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ABSTRACT

The risingdemand for higtpower faulttolerant applications such as wind generators and electric
vehicles, alongside the desire to achieve better performance, have directed the interests of many reseal
centres around the world towards electric drive configuratongorising AC machines with more than
three stator phases. Thesecatied multiphase machines have become well recognized as an attractive
alternative to the conventional thrphase machines and are used when the-fitrase counterpart
cannot provide drive system with the desired performance.

The Thesis examines advanced control possibilities for multiphadacemountedpermanent
magnet synchronous machines (PMspM\Ithough it is weltknown that permanent magnet machines
are today the first choida many applications and that their market is anticipatedtthag with the
induction machines market in the near future, the main drawbacks of this machine type are the relativel
high capital costs, the security miagnetsupply and the environmentabsts associated with the rear
earth magnet materials used in the rotor construction. This has motivated researchers to investiga
methods to reduce the amount of rare earth material used in the construction of these machines.

If the amount of permanembagnet material is reduced, this will inevitably result in a machine
which produces lower electromagnetic tpre. On the other hand, the additional degrees of freedom,
present in multiphase systems, can be exploited to inject, into the stator windings, harmonic current(s
to enhance the developed torque. This wamklysesa hew ningghase symmetrical PMSM witlivo
surface mounted magnet poles on the rotor with a shortened span. This simple design produces a higr
non-sinusoidal backelectromotive force (bacEMF) comprising high third and fifth harmonic
components. It is shown that these harmonic componentsecatilised to boost the torque to near the
valueobtainable with full span magnefsovided a suitable control system is developed.

The developed control algorithm is based on the-lwedwn vector space decomposition (VSD)
and classic fielebriented cotrol methods. To test thdevelopedcontrol algorithm, phase domain
machine model is presented firktr both sinusoidal and nesinusoidal backEMF distributions. To
transform variables from one reference frame to another, the VSD and rotational tnatisfs are
used. The optimal ratios between fundamental and other harmonic current components are derived usir
the maximal torqueperAmpere (MTPA) theory. It is shown that, by using optimal current injection,
the electromagnetic torque can be improved®6% with third harmonic only, and, up t6% with a
combination of the fundamental, the third and the fifth harmonics. Simulation results are validated in
finite element method software and afterwards verified experimentally using an experimentgberototy

Control of the PMSM is next @andedwith position sensor fautblerant capability. For this
purpose, the same EMF spectrum is used. When harmonic current elimination is perforaed in
subspace, remainirg’ harmonic order bacEMF can be efficiemy used for positiorangleand speed
estimation. For the estimation purpose, pHaskedloop method is employed. With estimated
position/speed, a new control algorithndevised which combines control in two auxiliary subspaces
with the control of thdirst plane. The third harmonic,ign combination with the fifthused for the
torque boost prior to the fault, while afterwards, the fifth EMF harmonic enables position estimation for
positiortsensorless control. Hence, previously stated maximal tomgpevement is preserved until
position sensor fatlis detected, while afterwardsachine continues to operate in positgansorless
mode stillwith partial enhanement otthe torqueControl is veifi edexperimentally.

Finally, operation irthe flux-wealening region is investigated. Because finding sets of multiple
harmonic current references which maximize torque by taking into account voltage and current limits
leads to a difficult problem téormulate, which isoften impossible to solve analyticallyhe work
presented here builds on (offline) numerical optimisation procedure. To obtain best performance,
harmonics up to thetdincluding) fifth are considered. Limitation of voltage is achieved by comparing
measured phage-phase voltage with maximakdink voltage while thermal (RMS) constraint and
inverter switch (pealkgurrentconstraint are taken into accotmytlimiting the current. In such scenatrio,
maximal reachable speedrisuch higher thatthe base speewhile respecting at the same time ot
machine and inverter constraints.
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Chapter 1 Introduction

1.1 Preliminary Remarks

The rapil development of industriapplications requires continuous improvement of different
types of electrical drives. Thrgghase machines are nowadays the most commonly used rotating
electrical devices. They are routinely adopted for various purposes in different fields of human activit
due t o t h eoff-theslhoedvdilahility enel, bec@iuse of highliability, almost maintenanee
free operation. On the other hand, the need to reduce costs and at the same time achieve bet
performances, as well as new safety regulationmfme and altelectrical vehicles, have directed the
interests of many research centres around the world towards machine configurations with more thau
three stator phases. These-called, multiphase machines are therefore today well recognized as an
attractive alternative to conventional thrpkase machines and are used where, for one reason or

another, thre@hase machines cannot provide a drive system with the desired performance.

At the beginning of the electrical ac machines era, the number of machine phases was chosen t
match with the threphase grid, since induction machines were directly supplied from the mains. Later
on, power electronic convertengere introduced in order to allow easier speed and position control in
industrial applications [VaeZadeh(2018)]. Today, the power supply, control and motor are highly
interconnected as shown in Figl. The energy process of the motor system begiths thie power
supply, which provides electrical energy to the power converter. It iskwelin that the most
convenient way to supply a motor is to convert fixed dc power (from a battery or rectified electricity
network) to a variable voltage and variabiequency power supply. The power converter in a low to
medium power controlled motor system is usually an inverter, which receives the rectified power from
a rectifier and inverts it to ac power. The motor, as the heart of the energy conversion systerts co
electrical energy to mechanical. However, it may occasionally convert mechanical energy to electrical
(i.e. in regenerative mode of operation). Finally, the control system is the information processing part
which receives command signals from therumn one side and system signals (supply, power converter,
motor) from the other side and generates driving signals for the power electronic switches of the inverter
The focus of this work is on the electrical machine (motor) and corresponding comstiehsin
particular, his thesis is entirely related to the machines with permanent magnets ¢Rvbtor and

with more than three phases on stator, i.e. multiphase permanent magnet synchronous machine

(PMSMs).
Power Power
Supply ::> Converter @
:'> Control
System
Figure 1.1i A controlled(permanent magnsiynchronousmotor system.
ST e ,



Chapter 1 Introduction

1.2 Machines with Permanent Magnets on Roto

Permanent magnet synchronous machines emerged in the 1970s as the evolution of older machin
at the crossroads of permanent magnet dc machinesstdirtePM machines and power converter
supplied induction machines [VaZadeh(2018)]. Because they fese many advantages over other
machine types, they have quickly become the main competitor to the widely used induction motors as
the workhorse of todayods industry. One of the
at an efficiency whichs much higher than that of a standard induction motor of the same rating.
Furthermore, the high efficiency of the motors compared to that of induction motors does not drop much
at high speeds or under heavy lgdtmnce, this results in higher energyiegvn PMSM case. Use of
high energy PM materials results in high@ap flux density with smaller motor size and weight, leading
to compact motor design which increases power and torque density. These features open the door to
wide range of applicatian from electric vehicles to aerospace systems, for which in addition to
efficiency, weight and volume are critical. The higher torque density of the modern PMSM not only
improves the steadstate operation of the machines, but also provides them witkerhiiymamic
performances. This feature, in line with model simplicity and higher controllability of the motors, makes
them the most appropriate option for high performance drive applications today. Based on that, the
PMSM market is anticipated to capture tinaditional market of variable speed induction motor drives
in sectors such as paper and pulp, oil and gas, metals and mining, fans and pumps, chemical, plastic a
cement, in order to save energy and improve quality and productivity Xéaeh(2018)].
Applications in transport such as electric and hybrid vehicles, train propulsion systems and-more/all
electric aircrafts that are suited for PMSM, must alsdidied, because they are rapidly expanding

markets today.

Four types of PM materials are useddy in permanent magnet machine construction: neodymium
iron boron (NdFeB)samariumcobalt (SmCo), ferritendaluminium nickel cobalt (AINiCa)Among
these, NdFeB dominates the electrniotormagnet market due timear demagnetization characteristic,
high remanence/coercivity artie highest energy product. Consequently, this results in dominant
position ofPMSMson the market with high power and torque density [VAadeh(2018)].

NdFeB is mechanically strong amfehtures good machinability. On the other hand, high quality
means high market price. Furthermore, the main weakness of the material is the low Curie temperature
Based on these reasons, two main research areas are active today. The first one i® riblated t
improvement ofNdFeB thermal characteristid; this is not achievable, the second one is related to
finding similar materials which have good thermal resistance. A third (and probably most significant)
drawback is the high transport price and pinsability. China holds >85% of the worldwide ragarth
magnet share, and this continues to rise with every passing year [Bered¢R010)]. Final major
drawback yhich is rarely mentiongdis related to environmental impact of mining and rare earth

g 2 LIVERPOOL
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Chapter 1 Introduction

materials processing. Removal of these elements from the earth, using a mix of water and chremicals,

many casesauses extensive water and soil pollution.

The cost of PM material in the rotor can therefore be the major material cost in the PM synchronous
machine. One example can be found in [Rah(28d3)], where material cost for electrical vehicle
Prius09 was investigated. It is shown in this work that permanent magnet material used in the rotor
construction formed 64% and 81% of total machine matedst in 2005 and 2012, respectively. A
similar investigation was published in [Widmatral (2015)] as well, where it was shown that price of
magnet material in interior PMSM is more than two times higher than combined price of steel and coppel

(a30kW traction motor wasonsiderejl

The stator of PM synchronous machine is different from that of wound rotor synchronous or
induction machines (some winding examples are given inlE2y. However, the main difference lies
in the rotor configuration, which significantly influences motor performance (torque and power density,
torquespeed characteristic, fluxeakening capability, etc.). There are two categories of PM
synchronous machines when looking from the control point of view: motors with and without rotor
saliency. In which category a motor is placed depends mostly diiopasi magnets on the rotor. The
nonsalient machines are with surfaceunted permanent magnets on rotor (Eiga) (this is the type
to be considered in this work), while machines with inset (E@p) and interior (Figl.2c,d)

permanent magnets azategorised as salient machines.

Figure 1.2 Stator winding and rotor configurations: (a) overlappitigfributedstator with surfacenounted
PM rotor, (b) overlappingoncentrated stator with inset PM rotor, (c) touerlappingall teeth wound stator
with radial PM rotor, (d) nomverlappingalternate teeth wound stator with interior PM rotor.
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Chapter 1 Introduction

In surface permanent magnet rotor case, magnetgaagiis rather large. This is mostly related to
magnet permeability, which is almost the same as permeability of air. Based on that;rsorfated
PM machines are charzrised with almost the same reluctance in the magnet flux paths, i.e. machine
is described with aisgle inductance. Inset magnet machines have magnet poles that are placed inside
the rotor iron, but their external surface is not covered by iron. Fjraligrior permanent magnet
machines have PM poles totally buried inside the rotor iron, which results in unifegagpaiHowever,
the machine flux paths in the rotor are not uniform and one flux path through poles exgeaniecce
higher reluctance thahe other. This provides extra torque which is known as reluctance torque and it
also gives excellent opportunities in flweakening region (i.e. ov@rominal speed operation).

1.3 Machines with More than Three Phases on Stator

Multiphase machines, macles with more than three phases on stator §), have long been
recognized as an attractive alternative to conventional -ffivase machines for applications where
threephase machines cannot easily achieve the desired performance requirements
[Barreroand Duran(2016)]. Research into multiphase machiappearedn the late sixties of the last
century [WardandH 2 r (£969)].1n the last twenty years or $loe interesthasgrown and significant
contributions to this fieldhavebeen made [Lewetal (2007) Levi (2008),Levi (2016)]. This surge in
interest is due largely to the increasing demand for-payer(or high current)faulttolerant drives in
a growing number of applications. For example, electrical vehicles, electrical ship propulsion, railway
traction, moreelectric aircrafts, ofshore wind power generation, higheed elevators and even
aerospace applications are areas in which multiphase machines are finding a market. If compared wit
industries were PM machines are advantageous, it iseasyclude that the two research areas overlap,
thus making multiphase PM machines an excellent choice for applications such as electrical vehicles

trains,wind electricity generatiorgircraft industry, etc.

The advantages of multiphase machines are daysagenerally well known. They are summarised

as follows:

A Power splitting betweemore inverter legs, i.e. reducing the required current rating of the

semiconductor components [Lg@008), BarrerandDuran(2016)].

A Improved fault tolerance due to thbility to operate (albeit with reduced power) with some

faulty phases (e.g. open circuited) [L€R016)].
A Lower torque ripple and torque pulsation [WartiH 2 r (£969)].

A Additional degrees of freedom that can be used for control purposes that amssibtepin

standard threphase machines [Le{2016)]. Example#clude
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Chapter 1 Introduction

A Electromagneticarque enhancemenising harmonic current injectipandas well as
fault-tolerant operation [e.g. LymndLipo (2002), Semaiétal (2004), Parsa2005),
ParsaandToliyat (2007a)]

A Multi-motor multiphase drive systems with single VSI supply [Jenab(2009),
Mengonietal (2012)]

A Capacitor voltage balancing in machines with multiple tple@se windings and
multiple threephaseconverters that are connected in series, giving an elevati@tkdc
voltage level [Che et al (2014)]

A Advantages in integrated dmoard battery chargedesigrs for electric vehicles
[Suboticetal (2015), Suboti@tal (2016)].

Multiphase machine types aespond to their threghase predecessors and can be classified into
two main groups: induction machines and synchronous machines. As already explained, synchronou
machines are further classified on the basis of the rotor excitation type (permanensmagnitid
winding) and akgap properties (with or without saliency). It is important to note that although each
machine type has its advantages and drawbacks, this work will focus on multiphase synchronous
permanent magnet machines with surfamaintedpermanent magnets. Looking from the stator side,
winding configuration of radialield PM machine can be classified as overlapping (which can be
distributed (Fig1.2a) or concentrated (Fifj.2b)) and noroverlapping (i.e. concentrated with all teeth
wound stator (Figl.2c) or alternate teeth wound stator (Rigd)). Noroverlapping winding design is
also known as fractionallot concentrated winding. Alternate wound teeth are usually referred to as
singlelayer, while all teeth wound winding is bettdtnown as doublayer arrangement
[El-Refaieetal (2008b)]. Taking into account the above given classification, the machine studied in this
work has a winding arrangement that is classified as overlapping, symmetrically distributed as shown
in Fig. 1.2a.

1.4 Research Aim and Objectives

As discussed earlier, there is a pressing need to develop PMSM machines constructed using
reduced amount of rare earth permanent magnet materials compared to the current solutions. Th
obviously will result in a machineith lower power density and torque capability when compared to a
standard PMSM. To enhance the torque in such a machine, most of the authors use the properties
multiphase machines and specific rotor structures, either by adding magnetic materigiragy stea
magnet s. In contrary, this workoés aim is to d
by employing advanced control methods and by using a sitoypi@nufacture rotor structure which
significantly reduces the volume of PM material.
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Permanent Magnet
Synchronous Machine

Stator linefed Stator inverter fed
Distributed stator ~ Concentrated stator Distributed stator Concentrated stator
winding with rotor winding with rotor winding winding
conduction cage conduction cage * +
Without rotor With rotor
conduction cage conduction cage
Stator Stator Stator
sinusoidaifed rectangulafed  sinusoidaifed

with harmonics

Figure 1.3/ Classification of permanent magnet synchronous motors.

To demonstrate this ainthis work will first explore modelling and vector control of a multiphase
PMSM, designed with a triple thrgdhase stator winding. The relevamachine classification is shown
in Fig.1.3. The stator is equipped with 36 slots inside which a slagkr symmetrical (distributed)
winding is arranged, so that there are 18 slots per pole (two slephaseperpole). Hence, a nine
phase winding islesigned and mounted on the stator. However, 4@ rotor has been obtained by
removing four poles from the original rotor, without conduction cage, i.e. magatetialon therotor
is reduced (by shortening the magnet spahich causes production @ighly nonsinusoidal back
electromotive force (backEMF) in the stator windings. Analysis of tbackEMF reveals a higkhird
harmoniccomponent, which is almost equal in magnitude to the fundamdimial harmonic has been
used manyimes by researcherin the past to increase the torque density of multiphase machines. In
addition to the approximately equal fundamental gl harmoniccomponents, a significafitth
harmoniccomponent with a magnitude equal to approximately half of the fundamesuahasts.

The machinawill be first tested undethird harmoniccurrent injection because it is believed that
this will achieve significant torque improvemenhe analysisvill be afterwards extended to other low
order odd EMF harmonic components lowkan the machine phase number with the intention to
maximize output torque. Next, it has been shown in the literature that the third EMF harmonic can be
used for sensorless position estimation. Because the studied machine has more than one high magnitu
odd EMF harmonic, a study will be conducted in that direction as well, with the intention to combine
multiple harmonics for multiple purposes in the same control algorithm. In this context, the tolerance of
the PMSM prototype to the position sensor faull i investigated. Finally, because (as it will be
shown) significant torque improvement using harmonic current injection can be achieved in constant
torque region below base speed, it is believed that by injecting different combinations of optimal curren

harmonic references, improvement in constant power-(fleakening) region can also be achieved. As
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Chapter 1 Introduction

a result, after combining the abeneentioned studiesnaadvanced control algorithm for the proposed
multiphase permanent magnet synchronous machines will be developed, which enables a machine wi
reduced magnetic material to have similar performarsa conventional machineith full magnet

span Furthermorgthe developed control algorithms can also be applied to other machines with similar

properties (i.e. EMF spectrum).

The stator of a multiphase machimgth multiple threephase windingss arranged either in
symmetrical or asymmetrical winding configticm, i.e. with spatial displacement betwdiest phases
e g ual ndaron, f@spettivelyln addition to the classification given in Fih3, the studied nine
phase machine can also be counted in a group of machines for which both winding configuratio
(symmetrical and asymmetrical) can be easily achieved by rearranging the voltage source inverter (VSI
supply |l eads in the machinebs terminal box. 17
can be accomplished if both start (positigayl end (neutral) winding terminals are accessible for every
phase windingthis winding type is known as ope&mded.Multiphase machines used in research
laboratories are usually with opemd winding because they are custarade and commonly allin2
windng terminals are available in the machi neos
the machine are left to be formed according to the user requirements. The type of the machines whei
this is possible has never before been generalisatteit will be here identified and the method for

reconfiguration will be explained.

In the literature, many higperformance vector control methods have been investigated and derived
for multiphase permanent magnet synchronous machines. They are muchmeergesd to implement
than those for induction and wound rotor synchronous machines, because the dynamic model of
PMSM is much simpler. This is entirely related to the fact that electrical dynamics in the rotor-are non
exisient and control system desigs entirely related to the stator winding equations. Generally
formulated, vector control is a means by which the stator phase currents of ac machines are transforme
into a current vectowith two perpendicular components to control the torque and fiepi@ndently
By applying this method, features such as motor-flemkening, current and voltage limitations, unity
power factor, loss minimization operations, etc., can be achieved. It is because of these reasons th
vector control is accepted as the tnosmmon control method in the industry [Vagadeh(2018)].
Additional reason for using vector control in this work is also related to the fact that once a suitable
decoupled multiphase machine model has been developed (how this is doneswjillaieedin detail
in thefollowing chapters), each harmonic can be controlled separately by using almost the same contro
approach. In another words, fluand torqueproducing currents can be for each harmonic controlled in
a similar vay. Hence, once implementettie only difference between, for example torque enhancement
and fluxweakeningcontrol, is how optimal current/torque references are calculated in the different

operating regions.
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To summarise, the project will explore modelling and control of a multgoPa$ synchronous

machine with shortened magnet poles. Based on the harmonic spectrum which is produced by specifi

rotor structure, the mamim relatesto torque enhancement, sensorless cardrm improvement of the

machi ne6s toeflixweakeing regionbhy means of stator current harmonic injectim

order to meet this aim, the following project objectives are formulated:

N

A Toinvestigate the design of the proposed machine fisiitg element metho(FEM) software

in-order to quantify the subsequent loss of torque capability due to the reduced spagnet
compared to a standard (benchmark) machine construatioito tilise the developed model
to determine the optimal rotor magnet span that eflitare the developed torque to that of the

benchmark machine under a suitable harmonic injection operating regime.

To develop, using VSD machine modelling approach, appropriate models that will enable
independent torque controkingdifferent harmonics ggsent in the backlectromotive force
developed in the machine. This technique will employ the additional degrees of freedom present
in multiphase systems to control the selected harmonics.

To develop a suitable control method, which, including the fueddsh employsthird
harmoniccurrent component with the goal being to boost the developed torque tdhvatrds
achievableby a machine with full magnet span (standard macbimstructiof. The optimal

injection ratio between the two harmonic componentisalgo be investigated.

To generalisdnarmonic current injection (and optimal injection ratio(s) calculation), that is, to

include in torque enhancement study all meaningful harmonicstfrebackEMF spectrum.

To investigate position sensor fatdlerant capability, i.e. to derive a control algorithm for the
studied prototype which simultaneously uses different harmonics in diffesesultspaces for

torque enhancement and sensorless position estimation.

To develop a novel method to extend the operating speed range of the machine using selecte
harmonics present in thiackEMF, basecgain on the vector control principlesd o develop
a technique (optimisation procedure) to calculate optimal currequéoreferences for each

harmonic separately.

To test the developed control algorithms by simulation, to verify them experimentally in the
laboratory conditions, and to compare (where possible) the performances of the machine with &
correspondingninephag machine having sinusoidal (nesnusoidal) baclelectromotive

force. The l&er machine is considered as benchmark.

To investigate the possibility to change the stator winding configuration by rearrangement of

the power supply connections in the ternmimax of the machine.

LIVERPOOL
JOHN MOORES
UNIVERSITY 9
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Throughcompletbn of the abovementionedobjectivesnew contributions to the field arealised and

these arsummarised next.

1.5 Novelty and Originality

The original contributions of the thesis are presented in chapt8rdR@searh conducted within

the scope of the thesis has led to the production of two IEEE conference papers and two IEEE journe

papers. The literature survey, undertaken during research, demonstrates thahaseneMSM of the

type discussed here has neverbeestigated in the past. The main novelties presented in this thesis

are in:

A Machine modellingi As the first step, the novel machine configuration was analysed in detail

using FEM software and the results are reported in [Sluefski(2018)]. Different rotor
configurations were tested, theoretically determined torque improvement was confirmed and

optimal magnet span on the rotor has been found.

Optimal current injection control T The work was then further extended by developing an
enhanced fielebriented control (FOC) algorithm, with which theoretical and FEM results of the
abovementioned work were confirmed. Both simulation and experimental results are reported
in [Slunjskietal (2019)]. The enhanced control algorithm of [Slungtal (2019)] tales into
account only fundamental and the third harmonic and reports torqa86%s higher than the
torque produced by the fundamental only. General analysis, taking into account all meaningful
high-magnitude odd EMF harmonics lower than the machine phase number was performed in
[Slunjskietal (2021)]. Optimal injection ratios wereetérmined using maximal torcer
Ampere (MTPA) approach for each EMF harmonic separately, and reported maximal
achievable torque wagt5% higher than the torque produced by the fundamental only. Reported

percentage improvement is higher than in any phbll work so far.

Sensorless controi In the same work ([Slunjsldgtal (2021)], and as an extension to the work
reported in [Stiscigtal (2019)]), sensorless control was investigated. It has been shown for the
first time that multiple harmonics in dérent subspaces can simultaneously be used for
additional control purposes. To be specific, it was demonstrated that the third and the fifth
harmonics can be used for torque improvement prior to a position sensor fault, while after a
fault occurs, the fth harmonic injection can instantaneously be switched off and reassigned for

position estimation.

Flux-weakening operationi Finally, the fluxweakening capability of the considered machine
was investigated as well. Optimal torque/current references aldamed using optimisation

tool, and general algorithm based on lagktables was derived. Using multiple EMF harmonics
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for this purpose has never been reported before. As shown with the aid of simulation results,
when new approach which exploits diffet&MF harmonics is used, significantly higher speed

in flux-weakening region can be achieved.

To summarise, published woik the abovelisted thesis outputs givest only detailsof torque
enhancement in multiphapermanent magnsynchronous machinésegardless ahe EMF shape and
thenumber of considered harmonics), but also leads and to the new knowledge in the areas of sensorle

controlandabovenominal(flux-weakening regiondpeed control.

Finally, it is important to note that work in this thesis also contributesotoe extent tdhe
knowledgein the field of machine design, not only fraherotor perspective (magnet shaping on rotor
to produce different EMF(s) and corresponding speditd)from stator perspective as well. As it turns
out, the ningphase machine can be classified in a category of machines for which both symmetrical and
asymmetrical windingonfigurations can be achieved bgly rearranging power supply leaifsthe
machire terminal box. Detagld investigation and general reconfiguration algorithm are reported in
[Slunjskietal 2020]. It is worth mentioning than parallel withthework describedn this thesiavhich
is related to the symmetrical machine winding confagion, a study ofthe asymmetricahine-phase
counterpart waalso conductedheresults can be found in [Cervoaeal (2019), Cervonetal (2020,
Cervoneetal (2021)].

1.6 Organization of the Thesis

The thesis is organised in 10 chapters aappzndices in the following manné&hapter2 provides
a literature surveyrelated to multiphasepermanent magnesynchronous machines and their
corresponding features such as torque improvermgrgtator current harmonic injéoh, sensorless
control andflux-weakening control. At the beginning, multiphase machine modelling approaches are
surveyed, including both phasariable and synchronous reference frame models. To transform
machine variables from one reference frame to another, decoupling transforimateeded; hence, a
literature review relevant for vector space decomposition (VSD) and rotational transformation is
provided. The literature concerning the vector control of multiphase machines is also briefly reviewed.
After a detailed literature swey related to modelling and control of multiphase machines with
sinusoidal baclelectromotive force, the focus moves to machines with-simmsoidal baclEMF
distribution. An extensive literature survey related to the existing third harmonic (but alse mul
harmonic) control implementations is provided next. A brief review of different sensorless control
approaches (which afterwards focuses on EHMBe& sensorless literature) ésogiven. In addition to
torque enhancement and sensorless control, anabfestive of this work is related to control in the

flux-weakeningegion hence the corresponding existing literature is survagesell
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The mathematical modelling of BM synchronous machine with (near) sinusoidal babk-
distribution in the phaseariable and synchronous reference frames is giverhapter3. The VSD
transformation matrices and fiettiented control are commonly used to model and control PMSMs.
To form these matrices, knowledge related to symmetrical and asymmetrical winding retiofigpuis
required. Hence, both cases are analysed and (as explained earlier), reconfiguration of the winding i
composite odd phase number machines is explained. The derivephais®e machine model in phase
variable form and the vector control algoritimsynchronous rotating reference frame are implemented
in Matlal/ySimulinkenvironment for closed loop testing. The recorded results are presented at the end of
the chapter. For validation purposes a finite element method software tool is also used.

