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Djevojka iz moga kraja

Provela je n6 na putu
kojim krecu od davnina
nasi snovi prema svijetu
s Perkovita preko Knina

U ocima njenim more

svjetluca joj sol u kosi
ona ne da da je slome
otima se i prkosi

Djevojka iz moga kraja

na usnama njenim kusam

okus prvih poljubaca
okus prvih oskorusa

Ona pamti davne rig
slatke boje zawaja
ima elju da me lijeci
djevojka iz moga kraja

Provela je n6 na putu
na kojem se nade gase
ostala je svu nbbudna
u vagonu druge klase

U ocima njenim more

svjetluca joj sol u kosi
ona ne da da je slome
otima se i prkosi

Arsen Dedic

A girl from the homeland

She spent the night on the road
over which from long ago

our dreams set off to the world
from Perkogithrough Knin

The seais in her eyes
salt shimmers in her hair

she won't allow to be broken
she ghts and de es

A girl from the homeland
on her lips | feel
the taste of rst kisses
the taste of rst rowan berries

She remembers the old words

sweet colours of motherland

she feels the wish to cure me
a girl from the homeland

She spent the night on the road
on which hopes disappear

she stayed awake the whole night
in the second class wagon

The sea is in her eyes
salt shimmers in her hair

she won't allow to be broken
she ghts and de es



Short abstract

Currently, electric automobiles are predominantly powered by interior permanent magnet elec-
tric machines which possess high ef ciency and torque density in comparison to alternative
machine types. Although the performance bene ts are undisputed, the use of rare earth perma-
nent magnet materials has historically been a commercial risk. To mitigate the potential issues,
the automotive industry is considering alternative electric machine designs, which will either
use none or a minimal amount of rare earth material. In parallel, synchronous reluctance ma-
chines are "magnet-free" electric machine type currently the focus of process industry. Electric
power take-off was selected as the application niche for the introduction of synchronous reluc-
tance machine to the automotive sector. The goals of the thesis are to improve the synchronous
reluctance machine optimization process by reducing rotor radial cross-section parametric com-
plexity, and to create a software framework for the rotor geometry feasibility validation. The
research concentrates on a novel approach of de ning rotor geometry on a shape object level,
instead of the classical approach which uses geometrical primitives like points, lines, and arcs.
This methodology allows simple and robust feasibility validation and robust calculation of at
least one point inside every object, which is extremely important for assigning the material to
different regions in the nite element analysis tool. The presented solution can be applied on any
electric machine type. Furthermore, the thesis de nes a set of absolutely feasible synchronous
reluctance machine rotor geometries using a minimal set of parameters in order to reduce design
complexity. Consequently causing a reduction of overall optimization time due to the smaller
number of parameters that de ne the optimization problem. After selecting the geometry and
commencing optimization, the optimization system (software code) must be able to detect if
generated geometry is unfeasible (e.g., rotor barriers are overlapping). One of the proposed so-
lutions is a novel concept of forced feasibility, where every unfeasible design is forced to change
parameters until reaching feasibility. Otherwise, the infeasible candidate is rejected, which can
affect the optimization convergence. Both approaches were compared concluding that forced
feasibly causes faster optimization convergence.
Scienti ¢ contribution of the thesis is re ected in:
1.Robust feasibility and region detection algorithm based on the shape object approach in
the de nition of electrical machine geometry.
2.Improvement of optimization convergence through the reduction of feasible geometry
search-time for synchronous reluctance machines using novel forced feasibility approach
3.Method for synchronous reluctance machine rotor geometry parametrization with the re-
duced parameter set.

Keywords: synchronous reluctance machine, optimization, robust feasibility, forced feasi-
bility, minimal complexity



Extended abstract (ProSireni sa etak)

U svrhu smanjenja emisije ispusnih plinova, otpada i buke, direktive Europske Unije trenutno
obvezuju proizvdace automobila na drastio prosjeno smanjenje emisije ispusnih plinova
ukupne ote vozila. Tehnologija motora na unutarnje izgaranje je u pogledu korisnosti doseg-
nula vrhunac, Sto zada je jedini nain za ispunjavanje navedene direktive postupno pang
proizvodnje automobila s elektnim i hibridnim pogonom. To je uzrokovalo tektonske prom-
jene u automobilskoj industriji, poglavito u primjeni novih znanja i tehnologija u tradicional-
nim proizvodnim lancima. Zbog visoke cijene i ogregmog prostora, nove komponente kao
Sto su baterija, pretvarai elektricni strojevi postaju najva niji faktori pri projektiranju vozila.
Baterija je nageZe modularna komponenta, a pretvairma relativno mali volumen Sto pojed-
nostavljuje integraciju u vozilo. S druge strane, elektristroj je nageZe integriran s nekom
vrstom prijenosnika koji zauzima razmjerno velik prostor. Kako bi se smanjio volumarogu
sustava, elektchi stroj treba imati minimalne dimenzije ptemu korisnost i gust@ snage
moraju zadovoljiti tra ene karakteristike.

U automobilskoj vei trenutno prevladavaju strojevi s permanentnim magnetima postavl-
jenima unutar rotora koje u usporedbi s alternativnim tipovima strojeva karakterizira visoka
korisnost i gustba momenta. Premda imaju najbolje tatka karakteristike, koriStenje perma-
nentnih magneta s elementima rijetkin zemalja (eage-earth kao Sto su neodimij i disprozij
predstavlja zneajan problem. Narodna Republika Kina kao najveroizvadec je 2011. i
2012. zaprijetila prestankom opskrbe te uzrokovala dramigitratkorani skok cijene (cijena
disprozija je privremeno narasla 3000%).

