;

1 the termQ which results from the definition of the total spacetgeaccording to

the transformatioi-22).
Comparing(4-24) ard (4-25), the amplitudes of the harmonic components are the aame
the frequency af  with any value ofx and¢ (the amplitudes of the PWM harmonics
are-0 in both (4-24) and(4-25)). As it is shown in(4-22), the total PWM harmonic
voltage space vect@ is the sum of® j; and®y . Therdore, in order to

cancel out the PWM harmonic component at the frequency ofof the total voltage
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space vectod | , anappopriate carrier phase anglesin (4-24) and— in (4-25)
can be chosen. In particular, the harmonic components (at the frequency)on (4-24)
arnd (4-25) are eliminated if a phase shift ®fis applied, which means that the harmonic
contributions of the two converters@m (at the frequency of ) needs to beut

of phase.

The PWM harmonic phase angles of the two tiplease subsystem voltage space vectors
(@ T and® g 1 ) are shown imable4-1. Considering théow-pass filter effect

of the relationship between the total voltage space vector and the total current space vector,
and aware of the similarity of the transfer function related to the mechanical load, the lower
order harmonics are more harmful in el@etk machine systems. It results that the lower
order PWM harmonic components in voltage space vectors are of first importance in the
selective ripple elimination methodology. Thus, the maximharmonic frequency in
Table 4-1 is consideredaround@ (&  @). Due to the attenuation of higher order
sidebands, 8 sidebandg#&aken into account ifable4-1(¢ ) [84]. According ta(4-24)

and (4-25), the initial phase angles of all the existing PWM harmonic components with
G @and¢ P are listed inTable 4-1. In order to eliminate specific harmonic
components o (i.e., imposing®d p and ® j out of phase), the carrier
phase shift{— — ) remains a possible degree of freedionthe control of the drive,
which can be exploited in order to optimize the performance of the two-pghese

subsystems operation.

The two cases of winding layouts with TTand| — are taken into consideration for

the following analyses, as signiict examples. The corresponding phase angle differences
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between the PWM harmonic of the voltage space vector of the twepghase subsystems

with and without applying the proposdtetCPSPWM are shown imable4-2 for both
| Ttand| —. As it is shown inTable 4-2, for| 1, all the harmonic components
around ,d ,U in the two thregphase subsystenae out of phasén), while a
carrier shiftA (— — A ) is applied to the dual thrgghase systentn lieu, for adual

threephasewinding with| -, applying the carrier shitand -(— — -and

—_ — -) lead to different sets of harmonic components out of pagse the two

subsystms which are listed ifiable4-2 respectively. Tie corresponding FF3pectraof
the real partof the total voltage space vectors with the modulation index & are

shown inFigure4-10.

Controlling the dual threphase machine with differert  — shift angles results in

the elimination of different PWM harmonic cponents. As displayed ihable4-1, it is
possible to command an appropriate value-of — to eliminate specific undesired
PWM harmonic components in the total voltage space vector, the total current space vector,

and the torque ripple.
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PWM Harmonic Phasegles under Different Frequenci@sfferent values of m and n)

The Sub
Three Harmonics Around (& p)
Sp;sis;n q T q T K T T
€ 9 € 9 € 1) € 1) E v € v
i — — — - — 1= — U= — U=
2 — d ¢— — d ¢— — 4 1T— — d T— — o Y= — o Y-
Harmonics Around] (& )
g g 1 q Ul q Ul q X q X
€ P R € v € ) E X € X
1% ¢— — ¢— — ¢— Uu— ¢— U— ¢— X— ¢— X—
2 — — — — ¢— @ vV— ¢— @ V= ¢— @ X— G¢— @ Xx—
Harmonics Arounds (& o)
a d a q a T a T a g a
€ 9 € 9 € 1) € 1) ) € v
13t o— C— o— C— o— T1— o— T1— o— Y— o— Y—
2nd c— d ¢(— o— a0d ¢(— o0o— d T1— o— d 1T— o0o— W Y— o— o yY—
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Harmonics Around] (& 1)