Extersive finite element method analysis of the studied prototype witksimusoidal baclEMF
is given inchapterd. At the beginning of the chapter, the machiogologyis presented in detail,
electrical and design parameters are summarised, and the codiegppmachine crossection is given.
Torque enhancement is analysed by injecting different current harmonics with order 1 to 5. It is shown
that the prototype machine magnet span is not optimeaice different rotor structures with shortened
magnet spaare analysed. The goal of this investigation is to find a magnet span, imhgoimbination
with harmonic current injectigrwill produce the samelectromagnetidorque as the benchmark
machine with full (188 magnet span. Finite element mettathlysis of benchmark configuration is
therefore performed as well.

Chapters deals with the modelling and control of the machine with the-smomsoidal back
electromotive force. An enhanced fieddented control algorithm is deriveghich considers oglthe
third EMF harmonic component for torque boosting. Optimal injection ratio between fundamental and
the third harmonic currents is also analysed and obtained using MTPA approach. Other low order odc
EMF harmonics, although also capable of additiona|ue production, were in this chapter not used.
Hence, a means for their elimination/mitigation must be investigateddar to avoid any additional
losses. At the end of the chapter, simulation and experimental result are shown and comparison witl

FEM results fromchapters3 and4 is given.

In chapterg, the analysisf chapters is further extended to include other EMF harmonics, resulting
in a general approach for torque enhancement (and optimal injection ratio(s) calculation). It is shown
thatad45% hidher torque can be produced than in the fundamental only case. A FEM analysis similar to

the one irchapter3 is also conducted.

Chapter7 investigates sensorless position estimation control. The estimation method is based on
the EMF, i.e. it extracts rotgosition out o™ harmonic machine model imx-y sukspace. For this
purpose, the control algorithm derivedchmapter6 is further extended, so that in healthy mode Hwgh
third andthe fifth harmonics are used for torque enhancement, while ons®séault occurs, the
utilisation of thefifth harmonic is instantaneously switchéal position estimation (current for this
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harmonic is set to zero). In this way, two Hondamental harmonics in two different subspaces are

used for two different contrgurposes simultaneously, which has not been done before.

Chapter8 investigates the fluxweakening capability of the PMSM prototype. Optimal
torque/current references are calculated using alnefoptimisation tool, saved in loakp tables and
afterwads implemented in the control algorithm. As it will be shown, depending on the current/voltage
limitations, the machine can achieveuch higher speed tlmain normal operating mode with

fundamental harmonic only.

Chapter9 summarises the work done in thbkesis and provides conclusions. In addition,
possibilities for future work are discussed.

Chapterl0 provides a list of references used in the thesis.

The last part of the thesis consists of appendices, where a description of the experimental setuy
including hardware and softwarns given (Appendipd), and where publications resulting from the
thesis are listed (AppendB).
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Chapter2 Literature review

2.1 Introduction

The aim of this chapter is to provide a survey of the literature relevant to this research and, following
from that, an overview of theurrent statef-the-art in the field. Probably the most important survey
paperspublishedin the last fifteen years on multiphase drives and their properties are those written by
[Levi etal (2007), Levi(2008), BarrerandDuran(2016), Levi(2016)]. The provide a comprehensive
overview of the developments in the field and demonstrate that the interest in multiphase machines ha
been steadily increasing for the past thirty years.

These developments are discussedséation2.2, including also the repodeadvantages of
multiphase machines and the applications where multiphase machines are used togénadeivsix
phase and dual thrgghase machines are nowadays the most commonly investigated multiphase
machines [Lietal (2017)]. Different modelling gmoaches, transformation techniques and control
methods are also covered in this section. Recently, increased attention has been given to machines wi
a fractionalslot concentrated stator winding distribution, although it is4uetiwn that a distributed
winding is more often selected due to the rm@ausoidal magnetomotive force (MMF) and
electromotive force (EMF) distribution. Bection2.3 a summary of the advantages and disadvantages
for both winding types is provided. As mentionedapterl, be@use one of the tasks of this thesis is
to present a general algorithm for reconfiguration of composite odd phase number miaglinks
rearranging power supply leadsthema c hi neds ter mi nal box, a brie
literaturein this subareais given here.

Section2.4 reviewselectromagnetidorque enhancement using harmonic current injection and
different machine topologies with n@nusoidal baclEMFs. When analysing nesinusoidal back
EMF, particular attention has been paid to the different rotor structures used in both internal and surfac
mounted permanent magnet machines. It is shown that the simple rotor structure proposed in this wor
has notbeen investigated before. Moreover, in previogsearchworks the aim was to boost the
electromagnetitorque beyond the original design parameters using harroomantinjection whereas
the motivation here is to compensate the reduction in the dedetopgue due to tHessening of the

magnetic material mass.

In section2.5, sensorless control techniques are examined. After a brief overview of the field, the
focus moves to consider EMF based sensorless techniques relevant to the work condustétgisthi
In section2.6, the literature related to machine operatiotheflux-weakening region is given. The
machine investigated in thikesis has surfae@ountedpermanentnagnetsmeaning that operation in
the fluxweakening region is difficult tachieve [EIRefaie (2010)]. Nevertheless, it is believed that the
specific harmonic spectrum produced by tuwnsideredrotor design can be used for additional

improvement in this regigrmence a further investigation in this direction is also made.
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2.2 Multiphase Machines

Threephase machines are today the most commonly used rotating electrical devices for industrial
applications. They are routinely adopted for various purposes in different fields of human activity due
to their low price and wide availdity and because of high reliability and almost maintendree
operation [Levietal (2007), Levi(2008)]. It is clear that this trend will continue in the future years with
threephase machines in the centre of electrical to mechanical (and vice gaesgy conversion
process. As a consequence of rapid power electronic development, new methods for machine isolatio
from the grid were developed allowing usage of different 8) number of phases in machines
[Xu etal (2001), Zabaletatal (2016a)]. Wlen investigating multiphase machines, one can track the
roots back to the late sixties of thé"z@ntury [WardandH 2 r (8969)]. Although multiphase machines
have been a subject of investigation for quite some time gtali(2007)], only in the ladiventy years
has a significant contribution to this field been made. In recent times, a complete technology overview
can be found in journal papers written by [Leval (2007), Levi(2008), ElRefaie(2010),
BarreroandDuran(2016), DurarandBarrero(2016), Levi(2016)].

As mentioned, the need for conventional thpbase machines is high, but a tendency to achieve
better performances, as well as new safety regulations for- rmodealtelectrical vehicles, directed
interests of many research centresuad the world towards machine configurations with more than
three stator phases. Because of this, multiphase machines have become well recognized as an attract
alternative to conventional thrgdnase machineand areused where, for one reason or amoffithree
phase machines cannot provide a drive system with the desired performance
[BarreroandDuran(2016)]. Power splitting between inverter legs, i.e. reduction of the required power
rating ofaconverter semiconductor components, reduction of tgoglgation in inverter fed machines
and power segmentation were one of the first reasons why multiphase machines gained so much intere
[Lyra andLipo (2001), Levietal (2007), Levi(2008), Gautanf2011), Jungetal (2012),
BarreroandDuran(2016)]. Redcing the stator current pphase without increasing the voltage-per
phase, lowering the dink current harmonics, increasing the torque pes ampere for the same
volume machingand solving some of the control issues allowed some new applicatiorts warie at
that time challenging using the existing power converter technologies dhgizapo (2002),
Parsg2005), AslarandSemail(2014)].

Improved faulttolerance due to the ability to operate (albeit with reduced power) despite some
faulty phases (e.g. open circuit) [Passad Toliyat (2004), ParsandToliyat (2007a), Levi2016)] is
another welknown advantage that multiphase machines have. Although ttdetance isalways
highlighted in research papers as one of the main advantagesh#s® machines possess
[El-Refaie(2011)], when safety is not a priority, additional degrees of freedonbeased for other
purposes. Essentially, having additional phases to control means also more degrees of freedom availat
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for further improvemenin the drive systems [Xetal (2001), LyraandLipo (2002), Pars§2005),
Levi etal (2007), Zahietal (2016a)].

Other reported advantages of multiphase machines over conventiongilthsseones are higher
reliability, improved acoustic (noise) chamdstics, reduced stator copper losses
[WardandH & r(¥969), Pars§2005)], rotor harmonic current reduction [¥tal (2001)], reduced
torque pulsations [NelsceamdKrause(1974), Klingshirn(1983)], and in some specific cases, lower
manufacturing cost[Tessarolg2010)] and higher efficiency [Apslestal (2006)]. Multiphase
machines are therefore today used in pghformance applications such as electrical power steering
systems, servo motors and safetifical directdrive wind power offshore geretors, where high
torque and low torque ripple are expected but also fault tolerance capability is needed
[Wangetal (2014), Lietal (2017)].

It is clear from the stated advantages that the application of machines with more than three stato
phases is gwing. This is not hard to understand because niche and specific areas where they were
i mpl emented fifteen years ago ar e efedrival vaelsclen st r
which will replace gaglriven vehicles are around the corner and eg@ment is assumed (scheduled)
for year 202» [ MandiHoweH (2013)] are numerous today, and they often name multiphase
machines as a key technology. Multiphase machines are today researched {fooweghdrive
applications such as higdpeed elevatsr[Jungetal (2012)], electrical vehicles [Subotital (2015)]
and more and altelectrical aircrafts [Villanetal (2011), Caatal (2012), Bojoietal (2012)]. Marine
applications such as alklectrical ship propulsion [ParsadToliyat (2005a& 2005b),
NanotyandChudasam#&2011), Thonganetal (2013)], submarine propulsion [Arkkietal (2002),
Scuilleretal (2009)], naval generators to generate voltage fodbaard power grid, and turbo
compressors [Gautagtal (2011)] are also very importaekamples. Other applications include railway
and automotive traction [ParaadToliyat (2007a)], renewable energy production (i.e. offshore wind
power generations) [letal(2014), Zabaletetal (2016a)], and even aerospace applications
[Bojoi etal (2016)]. It is important to note that in some of these listed areas, multiphase machines are
not in test phase anymore but are already applied and used.

2.2.1 Modelling and Control

Although general tools for modelling machines with more than {phases have been known since
the middle of the twentieth century [Wh@dWoodson (1959)], this remains an important research
topic [Tessarolg 2 0 0 9) , etal201D)elevi(Z011),Zoric etal (2017a)]. In general, to model a
multiphase machine of any typeelectric andh-magnetic equations must be written. Thiscafied
phasevariable approach has its advantages ibutany cases, a transformation is applied to simplify

the moel in order toenablethe implementation of the machimesontrol algorithm. Commonly a

g 2 LIVERPOOL
) dtigioones 17



Chapter2 Literature review

synchronous reference frame is used for control, and energy conversion is here governed by the contr
of direct and quadratural{]) stator current components. Althdughe governing equations for all
machine types (in both phasariable and synchronous reference frame) arekmeivn and stated at

the beginning of almost every literature relevant for this area, transformation matrices (as it will be
explained in the ext subsection) can have different forms. That being said, they always depend on the
machine (stator) design, so relation between transformation matrices and winding configuration on
stator is explained here in detail. With focus on PM synchronous maahthgossible winding
arrangements, different magnetomotive force distribution and-&ackromotive force shape (related

to winding configuration on stator and magnet position on rotor) must then also be taken into
consideration during modelling. Depenglion the desired MMF distribution, windings can be either
distributed (where all winding turns are arranged in severalpiigh or shorpitch coils) or
concentrated (where all winding turns are wound in series to form onetomalttoil around tooth)
[Krauseetal (2002), Pyrhoneetal (2008)]. More about this will follow isection2.3.

Back-electromotive force shape is directly related to stator wiggland permanent magnet shape,
including also distribution/organisation around rotor [PilEydKrishnan(1989a& 1989b)]. It can be
(near) sinusoidal, which is the case in most PM machines today with distributed windings,-or non
sinusoidal which is the case in concentrated winding arrangements [Fanditeszzari(1983),
LyraandLipo (2001), ParsandToliyat (2003), Semaiétal (2004), ParsandToliyat(2004)
Parsg2005), ParsandToliyat (2005a& 2005b), EiRefaie(2010), Bastogtal (2015)]. Modifications
of EMF shape for specific torque boost purpose were lately also reported, usirentifiagnet shaping
techniquesA 20-slot 8pole fivephase concentrated winding machine with winding factors of 0.588
and 0.951, for the fundamental artie third harmoni¢c respectively, was investigated in
[AslanandSemail(2014)]. A dualharmonic inteior magnet rotor was designed, by adding 16 small
magnets, to improve the third harmonic flux. Similarly, by shaping the magnets to produce third
harmonic flux, significant torque improvement with low torque ripple was reported in
[Wangetal (2014)], forafive-phase surfacenounted PMSM. In [Zahetal (2016b)] a fractionaslot
concentrated winding fivphase machine with a ddadrmonic rotor was developed by introducing
holes in the middle of the rotor pole pitch. An interior magnet-taainonic rotomwith holes, similar
to [Zahretal (2016b)], was then designed in [Goetgal (2019)], the reason being investigation of a
five-phase concentrated winding machine whose torque is produced equally by the fitest third
harmonis of current and EMF. Ténmachine is aimed at traction applications where-fsddkening
operation is of great importance. A fiphase 2&lot 8pole dualharmonic machine with surface
magnets was investigated in [Scuiletal (2017)] in order to reduce torque ripple. FEM lgss was
used to select a suitable rotor leading to atiwas pole arc design. The resulting machine is capable
of reducing the torque ripple by more than three times when compared to the equivalephdsee
machine. Magnet shaping withird harmoic flux within the same flux limit is another rotor topology
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developed in [Zhetal (2012), Wangetal (2017a)]. Related to this approach, the unequal stator tooth
width, PM segmentation and Halbach arr@®uyptal (2018),Wangetal (2018), Zhangtal (2019b)]
respectivelyare among the latest fiyghase machine topologies aimed at boosting the torque using

harmonic current injection.

During the machine modelling process, the corresponding electromotive force shape taksnh
into consideration because of adjustments that are needed in control algorithm if standard (near
sinusoidal shape) is not present. This includes EMF induced current harmonic control or elimination.
Controlled current harmonic injection (which wik discussed in more detdail section2.4) is possible
in multiphase machines using the additional degrees of freedom (i.e. additional subspaces)
[Klingshirn (1983), Toliyat et al (1998)]. Regarding harmonic current elimination, Pl or resonant

controlless can be implemented thementioned sutpaces [Yepestal (2016), Yepegtal (2017)].

Regardless of the type of the machine and corresponding winding, multiphase machines can b
classified into two distinct groups: machines with a prime number of phabkere spatial displacement
between any two consecutive phaseahigayse g u a | nandother2 is A single isolated neutral point
(ie. 3,5,7,1 1, € ) ar[dWbodson@d959), Levi(2011)], or machines with an even number or
composite odd number phases, which can be built wikks winding sets, each havirggphases and
where there may be a singlelgg isolated neutral points (.6,9,1 2, € ) ahdKmese{(19%),

Levi etal (2007), Zabaletatal (2016b)]. Moreover, if the winding setseathreephase onesa(= 3),

then the observed machine is a multiple thpbase winding machinenE a Ak This type is
particularly attractive since standard th®ase inverters can be used to supply the machine. Following
from the above given classiation, stator windingn a machine can beealisedin two ways,i.e. sets

can be designed in such a way that spatial displacement bdimsephases of the setss e qum | t
o r n, ledding to symmetrical or asymmetrical distribution of magnetis axthe crossection of the
machine. The number of isolated neutral points is also important in machine modelling. In addition to
the already mentioned involvement in transformation matrix formation, some other machine properties
are also directly relad to it. One of them is faulblerance. In multiphase machines which are
constructed with multiple threghase winding sets, if there is single isolated neutral point, only phase
in which fault has occurred can be shut down, while in the case of midtyldéed neutral points this

is not possible and oftetne whole threephase sets must be excluded from machine operation (as
explained in [Levi(2008), Zabaletatal (2016a)]).

Control strategies for multiphase machines are mostly based on fieldedrmonitrol and direct
torque control [Xwetal (2002), Levi(2008)], but also new control algorithms, such as for example
model predictive control, have recently emerged [Bareeab(2009), Limetal (2014)]. It is important
to notethat,although someew interesting solutions have been recently reported regarding direct torque

control (e.g. [Karampuétal (2014), GarcigEntrambasaguaet al (2019)]), this control strategy will
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not be further investigated here. As explainecchapterl, the most comom control strategy for
(multiphase) machines is fielafiented control (FOC), since the only difference compared to-three
phase drives is the number of current controllers. In other wordsphasedrive (wheren is odd)with

a single neutral (the case in the machine studied in this thesis) needs to-hbBvimdependent current
controllers to eliminate/control lorder harmonic current content. FOC is based on PI controllers that
are used for fluxand torqueproducig current control and on resonant regulators for current elimination
in additional (not for other purposes us&d) subspaces. How to set Pl regulator parameters to obtain
a satisfactory system response is in general -kvello wn [ aAdH? rg Y (1999 d
Pengetal( 1996 ) , (20@3] Wisidli(2003)], hence, it will not be further discussed. How to
eliminate unwanted harmonic current content in drive systems by using resonant regulators can be foun
in [Yepesetal (2015), Yepe®tal (2016), Yepe®tal (2017), Zoricetal (2017a)]. Both approaches
will be used through this research for different harmonic current controlling/eliminating purposes.

2.2.2 Machine Model Decoupling Methods

As explainedn the previous subsection, multiphase machineggeaerally be modelled using
separate equations for electric and magnetic variables (2@4i)]. This model is termed the phase
variable model. It is extremely inconvenient for any practical use and hence transformations were
invented with the aim tammplify the machine model. Two main transformations are predominantly used
today. They are generally known as multigg transformation (also called muktator approach) and
vector space decomposition transformation. For machines where number ofipleaged to multiple
of three (= a Ak multiple d-g modelling approach that applies multiple thprese transformations
can be used. In these machinesjimensional domain can be divided irtgs threedimensional
domains each of which can be moddllas a threphase machine. Furthermore, each of tHese
separate threphase machinmodeb can then be transformed to new reference frame withuwveWn
trigonometric relationshigp(Clarked sabc¢Up a n d Urbalg) kadssorm@tions) to forrks flux-
and torqueproducing subspaces andkws nonenergy conversion subspaces (axes)
[Zabaletaetal (2016b)]. Although the multipld-g modelling approach is simple to use, which is mainly
because of implementing technologies that are similar to theumsesin conventional thrgghase
machines, it leads to heavy cragsupling between equations of different thpf@se winding sets and
does not offer clear insight into multiphase machine operation and harmonic mapping
[Klingshirn (1983), Camillisetal (2001), Rubincetal (2020)]. Furthermore, multiple additional PI
regulators are required for fluxand torqueproducing current control [Zorietal (2017a)], which
increases complexity of control algorithms. All other transformation matrices for mskiphachines
rely on the fact that initial set of equations can be rearranged in the form of the equations fyigh (

(for odd or (/2 - 1) for even phase number) mutually independent subspaces, while other remaining

g‘?{i LIVERPOOL
) Joriioomes 20



Chapter2 Literature review

component(s) represents zero seqasntn this way, control of multiphase machines becomes easier
and examples can be found in [Senea#l (2003), Figueroatal (2006)].

The vector space decomposition (VSD) modelling approach is an effective technique currently usec
to model electrical mchines equipped with polyphase windings [Tessd2f09)]. It was introduced
for a sixphase induction machine in [ZhaadLipo (1994)] and it is based on the symmetrical
component theorydeveloped by [Fortescug¢1918)]. Depending on the machine constian
(symmetrical or asymmetrical), different ways of obtaining VSD matrices have been devised
[Camillis etal (2001), RockhillandLipo (2009), Zoricetal (2017a)]. But, regardless of the winding
configuration, the transformation always results in texmue and fluxproducing components and
[(n- 3)])/2 (for oddn) other simple circuits, comprised of stator resistance and stator leakage inductance.
In [Ryu etal (2004) and RockhilandLipo (2009)], a ningphase PM synchronous machmedelhas
been deemposed into orthogonal subspaces. It is shown that fundamental voltage and current
components map into thieq subspace. The remaining harmonics mapxated subspaces and can be
used, for exampl, for faulttolerant operatiojParsaandToliyat (2004), ParsandToliyat (2007a)],
harmonic elimination andharmonic injection [Parsg¢2005), Yuetal (2014), Yepestal (2015),
Yepesetal (2016)], debus voltage balancing [Cletal (2012), Cheetal (2014)], etc. The main
advanage of the VSD is that the control and analysis of the drive system become easier to perform. A
number of generalised methods for matrix formation has been proposed in last decade [T288&)0lo
Rockhill andLipo (2015), Suboti@tal (2015), Zoric(2017a& 2017b)]. In [Subotietal (2015)] VSD
matrix formation for both symmetrical and asymmetrical induction-plmese machine with single and
multiple neutral isolated points was presented based on a study in(ZDé)]. Following from this
work, a gneral (-phase) algorithm to develop VSD matrix transformation applicable to any
symmetrical or asymmetrical configuration with single or multiple neutral isolated points was later
developed in [Zorietal (2017b)]. In the case of a niphase PM synchrmus machine with
symmetrical winding configuration and a single isolated neutral point studied here, a similar approach

for decoupling matrix formation is used. This approach will be detaileldapter3.

2.3 Machine Analysis from Winding Arrangement Perspective

Winding configuration of a radidleld PM machine can be classified as overlapping (which can be
distributed or concentrated) and rowverlapping (i.e. concentrated with all teeth wound or alternate
teeth wound). Nowwverlapping winding design elso known as fractionalot concentrated winding.
Alternate wound teeth are usually referred to as silagler, while all teeth wound winding is better
known as doubldayer arrangement [HRefaieetal (2008b)]. In general, distributed overlapping
winding mainly results in a morg@nusoidal magnetomotive force distribution and electromotive force

waveform, so it is extensively used in PM machines. On the other hand, research on machines witl
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fractionatslot concentrated winding has, in the last decad#ained significant attention
[BarreroandDuran(2016), Rezazadedtal (2018), Suietal (2019)]. A fractionaltslot concentrated
winding is employed when the slot pitch is lower than the pole.ditthe required output waveform

is trapezoidal with igher magnitude and less power rating, as for examphgugshless d¢BLDC)

motors, concentrated winding can be used. It has been shown in different research papers that su
winding configurations can be advantageous over a conventional distributeth are.attempt to
observe and summarise the advantages and drawbacks of both winding configurations, a good startir
point can be work presented in {Ekfaie(2010)]. Further recent and relevant data can be found in, for
example, [BarrerandDuran(2016)]

The differences in performances of the fractieslat concentrated mwding (interior and surface
PM) machine and the same machine with distributed windings have been established in recent literatur
[El-Refaieetal (2008a), ElRefaie(2010), Zhengeta (2013), Suketal (2014), Reddtal (2015)].
The machine performances (i.e. power density, torque ripple anaviggllening operation) for the two
mentioned stator configurations have been investigated with different combinations of slots per pole pel
phase [ElRefaieetal (2008a), EIRefaie(2010)] and with different multilayer and multiphase machine
configurations [ElRefaieetal (2008a), ElRefaie(2010), AlbertiandBianchi(2013)]. Studies using
the same performance indices were later furthgraeded in [Pouramiatal (2017)]. Here, five
different internal PM rotor topologies {¥ype, double Mype, flattype, double flatype and
spoketype) in combination with both concentrated and distributed stator winding arrangements were
analysed. A sinhar approach related to concentrated winding stator and customised rotor was also
investigated in [Kangtal (2013), AslarandSemail(2014), Zahetal (2017)] but with a focus on
harmonic current injection and fluxeakening region investigations. Besauotor losses are often
stated as one of the main disadvantages of fractglosl concentrated winding machines
[Boglietti etal (2014)], impact of the number of phases and rightfgs{pole combination were studied
in [Fornasieraetal (2012), Aslaretal (2014)]. In this studya comparison was made for threéive-
and sevesphase machines with conclusion that higher phase number means lower spatial harmonic

components (although higher than expected) and lower rotor losses.

Following from the citedvorks, it can be concluded that the interest in PM machines area with
concentrated winding design is high. In the earlier days this was mainly because of lower winding cost
in manufacturing process and more compact design when compared with convengicimakeswith
distributed design [Magnussenhal (2004)]. In this paper, two thrgghase different surfaemounted
fractionatslot concentrated winding machines (with number of slots per pole per phase epuél.fo
andqg = 0.36) and machine with diditited winding design (with = 1) were observed. Despite the fact
that rotor characteristic and dimension of all three machines were equal, different results were acquirec
It has been shown in this study that machines with concentrated windings havéruigb&nce (which
is mainly related to higher slot leakage), superior thermal performance in constant power region (due tc
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lower winding losses), lower torque ripple and wider fielelkening operating region with better
performances than machines witetdbuted windings. Nevertheless, the main advantage of distributed
winding configuration, that is, the best utilisation of inverter rating in the base speed region, was once
again also confirmed. But this was at that time of lesser importance becaesatsnesting advantages

of fractionatslot concentrated winding machines were highlighted, and many new areas of research

were opened.

Based on this research, in the last ten years many studies have been conducted to further explo
fractionatslot concetrated winding PM synchronous machines (both timegse and multiphase
cases). Advantages that this winding design offers are summariseeReffi#(2010)], and are high
power density, high efficiency, short etatns, high slot fill factor (particulr when coupled with
segmented stator structures), low cogging torque and bettemégldleningcharacteristicsas well as
better faulitoleran capability. In [AslarandSemail(2014)] simplicity of manufacturing, maintenance
and recycling were also agld to the list. Although there are many advantages that fracttotal
concentrated winding design offers to designer, there are also some drawbacks that must be taken in
consideration. Again, summarised in{E&faie(2010), Bogliettietal (2014), Reazadetetal (2018)],
one must be aware that this winding arrangement causes significant rotor losses (including magne
losses, rotor core losses and sleeve losses in case of a conductive sleeve) and higher distortion of air g
flux density. This particalrly applies in the higlspeed region due to the lower (sub) and higher (super)
order space harmonic inherent to such winding configuration, because they are not in synchronism witt
the rotor. Potentially higher parasitic effects (due to additional haosontents) like noise, unbalanced

magnetic forces and torque ripple can also be present in this machine winding type.