Naziv "elementi rijetkih zemalja" mo e navedtitatelja na zakljaak, da im je pojava u
prirodi analogna primjerice zlatu ili srebru. Zapravo, elementi rijetkih zemalja se desta
pojavljuju u prirodi, a visoka triSna cijena je proporcionalna kaii ulaganja u rudarenje.
Stoga je razumljivo zasSto Narodna Republika Kina trenutno vlada tr iStem, prvenstveno zbog
jeftine radne snage, te zbog iznimno razvijenog rudarskog sektora. Teoretski postoje i jeftinije
alternative, kao Sto su primjerice feritni magneti. diéim, praksa je pokazala da feritni ma-
terijali ne mogu zadovoljiti zahtjeve auto-industrije za visokom gtsto momenta i snage pri
maksimalnom optefenju. Nadalje, automobilska industrija ne mo e dozvoliti zajao kole-
banje cijene strateskih sirovina, sto je usmijerilo in enjere na razvoj etelitrstrojeva bez ili s
minimalnom kolcinom permanentnih magneta s elementima rijetkih zemalja.

RjeSenje koje bi obuhvatilo ni u cijenu asinkronog stoja uz bolju korisnost i performanse
motora s permanentnim magnetima je sinkroni reluktantni stroj s pripaidajpodvrstama.
Glavna karakteristika sinkronog reluktantnog stroja je dominantna reluktantna komponenta mo-
menta Sto zna da stroj teoretski ne treba permanentne magnete ili kavez unutar rotora. Sinkroni
reluktantni strojevi su robusni, imaju relativno nisku proizvodnu cijenu i male rotorske gubitke.
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S druge strane, nedostatak magneta u rotoru rezultira s manjontgustaoomenta, manjim
faktorom snage i viaom valovito§u momenta. Kao niSa za primjenu u automobilskoj industriji
je odraden kamionski prikljgak za pokretanje vanjskih tereta (engTO - power take-oft
PTOprikljucak je tradicionalno pogonjen pofwdiesel motora na unutarnje izgaranje.dde
tim s prijelazom na baterijski pogonjene ele&tre kamionePTO takader mora biti pogonjen
elektricnim putem, stoga se uvodi naziv ele&tri PTO (eng.e-PTO - electric power take-9ff
Klasicni PTOje karakterizan izra enom valovité8 momenta koje su posljedica rada dizel mo-
tora. UzevsSi u obzir da sinkroni reluktantni strojevi inherentno imajonslikaratkteristike,
e-PTO je idealna niSa za primjenu u automobilskom sektoru.

Optimizacijski algoritmi su danas jako popularni u projektiranju elekih strojeva. Zbog
utjecaja elektromagnetske nelinearnosti i slo enosti geometrije na performanseceiélgtio-
jeva, ofgenito se smatra da matentkih optimizacija mo e znatno poboljSati karra dizajn.
Iznimno popularna klasa optimizacijskih algoritama su evolucijski statiastigoritmi temel-
jeni na populacijama mog@ih rieSenja (populacijaini veci broj individualnih jedinki dizajna
stroja) koje se mutiraju i kombiniraju prema pravilima odabranog algoritma za svakucsljede
generaciju. Najbolje jedinke propagirane su kroz generacije do postizanja optimalnog rieSenja.

Potreba za optimizacijom je posebno izra ena zbog regulatornih zahtjeva zaapgee
korisnosti u industriji Sto korelira s osnovnim zahtjevima u automobilskom sektourfaina
zahtjevnost je proporcionalna slo enosti geometrije stroja, Sto vodi k velikom broju optimizaci-
jskih parametara i du em vremenu optimizacije. Uzevsi to obzir, jedan od ciljeva istra ivanja
bio je razvoj geometrijskog opisa sinkronog reluktantnog stroja s minimalnim brojem rotorskih
parametara. KoriStenje programskih alata baziranih na metodickdnalemenata u projek-
tiranju sinkronih reluktantnih strojeva je nezaobilazno zbog izra enogteag u rotorskim
barijerama i moséima koje ima veliki utjecaj na komae performanse. Navedeni alati zahti-
jevaju veliku procesorsku nto pri cemu evolucijska optimizacija uslijed populacija s velikim
brojem jedinki (do 50) i velikog broja generacija (do 200) mo e zahtijevati pdevge viSe
tisuca prora@una.