LU LU T Ul Tl Ul Tl X Tl X

E p) (CREY) E v E ) E X € X
1 T— — T— — T— Uu— T— U— T— X— T— X—
2nd T— — T— — T— ¢ uvV— 1T— @ uvV— T— @ X— TIT— @ X—

Ul d Ul d U T U Tl Ul ¢ Ul B
€ 9 € <) e 1) € 1) GO € v
1t v— C— v— C— v— T— v— T— v— Y- v— Y-
2n vVU— d ¢— uvV— d ¢— u— d T— Uu— d T— UL— W Y— Uv— o Y—

Harmonics Aroundg (& @)

@ 1 @ 1 @ v @ v @ X @ X
€ p) () ¢ v ¢ v € X ()
15t — — — — ¢— Uv— ¢— U— —  X— — X—
2n — — — — — @ LV— ¢— @ vV— ¢— @ X— = @ x—

Table4-1: PWM harmonic phasengles (In Radian) of thevo threephasesubsystem voltage spacesgtors (@ m and

@ M)
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PWM Harmonic Phase Angles under Different Frequer(di#f&rent values of m and n)

Harmonics Around (& p)

] q | q ] T Tl 1 g 1 g
& ¢ (& Q) € 1) T) € v (& )
——= 0 0 0 0 0 0
=0
_- —_——,— = 0 13 0 13 13 0
—_——,— = “ 0 “ 0 0 “
Harmonics Around] (& ¢)
d 1 d 1 q Ul Ul d X q X
€ p (& P) € v L) € X € X
——= 0 0 0 0 0 0
=0
——= 0 0 0 0 0 0
——= 0 0
— - = w“ “ O 0 0 0
—_—= 0 0 0 0

78



Harmonics Arounds (& o)
a q g q a T a T g ¢ g Ll
€ <) € 9 € 1) (€ GO CRE)
——= 0 0 0 0 0
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—-—= “ 0 “ “ 0
Harmonics Around] (@ 1)
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4.4 Simulation results
4.4.1  Analytical,numerical and FEA resultd the multi

threephase drive
A. Distributed dual three-phase drive

Analytical, rumerical simulations have been obtaifesed on a distributed dutree
phase machine drive with the converted amachine paratermeters shownTiable 4-3.
Analytical results are obtained using the tiw@ying equationg4-17) and (4-21) in
MATLAB, which is shown in Appendix B. The numerical results are obtained by using
variablestep sinulations in PLECS The numerical results are obtained at fidiad
condition.The machie is operated at rated powdrl6O0KVN and rated speed of 200(@n.
The numericalesultsare used to validate the analytical model describe(#dy’) and

(4-21).

Figure 4-11, Figure 4-12 and Figure 4-13 show the phase voltage, phase current and
electromagnetic torque waveforms and their corresponding FFT spectra of the dual three
phase machine in both analytical and numerical results. Accaiarigure4-11, Figure

4-12 andFigure4-13, the analytical resudtmatch with numerical results in general. The
phase voltage wavefms ofFigure4-11a andFigure4-11b are slighty different, as the
numerical result is obtained with infinite number of carrier signal index m and infinite
number of modulating signal index n. However, the analytical result is obtained with
limited number of carrier signal index m (m=10) and limited banof modulatingignal

index n (n=10) in MATLAB This means that the higher order phase voltage harmonic
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components are not considered in the analytical results. The lower order phase voltage
harmonic components in the analytical result match with haiommymponents in the
numerical result, which is shown kigure4-11c andFigure4-11d. There is no obvious
difference betweekigure4-12a (Figure4-13a) andFigure4-12b (Figure4-13b), as the

phase currents (electromagnetic tofgare generated by phase voltages through low pass
filters, mentimed in Section 3.2,2vhich indicates that the higher order phase voltage

harmonic components have less effect on the phase currents and electromagnetic torque.