Although fractionaklot concentrated winding multiphase machines are still under investigation,
because of some important features thay have, they are today already employed in-hédjability
applications such as e$hore wind energy conversion generators and electrical vehicles. When
electrical vehicles are considdrea wide speed range and fatgterance areequired This asksfor
good operationabehaviouiin thefield-weakening region. In [AslaandSemail(2014)] a concentrated
winding machine with 20 slots and 8 poles (fractional number of slots per pole per phase) was
investigated for hybrid automotive applications. Theadvantage of the winding arrangement related
to low reluctance torque was compensated using a novel rotor structure. In [Cawdg@h{013)] a
duplex thregphase surface PM generator integrated inside aircraft main gas turbine engine was studiec
from a safety (faultolerant) standpoint, while a similar investigation was made in [Zbeaig2011)]
for in-wheel motor. On the other hand, one of the main reasons why fraetlon&M concentrated
machines are used in wind energy conversion systenoedsfgulttolerant capability. To achieve such
capability, singldayer concentrated winding layouts were investigated in [BiasmutiPre(2006)].

Based on that research, a similar machine configuration was later used to test a modular machine i
[Li eta (2017)]. Because segments are separated physically and magnetically in modular machines
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faults would not propagate from one segment to anothepdssiblefault interaction between phases
is reduced. In this research, optimal slot/pole humber coritainfor modular PM machines with

different phase numbers is also identified.

As it can be concluded from this short literatwarvey related to machine winding design,
concentrated fractionalot arrangement is todan interesting choice in mangasesespecially for
machines with more than three phases), but distributed winding design is still advantageously used i
(PM) machine production because of nsimusoidal MMF/EMF distribution. For the machine in this
thesis, a quadlistributed winding is aplied. This will result ina nearsinusoidal MMF distribution on
stator side, but because magnets on rotor are arrangespiecific way (as explained ithapterl),
backEMF shape in this machine will be nsimusoidal, allowing furtheinvestigation of torque

enhancement and fluweakening (i.e. areas in which concentrated windings are dominant today).

2.3.1 Symmetrical/Asymmetrical Winding Reconfiguration

The ninephase machinévestigated in this worlcan be further classifiess béongingto machine
group with a composite odd phase number, for which winding configuration (symmetrical or
asymmetrical) can easily be obtained by only rearranging voltage source inverter power supply cable:
at the machine'serminal box. Such a possiltyliwas briefly mentioned in [Klingshir(1983)] and
restated in [Jungtal (2012)], but has never been explained in detail, generalised or experimentally
verified. It therefore appears that this knowledge, common to electric machine designers, hbg so far

and large escaped the attention of the drive cootmoimunity and hence is covered in this thesis.

Asymmetrical and symmetrical configurations are rarely treated together for the same phase
number, primarily since for each particular case it is knawich topology is better. As stated in
[NelsonandKrause(1974)], the required spacing between multiple winding sets for best performance
i snfdr an even numbéor anmdd nanbdr ©f setsn 4 rar2 ‘eXception is
[Patkaretal (2017)], whee, to test derived symmetrical/asymmetrical structure control algorithms, two
different sixphase induction machines (with different parameters and windings) were used. In real
world applications, once when the phase number is selected, the preferrgdrediofi (symmetrical
or asymmetrical) is in essence known, hence the practical importance of the described work in this thesi

primarily relates to the laboratory environment, where in most cases only a single machine is available

2.4 Torque Enhancement in Machines with NorSinusoidal BackEMF

In the past, considerable efforts have been devoted to designing rotating ac machines with
distributed windings in order to create sinusoidal MMF and EMF. With the advent ofstaied
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converters, theia became to develop switching strategies such that the output voltage waveforms have
low harmonic content, the objective being to produce a rotating field within the machine having a
minimum of time harmonics. As a result, the iron core is effectivelyeuuiized since only
approximately onghird is near saturatiofrobably he first work to consider machine designs that are
better suited to the output waveforms of power electronic converters was published in 1984
[Lipo andWang(1984)]. The paper desbes design and analysis of an asymmetricapbixse, salient

pole, synchronous machine with figitch concentrated windings having one slot per pole per phase.
Each thregphase winding had an isolated neutral. The machine was tested as a generbtiogsapp
resistive load through a rectifier. The paper reported that the machine is capable of supplying 15% mor
power than a conventional thrpbase equivalent of the same size. Shortly after, the work reported in
[Weh andSchroder(1985)] used a gaterutoff thyristor inverter producing almost squavave current

in conjunction with a 200 kW sevarhase synchronous reluctance machine, controlled in a similar way
to a BLDC. The paper reported considerably higher torque production compared with-phésee
machine. Another interesting approach, referenced in many papers, considers torque enhanceme
through (third) harmonic current injection. This approach was first used to increase the specific torque
of five-phaseinduction and synchronous reluctamoachines. It was shown that these machines are
capable of producing more torque for the same amount of copper and iron as equivalent machine
without it. Because high torque capability is essential for the electric machine drive system in the
applicatiors of emergingtechnologies irmodern transportatiorsuch aselectricalvehicles andship

propulsion andin wind power generation, a substantial amount of research works started to emerge.

A five-phase synchronous reluctance machine with concentrated nggndias proposed in
[Toliyat etal (1990)]. The machine (with third harmonic current equah&B3% of fundamental) was
capable of producing a 12% increase in torque per ampere, when compared tphabessguivalent.

A number of papers then followedhich considered various aspects of the-fitiase synchronous
reluctance drive, such as mathematical modelling, parameter estimation, FEM modelling
[Toliyat etal (1991a), Toliyaketal (1992), Toliyatetal (1998)] and field oriented control using aittid)

signal processing [Toliyadt al (2000), Shietal (2001)]. A ninephase synchronous reluctance machine
was investigated in [Coatesal (2001)] under fielebriented control. Two types of current control
techniques were investigated for torque imgmoent, one in the stator reference frame and the other in
thed-q reference frame, and for this purpose, the third, the fifth and the seventh current harmonics were

injected into the machine.

Induction machines with enhanced torque capabilities have aothe subject of research over
the years [Toliyaetal (1991b), Toliyatetal (1991c), ToliyatandLipo (1994), Xuetal (2001), Lyra
and Lipo (2002), Durantal (2008), Zhengetal (2008), Arahaktal (2009), ArahabndDuran(2009)].
The fivephasecase is studied in [Toliyatal (1991c), ToliyatandLipo (1994), Xuetal (2001),
Zhengetal (2008)]. The work in [Toliyaetal (1991b& 1991c)] contains a general theoretical analysis
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of all relevant phase numbers, assuming a concentrated windirgiordmachine. Fourier analysis is
used for investigation of the effects of differentgéip field spatial distribution harmoniosf @rderh)

and time harmonic®of orderv) in the supply. It is found that those MMFs that are produced by the same
order of space and time harmonics rotate forward at synchronous speed. All others are rotating at spee
equal tov/h times synchronous speed, some in the forward direction and bagievard. In
asymmetrical ningphase machine, for example, this means that the fifth and the seventh spatial
harmonic, when interacting with the fifth and the seventh time harmonic, can produce average torque
In a symmetrical ninrg@hase machine (and slegreutral), the additional torque can be produced using
the third, fifth and the seventh harmonics of the current and winding function. lat pX(2001)] a

model of a fivephase induction machine including th@rd harmonicMMF is derived, and the
comresponding transformation matrix which includes the third harmonic is given. A FOC scheme,
including third harmonicinjection, is designed and tested using simulations. As a result, 27% higher
fundamental torque peak component was achidwvefiMengonietal (2015)] the maximum torque at

any speed (even in the fieldeakening region) is optimally found by injecting third harmonic current

in a machine with classical integsglot winding. As shown, the improvement of the torque can be up to
17% for a given RN& currentln [Zhengetal (2008)] a technique to improve the flux pattern within a
five-phase induction machine is presented. The technique is developed througitadealector
control, with synchronised fluxes. The magnitude and rotating speed ofstueiated fluxes
(fundamental anthird harmonig are independently controlled in each subspace. The resultaatpair

flux density is fully controlled, preventing iron saturation. A gttesspezoidal akgap flux density
distribution is achieved for bettéron utilization and higher torque density. It is confirmed that,

compared with sinusoidal fluxing, the quaigipezoidal flux pattern will not lead to an oversized power

inverter when i mproving t he ma c-phase amdctson maching u e
with distributed windings is studied in [LyemdLipo (2001), LyraandLipo (2002)] and thethird
harmonicc er o sequence current component is inject

torque density. It is shown that theciease in developed torque is due largely to the injection of the
third harmoni¢ causing the fundamental -gjap peak flux density to reduce; thus, it is possible to
increase the torque by increasing the fundamental flux componer¢statdish the fluto its original
value. This enables increasing the fundamental without saturating the machine. -phasee
symmetrical induction machine with concentrated windings is considered in [Raat¢2015)] where

a comprehensive approach for the derivatibequivalent circuits for steady state operation for both
fundamental anthird harmonidrequencies is given. The dynamic performance of the drive is verified
using simulations. In [Arahatal (2009)] a fivephase induction motor drive is studied witle &aim to
investigate variabléhird harmoniccurrent injection, because constant current injection is not always
optimal for the whole range of operation. Based on the similar optimisation idea, transient performance:s
of the same multiphase machine wetesarved in [ArahaandDuran(2009)] and a dynami®I

regulator tuning algorithm was proposed.
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Finally, torque enhancement in multiphase PMSMs has also been the subject of considerable
research effortdVorks related to éith surface mounted and interior gm&t machines can be found in
the literature. A fivephase PMSM with concentrated windings, such that the EMF is almost trapezoidal,
is presented in [ParsmdToliyat (2005a), Parsatal (2005)]. The drive is supplied with combined
sinusoidal plughird harmoniccurrents. The motor is able to produce the same torque as an equivalent
BLDC; however, it overcomes the BLDC disadvantages such as torque ripple and complex control
above the base speed region. The paper used FEM simulations to study fluxatfehsigjculate the
steady stateorque. Implementation of this, so called 5BPM, was afterwards applied to ship propulsion
and the results are presented in [ParsdToliyat (2005b)], while in [Parsatal (2005)] the operation
of the same machine ithe fieldweakening region is analysed and a suitable control scheme is
developed. Design considerations of a fplease PMSM are given in [McCleetal (1991)], where
both radial and axial flux type machines are considered, and the authors claim that up to 27%
improvement in torque per given volume of the machine is possible with additional current harmonic.
Different improvement percentages were later reported in many other papers fepbhafeesurface
permanent magnet machines. In [ZlaaolYang(2011)], a21% improvement was recorded with the
same torque quality while for different adaptations of rotor investigated in [\&ah(R2014),
Sadeghktal (2014)] achieved improvement wasthe ranged - 17%, keeping the same RMS current
value and small torquepples. Torque enhancement through harmonics produced by magnet shaping
was first investigated in [Leétal (2003)]. In this research, the optimiddird harmoniccomponent
amplitude was not analysed. This problem was later investigatEghbytal (2012)], while more
recently, the work presented in [Waetal (2017a), Wangtal (2017b)] looked at a fivphase
permanent magnet machine, where the surface magnets are shaped to produce flux at fundamental a
low order frequencies. It is shown that fortiopal harmonic injection, théhird harmoniccomponent
must be 1/6 of théundamental and that in this case, torque improvement can be >30%. Hpinever
addition to thehird harmoniccomponent, PM shape also adds the fifth and the seventh harmonic to the
backEMF. In a fivephase machine, those are siomue producing harmonicar{d theycan cause
undesirable effects such as localized saturation, additional iron losses, eddy currents losses in magne
etc.) and they need to be eliminated through resoramtent control [Wangetal (2014),
Yepesetal (2017)]. In [Suietal (2017)] single and dualplane vector control strategy for faghase
PMSM was investigated and for dyabhne control, three different methods of current harmonic
injection were compad. It can be concludesh the analysis given up to ndtatthe problem ohow
to get more torque out of the same machine has been investigated many times during the last tw
decades. However, few papers focus on the evaluation of the machine lossethethérd harmonic
current injection. Because of that reason, in HrelZanasi(2011), Suietal (2017)] a study was
conducted with the purpose to further analyse this issue. Iref8L{2017)] three kinds of current
injection methods for torque impvement were studied. Based on the principle of minimum copper loss
and equal amplitude of currents, the plasilit control strategies were investigated with/withoutkiiel
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harmoniccomponent considered. It has been shown that irpivase PMsynchrommus machingorque

can be improved by injecting tiigird harmoniaurrent but the choice between differdritd harmonic

current injection methods depends entirely on the tadggtplication. Finally, as already mentioned in
earlier sections, a low voltage fiyghase interior PMsynchronous machings designed in

[Aslan andSemail(2014)] for automotive applications. A new-tirmonic rotor (created by adding
extra radial magnet®s the rotor) is designed@hich produceshethird harmonicEMF to link with the

third harmonidMIMF produced by the stator windings. In the base speed region, the machine operates
using both the fundamental atidrd harmoniccurrents, producing 33% hightorque with the same
volume machine. Above the base speed, the drive uses only the fundamental component effectivel
operating in a pseudield weakening mode. The principles relatedthe third harmoniccurrent
injection and biharmonic rotor structer presented in [AslaandSemail(2014)] have led to further

work of the same research group. For example, a surface PMhase machine torque optimisation

was investigated in [ScuillemdSemail(2014)]. Further works include optimisation of control
strategies for fivephase higkspeed traction machines [Zadtral (2016a)], investigation of maximum
torque, power and speed with low armature reaction [Sceill(2016)] and research about control
under voltage and current limits (i.e. fieakeningcontrol) [Zahretal (2017), Bermudegtal (2019),
Zhangetal (2019a)]. In [Zahretal (2016)], FEM simulation shows how the torque/speed
characteristics can be largely extended in constant power area for transient operations while ir
[Scuilleretal (2016)], a more general study has been achieved for investigated surface PMSM with low
armature reaction showing potergiadf such machinesRegardingresearch related tthe flux-

weakening regiora moredetailed coverages given insection2.6.

Based ommany research studies focusing on torque density improvement and the different increase
percentages that have been reported, it is clear that the torque improveameativine depends mostly
on the ratio between the magnitudes of the fundamentathartird harmoniccomponents in baek
EMF (PM flux). Mathematical models for the determination of the optitmatl harmoniccurrent
injection were therefore investigated and derived in [ZmabYang(2011), Suietal (2017),
Guetal (2018), Gongetal (2019)]. In [Suietal (2017)], three different methods for optimal
fundamental tahird harmoniccurrent ratio were studied based on PM flux magnitudes. The same
amplitude constraint, the same RMS constraint and ratio of torque to losses methods weratgwestig
and validated by FEM analysis. It should be noted that these are not the only techniques used in existir
literature (there are also methods based on machine design properties and different optimisatiol
procedures), but the same RMS constraint (catedlon maxnaltorqueperAmpere principles) is the
dominant ong¢Gongetal (2019]. In [Guetal (2018),Gongetal (2019}, a similar approach tine ore
in [Suietal (2017)] was used, but this time equations for the optimal injection ratio were obtained by
using backEMF magnitudes instead of PM flux components. Going one step further, in
[Wangetal (2015)],aninvestigation which studies relation beeweoptimal injection ratio and stator
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winding topologies/stator sloumbes was performed. For this purpose, adprease surface permanent
magnet machines with the same rotor and with-ov@rlapping (16slot/8pole) winding and
overlapping (46slot/8pae) winding was tested. It has been demonstrated that the machine stator slot
number and different winding topologies can have significant influence on the oftirdaharmonic
current injection ratio. As shown, in 40ot/8-pole configuration, producetiird harmonic baclEMF
component (22% of the fundamental) is much higher than the onesioti®pole configuration (4%).

Consequently, this means higher output torqueemachine with 46slot/8-pole configuration.

With regard tanterior permanennagnet multiphase machines, an interesting research is conducted
in [Stumbergeetal (2003)]. Regular threphase stator windings of an interior permanent magnet
synchronous motor were replaced with two sets of thheese electrically isolated windingmd one
set was shifted from t he ampasymmatricabixyphalelstatoriwimding p a c
was obtained.It was shown that improvement of the output torque withthlirel harmoniccurrent
injection is up to 42% if compared with origintAreephase configuratigralthough this required use
of the seventh inverter lggince the third harmonic currents in an asymmetricapbase machine do
not sum to zero)Beside work in $tumbergeetal (2003)] and some references given in previous
paragraph,torque enhancement by harmonic current injection in an interior PMSM was reported in
[Gautametal (2011), Aslaretal (2012) Liu etal (2018)andGongetal (2019) as well, while research
about enhancement of torque through magnet shapingdanid in, for example, [Wargt al (2012)].

Literature in this section has been so far categorized based on typical machine classification (i.e.
synchronous reluctance, induction, PM synchronous). This was possible because most of the existin
researchworks are mainly focused on the third (current/EMF) harmonic component. As stated in
[Toliyat etal (1998), Levi(2008)], inan n phase machinéwith n being an odd numbegll high-
magnitude odd lovorder harmonics between 1 andtan be used to couple with the corresponding
spatial MMF harmonics to produce additional torque. Althotlgtthird harmonicinjection has been
investigated ranytimes to this day, other harmonic compondmngher than 3 and lower than machine

phase number have been isiigated to a far less extentbfief summarys provided in what follows.

The 3% 5" and 7 harmonic current injection to enhance torque of a-pim&se synchronous
reluctance machine wanvestigated in [Coatet al (2001)]. Generalized-q equations were derived,
and it was shown that odd harmonicsghe current can efficiently be used to enhance the output torque
production. In [AbdeKhalik etal (2010)], steadystate analysis ofhe 3, 5", 7" and 9' harmonic
current injection was conducted for an eleydase induction machine. It was shown that an increased
number of injected harmonics increases the output torque and the maximum dynamic stability limit. The
maximum achieved tque was 27.5% higher than with the fundamental only. The same machine was
again investigated in [Abdd{halik etal (2011)] under open loop control. The target was to investigate

the airgap flux distribution under the applied sequence and harmonicidameot obtain an optimum
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flux distribution using a generic algorithm that evaluates the optimal flux constants. Based on this
concept, iron utilization was maximized giving more torque per ampere.-Mutionic torque
enhancement was investigated in [&al (2014), Huetal (2017)] as well, consideringpe 5" and 7"
harmonic currents. Here, a dual thpease PMSM was studied using the same current amplitude
constraint. It has been shown that the torquebeaincreased by 7-8.6% with negligibletorque ripple.
Another interesting research related to the multipledogher harmonic utilisation in-phase machines

was presented in [Farshadeizal (2018)]. Although this research is not entirely related to the machine
control, it is worth mentioning baase it presents a novel heuristic aldpon for symmetrical fractional

slot concentrated winding multiphase PMSM design, which maximizes the output average torque unde
the current harmonic injection. Likewise, research presented in [Gautdi(2011)] deals with the
modelling of a ningohase internal PMSM consideritige 3%, 5" and 7" harmonics. Cases with and
without damper windings were studied for the clear understanding of advantages such as fault toleranc
and torque ripple reduction. It is imgant to note that in th&urveyediterature optimal injection ratios
between fundamental and other injected harmonics were determined using optimisation tools
[Hu etal (2014), Huetal (2017)] or methods based on design machine propesiieh as windig
factor/flux density [AbdeKhalik etal (2010), AbdelKhalik etal (2011), Farshadnietal (2018),
Gautametal (2011)].

2.5 Sensorless Control

To measure rotorb6s position and compute spe
motorés shaft. These sensors need a special me
is far from the drive controller. Needless to say, withlemgentation of the position sensor overall cost
of the drive is also increased. Because position sensor increases mounting and maintendece cost
reduces the reliability of the wholeystem [Batzeétal (2000), Lidozzietal (2007)], in many
applicatbns today (such as for example smaller automotive and home applicationsefBé&(R014)])
position sensrs are actually avoided and so called sensorless control strategies are implemented. Eve
if the position sensor is not completely removed fromdhee system, the sensorless methods are
sometimes still used as a backup to provide rotor position informiatitre case of position sensor
failure [Betinetal (2014)].This is of a major interest for safety critical applications such as for example
more- and altelectrical aircraftsandthe electrical transportation applications in genékahechanical
position sensor is replaced by the coroegping position/speed estimatowhich reconstructs the
position information through electrical quantiteem s ur e ment s . Mot or curre

terminals and inverter dink voltage measurements are usually employed for this purpose.

Attempts to classify sensorless control solutions by considering specific aspect of PMSMs were
reported ifAcarnleyandWatson(2006), Garciatal (2007), Boldeg2008), BrizandDegner(2011)].
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Probably the most complete and up to date technology status classification nhowadays can be found i
[MaandZhang(2018). From this work a simple but complete classificatminsensorless control
techniques can be established. Two main categories of sensorless strategies exist: methods based
excitation signals at the fundamental motor frequency and methods based on motor saliency tracking. |
the motor is operated using éation signal at the fundamental frequency, estimation of the Btk

or magnetic flux is used to extract the rotor position and speed. Normally, th&likcinethods offer
accurate position estimation when PMSM is operated in the middle andgegh ange, but zero

speed operation is not possible atload conditions(due to the low EMF harmonic magnitydé

should be mentioned that the minimum operating speed can approach zero if specific conditions ar
satisfied (such as highly accurate machinedehohighly accurate measurements of voltages and
currents, special compensation of the voltage source inverter effectsGatciagtal (2007),

Briz andDegner(2011)]).Needless to say, this is not always the case and certainly not easily applicable
for the differentealworld scenariosA great amount of work was theref@@mpletedrying to improve

the lowspeed performance of EMF based algorithBslggnanietal (2014)], or as an alternative,
propose a scalled hybrid control method&@tuetal (2008). Large number ofarious state observer
based methods, such as Luenberger observer, sliding mode observer, extended Kalman filter, I/f startin
methods etc, have been studied for this purpllseandZhang(2018)]. Although hybrid combination

of the two different methods for lowand highspeed ranges yields good results, there are still many
problems that need to be solved or/and improved. Authors inafidZhang(2018)] give initial

(starting) position estimation, parameter sensitpéhd FPGAmMplementation as some of the examples.

Methods based on saliency tracking are, on the other hand, sensorless control approaches that ¢
work at standstill and at very low spesed-undamental frequency quantities are involved in the
electromechanical emgy conversion, while PMSM salienciese exploited for the rotor position
estimation. The categp can be further divided intwo groups: continuous high frequency injection
and transient excitation methods (subcategories can be foula BnjdZhang(2018)]). Although the
working performance of all high frequency injection methods is relatively good, in addition to the
reduced efficiency at high speeds, signal injection could also cause extra losses, torque ripple an
transient disturbances [AcarnlapdWatson(2006)]. On the other hand, transient excitation methods
requre modification of the hardware aménce are, for example, not suitable for implementation in
industrial applications. In general, saliency tracking based methods can work at zeranspeelbw
speed range but are highly dependent on the saliency information. Without the correct information of
this parameter, interferences in control algorithm can easily occur [Acamidyatson(2006),
Garciaetal (2007)].

While a considerable amant of work has been reported for thigease systems, sensorless control
of machines with more than three phases has been studied to a far less extent. In(RDh3grithe
rotor position estimation with a Luenbergie state observer for a fiyghase PMSM was presented,
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with the attention focused on the design criteria that can be used to extend the effective range of th
sensorless strategy to operation under a faulty condition. In [RadJaliyat (2007b),

De Belieetat (2014)] similar problers were investigated for a fiyghase interior permanent magnet
motor where the position and speed information have been estimated using the position of the stator flu
linkages and EMF harmonic components, respectively. In the latter case, estimatorotditposition

was performed by observing (from phase currents and phase voltages) the fundamental and the thil
harmonic orthogonal EMF components. Building on a technique fronBfle etal (2014)], work in
[Stisciaetal (2019)] investigated a noveknsorless control approach for a Aa&ase nossinusoidal
backEMF PM synchronous machinprototype studied in this work. It was shown that the third
harmonic of the bacEMF can be successfully utilized for precise rotor position estimation. In both
[De Belieetal (2014) and Stisciatal (2019)] phasdocked loop control [Zhangetal (2016)

llioudis (2017), Bierhoff(2017), Varatharajaatal (2018)] was used itsad of usually implemented
inverse trigonometrical functions (e.g. arctangent), since finding inverse of trigonometric functions can

be computationally intensive.

Although EMF basd sensorless control of a niphase PMSM in [Stisciat al (2019)] showed that
position estimation using the third harmonic is possible, the third EMF harmonic is nahessdr
the best possible outcome. As it will be shown in this wdhnk,third harmonic (almost equal in
magnitude to the fundamental), can be applied to significantly improve electromagnetic lbigrgpe
to 36%.

2.6 Flux-WeakeningOperation

In electrical vehicle applications, higiower density and fautblerant capability are camonly
required properties for machine drives. In addition, a wide speed range capability is also required, ofter
making the machin& operate aboveominal speed. It is weknown that a machine can operate in
two operating regions, the first one beingnfrzero up to rated speed/frequency (called constant flux or
constant torque region) and the second one being above rated speed (known also as constant power
field- (flux-) weakening region). Because highwer density, faultolerance and fieldveakening
operation must be achievable with low-lies voltage, multiphase PM machines are an interesting
alternative [ScuilleandSemail(2014)]. The study of the fieldreakening ability of multiphase
machines can be considered as being equivalent to the sfudg-bus utilisation improvement
[Scuilleretal (2016] because the maximum voltage that can be supplied to the machine by the inverter
is limited by delink voltage [Pars&tal (2005)]. This problem was (in case of multiphase machines)
analysed in [Levetal (2008)], where an analytical approach to determine the boundaries of the linear
modulation region for multiphase inverter has been made. Because this study was mainly oriented tt
converter side, effects of ba&dMF and inductances in machine weo¢ examined. The approach and
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its effectiveness were later demonstrated in [Castdd{2008), Casadaital (2010),
Mengonietal (2015)] wherehiswas applied to a sevayhase induction machine with fieldeakening
capability. It is shown that the gposed control approach is able to utilize the maximum torque

capability of the motor at any speed.