Kljucni problem u projektiranju sinkronih reluktantnih strojeva odnosi se na projektiranje
barijera na rotoru. To se posebice odnosi na oblik i raspodjelenirébarijera te eljeznih
mostita koji su bitni za mehaoku cvrstctu rotora. Rotorske barijere kod sinkronog reluk-
tantnog stroja mogu biti pravokutne, kru ne, hiperlo&k ili izvedene iz teorije konformnih
preslikavanja i teorije ukovskog o tokovima uida. Istra ene su razne varijante konstrukcije
barijera kako bi se de nirale najjednostavnije metode parametrizacije koje se mogu implemen-
tirati kao automatski generirani predloSci rotorskih geometrija. Na primjegnigpde nicija
rotora temeljena na barijerama ukovskoga zahtij&Va 3 k geometrijskih parametara, gdje k
predstavlja broj barijera. Predlo eni pristup smanjuje broj parametadhnda k 1. Jedan od
ciljeva istra ivanja je de niranje smanjenog seta parametara za svaki tip rotorskih barijera.
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Neovisno o vrsti stroja, tijekom izvrSavanja optimizacije, odabrani tip optimizacijskog algo-
ritma generira set parametara koji opisuju geometrijski oblik rotorskih barijera odnosno pojed-
inu jedinku u trenutnoj populaciji. Bez obzira na raspon ulaznih parametara, sustav nwra mo
detektirati ako je generirana geometrija neizvediva. Pojam "izvodljivost" ili "izvedivost" (eng.
feasibility) je nage&e vezan za rezultat i zoieda rjeSenje ispunjava sva de nirana ogicamja.
Postoji i drugi tip izvedivosti, tzv. geometrijska izvedivost. Model je geometrijski izvediv ako
se oblici ne preklapaju, ne postoje negativne duljine ili neki drugi nekonvencionalni odnosi
koji redovito uzrokuju greske pri rjeSavanju alatima temeljenim na metodidtoh&lemenata.
Posebno je va no rijeSiti navedeni problem ucju koriStenja programskih alatge su ge-
ometrije bazirane na predde niranim predloScima.

U slucaju da je geometrija neizvediva, postoje dvaina osiguravanja geometrijske izvedi-
vosti. U prvom sleaju, cijeli set parametara se nasana generira dok god nije postignuta ge-
ometrijska izvedivost. Alternativa je prisilna izvedivost koja mijenja parametre svakog neizve-
divog dizajna do zadovoljavanja izvedivosti. Navedeni pristup mo e biti iznimno slo en i zahti-
jeva naprednu parametrizaciju s minimalnim brojem uvjeta izvedivosti. S druge strane;anogu
prednost ovog pristupa je skenje vremena optimizacije iz dva razloga. Prvo, pristup prisilne
izvedivosti je vrlo brz stoga gotovo da nerc@kanja da se pojavi geometrijski izvediv dizajn.
Drugo, intervencija u genetsku progresiju evolucijskog algoritma je caglunasunane gen-
eracije parametara zoajna, dok je u slcaju prisilne izvedivosti minimalna.

Bez obzira na odabrani pristup, u shju da sustav ne uspije detektirati neizvediv dizajn,
doti ¢e do ne eljenih posljedica. Ovisno o koriStenom alatu, u najboljeroaglusustavce
dojaviti greSku i optimizacij&e se zaustaviti. U najgorem shju, proraun ¢e se nastaviti, a
konacni rezultati née biti upotrebljivi. Ovo je veliki problem koji se mo e rijesiti jedino strogim
de niranjem svih moggih parametarskih ograceénja. To je jako slo en zadatak, posebno u
slucaju viseslojnih rotorskih geometrija i mo e rezultirati suboptimalnim komm rjeSenjem.
Kako bi se rijeSio navedeni problem, istra ivanje je rezultiralo razvojem i implementacijom
robusnog algoritma za odfivanje geometrijske izvedivosti.

Razmatrani strojevi imaju radijalni magnetski tok, Stodrda se u svrhu optimizacije ge-
ometrija poprenog presjeka rotora i statora mo e reducirati na 2D Euklidski prostor. Parametri-
zacija geometrije se izvodi u kartezijskim ili polarnim koordinatama koje dgjtegeometri-
jske primitivhe elemente: tke, linije, lukove i tzv. polilinije (setove viSe linija koji modeliraju
kompleksnu krivulju). Set ndusobno spojenih primitivnih elemenata de nira oblik (npr. ro-
torsku barijeru) koji ima matemata svojstva (povrSinu, opseg, te iste).

Ako cijelu geometriju stroja de niramo pon@o oblika koji su ujedno i programski ob-
jekti bilo bi iznimno korisno koristiti funkcijski alat koji na jednostavanciramo e prorau-
nati odnose m&u pojedinim oblicima (Booleove funkcije, presjeci, povrsine...). Spomenuti
inovativni pristup odrdivanja izvedivosti je mogtina temelju Matlabove klagmlyshapeoja
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omogLeuje podizanje nivoa apstrakcije s razine primitivnih elemenata na razinu objektno opisanih
oblika. Nakon de nicije, objekti se mogu organizirati u obliku vektora. Funkcionalnost polyshape
klase omogaava brzu analizu vektoriziranih objekata oblika. Jedna od posebno zanimljivih
funkcija je funkcija Intersection koja vea informaciju postoji li preklapanje nde pojedinim
elementima vektora oblika. Ovo omagava robusnu provjeru izvedivosti bez obzira na granice
inicijalnih geometrijskih parametara i na slo enost geometrijskog oblika.

Dodatno, svi alati za elektromagnetski praua strojeva zahtijevaju precizno de niranje
geometrijskih podrgja (regija) pojedinog oblika Sto predstavlja problem waju stohastiki
generiranih geometrija. @pnito, generirani oblik mo e biti konveksan ili konkavan (oblici koji
sadr e Supljine nisu dozvoljeni). Pojednostavljeno, konveksni oblici uvijek imaju te iSte unutar
rubova elementa, Sto ne mora biti chji kod konkavnih oblika. Tigian primjer konveksnog
oblika je pravokutnik permanentnog magneta. S druge straneneraarijere su uglavnom
konkavne i imaju te iSte izvan svojih granica. Prezentirani problem je rijeSen razvojem al-
goritma za odrdivanje regija oblika temeljenom na Matlab polyshape klasi. Prednosti pred-
lo enog pristupa objektno de niranih oblika su jednostavno povezivanje s bilo kojim elektro-
magnetskim alatom koji podr ava skriptiranje, zragna sloboda u projektiranju slo enih ge-
ometrija i jednostavno uklanjanje softverskih greSaka. Literatura ne pokriva navedeni pristup u
projektiranju elektrenih strojeva Sto dokazuje znanstvenu izvornost.