Parameter Value

DC link voltage 6 ) 500 [V]
Switching frequencyQ 20 [kHz]
Modulating frequency’Q) 1 [kHZz]
Rated power 160 [KW]
Rated current 280 [A]
Pole pair number 3

Phase resistancer) 11.47 [n¥Y ]
mechanical speed () 200@ [rpm]
stator phase inductance 25 [uH]
backEMF coefficient(v ) 0.12(phase peak badkMF

is 248V at 1000Hz)

Table4-3: Converter and machine parameters
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Figure4-11. a) & b) Phase voltage waveform a) analytical result b) numerical result ¢) &

d) Phase voltage spectra c) analytical result d) numerical result
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Figure4-13. a) & b) Electromagnetic torque waveform a) analytical result b) numerical

result c) & d) Electromagnetic torque spectra c) analytical result d) numerical result
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B. Sectored triple threephase drive

Analytical, rumerical and FEA simulatis have been caed based on a sectored triple
threephag machine drive with the converter and macipaeametershown inTable4-4.

The crossecton of the triple thregphase PM machine is shownkigure4-6. Analytical

results are dined using the timearying equationg4-17) and (4-21) in MATLAB,

which is shown in Appendix (T'he numerical results are obtained by usingalde-step
simulations in PLECS, which is shawn Appendix D The operating condition concerning

the nunerical results is no load condition. There is no external load on the machine and the
machine operating power is to overcome the mechanical (friction) power loss and the
electromagnetic power loss of the machine itseEAFResults are finally realized by
Magnet with the tripleltreephase machine moddFigure 4-14) excited by the currents
resulting from the PLECS simulation. The numerical and FEA results are usditlabeva

the analytical model described k4+17) and (4-21), and quantify the phascurrent and

torgue ripple with and without CPBWM. The proposed carrier phase angles usehisn

case are, T,—; —and—;  —for sector 1, sector 2 and sector 3 respectively.

87



Figure4-14. Sectored triple threphase PM machine model in Magnet

Parameter Value

DC voltage 6 ) 60 [V]

Switching frequency'Q 2 [kHz]
Modulating frequency’Q) 50 [Hz]

Pole pair number 3

Power rating of the machine 1.5 [KW]

Rated torque of the machine 5 [Nm]

Rated current of the machine 11.5 [Apk]
Rated voltage of the machine 28.5 [VpkK]
Phase resistancer) 0.08 [ VY]

Stator inductance matrix)
Mechanical speed ( )

BackEMF coefficient 0 )

0=0.31;0 =0.087;0 =0.03;0 =0.029 [mH]
104.72 [rad/s] (1000rpm)
0.085 (phase peak ba&kVIF is 8.9V at 50Hz)

Table4-4: Converter and Machine Parametgi@2]
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Figure4-15 shows the block diagram for the control of the Aim@ase machine fed by its

three independent PWkbnverters. The CRBWM method is applied to the three three

phase systems with carrier phase shift angles—;, , and—; respectively. The machine

in the PLECS simulations (numerical results) is controlled in speed, by a simple

proportionalintegral (Pl)controller which provides theame current reference (iq)iaput

to the internal current PI regulator of each thpbase system.

lq

ok

Ly

—_—|

Figure4-15: Block diagram of simulation modf102]

- +@,
X
U,
a0, rwn] N
abc M:]: (Ql) =\|Ci
A6,
uZ?: A2 B
dq uz, | PWM | | NV RS PMSM
J (0., | [=\LC2
Trwm| NS
| 0. [=\[C

Figure4-16 shows the comparison of the analytical and numerical models inaéphase

current (phasé is considered)Figure4-16a andFigure4-16¢c show the analytical and

numerical results without applying CEESVM method.Figure 4-16b andFigure 4-16d

show the same while applying the GP®/M method Figure4-16d shows that there is

slightly difference between the analytical and numerical results at the groups of harmonics

around 2 kHz, 4 kHz, 8 kHz, 10 kHz, 14 kHz andkHz. The reason is that tla@alytical
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Figure4-16 a) & b) Analytical and numerical results of phase Al current waveform a)
without CPSPWM b) with CPSPWM c) & d) Analytical and numerical results of glea