Numerous researchers have investigated the-wWeakening operation for thrgghase PM
machines fed by a voltage source inverter. In [SchéfiedLipo (1983)] surface PM synchronous three
phase machine with and without saliency was investigated to analytically determine the torque/spee
characteristic in both below and above the nominal speed regions. For the same reason and using t
machine with the samaimber of phases, in [Magnussetral (2004)] the winding design influence on
the fux-weakening ability was investigated. For that purpose, PM synchronous machines with
concentrated fractionallot design and distributed full pitch winding design were istlidA similar
investigation was presented in {Ekfaieetal (2006)] where the focus was the development of a new
technique for analysing a surface PM machines equipped with fraesionaoncentrated windings. It
is important to note that, as alreddghlighted insection2.3, one of the main disadvantages of surface
PM machines is poor fieldreakening capability. It is weknown that optimal flusweakening for
surface PM machines occurs when the characteristic current (i.e. magnitude ratio betwweemanent
magnet flux and thd-axis stator inductance) of the machine is equal to the rated machine.déithent
flux-linkage is reduced, the torque capability of the machine is compromised and, as a result, the currer
tends to be significantly higer than the rated. Consequently, constant power is harder to maiatain
flux-weakening operation for surface PM machines is severely limitedRdEieetal (2006),
El-Refaie(2010)]. A key advantage of fractiorslbt concentrated winding machines, presented in
[El-Refaieetal (2006)] is that they help achieve a wide speed range in constant power operation. As
already explained, this is one of the reasons why fractsloatoncentrated winding PM machines are
widely investigated today.

While there are many papers that address fiedéhkening operation of thrgghase PM machines,
there are few papers that deal with PM multiphase machines. The reasonstated in
[Scuilleretal (2016)], are mainly because multiphase machines are not usedg#otbextent as three
phase machines and because they behave as sdwgr@Eftcuit machines, thus making analytical
computation of tha-q currents irflux-weakening region difficult to achieve. Furthermore, among the
few papers that exist [e.Barseaetal (2005), Xueleetal (2011)], most of them focus on the control side
for a given machine and for a particular speed operating point. In [Eta42005)] the fux-weakening
control method for a fivgphase PM synchronous machine was propastca focus on the fundamental
and third harmonic current commands. Equations to calculate ghtk torqueproducing commands
were determined analytically, and for this purpose stator resistance was neglected. Combining work ir
[Parsaetal (2005)] with the complex reference voltage vector limit calculat@monstrated in
[Levi (2008)],extended fieldveakening control strategies were proposed in [Castde{2010)] and
@jhgﬁﬁ"ﬁ%m 33
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later in [Xueleietal (2011)]. Considered machines were fplgase permanent magn
[Xueleietal (2011)] and sevephase induction [Casadeial (2010)]. Once again, in addition to the
fundamental, the third harmonic currents were employed. By precisely determining the reference
voltage vector limits, and harmonic current commanugrovements in the region above base speed
were reported in both works. Nevertheless, it should be also noted that both works targeted specifit
multiphase machines, i.e. it is hard to apply the presented results to other multiphase machines types.
orderto formulate a general technique, in [etal (2012), ScuillemndSemail(2014)] a numerical
approach was suggested and used to determine the current sharing angdeqguhspaces at a given
speed and for a given dc voltage fomaphase machine.

In [AslanandSemail(2014)], an interesting approach for the flaeakening operation of five
phase (concentrated winding) machine was introducedhaimonic rotor design was presented which
produces a lower fundamental harmonic component amplitude ottfan thethird harmonicflux
component. A control strategy that combines these harmonics is developed in botfegeed In the
low speeeregion, current is distributed between fundamental and third harmonic, allowintphigie
density with classil third harmoniccurrent injection. In the highpeed region (i.e. over nominal
speed), only the fundamental current is used. Because control algorithm now uses only weakene
fundamental flux component, lower current density in the machine slots is neelledp constant
power functionality, hence, better fluxeakening performance of surface PM synchronous machine can
be achieved. Afterwards, work in [Scuilletral (2016), Zahetal (2017), Zhangetal (2019a)] extended
the research in [AslaandSemali (2014)] to consider open circuit faults and subsequently proposed
fault-toleran strategies which are beyond the scope of this watttk in [Hassar(2018]) reported
similar conclusions as the work jAslanandSemail(2014)] As it turns out, investigad five phase
PMSM machinas in flux-weakeningegionachiezing highest speed if only fundamental component is
used, while third harmonic component (although used in MTPA region for torque boost) is controlled
to zero.Optimal current referencder flux-weakening FW) controlwereherecalculated analytically,
by neglecting stator resistand#&/ith such control, prototype machine camachFW speed which is

significantly higher than the base speed.

2.7 Summary

In this chapter, a review of tHderature relevant to this research is presented. References are
classified in a way that the main noticaisout multiphase machines (categorisation, design, modelling,
model transformation and contr@jepresented first, followed by a review of worksgortant to the
work undertaken in this thesis (that is, winding distribution, torque enhancement usingahdd

multiple) harmonic current injection(s), sensorless control aneWieakening operations).
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Chapter3 Modelling of themultiphase PMSMs

3.1 Introduction

In this chapter, multiphase machine modelling and control system are described. The main objective
is to develop a generalised mathematical model of a machine wittagriptrase number on the stator.
The focus is plaak on surfacemountedpermanent magnet synchronous machines. Two different
modelling approaches are considered, that is, machine models invainastde (phase domaiahcn
and synchronous (rotatind.q) reference frames are studied. The machine develops a) girasoida
backEMF, hence ideal machine models are presented and tested in this chapter. In that way, the gener
machine modelling and control principles are explained, and a benchmark configuration (withAwo 180
magnets) is defined/analysed before moving orthto nonsinusoidal bacdEMF distribution (and
shortened magnet span) in the following chapters. A field oriented control method is developed and
validated using th&latlab/Simulinkenvironment. To further verify the results, a finite element method
softwae tool is used.

The machine model in terms of phaswiables is first presented. In this procesdifferent
eqguations for voltages, currents and flux linkages emerge. The mutual inductance between each pha
and the othern(- 1) phases needs to be takiato consideration. Therefore, to simplify the model
development, modelling process is divided into two sections, where one represents electrical part of th
machine while the other deals with the magnetic equations. Analysis of the machine ingrizdde
reference frame can be difficult teandle,so transformation matrices for decoupling are applied.
Specifically, the vector space decomposition (VSD) transformation is used for this purpose. Matrices
are presented for symmetrical and asymmetkigating configurations with a single isolated neutral
point and amplitude invariant scaling coefficient. After applying rotational transformation and system
decoupling, flux (d) and torque (q) producing currents are obtained and the machine model in a
rotaing reference frame is further derived. Consequentially, this allows the modelling irvainiaddes
(which is more convenient here because of specific -Bfdk) and control implementation in

synchronous reference frame.

Finally, the composite odd phase number machine investigated here can be placed into a categol
of machines for which change of winding configuration can easily be achieved by simply rearranging
the power supply leadsthema c hi ne 6 s t e r mthepevidedliwrature révees, & appears
that thispossibility has not been investigated in deféllis work has resulted in a journal publication
[Slunjskietal 2020].

3.2 PhaseVariable Reference Frame Machine Modelling

When deriving machine modetjuations, a number of standard simplifying assumptions are usually

postulatedin particular, it is assumed that all the individual phase windings are identical. Furthermore,
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the winding is distributed across the circumference of the stator and itgeetki such a way that the

MMF can be regarded as (ngasinusoidal, i.e. all spatial harmonics except the fundamentalimnd

this thesismall third are neglected. The reason why small third harmonic is modelled is related to the
fact that when rotowith two 180Amagnetpoles is considered ithe studied machine, this component

is present in the badkMF (more about this will be said at the end of the chapter where finite element
analysis is given). Impact of slots is also neglected,the.air-gap can be regarded as uniform.
Temperaturgelated variations and frequenoslated variations due to skin effect are neglected, so
resistance on stator can be considered constant all the time and equal in all phase windings. The sar
can be also assumed feakage inductances. Lastly, effects of saturaimtiosses in the ferromagnetic
material due to hysteresasd eddy currents are neglected

In a multiphase machine the number of phasesn be represented as product of winding lsgts
and number oflpasesa per each winding set. Number of winding sets can be any integer larger or equal
to 1, while number of phases per winding set is a prime number, which ig@qudrger than 3. This

can be mathematically written as:

N=Kkys &
kws2 1, a =3,5,7..

(3.1)

Distribution of phases around statords <circ
winding sets. ,hin whichaasg dyrametialrwinding coffiguration is implied, or
" i, which means that the winding configuration in achine is asymmetrical. For the purpose of
completeness, it must be noted that machines with a single winding.setl] also exist and are built
with symmetrical winding configurations. Spatial atay position ¢j;; generalised case) of th8
(i=1,2,3,é ,a) phase inj" (j=1,2,3,é , k) phase set, for a symmetrical and asymmetrical

configuration can be defined as:
C2P (,(i-1) 4] 1), sym 1'

| (3.2)
(2kWS(i -1) £ 1)) , asym. l

— = ===

SID 5

Mathematical expression defined with (3.B8) illustrated in Fig3.1. In Fig.3.2, a similar
generalisation is shown, considering a winding distribution around stator circumference for machine
configurations with multiple threphase winding sets. Finally, following from the R332, a
symmetrical and asymmetrical winding distribution possib#itin the studied machine are shown in
Fig.3.3. The stator windings are arranged as three -filtase sets (that i&ws=3 anda=3) and
labelled asal, b1, c1 for Setl, a2, b2, c2 for Set2 anda3, b3, c3 for Set3. Such anomenclaturavill
be used throughout the thesis.
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Figure 3.1i Arbitrary phase number machine winding distribution arounebistarcumference for: (a)
symmetrical and (b) asymmetrical configuration.
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Figure 3.3 Nine-phase Kws = 3, a = 3) machine winding distribution around stator circumference for: (;
symmetrical and (b) asymmetrical configuration.
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Application of Kirchhoff

results in:

] =[R] Buse] G/ e

Va @ e o fa
[Vabcn] = gVaZ ;3 [iabcr] = iag ; [L’Jj abc] = ke
§.. 1 £ B

where:

- [vaneq Stands for vector of the stator voltages,

- [iane Stands for stator winding current vector,

~

0sS

l aw to the e€e3dui va

(3.3)

- [e=wed is the vector of the total stator flux linkages in phase sets, while

[R4] represents stator phasinding resistance diagonal matrix.

It is important to note that (3.3) and gdeother following equations are written using motor convention

for positive power flow and a single isolated neutral point is assumed. As it is assumed that all individual

phase windings are identicdRy = R = € Rj = Rsapplies. Based on this and (3.3), electric equation

can now be written for the nifghase case as:
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Figure 3.4i Equivalent electrical circuit in phase domain for PM®&fth single isolated neutral point.
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Flux linkages are given with:

[/ aben] =[Lie] Bave] [Mos] [i o [ /tady

(3.5)
&/ma o
e u
[/m—abcn =é h 22 U
g ... H
Here,
- [Msd represents mutual inductance matrix between all phases in the machine,
- [&mabcr] represents flux produced by permanent magnets positioned on the rotor, while
- [Lis] stands for leakage inductance diagonal matrix
Once again, becausetbke adoptedssumptiond,sas = Lise = € Lis= Lis applies.

In addition to the pephase leakge inductancesn, n matrix containingmutual inductances

between different phases must also be taken into consideration. In its general form, this matrix can b

written as:
eMara1 Mata2 Maiaz Mamm Maib M a1 i-
e
éMaz-at Mazaz Mazaz3 Mazmm Mazpe .. M a2 i-
CMazar Maza2 Mazaz Mazmm Magao M a3 i-

[Mss] =éMpraa Mpia2 Muazs Mpiwmw Mupba .. M b - (3.6)

éMb2a1 Mp2.a2 Mb2e3 Mz M b2 b2 M i
é
e
gMja1 Mjaz Mjaz Mjim Mjp M j.i

To define mutual inductanck!;; between any two arbitrary chosen phases, correspondindaang
positions ¢l andd) in relation to the datum angle must be defined. The datum angle is usually taken as
phaseal angle, which is placed af(i.e. d = OA )Arbitrary angle position of rotor in spadg must

also be taken into accouMutual inductances for every single phase in relation to othet) phases

can be then calculated using:

Mij.i =Mcos@ -g) Macos(2eg | qi - (3.7)

As it can be seen from the givequation, mutual inductance consists of two parts. Coeffidigit the
equation stands for the isotropic, whi denotes thenisotropic mutual inductance component. If
magnets in the machine are positioned on éstaurface, anisotropic factor is equal to zero and machine

is classified as isotropic (the case in this work),Mg.= M, Lcos(, - d).

By assuming permanentagnet flux intheair-gap to be constant and equastand by assuming

that this harmonic is shifted foknsangle, influence of rotor magnets can be modelled as:
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/' maben= h @)S(l (@7 ji '07 ph£ (3.8)

whered; is an angle dependent on spatial phase kligtan around circumference (symmetrical or
asymmetrical; see (3.2)). It must be noted that this equation is valid in machine modelling only if
sinusoidal baclEMF is assumed. If, in addition tbefundamental (novem, dpng), the hird harmonic

(ems, dons) also exist (as in the neasinusoidal benchmark machine discussed further in this chapter),
its influence must be included as well, and the new equations should be:

/o aben= hu Q)S(l (@7 ph@ ms €0s(3 (D el (3.9

iy 70  Gs

Similar modificationis also requiredn the mutualinductancematrix defined with (3.6f3.7), i.e. new
matrix included in (3.5) should b®EJ = [Msq] + [Mss].

For the ninegphase case the magnetic model becomes:

daplée 0O O 0 0 0O 0O O O dgg i b
Sz 5Lk O 0 0O 0 0 0 0 gg 4 TR
a3 06 0 Ly O 0 0 0 0 O §4u i Ho o
u é éu u e u é
éw 0 06 0 0 Lg O 0 0 0 O &g e lm o6
Joz 8 0. 0 0 0 Ls 0 0 0 0By H[Ms] g fmeg  (3.10)
€bs U 06 0 0 0 0 Ls 0 0 O G4 U i§ P of
é u é éu u e u é
éadu 06 0 0 0 0 0L 0 0 da id b
e u (S eu u . e e
Jeoy G 0 0 0 0 0 0L O dgy g Em%
& OB O 0 0 0 0 O O Ls &Y H i€ Ho B

Machine studied in this chapter is with surfaeemanent magnets rotor, hence anisotropic part

in equation(3.7) can be neglected. Isotropic constant can be obtained experimentalbnducting

machine parameter estimation tests. Taking this intouatc mutual inductance matrix can be written

as:

eMat a1
é
éM a2-al
‘?M a3-al
e

eMp1- a1

M a1 a2
M a2 -a2
M a3 -a2
M bl -a2

M b2 a2

M a1 a3
Ma2a3
Ma3a3
M b1 a3

M b2 a3

M a1 b1
Maz. 1
Maz b1
M m

M b2 m

M a1 b2
M a2 12
M a3 12
M b1 b2

M b2 b2

M a1 b3
M a2 b3
M a3 b3
M b3 - Mpr a1

M b2 b3- M b2 c1-

M a1«
Ma201

M a3 cd

M a1 c2

M bl-c2

M a2 c2 M a2 c3-

M a3 c2 M a3 c3-

M a1 c3-

M 1 e3
MpeMpa (3.11)

é

[M ss| = éM b2- al
EM b3 a1
e

éMc a1

Mbzbnzx M b3ct-M p3co M b33
Mclcz

Mo 2

Mpza2 Mpzaz Mz M p3n2

Mcaa2 Maaz Mam Maw2 Map Maa M a e

e
gMe2at Me2a2 Mc2a3 Meazm Mz Me2bs Meoa M e3

EMisa M@az Ma@azs Man Mao Mapw Maa Maoe Mao

whereM;i =Mjl ¢ dBd) + Misk. ¢ 0 si{ @)L (
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Chapter3 Modelling of themultiphase PMSMs

It is easy to concludéom (3.3) and (3.5}hat the common part for both electric and magnetic
models isthe total flux linkageawncn After performing a short mathematical manipulation to combine
presented electric and magnetic expressions, final phase domain model form is acquired. In bott

equation(3.12)and inFig. 3.5,the full multiphase machine model in phase variables can be seen

[iasen] =[Lss] AV abed {RJ[iabchdt [/ m and)
[Lss] =[M o L]
From the concept of eenergy, general torque equation for any PM machine in terms of-phase

variables can be defineds it is shown inToliyat etal (1991a), Gautaretal (2011)], that is¢apital T
denotes matrixranspogion):

co d s| . - . d[/ m abenl
o= B0 =ZE [er]" F[%_] [iapedd P [i o} éj[d—t;/b (3.13)

HGel

(3.12)

All equationtermsin (3.13) except inductance matrixdJ, have been already defined. To derive
this matrix, general inductance matrix forhj fnust be defined. This matrix consists of stateg nd
rotor [L.] selfinductance matrices and statorrotor [Ls] and rotorto-stator Ls] mutual inductance
matrc es. Because studied PM synchronous machine
inductance as well as both mutual inductance matrices can be neglestdiihg in:

ql—ss] [Lsr] (%] qus 0o
L|= o (L] = g4Ll E M L (3.14)
[L] gLrs] [er]g[]_go Oﬂ-[] [ess] [Mof [Lif
By observing LsJ and based on equatis (3.7) and (3.10), it can be seen that matrix components
([Msd, [Lis]) are not dependent on arbitrary electrical posidgnmeaning that the entire first part of
(3.13) can be omitted. Resulting simplified torque expression can be used to cdlmgate in
multiphase surface PMSMs modelled using phas@blesas

Tem= P [Qbcr] i aber] (3.15)

dgel

[Vabcn] +_% fdt [aabcn] i@ :%\ [iabcn] .

% [@mancd inv ([MsJ +[Ls])

L g

F
1
13
1=

r?ﬁ-g(r:]f?iﬁee [RS][ iabcn] rR ] B
model LsII™

Figure 3.5" Schematic representation of a PMSM model block diagram in preaible domain.
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Chapter3 Modelling of themultiphase PMSMs

3.3 Vector Space Decomposition

It is clear from the previous section that multiphase machine modelling usingyanegees can
be extremely complicated. This is mainly because diifferent voltage, current and flux linkage
eguations that must be taken into consideration duringlatitms. To simplify the model, the equations
are decoupled as explained in this section. Two approaches (called transformations) for multiphast
machine decoupling are used today. The first, using a muttiglsodelling method and the second a
vector spae decomposition (VSD) method. Multiplg-q (or multi-stator) modelling approach
applicable only to machines with multiple thyelease windingdjas its advantages,ichas for example
independent controlfeeach individual winding set [NelsandKrause(1974)], but it leads to heavy
crosscoupling between the equations of different thpease winding sets and does not offer clear
insight into machine operation and harmonic mapping [Z&tréd (2017a) and Zorietal (2017b)].
Despite the aforementiongitlis a commonly used machine decoupling approach in industrial research
centres because it uses watlown threephase machine technologies.

The vector space decomposition modelling concept was first introduced feplaasi® machine in
[ZhaoandLipo (1994)] and it is based on symmetrical component theory introduced in
[Fortescug1918)]. This method replaces-original phasevariables with new sets of/2 two-
dimensional subspaces (if the phase number is an even number) or-wi)f2(planes plus one single
dimensional quantity (ithe number of phases is an odd number), i.e. multiple decoupled two
dimensional subspaces and (one or two)-seguence component(s) [Letial (2007)]. Fundamental
components of the machine map intlee secalled U-b subspace and are responsible for the
electromechanical energy conversion (flaxd torqueproduction), while the remainingn(¢ 4)/2 if n
is even orif - 3)/2 if nis odd)R-L circuits comprised of stator resistance and stator leakdgetance
(alsocalledx-y subspaces) are nabectromechanical energy producing where the-zeyo-sequence
harmonics map. In addition to the significant simplification, the main advantage of this technique is that
the new twedimensional subspaces aretomlly perpendicular, so that there is no decoupling needed.
Furthermore, after VSD transformation, it is relatively straightforward to implement any vector control
strategy [Levietal (2008)].

The form of the multiphase VSD transformation matmhich is in real form theCl ar k e 0 ¢
transformationfor n-phase machines depends on phase propagation angle between winding sets, whicl
can be arranged as symmetrical or asymmetrical. Furthermore, it also depends on the number of isolat
neutral points, which icase of multiple threphase winding set machines (the type being investigated
in this work) can be single isolated neutral point or configuration kyittsolated neutral points. If the
number of phases is an odd prime number, number of isolated rpmiitslis always one. Finally, the
third component which must be taken into consideration when vector space decomposition matrix is
derived is coefficieng. This coefficient stands in front of the decoupling matrix and is associated with
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Chapter3 Modelling of themultiphase PMSMs

the powers of dginal machine and the new one obtained after the transformation. If coefficient
equal to 24, the total power is variant under transformation anetadled amplitude invariant
transformation is performed. Alternatively, coefficient in front of theodgling matrix can be equal to

21, in which case total powers of the original and new machine are kept the same in transformation.

I.e. powerinvariant transformation is performed.

Thecompach ot ati on of Cl awhikheisused td repdeenpHase vamables withna

newn component set i-b domain can be written as:
[ fa b] = [C] [Gabcn] (3.16)

Here, [fy ) stands for voltage, current or flux linkage column matrices after transformation for stator
(and rotor if applicable) variables thb reference frame, whileffue] represents corresponding column
matrices in phase domain. Therm in equation (3.16) demed with [C] stands for decoupling

transformation matrix.

To derive decoupling VSD transformations applicable to-pim@se machines, one can start from
[Zoric etal (2017a) and Zorietal (2017b)], where generalisation of transformation is given. Bygusi
(3.1) and (3.2), arrays which contain the angles for the symmetrical and asymmetrigathasae

configurations, respectively, can be obtained as:

[Gsym] :%[o 12345¢67% (3.17)
[Gasyn] =%[o 1 2 6 7 8 12 13 1} (3.18)

Substituting (3.17)3.18) into (3.19]see Zoricetal (2017a) and Zorietal (2017b)]:

é, COS([qsym]) g éi COS([@Sym]) 1
g sin([gsym]) S g sin([ @synl) t
g cos(2lgsym]) ﬂ 2 coS(fasym) t
é sin(2[gsym]) U é sin(SGasym]) ¢
e u e L
[CvsD] =g @C?S(4E75ym]) ,u [CvsD] g:é (‘68(7ba3ym]) ) (3.19)
9,1sym g Sln(4[qsym]) 3 9,1asym 2 SIﬂ(?[Qasym]) t
é cos(3@sym]) L:j é c0S(3Qasym]) L
g sin(3[gsym]) ﬂ S sin(3[Qasym]) t
é1 .. u é1 .. L
é-@os(%sym]) 0 é— ©@0S(%9asym]) (
€2 u €2 L

and assuming power variant transformatigrs @/n) leads to:
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Symmetrical version of theansformation (and corresponding inv@rshat is, matrix given with (3.20),
will be further used in this work to decouples studied PMSM prototype.

Use of the (3.20]3.21) will not only decouple the machine into flux/torque producing and non
producirg components, but will also uniquely map emtder harmonics in th&y subspaces. This
means that each odntder harmonic will be mapped only into a single subspace oisegeence. How
odd loworder time harmonics are mapped into different subspacaméphase symmetrical and
asymmetrical multiphase machines with a single isolated neutral point, is explained in detail in
[Yepesetal (2015), Yepeetal (2017), Zoricetal (2017a& 2017b)]. Following from mentioned
studies and VSD matrices (3.2(B.21), graphical representation of harmonic mapping relevant for this

work can be obtaine@s shown in Fig3.6. Even harmonics adésregarded [Yepestal (2015)].

Finally, it should be noted that in decoupléﬁ model, stator windings are stationary, lghiotor
windings (if they exist) rotate together with the rotor. In order to dispense withvéirgeng inductance
ter ms, it is necessary to perform another tra

d-q) transformationMultiphase form D] of this welkknown matrix can be written as follows:
[faa] = [D] @24 (3.22)
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Figure 3.6/ Harmonic mapping using VSD transformation in case of the-pireese machine: (a)
symmetrical and (b) asymetrical case.

&CoS@er + Gra) SiN(F+ pg) O ... O
& Sin@Ge +@ha) cOS(f +p@) O .. O

[D] = g 0 0 1 ..0 (3.23)
é 0
S 0 0 0 1

Matrix equation is shown onlfor the statorwinding, but the same concept is also applicable to
rotorwindingin an induction machind he first two rows in (3.23) are responsible for flard torque
production, while the other subspaces do not participate in electromechanical energy conversion. Onc
again, this is the case only in this chapter. Modification of (3.23) to includeauditerms to transform
other harmonic components to a rotation reference frame will play an important role in controlling the

shortened magnspanmachine inchapters.

The inverse transformations (which is also important in control algorithm develtpraen as

follows:
[ faven] = [C] " [Fad] (3.24)
[fad = [D]" [Gud] (3.25)
[faven] = [T]” [ad: [T] [€][D] (3.26)

3.4 Synchronous Reference Frame Machine Modelling

Upon application of the VSD and rotational transformations to the phase variable multiphase
machine model, the followingnodel(in which rotational reference frame is aligned with the rotor flux)
is obtainedLevi (2011)]:
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. d/
Vg =Ry € 4de Welly (3.27)
_ . d/q
Vg =Rsq TS Wt I (3.28)
Rt = Rq =Rs (3.29)
_ 2 d/xi . .
Vi = Rs € e 1,23 (3.30)
— o dlyio
Vyi = Rs () —-at—, i 1,23 (3.31)
vw=R & d° (3.32)
dt
la=Ls @ (3.33)
lq=Lq Q (3.34)
/v=Ls Q; i 12,3 (3.35)
lyi=Ls Q; i 12,3 (3.36)
Jo=Le O (3.37)

while torque equation in thetq reference frame can be expressed as:
TemzE B[/@iq Qg 9 id { (3.38)

It is to benotad that the machine is considerdrconnectédand with single isolated neutral point.

In equations (3.27(3.37),v, i anda-denote voltage, current and flux linkages, while indetands
for leakage inductance. VariablegandLq represent stator wilig seltinductance along- andg-axis.
Generally speaking, indicesandq in any variable stand for the components along permanent magnet
flux axis @) and the torque current axis perpendicular tq)itlumber of pole pairs is denoted with
and amplitude invariant transformation is assumed. The resdiirgnuivalent circuits can be seen in
Fig.3.7.

Since a surface PMSM onsidered stator winding sefinductances are approximately equal
(La=Lg=Ls=Ls+ (n/2) LM)) and (3.27), (3.8) and (3.38) can be further simplified as:

dig

Vg = & Q L'EE We le q (339)
o dig |

Vq - Rs|q 'H_SE We|(|_§d /‘h) (340)
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Figure 3.7 Equivalentd-q electrical circuits for arbitrary phase number PM synchronous machine wi
single isolated neutral point in synchronous reference frame.