Zakljucno, istra ivanje se koncentrira na parametrizaciju rotorskih barijera, urtyajge
postizanja izvedivosti rotorskih geometrija, i razvoj algoritama za baratanje geometrijom stroja
temeljenom na objektno opisanim oblicima. Primjena rezultata istra ivanja nije agaani
samo na automobilsku industriju jer secsra znanja i zaklgci mogu primijeniti i u energetici
te procesnoj industriji.

Sukladno navedenim koracima, doprinos provedenog istra ivanja opisani kroz doktorsku
disertaciju s naslovom "Optimizacija sinkronih reluktantnih strojeva temeljena na reducira-
nom skupu geometrijskih parametara s poboljSanom konvergencijom i robusnom provjerom
geometrijske izvedivosti" sastoji se od sljédg:

1.Robusni algoritmi za ocjenu geometrijske izvedivosti i pronala enje geometrijskih po-

drucja temeljeni na objektnom pristupu de niranja oblika s primjenom u geometrijskom
opisu elektrcnog stroja.

2.PoboljSanje konvergencije optimizacije temeljeno na glemju vremena pronalaska izve-

dive geometrije elektdnog stroja koriStenjem metode prisiliene geometrijske izvedivosti.
3.Metoda parametrizacije geometrije rotora sinkronog reluktantnog stroja sa smanjenim
skupom parametara.

Modeli su razvijeni i implementirati u programskom okru enju Matlab, a zadarekarak-
teristika elektrcnih strojeva je koriSten programski paket Ansys Motor-CAD.

Disertacija ujedinjuje opis teorijske pozadine i implementiranih metoda. Kroz disertaciju



su opisani doprinosi te su konkretno povezani s céain dijelovima objavljenih radova koji

ih de niraju i pojasnjavaju. Pseudo kod za generiranje apsolutno izvedivih rotora sinkronih
reluktantnih strojeva, te izvorni kod za robusnu detekciju izvedivosti su objavljeni u relevantnim
Zznanstvenintasopisima.

Klju cne rijeci: sinkroni reluktantni stroj, optimizacija, robusna izvedivost, prisiljena izve-
divost, minimalna kompleksnost
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Chapter 1
Introduction

In order to reduce emissions, air pollution, resource waste, and traf ¢ noise, global legislation
Is pushing towards the increase of electric and hybrid vehicle production [1]. This has caused
a tectonic change in the automotive industry, both knowledge, and production-wise. New trac-
tion components like battery, inverter, and electric machine are becoming the most important
factors in vehicle design in a matter of cost and packaging (component layout within the ve-
hicle) [2,3]. The battery is usually modular component and inverter is small in size, which
means they can in most cases be packed ef ciently within the vehicle. On the other hand, the
electric machine is usually integrated within some sort of transmission system, which is inher-
ently space-consuming [2]. To reduce the size of the drivetrain, electric machine size must be
minimized, while ef ciency and power density must be kept on the suf cient level.

1.1 Background and motivation

Currently, electric automobiles are predominantly powered by interior permanent magnet elec-
tric machines (IPM) which possess high ef ciency and torque density in comparison to alter-
native machine types. Although the performance bene ts are undisputed, the use of rare earth
permanent magnet (PM) materials, such as neodymium or dysprosium, has raised concerns in
several areas. In 2011 and 2012, China reportedly threatened to cut off international supplies
of these materials [4], leading to dramatic, though short-term, increase in the material price,
increasing as much as 3000% in case of dysprosium [5]. These volatilities have forced the auto-
motive industry to search for the alternative electric machine design, which will either use none
or minimal amount of rare earth material. The risk can potentially increase as electric vehicles
(EVs) start to penetrate the market on a large scale Fig.1.1.

One of the magnet-free alternatives are synchronous reluctance machines (SyRM) and their
derivatives [6]. These solutions rely on high reluctance torque, thus theoretically needing no
PM material in the rotor structure. They have relatively low material costs, low rotor losses
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Figure 1.1: Historical rare-earth material prices

and are considered as robust [7,8]. On the other hand, the lack of permanent magnet eld in
the rotor is penalized with lower torque density, lower power factor, and higher torque ripple
[9,10] . Up to now, SyRM machines have not been considered for automotive applications
which presents a niche for academic research.

1.2 Problem statement

Nowadays, optimization algorithms enjoy high popularity among electrical machine designers
[11,12,13,14,15,16,17,18]. Due to the in uence of electromagnetic nonlinearity and ge-
ometrical complexity of electrical machines on their performance, it is commonly understood
that mathematical optimization can signi cantly improve the nal design. Very popular class
of optimization algorithms are evolutionary stochastic algorithms that are based on populations
of possible solutions (population is a number of individual machine designs) which are mu-
tated and combined according to selected algorithm rules for the next generation. The best
machine designs are propagated through generations until reaching the optimal solution. Opti-
mization necessity is especially noticeable in the problem of increasing ef ciency [19,20,21].
Currently, there is a substantial focus on optimization tool-chain improvements, especially in
design of traction drives, where high ef ciency within limited packaging space is an absolute
imperative [22].