Al current FFT spectrum c) without CPSVM d) with CPSPWM [102].
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model is basedn asimplification of the system considering the equations in electrical
degrees for phade ," and# (nM phcho ) independent from the sector where they
are placed. In this machine, due to the sectored stator winding structure, applying CPS
PWM in numerical model will lead to small harmonic phase current difference among

phased ," and# in eachsector, which is explained in Chapter 5

Figure4-17 shows the comparison of analytical, numerical and FEA models in terms of
the machine electromagnetic torqué@gure 4-17(a-d) show thatthe analyticalresults
match with the numerical results for both without and with applying-E®R®/. Figure
4-17(a-b) show that th&EA results match with the analytical and numenieallts with a
good approximation considering for the analyzed ripipigure4-17(c-d) show that there

are low order harmonics'(ét 300K 12" at 800Hz) in FEA results, which are not shown

in analytical and numerical results. One reason is that only fundamental component of
backEMF is considered in analytical and numerical models, wihéshbeen mentioned in

Section 4.2 In the FEA machine model, ghinteraction between the fundamental
component of winding field and thé"57", 11", 13" per manent magnet h
resultsinthe®, 12¢ har moni cs of the torque ripple. T
model in Magnet is a 6 poles, 18 sIBf¥ISM, and the interaction between the permanent

magnet rotor and stator slots generdie "¢ har moni cs in the torqu
cogging effect. In additiorfigure4-17 (c-d) showthat the FEA result presents slightly

higher amplitudesompared with analytical and numerical results, this is dumeaichine

parameter uncertainties in the model, for example the changes of them with working

operation de to saturations and ndinear effects.
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Figure4-17. a) & b) Analytical, numerical and FE#&sultsof torquewaveform a) without
CPSPWM b) with CPSPWM c) & d) Analytical,numericaland FEAresultsof torque
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Comparing the torque waveform wiaind without CP$'WM, Figure4-17 (a-b) show that
the peakto-peak torque are reduced by 7%,58.5% and 63.8% with applying CHFSVM
in analytical, numerical and FEA results respectivéligure 4-17s (c-d) show that the
harmonic components diie torque FFT spectrum aroundkiz, 4 kHz, 8 kHz, 10 kHz,
14 kHz and 16kHz obtained byapplying CPSPWM are effectively cancelled ourh

analytical,numerical and FEA results
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4.4.2 Selective torque haromic elimination method

validation by numerical results

In order to validate the effect of applying different carrier phase shift angles to the dual

threephase driveso eliminate the selectivierque harmonics simulation models of the

PM machine with two different stator windingpnfigurations |(  T1Tand| -) are

established in PLECS. The machine stator winding gardition is changed by the external

connection box shown iRigure4-26. The stator winding layoubf the dual threephase

PMSMis shown in Appendix EThe connection circlgiof | tand —are shown in

Figure 4-18a and Figure 4-18b respectively.The machine parameters under the two

different winding configuration§  1and -) are shown ifmmable4-5.

| 1% subsystem 2" subsystem
W1 W1' W2 Wa2' Ws Ws'  We We' .
a): _m [ YYY 1 _M_ i
Mf W({lvw\ﬁvél' Wz W7'  Wsg Ws'
1* subsystem 2" subsystem
W1 Wi Wz W3 W2 W2'  Wa W4
) W5 Ws Wz W7 Ws We' W3 Ws

Figure4-18: Connection circuits of dual thrgghase PM machines
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Parameter

Value

Rated power (=0 and =-)
Rated current (=0 and =-)
Rated voltage (=0 and =-)
Rated speed €0 and =-)
Pole pair number (=0 and =-)
Phase resistance£0 and =-)

Back-EMF coefficientv (| =0)

BackEMF coefficientd (| =-)

Stator inductance matrik( =0)

Stator inductance matrik (=

18 [kw]

71 [ApK]
312 [VpK]
3000 [rpm]
4

8.5 [mY]

0.2506 (phase peak baBMF is
9.84V at 25Hz)

0.1846 (phase peak baBMF is
7.25V at 25Hz)