Teng B/ i, (3.41)

By comparing electromagnetic torque equations (3.38) and (3.41), one can see that because of equ
stator sdtinductances, torque is produced only dpgomponent. Existence of only ong) (current
component applies only when the machine is operating in the base speed region under MTPA contrc

principlesand fluxweakening control is not implemented, i.e. fluxremt component is constant and
equal to zero.

Finally, to complete the simulation model, the equations representing the mechanical system mus
be formulated which follow fromthes econd Newtondés | aw. I n addi
equation forthe electromagnetic torquel{y,), load torque Toad), motor andoad inertia coefficients

(J=JIm + J), and friction torqueTg; dependant on static, linear and parabolic speed contributiarss
alsobe taken into consideration [Vagadeh(2018)]:

Tom=Tioad 95;";—“ To+

(3.42)
d i
=Tioad ¥Im  J) —V?;e—‘:h Teo+ ke #Wmech Oks2 Vi,
Wel = P @thecn (3.43)
Qe = ﬁ Iy dt (3.44)

For ease of understanding, a block diagram of the mechanical subsystem defined with (3.42) is presente
in Fig. 3.8.

T Tioad ¥mech Yel

em >

: (O 75— fatHp{ P D fat %
T

ech Mechanical f (TBO ’kBl kBZ

system

Figure 3.8" Motor mechanical system and block scheme for electromagnetic torque, angular speed
angular position calculation.
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Chapter3 Modelling of themultiphase PMSMs

3.5 Symmetrical/Asymmetrical Winding Reconfiguration

Asymmetrical and symmetrical winding configurations are rarely treated togethdref@ame
phase number, primarily since for each particular case it is known which topology is better.
Nevertheless, machines where both winding configurations (symmetrical and asymmetrical) can be
easily achieved by only rearranging the supply cablebe machine terminal box exist. For these
machines, change of the winding configuration can be accomplished only if both (the start and the end
winding terminals are accessible for all phases; this winding type is known asmgexh Multiphase
machines ugkin research laboratories are usually with epad winding because they arestom
made and commonly alln2vi ndi ng ter minals are availabl e i
words, the neutral point(s) of the machine are left to be formed accdodimg user requirements. The
reconfigurations that lead from symmetrical (phase shift between phasetodtjua)to asymmetrical
configuration (phase shift between consecutive sets ®qu#)l and vice versa, are, as one of the
objectives of this wdx, analysed first. Reconfigurations that lead to dowbitaling configurations
(with OA phase shift between the winding sets)

at the end of section.

Changing asymmetrical winding configurationsgmmetrical and vice versa by only rearranging
voltage source inverter supply leads in the m
connections) is possible only when the number of phases is a composite odd number equal to or high
than9. Also, both the number of phases perasand the number of winding sekss must be odd
numbers equal to or higher than 3. The number of isolated neutral points is not relevant and the machin
can be with single or multiple isolated neutrals. Mathematical expression for stated principle can be
defined with:

N29; kes =3,5,7... a 3,5,7. (3.45)

Based on the rule defined with (3.45), multiphase machines for Wigobconfiguration is possible
are given in Tabl8.1. It must be noted that although mathematically correct, some of these

configurations are not practical and are showne figst for thesakeof completeness.

Table 3.1i Machine configurations for which symmetrical/asymmetrical winding reconfiguration is possible.

n2o9 kws=3 kws=5 kws=7 kws=9 e
a=3 9 15 21 27 é
a=5 15 25 35 45 é
a=7 21 35 49 63 é
a=9 27 45 63 81 é

e e é é e e

Before the algorithm for reconfiguration is derived, labelling system for winding sets and
corresponding phases in them must be klaadeache d.

winding set can havaphases denoted withb,c, € 41 eepr@sents the first phase in the first set,

g‘?{i LIVERPOOL
) Joriioomes 49



Chapter3 Modelling of themultiphase PMSMs

a2 represents the first phase in the second set, etc.). Labelling always starts fromlphaSetl,
which is assumed t o b ephgsémachnehseastatedPhase anmaation can F o
be sea in Fig.3.9a, where magnetic axes for asymmetsidating configuration are shown. In addition

to the phase labelal,a2,a3, et c. ), phase s e gnuaeeralsasholvn. Thaymible r s

play an important role in definition of the symniedit to asymmetrical reconfiguration algorithm.

In Fig.3.9b, a ninghase voltage source inverter power supply leads and neutral point(s)
connection leads (upper plot) and oy winding machine terminal box (bottom plot) are shown. As
canbeseen,bot st art and end terminal s of n%18eStattiagc hi r
winding terminals of every phase in the machi
(al, a2, é , c3), while corresponding end winding terminals areated with black underlined labels
(al, a2, é , c3). Similarly, VSI power supply leads are labelled with aéda2, é , c3 labels, while the
leads used to form the neutral point(s) are denoted with blae2, é , c3 labels. As already explained,
the number of isolated neutral points is irrelevant and can be &pe Bor the time being, three neutral

points are assumed.

FromFig3. 9a one can see that if the magnetic a
i.e. inverted, a symmetrical machine configuration would be obtained. Therefore, the meaning of
magnetic axis inversion should be explained first. Thishe explained on inversion of the magnetic
axisal, as depicted in Fig.10. In Fig.3.10a the positive end of the inverter cable is connected to the
start, red terminal, of the winding (while the end of the winding, black terminal, is forming a neutral
point). This results in magnetic axis orientation as shown in3El@a (red lineal). If the voltage
source power supply leads are rearranged as shown iB8.Fiip (if they are swapped), then new
resulting magnetic axis is now oriented in the oppatlitection ¢al). By observing the whole set for
which the inversion should be done (in this case the second set), this means that the neutral poir
connection of this set should be reallocated from black to the red side, and the supply leads should &
comected to the black terminals. In this way the magnetic axes of the second set (initially located at
20A, 140A 8n@aR6OW|l| Fibe at 200A, 320A and 80
machine, phase delay of the reference for eachepimust match with its magnetic axis angle. Only in
this case, magnetic fluxes created by each set will be mutually aligned and will rotate together in the
same direction. From Fi§.10, it may appear that software inversion, i.e. aipligation of the
reference byl for that phase, can have the same effect as the described hardware inversion. Howevel
this would only mean that the initial positior
and if the references of only one set amdtiplied by-1, the flux generated by this set would not be
aligned with the fluxes generated by the other two sets any more. This would result in a different curren
magnitude generated in that set. Hence, inversion of magnetic axes has to be dodeanehby

moving the neutral point to the other side of the winding terminals.
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a) b)
Figure 3.9 Example of a ningphase (asymmetrical) winding with associated labelling: (a) magnetic a
diagram, and (b) ninphase VSI power supply leads and the machine terminal box.

al -al
Equivalent stator
" /End winding

a)
Figure 3.10° Depiction of magnetic axis inversion aftearrangement of supply leads in phate

An example of a machine with nine phases, i.e. with the number of phasessels(a=3), is
shown in Fig3.11a. This figure illustrates how asymmetrical Aifse machine can be easily
reconfigured to be symmetrical. As already mentioned and as it is clear frotiJHig, the first (and
every following odd number) winding set (SetSet3) should stay at the same angular position. Note
that this is true for any other meaningful configuration everif9. The second winding set, S&(or
in general case every even numbered set), must be inverted. In the shown case, start gapdyend su
leads are swapped for the phag2$2,c2, i . e. rotational shift of
In accordance with the labelling system,-3edf original asymmetrical configuration becomes-Set
and Sef3 becomes S&t of the symmetricatonfiguration. Hence, the labels should be changed as
indicatedinFig3 . 11a (upper plot, blue and red circl e)
spatial displacement between consecutive phases, which indeed represents symmetptesaine
mac h i n a). HoV2to rearrange VSI supply leadsthre terminal box to perform this reconfiguration
is shownin Fig. 3.11a, middle plots. Corresponding terminal boxes (mimic diagrams) are presented in
Fig. 3.11a, bottom plots. Therefore, if the originalahniae is withanasymmetrical configuration arad
symmetrical is needed, new mimic diagram should be placed over the old one and the power suppl

leads must be arranged in accordance with the new mimic diagram.
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The opposite case, how to charaggymmetrica configurationinto an asymmetrical, is shown in
Fig.3.11b. In this case, the whole winding sets which contain phdsasfied with the following

numbers:

n+1 4
m=

> (3.46)

should be inverted. In (3.48)represents an integer even number smaller than or equal to the number
of phase sets:

i=2,4,6,... Kus 4 (3.47)

For example, in ninphase casdy(s = 3), after applying (3.46{3.47), it is calculated that 2 and
m= 6. The winding set whichantains phase number 6 must be inverted. If phase diagram is observed,
it is easy to conclude that this phase is in®diEvery phase in this set must now be inverted. By doing
s o, new spati aln wihichsnpedna that msymmetridalsconfigimatiis achieved
(Fig. 3.11b, upper plots). Supply lead rearrangement is similar to the one explained for asymmetrical to
symmetricalwinding reconfiguration and is given in Fi@.11b, middle. Mimic diagrams are given in
Fig.3.11b, bottom.

The same approach can be used for other configurations of Fablks an example, simplified

representation fathe fifteen-phase case is shown in F&j12. Fifteemphase winding can be arranged

olo|e.
»a>—-l»—\

Voltage Source Inverter
EEE
NN

o |=;
wlwl&

GA®E|E

Start | End_

00| ololo] elelelelele

Start | End_

Figure 3.111 Asymmetrical to symmetrical (a), and symmetrical to asymmetrical (b) winding
reconfiguration: magnetic axis diagram (upper
terminal box (middle), and old and new mimic diagram (bottom plots).
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in two different ways, withk.s=5,a =3 or withkys = 3,a = 5. If the machine is asymmetrical with five
threephase winding set&s = 5), to achieve symmetrical configuration phases belonging to even sets
(2 and 4" must be inverted. Following the same rule, if the fiftplase machine is with thrdiee-

phase winding set&{s = 3), the phases belonging to tHéset must be inverte These cases are shown

in Figs.3.12a and b, respectively. As it can be seen from figures, in both cases new spatial displacemer
bet ween consecutive phases is 24A. Tasynaetidale v e
fifteen-phase machinetwo different possibilities are again available. If new required winding
arrangement is witkws = 5,a = 3, using (3.46)3.47) it is easy to determine that the sets which contain
phases numbered as 9 and 10 (i.e-4Sathd Seb) must be inverted. Foldng the same calculating
principles, if winding arrangement is withis=3, a=>5, all phases in the set which contains phase
number 9 (Sett) must be inverted. Described rearrangements with new labels are shown $1igs.
and d, respectively. This time, new spatial d

As it can be concluded from Tal8el, sixphase winding adfiguration is not in the group of the
machines for whiclthe windingreconfiguration can be achieved. Nevertheless, this is one of the most
commonly used multiphase machine types; hence possible winding rearrangements are also briefl
discussed here. Reconfiguration (that is, inversion of one-fiitage set) in an asymmieétl sixphase
machine will always result in another asymmetrical winding configuration, meaning that the winding
type does not change (Fi§i13a). Therefore, for the asymmetrical-ghase case, the reconfiguration
does not bring in anything new. On thtger hand, reconfiguration of a symmetricalghase winding
will result in a doublevindingthreep has e machi ne ( wi t-phas®séts)sasshdwnh b
in Fig.3.13b. The new configuration is obviously not asymmetrical (it is different fieymmaetrical

b3(6) b2(5)py4)

\

Figure 3.120 Winding reconfiguration in a fifteephase machine. Asymmetrical to symmetrical for: (a]
kws=5,a=3 and (b)kws=3,a=5; Symmetrical to asymmetrical for: (k)s=5,a=3 and (dkws=3,a=>5.
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Chapter3 Modelling of themultiphase PMSMs

a) b)
Figure 3.13 Winding reconfiguration in: (a) an asymmetrical, and (b) a symmetricgdhsise machine
(blue set is inverted in both cases).

six-phase machines), but it can be useful in practice, e.g. [Zabalt@016a& b)]. Similarly, double
winding configuration can be also achieved in, for examplepbarse symmetrical machine (new
configuration is doublevinding five-phase symmetrical), twelyghase symmetrical machine (new

configuration is doublavinding sixphase asymmetrical), and so on.

In real world applications, once when the phase number is selected, the predefigdration
(symmetrical or asymmetrical) is in essence known. In general, the required spacing between multiple
winding sets fornfloestanpeerwnfear ma midrenroddndmbér ef sess. a n
Nevertheless, as the multiphase maehprototypes for laboratories are commonly obtained by re
winding their three phase counterparts, one or the other configuration can be more suitable, dependin
on the envisaged research goal. Provided that tiuead (multiphase) machine is with opemde

windings, new control algorithms can be tested for both winding configurations using a single machine.

To validate theoretical considerations experimentally, two experimental setups, based en a nine
phase PMSM investigated in this work (see Apperdixand on induction machine studied in
[Zoric etal (2017a)], have been usetihe recorded results (given here in Figsl4 and 3.15) are
published in [Slunjsketal (2020)] where ayeneral algorithm for asymmetrical to symmetrical winding
configuration bange (and vice versa) can also be found. Harmonic mapping and parameter estimatior
tests were conductethe goal being identification of differences caused by winding reconfiguration.
Before testing induction machine, it was assumed that reconfigudtiomding will not cause any
differences in machine parameters, and that therefore, the dynamics of the machine should not b
different after reconfiguration (PI regulators are tuned using the same parameters). To validate thes
assumptions, parameter igsttion tests and transient behaviour tests were performed. Corresponding
results can be seen in Tab®8 and 3.3 and Fi@®.14, respectively. By comparing the resgitgen in
tabl es, it is easy to concl ude mndteatuse afp eelavgre o
changes in the electrical parameters (which is expected because, with the change of position of supp
leads, no physical changes of the machine structure have been done). Regarding transient testing, in bc
examined winding configrations speed was changed stepwise using FOC from 0 to 400rmn250d
Tioad @ 2 Nm was kept constant. Based on the results one can see that in both cases transient performan
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was the same (the same speed responsed.E#R). Also, after the recogfiration, phase currents now
have 40A di s3l#balotom elott He(cE,iitgan be concluded that conversion of the

asymmetrical into a symmetrical induction machine was successfully achieved.

Table 3.2 Asymmetrical IM parameters. Table 3.3 Symmetrical IM parameters.
Parameter Value Parameter Value

Stator resistancdz§) 5.42q Stator resistancdz§) 5. 42

Rotor resistanceR) 1.88q Rotor resistanceR) 1.84

Stator leakage inductandesj 23.7mH Stator leakage inductandesf 23.2 mH

Rotor leakage inductanckid) 11.2mH Rotor leakage inductanck) 10.9 mH

Mutual inductancel(m) 968mH Mutual inductancel(m) 987 mH

In the testing of the PMSMa simple FOC algorithm was again implementad: € 400rpm,
Tioad @ 1.1Nm). Fundamental current component was controlled for torque production, while the third
current harmonic was not controlled (in essence, the third harmonic voltage generatdeMiivtivas
Zero on average in each switching period). In this way, the third EMF harmonic was inducing the third

harmonic in the current, which was then analysed.

As can be seen in Fi§.15a, top, in symmetrical case each winding set phase currents have the
same shape, i.e. the stator third harmonic is equally distributed. Hence,

la13+ip3 +e13 & Icgs O (3.48)
where

iar3=izcos(Im- 0); ipz F3cos(I - 0); iciz i cos(Iv - 0)
la2,3 =13c0S(3I - 2?'0 );ip23 F3cos(3 isp)t c2.3 1= cos(w 2—3" (3.49)

. . 4 . ) 4 . . 4
laz3 =1 3Cc0S(3t - ?'0 );1p3s F3cos(3v —3'0); c33 | = cos(w —3’0

is obviously satisfied. Because only fundamental and the third harmonic component are considered an
other induced current harmonics with order higher than 3 are not of interest here, FFT analysis
(Fig. 3.15a, bottom) is shown only for these two harmorics. t he ot her hand, cul
cannot have an equal distribution in an asymmetricalpitese machine, because the third harmonic

statorcurrentswould not sum to zer@if all have the same magnitudek
laatins ez & i chs i £3sin(3t) 3/3cos(3r )) (3.50)
la13=i3cos(Im- 0); ipmaz Fzcos(I - 0); ic13 i3 cos(@v -0

ia2,3:i 3COS(3’I/t- %), ib2,3 :i:3 COS(3’V —3’0), i c23 i:3 COS(S/I/ —3'0 (351)

. . 2 . . 2 . . 2
laz3 =1 3c0S(3t - ?'0 ); lp33 F3cos(3Iv —3'0)[ c33 1= cos(w —3[
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Chapter3 Modelling of themultiphase PMSMs

As illustrated in Fig3.15b, top, the consequence of the inequality (3.50) is that the waveforms in the
sets are obviously not of the same shape, i.e. the third harmonic currents attain different magnitudes i

the differen threephase sets. Obtained different magnitudes of the third harmonics enable satisfaction
of the @goahdition FE

As a consequence, aspects such as, for example, torque enhancement using harmonic curre
injection, are not a straightforward task for an asymmetricalpl@se machine because of the unequal
current distribution. Hence, for control simplicity and in order to achieve higher torque, symmetrical
configuration is prefeed [Slunjskietal (2019)]. Although the work in [Slunjskital (2019)] will be

257 _lal a2 a3
=
s F asymmetrical |
400 23 llal iaZ‘ ia3
Fl <
= & 0F
= 3 \
- symmetrical
0 | asym | sym 25 ¢ ‘ ‘ 4
0 1 2 3 4 0 1 2 3 4
Time [s] Time [s]
a) b)
Figure 3.141 Experimentally recorded mechanical speed (a) and phase cuakrdag,@3) (b) under
applied sequence for both winding configuratidrisduction machine.
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Harmonic order Harmonic order Harmonic order Harmonic order Harmonic order Harmonic order
a) b)

Figure 3.15 Experimentally recorded phase currents (phasea2, a3) and corresponding FFTs:i(a)
symmetrical and (b) asymmetrical PM synchronous machine.
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Chapter3 Modelling of themultiphase PMSMs

discussed in the chapters to follow, for the sakeonfipleteness, it should be noted here that in both
[Slunjskietal (2019)] and [Cervonetal (2019)], torque enhancement using the same machine was
studied (for symmetrical/lasymmetrical configurations, respectively). Reported torque improvement in
[Slunjkietal( 20 19) ] i s a3 6 %etal (@d19)]lites onlynarofin@ 506V Thia eearly
shows howa symmetrical configuration (the one implemented in the real fy@eoused in this work),

is preferable when harmonic injection for torque enhanceresttidied.

3.6 Field Oriented Control (FOC)

Implementation of advanced and sophisticated control algorithms is today, from the cost
perspective negligible comparedto the cost ofthe machineand convertemproduction. The most
commonly used control strategy for multiphase machines nowadays is the field oriented control
technique. This method is based on multiple inner current control loops with a superimposed outer spee
controller. It is an important motaontrol method, which turns the complicated and coupled motor
model into a simple system similar to that of a separately excited dc drive, and then separately control
the flux- and torqueproducing currents in the machine. The same control algorithneddpt three
phase machines can also be applied for multiphase machines with some modifications. The mail
difference is in the number of current controllers, i.e.ngqutnasedrive (wheren is odd)with single
neutralrequires(n - 1) independent curremontrollers to control/reduce learder harmonic current
content. As explained ichapter2, the FOC will be used further on in this work, so the basic concepts
are introduced in this chapter. In this way, testiithederived ninegphase PMSM benchmarkatel
with nearsinusoidal baclEMF can beperformed Building on the basic FOC principles presented here,

control algorithms for machines with nemusoidal EMF will be derived in the following chapters.

The block diagram of (fundamental current only)dieriented control strategy for multiphase
machines can be seen in F3gl6. Withig = 0, produced torque is, in fact, a linear algebraic function of
ig current only. Therefore, dgcontrol is essentially a torque control with just a constant coeffioie

between:

. 1
|q. ref =Tem %— (352)

nPOn

Given equation is identical to the electromagnetic torque equation (3.38), with the only difference that
it contains only torqug@roducing current partdes = 0; surface PMs)Outputs of the statai-q current
Pl regulators can be mathematically modelled as:

dig . . dig

Vd-reg = Rs Q L'EE Vgreg Rsiq (DsT' (3.53)
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Chapter3 Modelling of themultiphase PMSMs

To acquire total stator voltagkq references in the synchronous reference frame (as in (3.39), (3.40))

which are necessary for the coaralie transformation, decoupling voltages:

ea=Wa(ls @ A); eq B(Lsig (3.54)
must be added to (3.53). Hence, the total stator voltage references are now equal to:

Vd-ref = Vd reg -y, Vg ref  Mreg €4 (3.55)

To achieve higiperformance closelbop control, proportionaintegral (PI) regulators are usually
used. Theory regardinig andk; gains tuning for electric drives is today wkiiown, hence this will not
be further discussed here. An amtndup algorithm is usually implemented together with the PI
controllers. A number of antiindup techniques have been proposed in the literdtutkis thesis, the
technique presented in [Visid2003)] is used. The output value of the PI regulator is compared with
high and low saturation limit. If the value is bigger than high saturation limit or lower than low saturation
limit, integral compoent integrator is restarted by sending zero to its input. Otherwise, the output
integral constant is set as an input of the corresponding integrator. In thetheshesis, whenever Pl
control is used, it is assumed that amtndup given in Fig3.17is implemented as well.

Complete neasinusoidal PM synchronous machine model in phasible referencéame with
an arbitrary phase number on stator and with accompanying field oriented control in synchronous
reference framesuitable for software implementatias shown in Fig3.18. As mentioned earlier, this
structure will be used inhe following chapers to derive advanced control algorithms fthe

investigated ninghase prototype.

igref = Q V-reg Vd-ref

)
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Figure 3.16" Block diagram of field oriented control algorithm (speed and current control).
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Figure 3.17 Anti-windup algorithm block scheme.
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Figure 3.18 Overview of the full modei field oriented control in synchronous reference frameraptase
machine model in phase domain.

3.7 Simulation Results and Model Verification

The prototype machine is designed with two surface magnet poles, each spaAnBigchdFotor
configuration was obtained after removing 4 magnet poles finerariginal (sixpole) rotor. Stator of
the machine was also-meound (from threephase to ninghase and with different wire type), which
means that comparison of the new prototype with the original machine is, although interesting, hard tc
achieve. A benchmark configuration was therefore chosen. Number of stator pimaseleir
distribution around circumference is the same as in the studied prototype and design and electrice
parameters (where possible) of the two machinekeptthe same. The difference, however, between
the two machines is in the magnet sgarthe benchmark machineachmagnetspan is180Aaround
rotords circumference. Known desi gAnonfgurationélte ct |

are the same in benchmark machine), can be found listed in tablempier4, section4.2.

Different magnet span (i.e. different amount of magnetic material) in the case of the benchmark
machine means different ba8MF and flux distribution (shape). Consequently, this also means
different PM flux constants. To obtain these parameters, FEM model fiotype machine was first
built and verified. Verification of this model is straightforward, because it can be directly compared with
experimentally recorded badMF in the real machine under Aoad generation mode. Once FEM
modelling was verified for 4&configuration, the magnet span was increased té, ¥l the obtained
backEMF, recorded at 150(m, can be seen in Fig.19a. Corresponding harmonic spectrum is given
in Fig.3.19b. 81 FEM points were solved in total, but for clarity, every thirdogleown. Ass visible
from the spectrum, for such magnet spanaddition to thefundamental a small third harmonic
component also exstBy knowing that the backEMF and permanent magnet flux are directly related
though angular speeey: andaws can be easily calculated. The values come ogfsas 642mWb and
am = 27 mMWD. It should be noted that the fundamental is placeghat 0A ,  vire hitd @armonic
is shifted fordyns & 178A(recalculated out of FFT anglesFig. 3.19b). Basednthese parameters (and
the ones fronchapter4, which are the same for both machines), the-sisaisoidal benchmark machine
model is built inMatlat/Simulinkenvironment.
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Single periods oflux andbackEMF, obtained in ndoad generating mode at 1500 rpm are given
in Figs.3.20aandb, respectivelyCorresponding FFT harmonic spectrums are also giveit.can be
seen, there is a high correspondence between these results and the ones obtairg#i9ruBigg finite
element software. This confirms the validity of the modelling approach used foinesavith near
(alternativelynon) sinusoidal baclEMFs. Afterwards, the benchmark machine is tkstesteady state,
at 1500rpm with aload of 3 Nm. The machine opeedunder field oriented control. The results are
shown in Fig3.21, where FEM redts are given in 3.21a plots, whilMéatlalySimulink results can be
seen in 3.21b plots. In addition to the speed (top plot) and torque (bottom plot), phase currents
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-150 I i i 2180 - | | JI—
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a) b)
Figure 3.19 FEM resultsacquired in ndoad generation mode: (a) baeMF, and (b) corresponding FFT
spectrum.
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Figure 3.20° Simulation esults acquired iMatlab/Simulink (a) flux produced by PM and corresponding F
andysis, and (b) derivative of flux produced by permanent magnets (i.e-EME) and corresponding FFT
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Figure 3.21i Finite element method (a), aMhtlab/'Simulinkenvironment (b) simulation results: mechanic
speed (top), phase currents (middle), and electromagnetic torque (bottom).

(al, a2, a3; middle)arealso given. There is a high correspondence between Figs. 3.21a and 3.21b. The
small difference is relatetb torque rippt in FEM resultswhich is coming from the simplifying
assumptions made while developing ktatlal/Simulinkmodel. To eliminate any effects caused by the
small third harmonic (i.e. induced harmonic currents), additional controllers were implemented. The
type of the controller used for this purpose will be explainedhimpter5, as it plays much more
significant role in the work presented there.

3.8 Summary

In this chapter the complete modelling processafpermanent magnet synchronous multiphase
machire withanarbitrary number of phases on stator and with @aamusoidal MMF and bacEMF
distributions has been presented. First, the machine model inydrésale reference frame has been
derived. Due to the high complexity of the resulting modethows for machinenodel decoupling
have also been presented. Vector space decomposition nvedlsaavestigated for this purpose. To
implementa VSD transformation, winding arrangement @anenumber of isolated neutral points must
be defined. In general, machine can be configured to be symmetrical or asymmetrical and with single o

multiple isolated neutral points. Since the intention is to use stator current harmonic injection to increase
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the torqueperAmpere, symmetrical winding with single isolated neutral point was chosen.
Nevertheless, methods for winding reconfiguration in composite odd phase number mableines (
category to which thsetudied machinkelong$ only byrearranging power sipfy leads in themachine
terminal box were also introduced. After decouplimgmachine model, equationstime d-g reference

frame are subsequently derived by using the rotational transformation.