According to Pellegrino [23,24], computational load is proportional to the geometrical
complexity. This is inherently the case for IPM and SyRM machines, leading to a high number
of optimization variables and longer optimization time. The utilization of the nite element
analysis (FEA) is practically unavoidable in the case of SyRM and IPM machines due to the
signi cant in uence of saturation in rotor barrier bridges and posts on machine performance.
FEA is computationally intensive and may naturally require thousands of calculations through
evolution-based optimisation due to large population size (up to 50) and large number of gen-
erations (up to 200). Having this in mind, one of the research goals is the de nition of SyRM
geometries with a minimal set of rotor parameters.

SyRM rotor barrier pro les can be rectangular, circular, hyperbolic [25] or derived from
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the conformal mapping theory and the Zhukovsky air- ow potential formulation [26]. Barrier
design variants have been studied to de ne the simplest parametrization approach which can be
implemented as automated geometry templates.

During the design process on any electric machine type, the selected optimization procedure
generates a set of parameters which describe the geometric shape of rotor barriers of a candidate
motor in the current population. Regardless of the range of input parameters and the machine
type, the system must be able to detect if the geometry is infeasible. The term feasibility is
usually related to the solution and it denotes that the solution satis es all the given constraints.
There is another type of feasibility, so-called "geometrical or model feasibility”. Geometrically
feasible model is valid for solving if: there are no overlapping edges, negative lengths or non-
conventional geometric relations that will inevitably create issues after the start of the FEA
solver.

This is a cumbersome issue that can be solved only by strictly de ning all parameter con-
straints. This is an extremely complicated process, especially in the case of complex multi-layer
rotor geometries and can result in suboptimal designs. To mitigate the problem, the research
has resulted with a robust feasibility veri cation and material region detection procedure. The
proposed method is applicable to any type of electric machine.

1.3 Objective of the Thesis

The objective of the research is to improve the optimization process for synchronous reluctance
machine (SyRM) regarding geometrical de nition complexity and software implementation for
the geometry feasibility validation. After selecting the geometry and commencing optimiza-
tion, the optimization system (software code) must be able to detect if generated geometry is
unfeasible (i.e. rotor barriers are overlapping).

The rst part of the research concentrates on a novel approach of de ning rotor geometry
on a shape object level, instead of classical approach which uses geometrical primitives like
points, lines, arcs. This methodology allows robust determination of at least one point inside
every object which is extremely important for assigning the material to different regions in
nite element analysis tool. Additionally, the introduction of shapes enables the development
of a global feasibility detection procedure.

An alternative solution to shape-based feasibility detection is a novel concept of forced fea-
sibility (the second part of research), which forces every unfeasible design to change parameters
until reaching feasibility. The expected bene t is again overall optimization time reduction.

The nal part of the research is the de nition of SyRM rotor geometries using a minimal set
of parameters in order to reduce design complexity. Consequently, a reduction of overall opti-
mization time is expected due to the smaller number of parameters that de ne the optimization
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problem.

The objectives of the research were:

1.Development of innovative software algorithms for accurate and fast design compatible
with any nite element analysis software. When implemented and proven, the source
code will be published online and shared with the electrical machine design community.

2.Implementation of forced feasibility approach in the optimization of synchronous reluc-
tance machines with the aim of convergence improvement and consequently reduction of
optimization time.

3.Development of rotor geometries for synchronous reluctance machine with a reduced set

of parameters.

The robust rotor feasibility and region detection algorithms fall into software implementa-
tion domain, and their contributions to electric machine design community will be signi cant
because the proposed method can be easily implemented in any FEA software package. Another
hypothesis is that forced feasibility subroutine will yield a reduction of optimization time. This
needs to be proven by consecutive optimization runs on the selected example. In the domain of
geometry parametrization, the hypothesis is that Zhukovsky barriers have a minimal number of
parameters and yet yield optimal machines with the best performance. This needs to be proven
by comparison with circular and hyperbolic barrier designs.

1.4 Structure of the thesis

The thesis is organized as follows. Chapter 2 provides an introduction to theoretical aspects of
synchronous reluctance machines and discusses potential applications. The emphasis is placed
on comparison of IPM and SyRMs. Chapter 3 summarizes the automated rotor geometry script-
ing of smooth-barrier SyRMs, and validation of corresponding pseudo-code. Chapter 4 presents
the robust feasibility detection method and inner-point detection algorithm as a part of opti-
mization framework. Chapters 3-5 are designed to summarize the background for the thesis
contributing publications. Further reading section is added at the end of each chapter referring
to the relevant publications. Chapter 5 summarized the scienti ¢ contributions of the thesis.
Chapter 6 provides a list of all related publications that contain different segments of the re-
search contributions. The author's contributions to the publications included in the thesis are
summarized in Chapter 7. Finally, Chapter 8 concludes the thesis and provides a potential
direction of the future research.



Chapter 2

Theoretical aspects and applications of
Synchronous Reluctance Machines

2.1 General facts

Currently, due to the inherently high torque and power density, rare earth based IPM syn-
chronous machines are predominantly used for automotive traction (Fig.2.1a-b). A landmark
for IPM machines in automotive hybrid/electric traction was the adoption by both Toyota and
Honda, for the rst generation of Prius and Insight, respectively [27,28]. Due to the mechanical
limitations for high speed operation, surface permanent magnet machines (SPM) are currently
not used by any major vehicle manufacturer. On the other hand, some vehicle producers have
considered alternative machine designs, which either use none or a minimal amount of rare
earth material. Notable passenger vehicle examplestagen. Tesla Model S and Audi e-tron
which use induction machines (IM), and%gen. Chevrolet Volt which uses rare-earth-free
Ferrite IPM.