0 =0.248; 0 = -0.099; 0 = -
0.099:0 =0.032;0 =0.032 [mH]
0 =0.166; O = -0.066; O =
0.066;0 =-0.066;0 =0 [mH]

Table4-5: Parameters of the twoanhines

Y VYY

uql aly,
dq u, [PWM
u, =0| /abc AN (0,
s Agﬁl *
u U
42 a2y |
— > ERE
dq U, |PWM
U, =0| /abe| u, | (6,)

YYY

Al
N PMSM \

— C1

A2

Qv B2
—_ ;CZ gm’wy

Figure4-19: Block diagram of simulation model/experimentalgpt
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The simulation model in PLECS is a voltage open loop control used for validating the
proposed control technique without interfering with the use of current Pl reg ilattdch

might affect the voltage and current waveforms. The corresponding controldidgrikm

is shownFigure4-19. The carrier phase shdhgles— and— areapplied to the first and

the second threphase systems respectiveélyne switching frequency of each converter is

(=1 kHz. The machine speed of the two winding configurations ftand -) is fixed

to 375 rpm (i.e., a fundamental frequern@y 25 Hz) by keeping the product of the DC
link voltage and the modulation inde® ( and 0 ) as a constant. The simulated condition

is a low load operation of the motor at 6Nm output torque.

As it is expressed ir{4-26), the modulation indexi() affects the amplitudes of PWM
harmonic components, which means the improvement of torque performance with CPS
PWM varies vith the modulation indextigure4-20 shows the peak to peak torqugple

reduction obtained with the proposed GP&M under different modulation indexe$

both winding configuration§  1tand| -). The peako peak torque ripple with the

proposed CPPWM (— —  A)isreduced by 67% under the modulation index M=1
for winding configuration 1 (). The peak to peak torque ripple applying the proposed

CPSPWM (— — -) is reduced by 65% under the nutation index M=0.6.

Figure 4-21 shows the torque waveforms and their corresponding FFT spectra with
winding configuration  1mand modulation index M=0.8. Comparifigure4-21c and
Figure 4-21d, the torque harmonic groups around 1 kHz, %,KblkHz are effectively
cancelled out usg the CPSPWM. Comparing-igure4-21a andrigure4-21b, thepeak to

peak torqueipple is reduced by 49% applying GIPSVM.
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Conf.1 (¢=0) with carrier phase shift =
80% r
* [ —a— Conf2 (0=pi/6) with carrier phase shift w/2
= =0 = - Conf.2 (a=pi/6) with carrier phase shift -n/2

60% |

40% |

20% F

Peak-to-peak torque ripple reduction

0% —_—
01 02 03 04 05 06 07 08 09 1
M

Figure4-20: Peak to peak torque ripple reduction with applying the proposedRrV¥3

under different modulation index of winding configuratipns mtand|  -.

Figure4-22 shows the torque waveforms and their corresponding FFT spectra for the same
simulation of with winding configuration - and modulation index M=0.3. Comjoag
Figure4-22d andFigure4-22e, the harmonic components at 0.925 kHz, 2 kH¥/S®8kHz,
and 4.925 kHz are effectively eliminated applying the &M (— — -).

Comparingrigure4-22d andFigure4-22f, the harmonic components at 1.075 kHz, 2 kHz,
2.925 kHz, and 5.075 kHz are effectively eliminated applying thePR# (— —

-). ComparingFigure 4-22a, Figure 4-22b andFigure 4-22c, the peak to peak torque

ripple is reduced by 36 applying the CP$WM (— — -).
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Figure4-21: a) & b) Simulation results of torque waveforms of winding configuration
ma) without PSPWM, — — 1 b) with CPSPWM, — — A C) & d)
Simulation results of torque FFT spectrums of winding configurationttc) without