The prototype machine was obtained bgesigning ahreephase machine. Because both stator
and rotor have been changed, it is not possible to compare the results obitirtbe new machine
with the original one. Hence, a new benchmark configuration was chosenich theonly difference
when compared tche new prototype is the magnet span on rotor AB8@ 43\ respectively). The
benchmark machine model the phasevariable reference frame witle control algorithm inthe
synchronous reference frame was tested in FEMvaithl/Simulinkenvironments. ©Chas been used
to evaluate the system performance. As shatigh level of agreemertietween FEM results and the
ones obtained iMatlal/Simulink environment wasachieved In the following chapter, prototype
machine will be modelled and analysed inalleh FEM, and recorded results will be compared with
the ones recorded in this chapter. In this way, the characteristics of the new rotor configuration (with

shortened magnet span) will be investigated.
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Chapterd Analysis of thenachine withnon-sinusoidalbackEMF

4.1 Introduction

A surface permanent magnet synchronous machine with a symmetricadhaise winding on
stator and with different magnet spans on rotor is investigated in this chapter. For this puipitee, a
element methodREM) software tool is used. The machine pigpe (the one with 4&magnets) is first
introduced $ection4.2), and corresponding ba&MF shape (i.e. FFT spectrum) recorded
experimentally inthe no-load generation mode is analysé€uosssection of the machine and known
electrical/design parameters are givanwell As explained inchapter3, this is an important step
because, based on design parameters, a FEM model can be built and verified using experimental da
A FEM model of the benchmark machine (the one withAb8@gnet span used ¢hapter3) isalsobuilt
and analysed.

In section4.3 both FEM models are tested under the sinusoidal phase current, with the same RMS
value. The ainis to determine the derating thetorque productiocaused by the reduced magnedrsp
Although the torque produced with shortened magnets will be, as expected, significantly lower, the
resulting backEMF is characterised with highly nesinusoidal shape. By performing analysis of the
EMF, athird harmoniaccomponent, which is almost edim magnitude to the fundamental, is revealed.
The fifth and some seventh harmonic also exist. It has been showndmagbter2 that the low order
odd harmonicsof the order belowhe machine phase numbean be used to increase the torque density
of multiphase machines. The reduced magnet machine is here tested under different combinations c
harmonic currents and a significant (up4®% for FEM modél torque improvement is reported. It
should be noted however thathen compared with the existing theds for torque improvement, the
approach (i.e. reduction of the amount of magnet material, by reducing the magnet span, to produce hig
harmonic content in the bad®F spectrum) is different. This stems from the fact that in the majority
of PMSM relatediterature, to produce EMF spectrum with higlv order harmonicontent, magnets
are either added to the rotor [e.g. AstandiSemail(2014)] (hence increasing the price of the drive) or

reshaped resulting in a difficult to manufacture machine [e.g. \WEal@2018)].

As it will be shown irsectiond.4, although significantly enhanced, the maximum achievable torque
in the machine with 4B magnets is still lower than the torque produced by the machine with 180
magnets. Therefore, an additional studyasductedat the end of the chaptese€tion4.5), where
different (higher than 4§ magnet spans are analysed. As ghown to produce torque equal to thee
of thebenchmark machine, the rotor configuration needs to bed¥BAmagnets ifin additin to the
fundamentalpnly the third harmonic is considereah the other handd70Amagnet span is required if
all meaningful low order odd EMF harmonics are used for torque production. FEM analysis presented
in this chapter was published in [Slunjgial (2018) and Slunjsketal (2021)]. In
[Slunjskietal (2018)] the analysis congded only the fundamental and the third harmonic, while
[Slunjskietal (2021)] containsanextended study witthefifth (and seventh) harmonic included.
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4.2 Prototype Machine Configuration

The crosssection of the studied machine is shown in Bid@a. The machine was obtained by
rewinding a thregohase sixpole MOOG FAS T2-M2-030 machine (180 V, 8.5 A, 1.73 kw, 3000 rpm,
150 Hz) and removing four NdFeB magnets from the rotor. Siagkr winding is distributed in 36
slots, number of slots p@ole-perphase is equal to 2 and there is a single isolated neutral point; hence,
regular winding is designed and mounted on stator. In places where four removed NdFeB magnets wert
nonmagnetic material was placed. Known electrical parameters of thephase cofiguration are
given in Tablet.1.Parameters were obtained experimentally by performingsesmoence, singlphase
and shorcircuit tests, about which more can be found in [Stiscia (20tBapter6]. Experimentally
recorded baclEMF (phase®l, a2, a3; noload generation mode), and corresponding (phay&FT
analysis are given in Fig4.2a and b, respectively. Based on Big, it is easy to conclude that
harmonics with order 1 to 13 need to be taken further into consideration. The magnituglesraie
Table4.2, where the given values are the average of allptinee EMF (FFT) harmonic spectra

BackEMF magnitude of the™ harmonic igelated to thélux magnitude of the same order through

the angular speetmec that is:

en
fon = h Qech “

By knowing that the bacEMF signals were recorded at1463.5rpm (24.39Hz), Table4.2 can be

further extended with the values of PM fluxes. Regarding harmonidarsiifts (which are given in

the last column of the Tabie2), the following simplification waadoptedf und ame nt al i s

angle and all other harmonic angles are recalculated with respect to this datum value. As it can b

noticed,thethirdharmmi ¢ i s shifted for &180A (i .e. it is

Although impact of two harmonics being in a counter phase is not further investigated as long as the

machine is controlled usingaximal torqueperAmpereapproach belovwase speed (chaptdsss, 7),

it will play a significant role once machine enters flugakening region, hence further investigation

regarding this will be performed in chap&r

Table 4.1' Machine data and parameters.

Ld1 = Lq = 459.8 mH
La3=Lgz=120.4 mH
Lds = Lgs = 96.0 mH

Rs= 31.

Quantity/Value Lis = 84.7 mH

Regarding stator and rotor dimensions and design parameters, the machine s $&®r slot
depth, 4.Imm stator tooth width, 0.83#m stator radiaflepth, 306 turns per phasé&8lconductors in
slot), 04/0.35mm wire diameter (with/without insulation), Bdnm rotor shaft radius, 3nm rotor
external radius, 8Btm NdFeB (unsegmented) magnet thickness, BBrOouter stator radius, rim
airgap andhe length of 55nm. All stated dinensions are approximateeBchmark machine cross

section with the same design parameters waitt two 180Amagnetsis shown in Fig4.1b.
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Figure 4.2 Experimentatecordechonsinusoidal baclEMF (a), andcorresponding FFT (k) no-load

generation mode

Table 4.2 Back-EMF and flux harmonics (peak average values) recorded experimentally

4.3 FEM Analysis Considering Fundamental Current Only

h e [V] amh [MWb] dphsh[ A ]
1 59.13 385.83 0

3 54.81 119.22 177.25

5 29.37 38.33 -3.21

7 7.54 7.03 132.24

9 3.72 2.70 170.04
11 6.09 3.62 -33.37
13 3.42 1.72 142.45

By taking into account electrical and design parameters from the previous section, b¢tbAdn

and near (180A )

s i

nusoi dal conf i

gur ati

ons

hverity enodélse e n

machines were first tested in-fmad generation mode (at 15fim; 25Hz). Recorded EMF results are

given in Fig.4.3 (upper plots)while corresponding FFT spectra can be sedhe same figure in the
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bottom plots. Neasinusoidal resultare given on the left (a) side, while nsimusoidal results can be
seen on the right (b) side of the figure. In both cases, the first phase in each winding set (i.alphases
a2, a3l) is recorded, while FFT spectaae given for phaseal). Theresultsobtained for neasinusoidal
configuration (the ones already presentecthapterd) are used in this chapter for benchmarking
purposeskurthermore, presentation of FEM steps with astefesgslone in chapter 8 in this chapter
omitted because showasults are strictly related to the FEM; hence, there is no need to distinguish
them fromMatlak/Simulinksimulation resultsEach simulation is one period long, and during this time

interval, 81 points are solved using finite element method.

As shown irFig. 4.3a, inthe neatsinusoidal case, the EMF is mostly produced by the fundamental
component, but a small (12.6% of the fundamental) third harmonic component also exists. In the non
sinusoidal case (Fig.3b), the baclEMF comprises almost equal fundamental #rethird harmonic
components §86.9%), with the fifth harmonic component approximately equal to the half of
fundamental §48.5%), and witha small seventh harmonic component. If the shape is compared with
the one shown in Fig. 4.2, a high correspondencbeaeen. Small difference in harmonic magnitudes
is caused by design parameter approximationsisrdso dueto the fact that 2D version of FEM
software is used (hence effectuch as, for example, magnet skewing on rotor, are not included in
simulaion). Because prototype machine was manufactured overseas, not all machine properties (e.g
steel type, exact dimensions, exact NdFeB type, etc.) are known.
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Figure 437 BackEMF and FFT obtained after FEM analysis of PMSM for: (a) +s@arsoidaland (b)
nonsinusoidal baclEMF configurations.
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Under normal (sinusoidal current) operation, ixpected that the machine withABagnets will
produce lower torque. To test the derating, both machines are analysed in motoring mode, applyinc
sinusoidal currents with the same RMS. As before, mechanical speed is set to hmrl 50 obtained
FEM resllts for phase currents and electromagnetic torque are given iA.#idt is ckar from the
figure that although applied currents in both test scenarios were egualA RMS and with
symmetrical, 40A phase shift uesarevdfferent. In the mop | t
sinusoidal case (Fidl.4b), the electromagnetic torque is (on average) NtB8which is a reduction of
42.5% compared to the torque developed by the-siaasoidal machine (Fig.4a), i.e. 2.92Nm. To
increase the outpubttque for norsinusoidal backEMF configuration, shape of the current is next
altered, i.e. harmonic current injection is performed.
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Figure 4471 Simulation results for phase currents and electromagnetic torque obtained by FEM for:
nearsinusoidajand (b) norsinusoidal case.

4.4 Torque Enhancement Analysis

Before continuing further, it should be noted that injection of current harmonics rdquoreiedge
of optimal injection ratio between fundamental and other considered harmonic components. Subdivisior
of the current into the first and other harmonics (where appropriate) is one of the objectives investigate
in chapter5 (where optimal ratio beteen fundamental artie third harmonic is derived using MTPA
approach), and iohapter6 (where generalisation dis approach is given). For the time being, only a
final equation from these chapters is used, showing how optimal injection ratio betweameéntal

and any other required harmonic can be calculatedato between EMF/PM flux components:

hQ
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By using (4.2) in combination with results from Fg3b, one can easily determine that for non
sinusoidal bacdEMF FEM model, optimal injection coefficiemelating fundamental and the third
harmonic should bk;z =0.869, i.ekis = 0.485 if, in additio to thefundamental, the fifth harmonic is

used. For fundamental and the seventh harmonic, this r&iip=$.152.

Recorded phase currents and torques acquired under optimal current injection are showrbin Fig.
Fundamental pluthethird harmonic ase is shown in Figt.5a, while combination dhefundamental,
the third and the fifth harmonic is shown in Fgsb. When coupled with the EMF, fundamental and
the third har moni ¢ cNnroutpuntorgue. &ar the spmemllaseccuri®ivit 4 2 .
value (LIV2 A), addition ofthef i f t h har moni ¢ ¢ aus e sNmiBecuse thes e |
contribution ofthe seventhinjectedharmonic compared to the contribution of combined third and fifth
is relativelysmall (0.83%Temss = 2.39NmM, Temizs7= 2.41Nm) this harmonic is not further taken into
considerationlt is important to note that although the phase current RMS was not changed in any of the
above analysed cases, phase current peak value was increased with each additionally rettied cur
harmonic (this might not be the case in the other machines with differerEMIER). Importanceof
this will be further discussed shapter8, where abov@ominal speed operation is investigated.

Flux maps and corresponding isolines for above aedlgases (including the one from previous
section where fundamental current only scenario was examined) are showrib JHgr. FEM analysis
two software tools were used: Finite Element Method Magnetics (FEMM 4.2) and Cedrat Flux2D 11.2.

Graphicalresutsin Fig. 4.6 were obtained in Flux2D software tool.

For the sake of completeness, it should be notedtieamall third harmonic componenwhich
exist in neaisinusoidal configuratigrcan also be employed for the torque production. By calculating
theoptimal ratio between two harmonitsg= 0.126) and under the same phase current RMS constraint,
the final reachble output torque value comess  aNIm. Acdmparison of the developed torques can
now be performed (Figt.7). The highest torque isptodt e d usi ng 18 0 Ainusoaa n et
configuration with injected third current harmonic (21¢%9n) , while the | owest
magnets and fundamental current component only (168 The torque obtained with na&inusoidal
configuration andthe third harmoniccurrent injection (2.24m) is 425% lower than the highest
achievable torque, but is als83% higher than the torque produced by the samesimusoidal
configuration and fundamental current only. In the case of fifth (and diyrskewenth) harmonic current
contribution, achievable torque (2.B®n) is still 820% lower than the output torque in ¥80
configuration withthethird harmonic current injection. Nevertheless, this is a signif@4Bfo increase
if compared with the torqueroduced in the same (nasimusoidal) configuration working under
fundamental current. It is important to note that although investigated prototype is not capable of
reaching benchmark machine output torque, the magnets on rotor are spannindyomy44imes less
magnet materiakasu s ed i n the prototype machinebs rotor
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Figure 457 FEM results for phase currents and electromagnetic torque obiain@)fundamental and
third harmonicand (b)fundamental, the third and the fifth harmonic case

Figure 467 Flux map and corresponding isaisfor: (a) fundamental currenT{ma 1.68Nm), (b) the F
and the3'® harmonic currentsTemd 2.24 Nm), and(c) the F, 39, 5" harmonic currentsTema 2.39Nm).

[ Fund. [ Fund.+ 3rd [ Fund.+ 3rd + 5th

Torque [Nm]

45° 45° 45° 180° 180°
Magnet span

Figure 477 Comparison of the electromagnetic torques produced with different magnet spans and
same phase current RMS

For additional derating study between the tmachine configurations, analgsof input/output
powers (i.e. efficiency) is performed usiMatlak/Simulinkenvironment and taking into account only
copper losses. Obtained results are summarised in FablAscan be seen from the table, the derating
in terms of output power is relatively significant. However, the difference in achieved efficiency is
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relatively small (76.7% for 188case vs. 72.6% for #&ase). Low overall efficiency is caused thg

winding shtor resistance, which is, as shown in Table very high.

Table43Ef fi ciency analysis of rotor configurations

Config./Param. | Tem[Nm] | Pin [W] Pcu [W] Pou [W] q%]

45A mag . 1.68 407.7 143.8 263.9 64.7
fund. only

45A mag.

A 2.39 519.6 142.6 377.0 726

180A mag. 2.92 602.2 1435 458.7 76.2
fund. only

180A mag .
fund. + 3 2.99 612.8 1431 469.7 76.7

4.5 Investigation of Relation between Torque andVlagnet Span around
Rotor Circumference

Thelogical questions that arise frothe previoussectionare can the magnet material be reduced
while at the same time the developed torque is presaasetbseas possiblgo that of the near
sinusoidal machineanfiguration andjf so, how much is the magnetic sptmat will enable this in
conjunction with suitable harmonic current injection strategy? In order to ansessqinestiors,
additional FEM analysis is conductesingdifferent magnet circumferential spans. Ti¢ainedesults

are presented in Fig.8.

In Fig.4.8a,the fundamental, the third and the fifth EMF harmonic magnitudes are shown for
magnet span80Adt v ed Than@shits vsere obtaingdno-load generation mode.
While for the observed span range the fundamental component is increasing (due to the increasin
magnet material), the other twaonitoredharmonics are not following the same pattern. At first, both
the third and the fifth EMnagnitudes increasehile afterwards, this trend revergésally reaching
the values shown in the 18@ase). Maximum third EMF harmonic magnitude is achieved when
magnetspard6 0 A. R ehgfairfdtimghar moni ¢ ( whose hilpagailatd),u de

themaximum is achieved much earlier, i.e840A .

If the 6 OMagnet span is used in combination with optimal harmonic current injection, an output
torque equal té2.72Nm canbe achieved. Compared to the maximal output torque ingieasoidal
configuration (2.9Nm; Fig.4.7), the reduction is onlground 9%If around7 Ordagnet span is used,
torque &2.90Nm) nearly equal to that ithe nearsinusoidal case can be produced. With further small
magnet span increase to in betwée® Ad 7a5nA , produced torque woul c
produced by 18&configuration with injected third harmoniét this point, the rotor ha& 2 -2.8 times
less magnet material, which is still a significant saving. By taking into account the aboveegivies)

Fig. 4.7 can be extended to that given in Bigb.
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Figure 487 Comparison ofls, 3¢ and %" EMF magnitudegor different magnet spar{a), and
comparison of the electromagnetic torques (b)

4.6 Summary

In this chapter, a ninphase PM synchronousachine with 3éslots on stator and with shortened
two magnet poles on rotor was investigated. Detdithe prototype configurationevefirst introduced
and relevant (known) electrical/design parameters were given. Studied rotor structure gives rise to :
highly nonsinusoidal baclEMF and, as a resulthe third harmonic component almost equal to the
fundamental is produced. High fifth and some seventh harmonic components also exist. A machine witt
nearsinusoidal baclEMF (firstintroducedn chapter 3was used as a benchmark in order to compare
the performance of theodified rotor structure That is,aninvestigation related tthe performance of
the machine witmeduced magnetic materiabmpared to a traditional rotawas carried out. Although
with reduced magnet span electromagnetic torque was, as expected, lower than the one produced by t
nearsinusoidal configuration, it was shown that with proper injection of current harmonics, the derating
can be reduced to onbround 20%. However, such rotor configuration uses four times less magnet

material.

What is the required magnet span which would, in combination with the third and the fifth harmonic
current injection control (and the same phase current RMS) resdiltig orn a | (180A magn
value, was also investigated. As concluded, the required magnet span should be appr@ithatélyA .

In this case, the torque produced by benchmark machine with injected third current harmonic and in
prototype machine witmjected fundamentathethird andthefifth harmonics would be approximately

t he same. It i's I mpor t aZbttimes tess maghee matetiabthan in the s
benchmark case. Building on a specific rotor structure and correspondingeédum, in the chapters

to follow advanced control algorithms ftire studied machine prototype are developed.
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Chapters Torqueenhancemendpplyingthird harmoniccurrentinjection

5.1 Introduction

This chapterdealswith the modelling and vector control of the machine with-simusoidal back
EMF, which was introduced and studied using finite element method approadmajrerd. It
commences with discussion related to a general approach forgtandard back electmotive force
modelling in PM synchronous machineg¢tion5.2). This essentially means that the model with the
nearsinusoidalbackEMF (which was originally derived ighapter3) is in the following sections
further modified to produce nesinusoidal bek-EMF similar to the one recorded in the real Aoiase
prototype. To meet this goal, necessary modelling differences are highlighted. Building on the EMF
spectrum achieved by shortening the magnets, a vector control algorithm capable of harmonic currer
injection to the stator is investigatese€tion5.3). This is achieved by exploiting the additional degrees
of freedom that multiphase machines possess.

Since the baclEMF spectrum contains a third harmonic component almost equal in magnitude to
the furdamental, it is expected that the highest torque improvement contribution will result from this
harmonic. Derived FOC algorithm froohapter3, section3.6 is therefore modified by implementing
the required harmonic control. The optimal ratio betweeruhe@smental and the third harmonic current
components is investigated in detail using maximal tofpréAmpere approach, and verified using
winding factor approach. Other existing afidr the time beingnontorque producing bacEMF
harmonics will inducénarmonics in phase current spectrum, whidhleft unattended will produce
additional losses. Vector proportional integral (VPI) controller§-mreference frame are therefore

introduced for their elimination.

Finally, modified multiphase PM synchrous machine model controlled by the enhanced FOC is
implemented irMatlal/Simulinkenvironment, where is tested under optimal thittarmonic current
injection Gection5.4). Obtained results are verified experimentally using the machine prototypks Resu
from this work are published in [Slunjs&ial (2019)], andin part in [Slunjskietal (2021)] as well.

5.2 Modelling of the Machine with Highly Non-Sinusoidal BackEMF

In chapter3, a detailed multiphase PM synchronous machine model was derived. One of the
assumptions which was stated at the beginning of the modelling process was that the MMF and the bacl
EMF are nearly sinusoidal. On the other hand, the proposed machiadigasy nonsinusoidal back

EMF. To model such a machine, the previously used approach must be further modified.

Electromotive force is in the PMynchronous machines producedtirely by the permanent

magnets.To model machineés E W Porewtlhan orte harnsonicp ramndnic c e

magnitudes andorrespondingphase shift angles must be known. These values are for any machine
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easily obtainable from nlwad generation mode tesh@pterd). Thus, to reconstruct theckEMF, the

following equation ca be used:

Seve =8 N1 G0 g #) © siNB Qug o X pel

+6 N5 @& g ) ... ek sifh (QG n )9 phshy o

In (5.1),e1, &, € , & are the magnitudes of the3, & , h" backEMF harmonic in the FFT spectrum,
while dong, dons, € , dhnsnare corresponding harmonic angle shifksis anarbitrary electricaposition
of rotor, while d, is anangle dependent on symmetrical (or asymmetrical) spatial phase distribution.

In this approach the EMF is given for one specific speed (i.e. the speed at which it was recorded)
Hence, the magnitude of the baEMF exeme is not going to change with the speed variations. This can
be solved if a flux approach is used instead of EMRce unlike EMF magnitudes, fluxaluesare
constarg produced by permanent magnets and are not changeable with the speed variations. By knowin
the speedat which the backEMF was recorded, fluxnagnitudescan be for each harmonic easily
calculatedsee (4.1))

With known flux constants armbrrespondindgparmonic angles, fluknkagematrix [&wanc, Which
includesh odd harmonic components, caa in ninephase form written as:

scos(Ge -@) ) @ acosOOGe -) k)
oSO -) ) | coshCger -@)  thn)
gcos(l(li)@d -&) mg)g gcosdﬂi_?@a -6)  Hn)
écos(I0ger -g) 4a) U écoshOger -@) sn)
[/ aben] = hu £2OS(IOGer -@2) $9a) B ¥ GDSOOGe -62)  sn) (5.2)
gcos(](?@e| ) wg)g gcostwé(qa -6) )
&cos(s -@) ) U GosOCe @) )
os(Oer @) ) &osOOer -@) )
geos(10Ger -&) +gpma) U gcosh el -@)  phkn)

The matrix equatioris obtained after extending the wé&thown @mAcoqdsi dy)) equation for
fundamental flux linkage modelling. A-phase form can also be easily derived. As briefly noted in
chapter3, mutual inductance matrix must also be modifiedhkcasewith h considered harmonics,

this matrix hashefollowing form:
[M ss] :[M ssl] '[M s§] & [Mssh] (5.3)

Combined electric and magiic PMSM model derived ichapter3

[iaben] = (M ss] L) (v ave] [RY[i avcfelt [/~ m an (5.4)
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can now be modified in a way that flux linkage-foc] and mutual inductancé/fsd matrices ((5.2) and
(5.3), respectively) are @orporatedn (5.4). For validation purpose, the modified multiphase machine
model was implemented iMatlalySimulinkenvironment. Flux produced by permanent magnets and
corresponding backEMF signals (wher@semr = d @ancd/dt) are recorded anareshown in Fighs.1. If

the resultsare compared with the ones recorded for Habl analysed irchapterd (section4.2), a
high correspondence in signals can be stersverifying the prototype machine modellingrrectness

and accuracy

5.3 Control of the Machine with Highly Non-Sinusoidal BackEMF

Implementation of the third harmonic current injection control requires modification dlsie
FOCalgorithm. As explained inhapter3, this vector control strategy is derived and implemented in a
synchronous reference fn&. In the case when only fundamental harmonic component is considered,
two current componentsi{ andiqi) exist and must be controlled. Other current harmonic components
in additional subspaces are then not of concern and are ukeplilat zero using appropriate current
control.If, in addition to the fundamental, the third harmonic current componestisabe controlled,
additional two current components (further addressedqsasnd i) must also be taken tm
consideration. Total electmagnetic torque in the machine is then produced as the sum of two

components, that is:
Tertza=Tem Hem (5.5)

To obtain torqueroducing parts, adequate two machine models (relatdte fondamental and
the third harmonic) in synchronous reference frame must be separately considered. ToNd&R&rm
control in such machine, flugroducing current componerdferences are set (and controlled) to zero
(is1 = 0 andigs = 0). Fundamental torgyeroducing parffera can be obtained as explainectchapter3,
equations (3.39)3.41). Corresponding equivalent electric cirauitsgiven in Fig.3.7.