The alternatives which have not been in recent automotive focus are synchronous reluctance
machines (SyRM) and its derivatives [6].

One advantage of SyRM compared to IM and IPM is the lack of squirrel cage and mag-
nets, which results in reduced material and manufacturing costs (Fig.2.2). This feature leads
to SyRM having minimal rotor losses compared to both alternatives [29], and higher ef ciency
compared to IM [30]. Furthermore, the SyRM control algorithm is very similar to IPM, meaning
that the same drive can be used in both cases. Obviously, there are no issues with demagnetiza-
tion. And nally, SyRM does not produce open-circuit back electromotive force, which secures
fault tolerance and can simplify the electric vehicle drive train (mechanical disconnect is not
required), resulting in a cheaper transmission system.

On the other hand, lack of the permanent magnetic eld in the rotor is penalized with lower
torque density, lower power factor, and higher torque ripple.
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Figure 2.1: Example of four pole machine families with correspondittigaxes: IPM with a) distributed

and b) concentrated winding stator; SPM with c) distributed and d) concentrated winding stator; €)
SyRM; f) Axialy lamminated SyRM (AxLam); g) "weak" PM material PMASR; and h) "strong" PM
material PMASR. Green arrows indicate PM magnetization direction, Pub.1

The main SyRM disadvantage compared to IPM is reduced power and torque density. The
situation can be improved by using hairpin stator technology which increases the |l factor [31],
or by improvements in rotor design. Rotor has to be designed for high-speed operation [30],
ideally without barrier posts [32], with minimal barrier bridge thickness [33,34], Fig.2.2. This
will obviously compromise mechanical integrity. Nevertheless, the issue can be solved by the
use of "smooth barrier" topologies (e.g. circular, hyperbolic...) with injected epoxy resin [32],
and carefully applied barrier corner llets [33,34,35].

The next SyRM disadvantage compared to IM and IPM is higher torque ripple [9,10].
Depending on the application, ripple has to be reduced to an acceptable level which is usually
2-4% for vehicle traction or 10% in industrial applications.

Typicala posteriori(post optimization) method for torque ripple reduction is rotor (or stator)
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skewing. The disadvantage of the approach is the reduction of average torque and increased
production cost.

Figure 2.2: SyRM rotor nomenclature

On the other hand priori (prior to optimization) ripple reduction methods are: increasing
the number of poles, application of barrier corner llets [35], use of barrier notch (Fig.2.2),
and use of asymmetric pole designs [36]. Considering that the high pole number has a strong
negative impact on power factor, SyRM machines typically have 4 or 6 poles (more than 6
poles correspond to power factd$.6). In case inverter size is not a design constraint, higher
pole number combinations can be investigated. Nevertheless, implementation ci ptiet
methods will effectively reduce torque ripple without major design penalties. Asymmetric pole
design is especially interesting because it can signi cantly reduce torque ripple [37] and po-
tentially eliminate the need fa posterioriskewing, thus making SyRM the cheapest machine
variant on the market. Detailed comparison of different SyRM skewing strategies is available
in [38].

The unavoidable disadvantage of SyRM is the lowest power factor compared to IM and IPM.
The only solution to compensate for this drawback is in mass production of inverter switching
modules which will enable cheaper technology, with higher current ratings. This will most
likely happen when electric vehicles (EVs) penetrate the market on a large scale.

SyRM design can theoretically be upgraded by adding permanent magnet material to the
rotor structure, thus creating an assisted synchronous reluctance machine (PMASR, Fig.2.1g-
h). The perfromance effects of adding different grades of PM materials to the rotor are available
on Fig.2.3. The detailed comparison is available in Pub.1.
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Figure 2.3: Theoretical performance comparison of SyRM, ferrite and NdFeB PMASR at xed saliency
ratio, Pub.1

The purpose of the magnets in PMASR is to saturate barrier bridges, to increase the torque
and especially the power factor, which reduces the size of the attached variable frequency drive
[9].

As previously mentioned, a penalty of SyRM is the inability to have a large number of
poles (in practice, pole numbers are limited to 4 and 6). Obviously, if the number of poles is
increased, magnetic bridges and posts must be reduced to maintain the saliency ratio, which is
directly related to electromagnetic performance. This puts pressure on rotor structural integrity
with increase of operational speed. On the other hand, PMASR technology is well suited for
high pole-number designs because magnet ux saturates the barrier bridges and posts (12 poles
in case of Chevrolet Volt [39]). In this way, bridges can be thicker, which increases structural
robustness of the rotor.

2.1.1 Electromagnetic torque

Machines listed in Fig.2.1can be divided in two families. First is alignment torque component
dominant group, which includes IPM and SPM machines where PM magnetization direction is
aligned with positived axis (Fig.2.1a-d). Second is reluctance torque component dominant
group, which includes SyRM and PMASR machines. It is important to emphasize that PMASR
magnetization direction is opposing positiyaxis (Fig.2.1g-h), [9].

In general, there are two different rotor paths for the ux (Fig.2.1). A distinction of the
reluctance machines is a switch of rotbandq axes in relation to alignment torque dominant
family. High permeability path (high magnetic conductivitiyaxis path) is parallel to the ux-
barriers. Low permeability path (low magnetic conductivipgxis path), is vertical to the rotor
ux barriers [9].