CPSPWM,— —  md)with CPSPWM,— — A
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Figure4-22: a) & b) & c) Simulation results of torque waveforms of winding

configuration - a) without CPSPWM,— —  1tb) with CPSPWM, —
— —c)with CPSPWM,— — —-d) & e) & f) Simulation results of torque
FFT spectrums of winding configuration - d) without CPSPWM,— —  Ti€)
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4.5 Experimental results
45.1 Experimental ofresults of the triple threphase

drive

In order to validate the analytical model and the simulatsaltsfor the sectored triple
threephase driveexperimental tests have been carried out by means iftifierm shown

in Figure4-23. The parameters and tbentrol algorithm used in the experimental platform
is the one explained in Section 4.4'he operating condition concerning the experimental
results (same as the numerical regu# no load condition. There is no external load and
the machine operatingower is to overcome the mechanical (friction) power loss and the
electromagnetic power loss of the machine itsdie &xpeimental setup consists of triple
threephase inverterwith standard IGBT modules, a sectored triple thpbase PMSM
with its cress section shown ifigure 4-6, and a centralized controller (uCu©3]).

Optical fiber is used to communicate between the power module gate drives and the uCube.

Only the fundamer component of the badkMF while calculatingthe equivéent
electromagnetic torque nbugh phase currens considered The main torque ripple

analyzed in this case is due to the interaction of the high order winding field harmonics

with the fundamental component of the permanent magnet fieldofdweripple caused

by the interaction of the high order harmonic$,(8", 11", 13"¢) i s negl ect ed.
FEA model, the bacEMF with the fundamental component and all its harmonic
components are considered to obtain the electromagnetic torque. hatyigcal and the

numerical models, only the fundamental component of the-BMik is considered to

obtain the electromagnetic
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Figure4-23: Triple threephase machine drive system experimentalpgi02].

torque. Therefore, the effect of considering only the fundamental component can be seen
by comparing the analytical results (numerical results) with the FEA re&sliisis shown

in Figure4-17, the FEA resus match with the analytical results (numerical results) with a
good approximationFigure 4-17(c-d) show that there are some low order harmonic
components in the FEA results, and the amplitudes of the high order harmonic components
in the FEA results are slightly different with the numerical results (analytical results).
Furthe research work needs to be done with more accurate models to obtain the match of

the electromagnetic torque in the analytical, numerical and experimental results.

The equivalent electromagnetic torque are calculated through measuring the phase currents
from current probesThe torque waveforms are not directly measured through torque

meters,due to the bandwidth limitation of commercial torque metkrghis casethe
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torque waveforms ar@nalyzedwith high frequencies (up to 20 kHz), which means a very
high resolution torque meter with wide bandwidth is required if we want to measure the
torque waveform directly. Howeveeven wide bandwidth commercitdrque metes
cannot meet the bandwidth requirement of 20 kHz. Therefore, an alternative approach of
measuring the phase currents using current probes is adopted. The equivalent
electromagnetic torque is calculated by the experimental phase curreritoh#4€7)
and(4-21). The results of torque waveforms among analytical,erical and FEA radts

in Figure4-17 havevalidated the feasibility of using this method to obtain the equivalent

electromagnetic torque waveform.

The equivalent electromagnetic torque waveforms and their corresponding FFTrspectr
with and withait CPSPWM, are shown ifrigure4-24. Comparing the torque waveform
with andwithout CPSPWM, Figure4-24a shows that the ped&-peak torque is reduced

by 58.3% with applying CRBWM. The experimental torque ripple reduction of 58.3% is
smaller than the analytical (numerical, FEA) results, but it still representsj@ ma
improvement compared to the control without GP8M. Figure 4-24b shows that the
harmonic components of the torque FFT spectrum around 2 kHz, 4 kHz, 8 kHz, 10 kHz,

14 kHz obtained by applying CPBNVM are effectively cancelled out.

The experimental torque reduction of 58.3% is smaller than the analytical torque ripple
reduction of 79.5%, the numerical torque ripple reduction of 78.5% and the FEA torque

ripple reductiorof 63.8%. There are mainly six reasons for these differences
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Figure4-24: Experimental reglts of equivalent electromagnetic torque waveform with and
without CPSPWM b) FFT spectrum of equivalealectromagnetic torque waveform with

and without CPSPWM [102].

Figure 4-25. Experimental result§With low-pass filter)of equivalentelectromagnetic

torque waveform with and witho@PSPWM
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