For the thirdharmonic electromagnetic torggpeoducing partTens) calculation, a similar approach

can be used. Equivalent circuit is given in FB@. Apart from different modelling parameters, it must

0.8 f ! ! ‘ ] 150

o4 _/\mul _/\maZ /\ma3 100 L _eal _eaZ ea} |
g —_— =50
E 0y xV j ; 0 === I e ,f:
S N
I 7 | < .50 | J
~ 047 3 ©
-100 - 1
0.8 F ‘ ‘ | 9 -150 I i |
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Time [s] Time [s]
a) b)

Figure5.17 One period of flux linkage (a) and baBiMF (b) recorded itMatlabt/Simulink
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be noted that frequency of the third harmonic is three timeshigh the electricadngular frequency

i s now three timegs the fundament al (3L
b & /a3
Vaiz = Rs (s —'at— Wl fg3 (5.6)
kB Y
Viz = Rs (s —'at— 3k a3 (5.7)
la3=Las Qs 4s; ® L@ig (5.8)
Terrezg B30ms0g (5.9)

From (3.41) and (5.9) it is obvious that produced electromagnetic tdsgdelepends entirely on
the torqueproducing currentsy andig (as notedis andigzare controlled to 0; MTPA). For the ease of
implementation, these currents can be replacél their ratio, i.e.a constantkis. After a short
mathematical manipulation, relatsinp between fundamental torggeoducing currentig,
electromagnetic torquBmz and ratidk;s, suitable foffield-oriented controimplementation can now be

written as:

g Tems . ol (5.10)

Following the same FOC theory asdnapter3, Pl controllers are once again used for flard
torqueproducing current componentontrol/elimination. Outputs of the statdi-ox and ds-gs Pl

regulators can be modelled as:

" di o di
Vdi-reg = Rs @ Lﬁﬁ, Va-reg Re g Q—ﬂ—d'i‘l‘ (5.11)
v b # digs . I
d3reg = Rs (3 @3?, Vg reg Reipg Qs dt (5.12)
d
_________ o 3
Rs | Las | &
O |_|:_> KW\':_ o .
Llag !
= < |
V3 3 Lagiqd ) | Vo3
e B
O O

Figure5.27 Equivalentd-q electrical circuitsér PMSM in synchronous reference frarmehird
harmonic component.
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By adding the following decoupling voltages, e, and egs, €5 to the output of the proportional

integral controllers,
en=Wa(le @ FAu); eq #(Lsiq) (5.13)

eis=e(les s hs); eg 3 Ls i) (5.14)
total stator voltage references are acquired as:

Vd1-ref = Vdi-reg ~€41; Vq ref Mreg €A (5.15)

Vd3- ref = Vd3 reg -y3; Vg ref W3 reg € (5.16)

To decouple the system and to obtain currents in the required synchronous reference frames fc
FOC algorithm implementation, vector space decomposition and rotational transformations have to be
applied to the machine mod#SD matrix (3.20) remains unchanged when the third harmonic current
injection takes place. However, part of the rotational transformation matrix responsikje (fwhere
the third harmonic current maps after VSD), which will yiglglafter transform@on, must be modified
by adding the rotational transformation for this pair of rows. The complete rotational transformation

matrix then becomes:

é,cosm) sin(g) 0 0 0 O 0 0 0
2- sin(g1) cos(g) 0 0O 0O O 0 0 0
g 0 0O 1000 O 0 0
é 0 O 0100 O 0o o0
D:g 0 O 0010 O 0 0 (5.17)
€ 0 O 0001 O 0o o
¢ o 0O 000 0 cosfs) sing) @
g 0 0 0 0O 0 O - sings) cosg) G
6 0 O 0000 O 0o 1

wheredh = hlde + dphsh

The correspondindield-oriented controlalgorithm for the symmetrical nifghase permanent
magnet synchronous machine, which includes the third harmonic current injecgbawn in Fig5.3.
Although the control scheme is complete, there are still two segments (highlighted in the figire)
which must be further addressed. First, the value of the optimal third harmonic current injection
coefficient ki3) must be precisely determined, and second, thetargome producing low order odd
current harmonics induced by thackEMF must be elinmated (inFig. 5.3 ivVvPI resonall

controllerso block).
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Figure5.37 Enhanced-OCalgorithm fora surface PMSMwith highly norsinusoidal backEMF.

5.3.1 Determination of the Optimal Third Harmonic Injection Ratio

The ratio between the fundamental and the third harmonic component plays an important role in
the optimalthird harmoniccurrent injection, i.e. in electromagnetic torque improvement. As shown in
the literature surveyn chapter2, there are several diffsnt methods nowadays used to calculate this
ratio. To derive equation from which optimal ratio relevant for this work can be deterrvin&h
approachin combination with theconstantphase current RMS constraing used. For additional
validation, optinisation tool and winding factor approach (another two often reported methods) are also
employed.lt should be noted once motteat, for the time beingonly the fundamental and the third
harmonic are taken into account. Geneadilbn on the MTPA approadbr the optimal ratio calculation

with arbitrary number of injected current harmonics will be discussed in the following chapter.

By neglecting the reluctaneffect in the surfacenountedPMSM, itis possible to express the total
produced electromagnetiorque by combining (3.41), (5.5), (5.9as a sum of the torques produced in
the different rotating frames, i.e. as the sum of two torques produced in the two rotating frames

associated with the first and the third harmonics:
Tem3 =2 B0/ mO3 gt /) (5.18)

If (5.18)is further modified by taking into account:

g3 i+ &3
k13:i; lrRvs 5 - (5.19)
q

wherelrusis the root mean square value of the phase currents calcusatgdthefundamental and the
third harmonic current peakslectromagnetic torquas a function of th&MS current valuandthe

harmonic injection ratiéiz can be obtained as:
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N . 3.082lrus 3 /5 & ruski
Temsz=— B @éﬂ— + (5.20)
2 & 1+kbs J1

The classicaMTPA control strategy can now be applied. With this method, the maximum
electromagnetitorque value per given RMS current is calculated. For a given\wrill@of theapplied

currentlrus the optimal value of the ratio between the fundamental and the third harmonic ¢bhatent
is, kizopy) Can be acquired after differentiating equation (5.20) with respées to

dTem]_3 _n

= a2l rws —EE . g D) rws O C (5.21)
dkis 2 (1+kd)® 2 (1 *5)3

After some mathematical manipulation:

_30 m3

K13 = K13 opt (5.22)
mi

By substituting (5.22) into (5.20), the maximum reachable torque undeAM®Rtrol strategy
(produced by botPM flux components) for a given RMS current can be found as:

n « r—=
Temis = > B VA rus (5.23)

If the backEMF harmonic magnitudes are used instead of thevililxes(which ispossible because

relatiorship between bacEMF and flux forthe ™ harmonicis governed by thangularfrequency, a
similar relation can be obtained:

ef +6
n _. .. 1 .
foh == Tems = POV2€Rus — 08 (5.24)
nGw 2 “ | e
+ Pry
&, O

Finally, to be able to validathe torqueimprovement, value of the torque produced with both

harmonics must be examined in relation with the value of the torque produced by the fundamental itself
This relation, denoted witHqp, can be written as

Tem3z = Hopt anl

(5.25)
o Tents _\/1 430 s G \/4 ges 3
opt — - = - = 0)
P Tenﬂ_(|q]_:\/§ Drmsi 8 0? c / ma 9 (o 9
N7 e
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From (5.25),it is easy to conclude that optimal improvement of the torque by injectintitie
harmoniccurrent dependents on the ratidtuflux componentsmws/am (or inthebackEMF casegs/e;
ratio). The larger this ratio is, the larger the gaip with respect tahe fundamental torque will be. By
considering only one spatial harmonic of flux in the air gap (i.e. either fundamemitatbird), flux
componentm produced by permanent majs can be calculated as:

pIP®
/on=N pn DR kyiOBron O sin@ P § d @ NG, | Bk Bm@s% (5.26)
0

Here,| stands for rotor lengtiR.«:is the radius of the rotoNh is the number of wire turns per phase
while kyt andB:o: are winding factor and the maximal value of spatial harmftuxcdensityin the air
gap generated by permanent magnets, respectively. For different harmonic order, conkpoaedts
Brot have different valueshence subscrigt is added in equations. Mechanical machine paramkters
Rt andNphare,onthe othehand fixed and are therefore further accountedfioough a single constant
that is,G:

/mn=G ;c'hmth; G 2=N®| R (5.27)

As noted inchapter4, for prototype machine= 55mm, Rt = 37 mm, Npr = 306. After substituting

(5.27) into (5.25)the new form of the equation is now:

- 2. 2. 2 . 2
230 e akyiz B 0
e B0 Y Y el =
¢ /lm = cer = ¢ K1 (Brouw =
leading to:
30 ms _8€s _kwf3(”Br0t3 (5.29)

[ m e kw1 Bronn

Clearly, two additional (design) parameteqgpear herethe ratio of harmonic winding factors
(kwiz)/(kar1) and the ratio ofir-gap flux densities due to the rotd:4s)/(Bror1). The ratio of winding
factors depends on the winding configurations of the machine (i.e. the slot/pole combination and the
type of winding), while the ratio of maximal values of the spatial harmamit® airgap generated by

PMs is related to the magnetic properties of PMs and the rotor topology.

As previously established, investigated machine in this thesis is with 36 stator slots in whieh single
layer distributed winding is placed, and 2 rotolesd.e. slot/pole combination is 36/2. Since each phase
winding contais Npy wire turns, the produced magnetic flux does not link all these turns ideally, but
with a ratio of less than unity. This ratio is known as the winding f&gfigiPyrhonenetal (2008)]. To

calculate the total winding fact&m, three components are necessary: a distribution fegfa pitch
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factorkon and a skewing factden [Pyrhonenetal (2008)]. Thewinding factor component derived from
the shifted voltage phasors in the case of a distributed winding is called the distribution factor. This
factorisalway&nO 1. | f each cptéhwinding thetase ai the winding an méchine|
invedigated in this thesisjhe coilpitch is in principle the same as the pplieh. When the coibitch

is shorter than the polatch, the winding is called a shegitch or chorded winding (employed usually

in the machines with twayer windings). Thedctor of this reduction is called the pitch fackgx.
Finally, the skew factoks, reflects the fact that the winding is angularly twisted, which results in an
angular spread and reduced EMF. For example, sqoag® induction motors have their rotard
skewed by one slggitch in order to reduce the winding factor harmonics introduced by the slotting of
the stator. Following fronthe abovesaid, skew factor is not of further interest hdeg= 1). The total
winding factor is therefore calculated as

kwih = Kah pn K& K K p (5.30)

Equations to calculate the distribution fadtgrand the pitch factdkon are generally welknown.
How to derive them for different machine types can be, for example, fouRyihdneretal (2008),
Scuilleretal (2010}. In aPMSM case, final forms of equati®aregivennext in ageneral form foan
n-phase system with distributed windinheycan, in addition téhefundamental, be used to calculate
Kan, kon for the other low order odd harmordomponents as well:

sin%& %g
¢ nz2 -

>

Kan =

NS

(5.31)

"

[PP

Kph :singgll/@
3 P G

@in
a 2

O %ﬂ)o
8o~

In (5.31),g stands for number of slefser-pole-perphase, while/p andL',;lp are coitpitch and pole
pitch, respectively. Peripheral distance between identical points of two adjacent prudgsols-pitch,
while thedistance between two caildes of the same coil (measured in terms of teeth or slots) is called
coil-pitch (or coitspan). To determine these valuescessary for the distribution and the pitch factor

calculation thefollowing equatios are used:

S S _ € Yep =1 pp - full - pitch g
; Yop _/< bp |

=——pqr tp=—; _ 5.32
a T 1 Yep <t pp- short- pltchg,l ( )

2P

In (5.32),P stands for the number of pole pairs, wiSleepresents number of stator slots.

Using the ningphase PMSM stator winding diagramvhich corresponds to theeal prototype
(Fig. 5.4), graphical representation of the coefficients defined with (5.32) can be shown asrovall. F

the given figure, it is eadp conclude thathe number of slotgperpole-perphase is equal tp= 2, and
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Figure5.47 Winding diagram of aymmetricahine-phase, twepole PM synchronousnachine

that coilpitch is equal to pokitchye, = U, (full -pitch winding). With obtained parameters, distribution

and pitch factors can be for the two studied harmonic compooemisuted as:

8.1 BB
sindG- O § 2 ~
kp=— G 22 % 59962,  kp sirgesl_:oﬁz D1
2®ingel 3 P¢ ¢ 1 -
o 272
(5.33)
. a.:l po B
sing’3O:. "0 § 9 ~
kyg=— G 9 Zp‘ _0.9659;  kp sirgesi—:c")% o
. a ; . =
2Gin - ¢
‘5“‘3 92 2C§

Following from (5.30) and (5.33), the ratio between two winding factors can be calculated as

kw1 = Ka1 @1 0996
) Zﬁ kts _ 5 g6 (5.34)
kwis = Kas Ky 0-9659, Kwf1

In addition to the winding factors, the knowledge of raBg)/(Brot1) is also required. This ratio
depends mainly on the rotor geometry and magnet arrangement. Surface PMSM in this work is with twc
magnet poles, each spanningdBound rotors circumference. Agap flux densities due to such rotor
can be approximately estimated as shown in %=igp. for validation purpose, agap flux density
obtained in FEM is also given. By performing FFT analys$ithe FEM signal, magnitudeof spatial

harmonics in the aigap generated by PMs are obtained as illustrated irbFb.

Based orthe first two odd @der magnitudes,Bo)/(Brot) ratio needed for torque improvement

analysids determined as
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Figure5.57 Air-gap flux densitieproduced by rotor: estimated/FEM traces (a), and FEM FFT spectrur

Bros _ ¢ 9562 (5.35)
rotl

With (5.35) all required equatihs/parameters are now obtainednéte optimalthird harmonic
current coefficient can beilly analysed (see Tab&1l). For FEM model, improvement of the output
torque is in the range betwe&d2.532.7%, and to achieve such torque, optithatl harmoniccurrent
injection ratio must bé&zop: = 0.87. Thisis aconfirmation ofthe esult already used ichapterd. A
similar conclusion can be made ftre real prototype as well. As shown the table, maximum
achievable torque improvement witfe third harmoniccurrent injection for this case is even higher,
i.e. it is 436.4%. To achieve suchn improvementthe optimal torque improvement ratio must be
kizopt = 0.927. This ratio is used in the rest of the chapter for control algorithm implementation and
validation purposes$lease note that the obtained improvetig only for the investigated machine and
therefore might not be the same for the other PMSM configurations with differerEM#€armonic
magnitudes and angles.

Table 5.1i The optimalthird harmoniccurrent injection ratio analysis.

W\ e, es[V] kwf 1, Kwt 3 Brot1, Brota [T]
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Figure 5.6/ Optimalthird harmoniacurrent injection ratio determinatiarsing optimisation proceduteder th
same RMS current constraint: FEM (a) and real prototype (b).

Finally, the optimisation procedure (functitminconoffered by Matlab Toolbox) can be used for
the same purpose. thbugh detail study of this procedure will be givertiapter8, where it is used to
determine optimal fluxweakening current references, the same procedure can be used for optimal ratio
calculation as well. In its steps, the function solves the machatelnmaximising at the same time

torque (5.20) for the givekis step andrusconstraints. Results are shown in FEd.

5.3.2 Low Order Harmonic Elimination

As it was explained at the beginning of the chapter, elimination of theongueproducing low
order harmonics induced by nsimusoidal bacdEMF (but also nofideal machine construction,
inverter deadime, etc.) is a necessary step in control algorithm design. For this purpose, resonant
controllers are employed in this thesis. Tav@e specific, vector proportional integral (VPI) resonant

type is used, for which transfer function can be written as:

- 3
S“Kkpi-ph B KB -

s®+h* @fing

G\/p|h(S) = (536)

In (5.36),¥ wundis the fundamentangulatharmonic frequency ande.pn andkypeiin are proportioal and

integral regulator constants, respectively. At the fundamental frequélicy,q is equal tothe

machinés electrical angular frequency (andspeeldl ¥e. As shown in [Yepestal (2015),

Yepesetal (2016)], to get a fast enough controller respondgle at the same time avoiding influence

of the switching noise in the controller performance, tuning must be performed by respecting:
kvei-ih _ Rs. _kspi P

I kVPl— Bh
kvei-ph Lis Lis

(5.37)

Constantkypen Stands fotheregulator bandwidth. Final transfer functiontbé tuned VPI controller,

employing (5.37), can be written as:
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5 .
Gvpin(S) = kvpi- Bh sé:_llhsz—;zl? (5.38)

Implementation of the VPI regulator is completed by means of two integratocain be seen in
Fig.5.7a. Usually stated advantage of VPI over Pl regul@taes et al (2015), Yepes et al (2016)] is
a possibility to use multiple VPI controllers in parallel. By utilizing such implementation, it is possible
to eliminate all unwanted harmosim each of the controllegy planes. Parallel connection of VPI
resonant controllers can be achieved as shown ing-fdp.Herehy, hp, € , hi denotedrarmonics mapped

in the same subspace, which must be eliminatethé&system to work without harmonic losses.

In order to demonstrate the effectiveness of the VPI current controllers, simulation testing was
performed, and results are given in B@. The machine was tested at 150 unde~OCand with
implementecdthird harmoniccurrent injection.The fundamerdl andthird harmoniccomponent are

controlled by PI type regulators and the ratio between them is set in accordance with thekgptimal

VPI
(hi "X'el)2

a) b)
Figure5.771 Block scheme of VPI resonant controller: single (a) and parallel (b) VPI connection.
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Figure5.87 Phase currents with the harmonic (VPI) control switched off (a), and on (b).
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value.In thefirst testing scenario harmonic elimination was turned off. One period of the phase current
(phaseal) with the corresponding FFT spectrum is shown in the left plots obRglt can be seen

that, in addition to the fundamental atek third (which are contributing to the torque production),
significant 3", 7", 11" and 13 harmonic components also si These harmonics, as explained in
chapter3, map intag-y: (7" and 11" andxe-y. (5" and 13') subspaces. Therefore, for their elimination,

a parallel resonant controller structure (shown in Eigb) must be applied.

The same testing scenario whenrepeated, this timwith active VPI controllers.Hase current
andits spectrum are given in the right plots of F5g8. The spectrum shows that the shape of the current
is improvedi.e. that the losproducing low order odd harmonics are succdigséliminated.It should
be notedhat in the rest of the thesis, whenever harmonic eliminatiditbrdomain is addressed, one

of the VPI controll ersdé shrlisasaemedfdrthispugpdse or pa

5.4 PMSM Model Testing andExperimental Verification

Simulation and experimental results are shown and analpsiis section After testing derived
multiphase PMSM model iklatlab/Simulinkenvironment, results were experimentally validated in the
experimendl rig with the prototype machine. The enhan&&C algorithm derived earlier in this
chapter was used. A detail description of the experimeetiapan be found in Appendix

The machine is first tested using the fundamental current lafglied ashe 1% region in figures),
followed by boththefundamental and the third current harmonic with optimal injection katidurther
called B+ 3“region). Special focus is placed thephase current shape and torgueducing currents
iq1 andigz. When changing the regioiy is recalculated to a new value, while at tame timeé 4z should
compensate fundamental current change (and vice yexsdhatthe requesed torque reference is
always met To test theFOC algorithm, two approaches are ug@diethodl and Methodl). Both
methods are based on equation@.&hich shows thdhe electromagnetic torque and the phase current

RMS value are proportional.

To demonstrate the approaches, Bi§.and Tablé.2 ae given. The data in the table asdculated
usingthe real machine parametgr®. am = 385.83mWb, amz = 119.22mWhb, P = 1, Kizopt = 0.93. It
can be seen from Fi§.9athat Method| setsthe electromagnetic torque ¢onstant INm during the
first 0.2 seconds {lregion) and to 1.38lm from 0.2s onwards &+ 3 region). The boost ddi36%

directly follows from the analysis conducted earlier. Fdi of torque, the torquproducing currents
areiq = 0.58A, iz = 0 A (Irus= iq/V12 = 0.41A), while for the boosted torque (1.86n), the required
currents aréq = 0.42A, i@ = 0.39A resulting in phase current RMS,/(ic. +ig) /2 = 0.41A, i.e. in

both regiongpracticallythe samérusvalue is needed. Note that if the fundanaéntirrent ;1) alone is
used to create the boosted torque (1.36,NingrequireRMS would have beed.56 A
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In the second method (Methd)l, the electromagnetic torque value is set to be constant in both
regions (Fig5.9b). To achieve Nm of torque m the ®'region, torqueproducing currents must be, once
again,iq = 0.58A, i3 =0A (Irws= 0.41A). On the other hand, to maintain the same torqué 3¢

region,the fundamental anthe third harmonicurrents must b, = 0.31A, iz = 0.29A. Calculated

lrusvalue isnow +/(iG +i&) /2 = 0.3A. Itis easy to conclude thab maintain the same electromagnetic
torquevaluein thesecond region, a lower phase current RMS value is needed. This will have significant
influenceon powers, that isthe input power and power losses it will be shown in the rest of this

section.

Although slightly different, both methods are validating the same (in this case 36%) electromagnetic
torque improvement. Furthermokmth methods are simulated by setting the load torque to the desired
value. On the other hand, achieving torque variaticthe experimental setup is not a straightforward
task. For this to be possible, one would need a continuously variable resistor for connection to the dt
generator armature, which is in this work used for loading purposes. Because this is not available
Methodll is chosen as the testing method further on. From the point of view of verifying the results, the
selected approach simply comes down to the expectation thatdtieereduction in the current RMS

will be similar/the same as the correspondigigtive torque increase.

2 2
1.5 F 1 1.5 F
£ f £ \
£ LA L
S g
= =
0.5 0.5
ol 15t | | lst+3rd | | ol 15t | | lst+3rd | |
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time [s] Time [s]
a) b)

Figure 5.9 Electromagnetic torque in: () Methgdand (b) Methodl approaches obtained in simulations

Table5.27 Analysis of the methods proposed for the machine testing.

AW 15t region 15t + 39 region
Tem= 1[Nm] Tem= 1.36[Nm]
3 i = 0.58 [A] i = 0.42 [A]
5 i = O[A] igs = 0.39[A]
= .2 .2 _ .2 .2 _
(ig+igs)/2 = 0.41[A] (ig+igs)/2 = 0.41[A]
Tem: 1 [Nm] Tem: 1 [Nm]
T iqw = 0.58 [A] iqw = 0.31 [A]
£ iqa= O[A] iqa = 0.29[A]
= Ji2+i2)/2 =0.41[A] Ji2+i2)/2 =0.30[A]
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In the rest of the section, figures showing simulation results MattalySimulinkenvironment and
experimental results from experimental setup are shown. The load torque is maintained constan
(32 Nm) using a fixed value resistopnnected to the dc machine terminals while holding a constant
speed referencas shown in Figs.10. In the simulation case, the speed trace is a straight line without
any oscillations (including the region change), while on the other hand, a smabalistel can be seen
in the experimental trace (Fig. 5.10b). This is a consequence of the step changéiid thermonic

current injection ratio.

In Fig.5.11 and Fig5.12 simulation and experimental phase current waveforms are shown,
respectively. Thelots show the full sequence which is #bng and zoomed traces around the transient
(1.9- 2.1s). Only waveforms for first phase in each phase set (i.e. phdse®, a3) are shown.
Regarding the simulation results (Figl1), phase current is the 1% region having sinusoidal shape
with peak value of&1.16A. In the 15+ 3 region, after optimal current injection takes place
(ki3 =0.93), slight increase in peak can be noted. The shape is, as expected, following the shape of tt
ma c hi n e-BMF. Gomparing Fig5.11 and Fig5.12 shows good agreement between the
simulation and experimental results, although the transient time is a little longer in the exp&imadin
difference in results comdeom the fact that windings in the real machpretotype are not entirely

symmetrical (equa)las assumed in simulation model.

By analysing only one period of the recorded phase current waveforms, RMS value can be
calculated. Results are summarised in Tabl@a and 5.3b. It can be concluded that the phase current
RMS results are in both simulation and experiment almost the same. Furthermore, it is also important
to note thatin the 15t + 3 region, phase current RMS values (0/%6@and 0.58A for simulation and
experiment, respectively) are lower than the ones caézllim the 15 region (0.81A and 0.79A),
meaning dwerpower losses.e. lower input power on the input terminals of the machine (output power
Poutis constant because speed and electromagnetic torque are not changed during entire sequence tirr
If the difference in the RMS current is calculated as percentage, as exp&ctaglot value isi36%
higher than the one calculated in the-139 region case. Please note that this is valid for the investigated
machine baclEMF and corresponding injected current, i.e., different {&diE magnitudes at different
phase shift angles might result in different phase current RMS value reduction (torquesmmgmv
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Figure 5.D1 Rotationalspeed results: (a) simulation, and (b) experimen

g‘?# LIVERPOOL
) dtigioones 89



Chapters Torqueenhancemendpplyingthird harmoniccurrentinjection

’l I J iJHJH

—_
—_

- / ”Md K W@Ww

Figure 5.1 7 Phase current results: (@)l sequenceand (b)magnified traces arourtdansient initiation instan
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Figure 5.12 Experimentally recorded phase currenté\(@n oscilloscope = 1/A of real curreni 4 wire turns
were used for higher precision): (a) full sequence, and (b) magnified traces around transiém iimisnt.

Table 53ai Simulationphase current RMS. Table 53b1 Experimentaphase current RMS
Region / Time [s] RMS value [A] Region / Time [s] RMS value [A]
15t/0-2 0.8144 1t/0-2 0.7946
156+ 349/2-4 0.5970 156+ 349/2-4 0.5816

Figs.5.13a and b show the phase voltage (filteredkB# simulation and experimental results
similar conclusion as in the phase current case can be madent®wals around transition instants
(the same as in Fi§.11b) are again shown. N@imusoidal shape of phase voltage is directly related to
the nonsinusoidal bacleEMF to which additional voltages from controllers are added to zero or to

control (as apprable) induced current harmonic components.
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Figure 5.B1 Phasevoltageresults: (a) simulation, and (b) experimental.

Power analysisesults whichareclosely related to thehasecurrent RMS reductiorgre given for
the simulation and experimenthigs.5.14a and prespectivelyln simulation input power is calculated

as

Pn=Var(t) Q) va(t) ia2® ... wea(thicat) (5.39)
while copper losses are computed as:

Pcu=Rn -Rut B Tem Windeh (5.40)

To obtain the traces in Fi§.14b, the voltage and current of the first phase in eachpinese set
were measured using current and voltage probes and two synchronised oscilloscopes. The values we
then imported intdMatlab for postprocessing. It isssumed that power pphase in each thrgghase
set is the same. To get the stator winding losses, RMS of the measured current in the first phase of ea
threephase set is calculated usidgtlab. It is assumed that the same value applies to all thresepha

likewise the stator resistance is considered to be the same for all phases.

In thesimulation case (Fich.14a), copper losses were reduced fRam = 190W to Pciuz = 102W
(oPcu 888 W), while intheexperiment (Fig5.14b) this reduction is frofcy = 178 W to Pcus = 94 W
(oPcu 884 W). Reduction of the power losses in both simulation and expesrisedirectly related to
the lower plase current RMS value shownTiables 5.3a and 5.3b. Because aropper losses were
modelled inthe machine model (mechanical and iron losses were neglected in accordance with
modelling assumptions), total losses are in fact equal to calculated copperPass®&s{ + Pcy). Input
power calculated ithesimulation case (Figh.14a) isPiny = 505W for the 15t region i.e.Piniz = 417W
for the 1% + 3 region ¢Pin 288 W). On the other hand, this power isthe experiment slightly higher,
because mechanical and inmssesexist Nevertheless, the impact of these losses is not significant. If
difference between input powers in two regions is once again calculated, nowusing14W and
Pin13 = 429W recorded experimentally ithe 15tand F'+ 3" regions, respdively, a good agreement

between simulationg?i» 888 W) and experimentalgfin 885 W) results can be noted. Finallyy re
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Figure 5.87 Input power and stator winding losses resyl3 simulation, and (b) experiment.

calculatingexperimental copper lop®wer reduction, electromagnetic torgugrovement can be once

again confirmed. The difference between observed powers withedfiregior) and with the 15t + 3™

region) thethird harmoniccurrent injection isyPew / Pous = lrws/lrvss = 1.364(436%).