For both families, torque output consists of alignment and reluctance component and can

8



Theoretical aspects and applications of Synchronous Reluctance Machines

be written as (2.1), (2.3), whetgy;Lq are inductancesy;iq currents ind andq axis, p is the
number of pole pairs arld,, is magnet ux. In case there is no PM material (SyRN, 0), the
relation betweehy andLq will determine the machine torque capability (2.1). The inductance
ratio is reffered as saliency ratiq whose formula depends on the machine family (2.2), (2.4),
[9]. Detailed equation list is available on Fig.2.5.

¢ PMASR
i 3111111111211111112112111112121212112112121112131212121121121121111111111
Dominant i SyRM
" 3 3111111111211121212111212112221121,1111712111121211112111111111]
reluctance component ; Teqy =p |mig  “La Lg®igid (2.1)
. . 2 i— 71111111111111211211211121112 1121111211121112111211111117
machine family : Alignment  Reluctance ’

IPM
31111111111111111211111111111211111111112111211111211111111111111111

¢

Domlnant o 311?’!3’["}/'1111_1111111111
alignmentcomponent } Tem =P Imiq “La Lgvigig (2.3)
. . 2 + 711111111211212112121211112121 211211212112111111212111171
machine family : Aiignment  Reluctance ’
5 X LgLg (2.4)

Figure 2.4: \oltage phasor diagram of SyRM (green) and PMASR (blue) for a given stator current
(stator resistance is neglectBg 0) [9].

A high number of cavity layers in each pole combined with a small air-gap typically leads
to saliency ratios higher than 3,5 [40]. Lipo and Matsuo reportxha?Z 8 can be expected
[41], usually achieving power densities in the order &f 57:5 kW/I [42], [43]. Apart from the
stator and rotor cross-section design, lamination steel selection has an impact on nal saliency
ratio Ox  7%) [44].



Theoretical aspects and applications of Synchronous Reluctance Machines

Figure 2.5: Voltage and current constrains, voltage vector diagrams and equations for dominant reluc-
tance torque component family (left) and dominant alignment torque component family (right).

10



Theoretical aspects and applications of Synchronous Reluctance Machines

2.1.2 Combination of PM and reluctance: IPM design plane

Depending on the amount of the rotor PM material and rotor cross-section, IPM and PMASR
properties can often overlap and one can argue that IPM is actually PMASR and vice versa. Ac-
cording to the informal rule, if reluctance torque component is greater than 50% of maximum
torque at base speed, the machine is considered PMASR. To further differentiate machine fam-
ilies, Soong [45] introduces "IPM design plane" (Fig.2.6). From left to right, the plane starts
with SyRMs ( ,, 0, high saliency, only reluctance torque, Fig.2.1e-f) and ends with SPM
machines (no saliency 1, only magnet torque, Fig.2.1c-d). In between, all IPM machines
and PMASR combinations are included.

Figure 2.6: IPM design plane [9].

The optimal IPM design line de nes special matches of PM ux and saliency ratios resulting
in optimal eld weakening (FW) capability, indicating in nite constant power speed range under
limited voltage and current constraints (this is valid for ideal machine [45]). SyRM is out of
the optimal design line, whereas PMASR fall into the optimal FW area when the appropriate
guantity of magnets is added to a baseline synchronous reluctance design.

2.1.3 Rotor laminations assembly

SyRM with transversally (conventially) laminated rotor (TrLam) has been proposed in early
nineties [46], [47], [48], (Fig.2.7a). Machine laminates are produced by punching tool or laser
cutting, which removes extra material. The other, non standard production technique is rotor
lamination mounting alongside shaft axsis (AxLam, Fig.2.7b). Theoretically, this method
increases the saliency ratio above the levels achievable with TrLam macRides)( [39])

11
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using xed strips of steel separated by thin layers of insulating material [49].

Figure 2.7: a) Transversally laminated rotor (TrLam) and b) Axially laminated rotor (AxLam) [50].

According to Vagati [48], the better suitability of TrLam structure for industrial manufactur-
ing is evident from several aspects: the laminates can be punched with conventional methods,
assembly process is straightforward and either constant (in case of PM injection molding), or
segmental skewing can be applied on the rotor. In large scale machine manufacturing, stator
skewing is normally avoided in favor of using automatic winding devices [51].

On the other hand, AxLam structure theoretically enables high saliency ratio by increasing
the number of laminate layers (Fig.2.8a). However, this is only true for a two-pole structure
(p 1)[48], while forpAl, Bianchi et al. [52] shows that due to the saturation effects, the ideal
structure should have a variable ratio between the depths of magnetic and non-magnetic struc-
tures wherek; @k, @k3, which reduces saliency ratio (Fig.2.8b). To summarize, production
dif culties of AxLam rotors are:

*Every laminate segment has different design and size.

eInter-segment insulation thickneslg has to vary in-between layers.

*There is no straightforward skewing possibility.

*Rotor circumference needs to be machined after laminate mounting, which can change

the material properties and increase iron losses [53].

Figure 2.8: Sketch of rotor with uniform, and non-uniform distribution of the AxLam laminations.

Due to the rotor magnetic reaction to stator slot harmonics, both TrLam and AxLam options
face problems with torque ripple, which makes either rotor or stator skewing a necessity [54].
As mentioned, TrLam rotor can be easily skewed, which is not the case for AxLam rotors,
leaving stator skewing as the only option.