Simulation anaxperimental resultshowing the current mapping aftexctor space decomposition
transformationcan be seen in FigS.15a and b, respectively. As expected, in the region vkaere,
torque is entirely produced by the fundamental component onlye wthier harmonic components are
suppressed by the resonant controllers. In the region Were).93, torque is produced with both
(lower) fundamental and (increased) third harmonic components, which are adequately sdtlby the
controllers. Similar redts are obtained using the experimental rig. Here, currentharacterised with
some noiseBoth simulation and experimental results are shown around traimsietion points ¢hat
is,1.9-2.15s).

Flux- and torqueproducing currents in sghronousdomain can be seen iRig.5.16. Flux
producing currents; andigs are set and controlled to MTPA control). Regarding torqueroducing
currents, in both simulation and experiment high correspondence in results can bel hetedy
difference is releed to theunavoidablenoise in the experiment. In the region before the coefficient
change, only fundamental torgpeoducing current component is used for electromagnetic torque
production. Recorded peakrrentvalue is approximatelyy = 1.16A (Irws=0.81A). As expected,
afterthethird harmonicurrent injection ratio is changed to its optimal valueig= 0.93, fundamental

current value decreasesi{o= 0.62A, while at the same timihere is arincrease irthethird harmonic
currentiq from igg=0A t0 i=0.58A (lrus= +/(iz+i5)/2 =0.60A). Experimental results are

approximately the same #se simulation resultsi.e. before harmonic current injectidg = 1.12A,
iq3 =0A (IRMS= 0.79A), while after changdql =0.604A, iq3 =0.564A (lRMS= 058A)
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Figure 5.57 Current mappingesults after system decoupling usiregtor space decompositiofa) simulatior

and (b) experiment.
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Figure 5.81 Flux- and torqueproducing currents results recorded after applying rotational transformatic
simulation, and (b) experiment.
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5.5 Summary

At the beginning of this chapter modelling approach for multiphase machines with highly non
sinusoidal baclEMF is given. It has been shown how based orntherecorded baclEMF (from noe
load generation mode testnodify nearsinusoidal baclEMF machine model taet the same
electromotive force as in the real machine prototype. For this purpose, flux harmonic components anc

corresponding harmonic angles were used.

Thethird harmoniccurrent component was used for torque density improvement, while other low
order harronics, although also capable of additional torque enhancement (as it will be shihen in
following chapter), were mitigated. For this purpose, Pl and VPI resonant controllers were used,
respectively. Third harmoniccurrent injection ratio between fundanenand the third harmonic
currents playsanimportant role inthe current injection techniques. Extensive analysis was therefore
conducted, with the goal being to calculate its optimal valuEPMand winding factor approaches
were used for this purposBrief comparison with the results obtained by optimisation procedure was

also giverfor verification purpose

By implementing the optimahird harmoniccurrent injection method to improve torque and by
eliminating nortorque producing harmonic contentthviVPI resonant controller, enhanced, high
performancd-OC algorithm suitable for control of the machine with highly nsinusoidal baclEMF
investigated in this workwas derived. By testing the multiphase PMSM modeVatlal/Simulink
environment, expaed 36% torque improvement was confirmed. The same testing scenario was
afterwards applied for the real machine prototype and experimental results similar to the ones obtaine
using thesimulation model ifMatlab/Simulinkwere recorded. Bad®n the highdegree of agreement
betweerexperimental and simulation resuits;an be concluded that the F@{gorithm wasvalidated.

Note that the above stated improvement is directly related to the specifiEEblekharmonic
magnitudes and angle shifts), i.e. byplgmg the same control principles, improvements in some other
multiphase PMSM configurations might not be the safe. FOC algorithnwill be further modified

in the next chapter for torque enhancement using all possible low order odd hatmedneen Iandn

and validation will apply again to the considerdde-phase surfacEMSM.
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Chapteré General harmonic current injection analysis

6.1 Introduction

In chapter5, the thirdoackEMF harmonic was studied for torque improvement. It has been shown
that by applying a right amount of the harmonic current, output torque of theohase surface PMSM
can be improved for additionaB6%. Although existing in the EMF spectrum, other higaqitude
odd harmonic components were not considerectitber torque enhancement or any othdditional
purposes, i.e. they were eliminated using VPI resonant contrdll@ssmight not be the best approach
in multiphase machinebgcause output torquart be enhanced (without additional losses) using these
components as well, as long as the order of the harmonic does not theaathber of machiri s
phasesi{< n; [Toliyat etal (1998)]). In the EMF FFT spectruof the studied machine prototype, in
addtion to the high third harmonic, significant fifth (49.8% of the fundamental) and some seventh
harmonics (12.8%f the fundamental) also existhe analysi®f chapter5 is therefore here further
extended and a general vector control algorithm which emp#il possible (meaningful) high
magnitude loworder odd EMF harmonics for torque boost is derived.

The chaptecommencesy giving the machine models for the fifth and the seventh harmonics in
synchronous reference framse¢tion6.2). Next, a generalidd=OC algorithm for multiphase PMSMs
is derived, which in addition tine fundamental and third, emplogtsefifth and seventh harmonics for
the torque improvement as well. To determine the optimal current injection ratios an optimisation
procedure and thenaximal torqueperAmpere method are employed $ection6.3. How various
injection ratios interact is also investigated. Dethénalysis of the level of torque improvement and a
comparison with the FEM results frathapter4 is given insection6.4. The developed FOC algorithm
is validated using simulation studies and further verified using an experimental setup. The key findings
of this chapter canebfound in [Slunjsketal (2021)].

6.2 FOC Applying the Fifth and the Seventh Harmonic Currents

To derive a FOC method which considers all possible odd harmonics in addition to the already
presented fundamental atitk third, the fifth and the seventh harmonic synchronous reference frame
machine models must be taken into consideration. Although harmogtesrthan the ninth, i.e. the
11" and 13 harmonics, could also be considered for the same purpose (as showreira[K2017)]
wherethe seventh harmonic was studiedaisix-phase machine for additional 9% torque enhancement
purpose)such a speciaase is not the objective of the study here. Because this can lead to, for example,
additional torque ripple, only harmonics lower than the machine phase number 4re of interest in

this chapter/thesis.

As explained inchapter5, at thebeginning of the analysis all fluproducing current references

must be set (and afterwards controlled) to zeie (0, is= 0,i5s= 0 andiqz= 0). Total electromagnetic
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torqueTemssris therefore produced as the sum of the tofgreelucing componesiTen, Tens, Tens, Tenv

(i.e. equivalent currenig, igs, igs, iq7,) @s:
Temss7=Tem Tens s Téw (6.1)

Fundamental anthethird harmonic torqugroducing part§em andTens Werepresentedn detalil
in section5.3, and so are not discussed here. To ddiueandTenr, the adequate equivalent machine
models in synchronous reference frame must be consideredgHitg® and bottonmrespectively). The

fifth harmonic model equations fde.s torque producing pacalculation can bgivenas:

. d/
Vas = Rs (s —"(‘j% Sk s (6.2)
_ = d/qS
Vgs = Rs (g —"(‘jt— S lus (6.3)
/45 =Lgs Qs  #s; ¢ L@ig (6.4)
n o= . .
Tens =5 B 5004 (6.5)

Following the same principles, electromagnetic torque compdngnfor the seventh harmonic

can bedescribed with

. d/
Vir = Re & _.'c-i% T fo7 (6.6)
_ . d/q7
Vq7 = Rs g "dT TWe  la7 (6.7)
la7=La7 Q7  #7; o Laigr (6.8)
N o on s
Tem7:§ P70wQgqg (6.9)

To control flux and torqueproducing currents, PI current controllers camapplied once again
Outputs of the stator voltagek-gs and d--g; for both current Pl regulators can be mathematically

modelled as:
_ " digs . . digs
Vds-reg = Rs (s L$5T1 Vosreg R& I O—é—aﬂt— (6.10)
_ . dig7 . _ . digy
Vd7-reg = Rs (& L@7T, Var-reg  R& lgp O—s7—aat— (6.11)

By adding the decoupling voltages, e;s andeyr, &7 to the outpus of the PI controllers:

S s
! o7
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eis= SWe(ls i@ /), es 5 #Ls iq) (6.12)

es7= We(ls i@ ), eq 7 8Ly iq) (6.13)

total stator voltage references similar to (§2B) and (6)-(6.7) are acquired.

To decouple the system and to obtain currents in the required synchronous reference frames fc
FOC implementation, VSD and rotational transformations have to be applied to the machine models.
VSD matrix (first presented igection3.3) remains unchanged when the harmonic current injection
takes place. However, parts of the rotational matrix responsiblgafdky, ixs, (Where the ¥, the &
and the 3 current harmonics mapfter VSD, respectively), which will yieldu, ias, isg after
transformation, must be modified by adding the rotational transformations for thesef paws. The
complete (ningphase) rotational transformation matrihich takes into account transformation of all

possible loworder odd harmadaos lower than the machine phase numban be written as:

Qcos@l) sin(g) 0 0 0 0 0 0 0
g- sin(g1) cos(g) 0 0 0 0 0 0 gl
g 0 0 cosfy ) - sin(g) 0 0 0 0 @
¢ 0 0 sing;) cos(g) 0 0 0 0 ©
e u (6.14)
D=¢é O 0 0 cosfs ) - sin(g ) 0 0 [0
2 0 0 0 0 sings ) cos(g ) 0 0 :é
g o 0 0 0 0 0 cosfs ) sing ) 9
2 0 0 0 0 0 0 - sings) cos@@ ) g
g 0 0 0 0 0 0 0 0 4§
whered, = hlde + dohsh
d d
_________ < &5 e S
Rs : Las : dt Rs : Lq5 : dt
o '_"_Ii|_’ /W\_:_ o—[ ¢ g |
I__d§ ______ I I _q_:::::__l____
T T T T T | ! 5v Ld5ld5 :
Vs 5% Lq5iq5C> | Vo5 . i +
[ C_ 1 ¥ 5
oF a5 : 5 ams +:
o o e =
d d
_________ 7 SR < TR o
Rs : I—d7 : dt Rs : I—q7 : dt
g7 I ar ) —
mTT T ! |7 Laziar () |
Va7 7% Lgziqr) | Va7 l 4
Lo ___> i 7¥ey7 | T |
¥ 27 | Omy )|
o o be===oos =

Figure 6.1' Equivalentd-q electrical circuits fom PMSM in respective synchronous reference frartrefifth
(upper) andhe seventh (bottomharmonic.
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Although similar, the equivalent circgiin Fig. 6.1 andthe corresponding model equations (6.2)
(6.13) for the fifth and the seventh harmonics are slightly different from models presented in earlier
chapters for the fundamental and the third harmonics. The diffecenvesfrom the fact thaboththe
fifth and the seventh harmonic are rotatingthie opposite (antsynchronous) directiofhencethe
opposite distribution of theminusand plus signs in the voltage equatjoms this case the only way to
obtain constant-y voltage references on the output of the PI controller is to perform a rotatioa in
anttsynchronous direction wusing the inverse Par
transformation implemented after PI current controllers [€lfa¢(2014), Gonzale®rietoetal (2016)].
lllustration of the stated transformatioropess can be seen in F&g2. In this way, the control algorithm

in thesynchronous domain is still the same but with rearranged rotational transformations.

The inverse of the transformation defined with (6.14) is:

@cos@l) - sin(g) 0 0 0 0 0 0 ﬁ
gsin(ql) cos(§q) 0 0 0 0 0 0 E
g 0 0 cos@r ) sin(g) 0 0 0 0 3
€ 0 0 - sin@gz) cos(q) 0 0 0 0 qa
D* =g 0 0 0 0 cosfs ) sin(g ) 0 0 3 (6.15)
g o 0 0 0 - sings) cosg) O o ¢
¢ o 0 0 0 0 0 cosfs )- sing ) ¢
g 0 0 0 0 0 0 sings ) cos@ ) E
g O 0 0 0 0 0 0 0 &

6.2.1 Generalisation of the FOC Method

Following from the synchronous domain machine models and equations needéd#clirrent
harmonic injection control implementation, it can be concluded that general form of the required
equations cabe easily formulated by knowing the correspondifigorder harmonic parameters. This
includes synchronous reference frame flux inductarsg sy, amn), stator winding selinductanceLan,

Lqn), Stator resistancdR(), and maching angular speede (which forh™ harmonic order must be set to
hA &). By knowing these parameters and vdih reference frame curreritg andiqn at theinput, output

voltagesvin andvgn in stated reference frames can be calculated. General @asgmehronous reference

ny—ref

ixy-ref 4
[DI'F=»{ PI —»{ [D]

Figure 6.2° Rotational transformation order in the case when current harmawiatég in the anti
synchronous direction.
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frame machine model faheh™ harmonic order cabe written as shown next. In some systems specific
harmonics might rotate in argiynchronous direction. This causes different sign in front of the rotational

speed, hencél notation isusedhere. For the sake of completeness, generalised electricat @rcu
illustrated in Fig6.3.

. d/gnh = 3y . df
Voh = R h —f+ We 14  Van R Fqn d?" o (6.16)
lan=Lan Qn s dh L Tni g (6.17)
n o= . .
Temh:E B h® Qg (6.18)

By knowing in which subspa@eharmonic is mapped, basic rotational transformation mafisien
in section3.3, can be fothe ™" order component transformation modified by adding the rotational
transformation for the corresponding pair of rows as:

.. @ €. . B
& u e . ®e
dan o 6. costg+ g) °sinb @ @) . iy o
g o (6.19)
dah oy g Fsinhg+ Ghsn)  COSO G @) - By
§&.. 0 & .. |

In (6.19), subscrigtrepresents auxiliary subspace in which the harmonic is mapped.

Regardlessf whetheronly one additional harmonic component with specific magnitude (e.g. only
the third or the fifth) is neededor more than one (e.g. combination of the third plus thk)ftire
required, the optimal ratio of the fundamental torgueducing curreniq and torqueproducing
currents of the other required harmonigsigs, € ,igh must be calculated. As before, this ratio can be
represented with constarks, kis, € , kin as:

k13=|.i3; Kis -_l.q—5; T .Iéﬂ (6.20)
|q1 |q1 | ql
d
R dt
Rs | th :
O |_|: n NY\':— O
Ll |
= !
Vdh ¥ Lgpi I
ghlq
L____“Qij
¥ GQh
O O

Figure 6.3 Equivalentd-q electrical circuits for a PM synchronous machine in respective synchrono
reference frameh™ order harmonic component.
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Determination of the optimal current ratios in the case of multiple injected harmonics will be
considered later. For the time being, only equivalences presented in (6.20) are needed to complete tt
generalised fielabriented control algorithm for currentahmonic injection. The number of torgque
producing parts ithetotal output torquéem ¢ depends on the number of the required current harmonic
injections Relation between fundamental torque producing cutiggntotal electromagnetic torque

Tem ¢n and defined ratioks, kis, € , kin suitable for FOC implementation for the general case is:

Tent..n=- P Om O3 heie O h+hig) O
o (6.21)
Teml___h=§P Om i3 ks ks iQ ...Oh dh kati)

i = 25 _Tent... (6.22)
NP /mu 3 M3 ks O.. R it kin

A diagram of the generalised FOC algorithm can be seen 6 Big.

6.3 Optimal Current Injection Ratio Analysis

It was shown irchapters how to determine optimal current injection ratio in the case winen
additionto the fundamental, a single addit@marmonic is considered. Building on the given technique,
a study related to the additionally added harmonics (e.g. the fifth, the seventh), i.e. how they interac
with already implemented harmonics (e.g. the thirdjoisducted To startwith, for multiple optimal
ratio determination, a simple iterative procedure is used. For this techamigective function which

relates output torque, phase current RMS value and injection ratios must be derived.

Disregarding for the momenthe seventh harmonic cgmonent, the relation between
electromagnetic torquB:ness and two harmonic current injection ratias andkis can be obtained after

short mathematical manipulation as:

Y/

dl-reg Vdi-ref
- _'@- ]
= ¥ o Lgrl
i
Vqi1- Vq1-
ql-reg ql-ref
PI E
* Yel-(La1-id1+am)
+ . .
€1’ °

-
General method for current harmonic m]sct'

Vdhreg Vdhref
&y |
Pl Vghreg Z th—refJ
+ 9
+ . A 4—(& P A
th—i\_hye' (Latrian+ anp)) lqnlg1 ..-ldhlgh

Figure 6.4i Schematic representation of the FOC algorithm modified for general harmonic current injec
low-order harmonic elimination.
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TemL35=T pm‘llqp?)/#(glcg B H'q5) @]

| | n@ (6.23)
klszl.is; 15 -_l.q—s; -Temizs =— (/Ql 3 /s kiz Dok kla lg
|q1 Iql 2

-2 P2 32

N [T T T Jﬁzws2 (6.24)
2 \1+kiz Kis

NP (U 3 49 kis (b ki) 2K

Tenas = Yo 3 10 ks & ok k) V20w (6.25)

\/1"‘ kiz s

Phase current RMS valudeusis for the simplicity in this analysis assumed tolg2 A. Apart
from Irmsand constants, P, aw, avs, avs, final objective function presented in (6.25) depends on three
variables; hencénhe system can be regarded as thde@aensional By solving this threalimensional
function (forkis, kis andbothin [0-2] interval), the plot presented in F§5 is obtaied. Corresponding
results are summarised in Tabld (redpari. It can be seen in Table 6.1 that the maximal reachable
torque achieved with two injected harmonic3dsizs = 2.52Nm. To achieve sucanelectromagnetic
torque, calculated optimal harmonigection ratios must b&s=0.927 andk;s = 0.497. If compared
with the results obtained usitige third harmoniccurrent injection fronthapter5, it can be concluded
that the value of the injection ratke; has stayed unchanged. To validate theltgsihe finite element
method study fronchapter4 is used. Recorded electromagnetic torque results can be found in the last
column of the Tablé.1 (blue section). The finite element method results are in good agreement with
the optimisitionresults. Smiadifferences that can be seen are, as explainedapter4, related to the
approximation of some design and electrical machine parameters needed to bfiildettdement
methodmodel.

By including the seventh harmonic into the maximal achievaltgiéocalculation, the objective

function is now:

Term_357=T @nﬂ_lqp?)/#slq;; (™3 Hys 7@/Iq7)' O

kis=-S; ks __lq_5 K17 I=qz (6.26)

- TemL357=T @ m 3+ kiO5 wbt kis Ol k1) iq2C

.2 2 .2 .
ig+igs +g5 | . 2
|RMS:\/‘41 g3 _Tdb ”6'27; - g = */Z_R“gs _ (6.27)
2 \/1+k13 Kis Ki7
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NP (Um 3 I ks s k& 7 & k) VOlrus
\/1+k123 *fs Ky

Ten3s7 = (6.28)

Obtained results are summarised in Tdbe Becausghe system is now dependant on four variables
(Kiz, kis, kiz, Temss7), corresponding plot cannot be producéd.comparison of the optimised
coefficients i.e. recorded torque valuewith the ones prawgusly recorded in FEM, leads to the

conclusion that the two methods are in good agreement.

Table 6.1i Optimal injection ratio calculation fahe 1%, 39 and 3" harmonics.

Harmonics Ratio Torque [Nm] FEM Torque [Nm]
1st k=1 1.74 1.68
15t + 3d kiz=0.927 2.38 2.24
1st, 39 + gh kis = 0.497 2.52 2.39

Table 6.2i Optimal injection ratio calculation fahe 1%t 39, 5" and 7" harmonics.

Harmonics Ratio Torque [Nm] FEM Torque [Nm]
1st ki=1 1.74 1.68
15t + 3d kiz=0.927 2.38 2.24
1st, 39 + gh kis = 0.497 2.52 2.39
1st, 39, gh + 7t ki7=0.128 2.53 241

Based on the results presented in Tablésand 6.2, several conclusions can be made. Complexity
of the system that needs to be solved growsne extra dimension with every additioh another
harmonic. However, regardless of the dimenstbe,optimal third harmoniccurrent injection ratio
remains the samasin chapterb, as showrin Table6.1 and in Tabl&.2. Furthermore, by comparing
the results acquired fdgs ratio in Table6.1 and in Tablé.2, it can be concluded that the optimal ratio
for the fifth harmonic did not changsther This leads to the conclusion that optimal ratios can be
calculated separately by solving less complex-tivoensional functionsof each new harmonic in

relation to the fundamental. Corresponding-thimensional functions can be defined as:

for 150+ 3" (6.29)

Teniz =

nP (lm 3 Jie) kls)G/E|R@s
2 \/1+k123

20

Figure 6.5 Objective function optimisation for optimal third and fifth harmonic current ratios determine
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Temis = nep 8m1 51 k)Gl21r@ for 1% +5" (6.30)
2 \/1+k125

Tonr =T g * 0 kr)O/21nR o s, o (6.31)
2 \/1+k127

For validation purpose, Fi§.6 is given. It is visible that the same values of coefficients are
obtained by solvingwo-dimensional systems, as before whesingle multi-dimensional system was
optimised. Although being easier to execute, the 2D method does not provide final achievable torque
value immediately. Nevertheless, by using the optimal ratios from 2D anahgisvs the maximal
electromagnetic torque can be calculated as:

nP N2 Irus

Tert.n= o (I 8500 hapkany) 95 (6:32)
1+ & ki)

whereh =[3, 5, é , n- 2] andl = §n-3)/20 Finally, by testing the MTPA theory for mulfimensional
injection ratio(s) calculations (derived originallydhapter 5 for the third harmonic):

k= 39m s KusBroz (o000 (6.33)
[ m €1 Knf1 OBrot1

k=29 & KusBros o0 (6.34)
! m €1 Knt1 OBrot1

iy = LI 287 Kurr Broz _ 157 (6.35)

! m e kit Bou

optimal injection values fothe studied PMSM can be once again confirm@dlculated results using
MTPA theory are identical to the ones obtained in previously performed andlgsise generalised

form for optimalh™ order current harmonic injection rattalculation can be defined as:

ha mh _ E _kwfh @roth
[ m e ka1 Bt

Kin =

(6.36)

25 F
2.1 F

1.9

¥
1.6 0.128

Torque [Nm]

eml3 _TemIS Tem17

1.0 &

0 02 04 06 08 1.0 12 14 1.6 1.8 2.0
k ratio

Figure 6.6 Torque versus injection ratio with a single harmadnjection (addedndices in torque symbols
specify which harmonics are injected).
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6.4 Electromagnetic Torque Analysis

Resultsof the previous section are summarised in TahR As expected, electromagnetic torque
i mprovement with the third harmonic under the
1.74Nm to 2.38 Nm). By applying theadditionalfifth harmoniccontrol, maximal reachable torque is
now 2.52Nm. This is 44.83% improvement with the respect to the torque produced by the fundamental
harmonic only, i.e. additional 6.33% improvement is achieved with the respect to the third harmonic
current injection. Finally, féer the seventh harmonic is employed for the torque produc®nvell
maximal reachable torque valbecomes2.53Nm. Presented in percentages, final reachable torque
produced after applying athe possible harmonics (and respectimg n) is 45.40% tgher than the
torque produced with the fundamental only. If compared with the improvement reachable with
combined third and fifth harmonic¢he new value is only around 0.4% higher. For this reason,
improvement of this harmonic ishimplementedand resnant controller is used for induced current
elimination together with the eleventh harmonic which maps into the same subspace. Note that the
similar results were reported $ectiond.4, where FEM analysis was performed.

Table 6.3 Electromagnetic torqimprovement analysisresults of theptimisation procedure.

Harmonics Torque [Nm] In;?]'l}fr%?] ll'::%nféogj 1S|ttn§d' ;rr?g]gh
st 1.74 i i i
1st + 31d 2.38 36.21% i i
1st 3d 4+ gh 2.52 44.83% 6.33% i
1st 3d gh 4 7t 2.53 45.40% 6.75% 0.4%

6.5 PMSM Model Testing andExperimental Verification

Simulation results acquired iMatlab/Simulink environment and afterwards verified using

experimental prototype are summarised next. The same testing scenario (N)etipoesented

originally in chapters, is used. The electromagnetic torque of the machine is kept coréstadmj

during the entireequenceRecorded sequence has three regions and it is in total 6 seconds long. In the

first 2 secondsfgrtheron the 15 regior) only fundamental current harmonic component is used for the

electromagnetic torque productiokig= 0, kis=0). In the folbwing 2 secondstlfe 15+ 3 region),

injection ratiokis is changed to its optimal value, ilez = 0.93 kis = 0). Finally, in the last 2 seconds

(the 1%, 39+ 5" region), in addition to the third, the fifth harmonic current injection is also employed

for the torque boost. Injection ratikes is in this case set to its optimal valkie = 0.5. For the duration

of the first and second regiorthg fifth harmoniccurent iskept atO using Pl regulatorsather than

VPI controller as before. The sequence was chosen so that a comparison with the reschispie

can easily be performed. In addition to the torque, the speed is also kept constant for the atbine dur

of the sequence (Fi§.7).
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1600 f f f f f q 1600
1500 1500
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i 1400 1 £ 1400 -
= L = L
ol ]st ]st+3rd ISt, 3rd+5th | ol ]st ]st+3rd ISt, 3rd+5th |
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time [s] Time [s]
a) b)

Figure 6.71 Mechanical speed results recorded in:sfajulation, and (b) experiment.

Phase current simulation and experimental results can be seen B.&i@sd 6.9, respectively. As
in the previous chapter, only the first phase in each phase set is shown. The entire sequence is shov
first (upper plots), followed by thenlarged portions arounganstion points (bottom plots). These
portions are 0.2s long (1.9 2.1s for the 1% and the 15+ 3, i.e. 3.9 4.1sfor the 15'+ 3 and
15t 39+ 5" transtion). As expected, currents are following the shape of the -BMik. This
correspondence is more visible each tameadditional current hamonic is injected. Note that stator
phase windings are not entirely identical (as assumed in the simulation model), hence small deviation
between simulation and experiment exist. Although phase current peak value increases when the fiftl
harmonic is injeted, phase current RMS value is on the contrary decreased. This, in addition to the
figures, can be concluded based on the results presented in Gdlalend 6.4b, where a detailed

analysis of the phase current RMS in different regions is performechdBMS analysis, multiple

1
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Figure 6.8 Phase current (phasas, a2, a3) results recorded using simulation model: full sequence (top
transient point periods (bottom).
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