12
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2.2 SyRM commercial applications

2.2.1 Industry

The rst notable modern industrial commercialization of the SyRM was done by ABB in 2012.
As an example, 90 kW machine measured nominal ef ciency of 96.1% at c@s73, illustrat-

ing both the strengths and challenges of this technology [55], [9]. Today, in addition to ABB,
various manufacturers such as Kaiser Motoren, REEL, SIEMENS, andakdviES provide
solutions in the 5 315 kW range [7], [56]. The main reason SyRM designs came in to spot-
light is the introduction of the new IEC 60034-30-1 standard with harsher ef ciency constraints.
Introduction of IE4 super-premium ef ciency class [57], and better ef ciency in comparison to
IMs, makes SyRM attractive for industrial use.

2.2.2 Automotive traction

Up to today, SyRM has not been commercialized in large scale automotive traction. One of the
rare examples adapted for the electric vehicle is Ricardo 85 kW 6ph SyRM [58]. MotorBrain
project [59] has investigated an inverter power module integration with SyRM stator for auto-
motive application. The project resulted in 97.6% ef ciency inverter and 93.6% ef ciency 6ph
60 kW SyRM (overall system 91.6%).

The conclusion is that the current low volume production of electric/hybrid in comparison
to internal combustion vehicles still favors the use of IPM machines.

On the other hand, PMASR machines are a direct competitor to IPM machines and have
already been commercialized in the automotive industry. The example is second generation
Chevrolet Volt which uses ferrite [39] and BMW i3 which mounts NdFeB magnets [60], [61],
[6]. Second-generation Toyota Prius machine [62] is slightly on the side of the IPM family
(alignment torque component at base speed is slightly above 50% of maximum torque).

2.2.3 Ship propulsion and freight traction

SyRM is considered to be a direct competitor of IMs which are often used in railway and ship
propulsion. This has been con rmed by [29], concluding that both IM and SyRM have sim-
ilar electric, magnetic, and thermal performance, with SyRM having lower rotor losses. Ger-
mishuizen et al. emphasize that SyRM compared to IM have lower stator winding temperature
rise, which allows an increase of the power rating by 5 - 10% [63]. All authors agree that the
main drawbacks of the SyRM solution is low torque in FW range and inherently large variable
frequency drive.

Although SyRM in relation to PMASR has a lower power factor, its main bene t is high
overload capability, without any demagnetization problems [64].
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2.2.4 Commercial vehicles

To power the special equipment (cranes, refuse system, refrigerators, etc.), the commercial
vehicle must be tted with an extra means of a power supply, a power take-off (PTO). One or
more PTOs transfer power from the engine to drive attachments or load handling equipment.
The PTO provides a mechanical link (output shaft) towards load (usually some sort of hydraulic
system) with most of the systems having power demand < 80 kW [65]. Historically, the PTO
output shaft has been a part of the combustion engine or transmission (Fig.2.9a-d). With
recent commertial vehicle electri cation trends [66], [67], PTO will probably be an extra electric
machine (ePTO) mounted on the vehicle chassis (Fig.2.9e-h) powered via stand-alone inverter
attached to the traction battery.

Most commercial vehicle manufacturers have strategy of reusing components when possible
to increase volume which leads to price reduction. The presumption is that ePTO inverter will
have the same part number as traction inverter. The obvious conclusion is that the inverter
will be oversized for ePTO application which effectively eliminates low power factor issue.
Considering price, overload capability and production simplicity, SyRM can be a viable ePTO
solution [68,69]. More details about the ePTO SyRM design is available in Pub.3,2and [38].

14
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Figure 2.9: a) Diesel engine rear PTO mount; b) diesel engine with mounted hydraulic pump; c) Trans-
mission with direct PTO mount; d) transmission with geared PTO [70]; geared PTO propelling hydraulic
pump e) and universal joint shaft f); direct PTO propelling hydraulic pump g) and universal joint shaft
h).

2.3 Further reading

More detailed information about SyRM design criteria and theoretical performance is available
in Pub.1. ePTO load cases for different electric multi purpose vehicle types are covered in
Pub.2. SyRM optimization strategies for the ePTO use are presented in Pub.3and7, while
[38] elaborates torque ripple mitigation strategies.
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Chapter 3
SyRM rotor cross section parametrization

In recent decades, SyRM research has focused on improving the rotor barrier design, minimiz-
ing the torque ripple, and increasing the power factor [71]. Literature provides references to
several barrier topologies: circular [72,73], hyperbolic [25,74], Zhukovsky uid type [26,75],
segmented, etc. Open-source SyRE project offers more details and instructions on geometry
generation [76].

The common goal in barrier construction strategy is the reduction of parametric complexity.
However, too simpli ed rotor topologies can lead to decreased performance, while too complex
geometries yield better performance, but also tend to increase optimization time (increase is
proportional to the parametric complexity). By merging both approaches, the research presented
in Pub.5formulates a set of ux barrier construction methods with an increased degree of
freedom and minimal parametric complexity, based on non-dimensional rotor parameters. Four
rotor topologies based on smooth analytical functions have been analyzed and implemented in
a form of pseudo-code:

1.Circular variable depth (CrVD), Figure3.1b

2.Variable eccentricity hyperbolic (HyVE), Figure3.1c

3.0riginal Zhukovsky (Zh), Figure3.1d (red)

4.Modi ed Zhukovsky variable depth (MZhVD), Figure3.1d (blue).

Figure 3.1: (a) SYyRM terminology; SyRM rotor barrier typesb) Circular variable depth;cj Hyper-
bolic variable eccentricity;d) Modi ed Zhukovsky (blue), original Zhukovsky (red).
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3.1 Rotor design Automation

The initial step in electric machine optimization is the development of automated geometry gen-
eration. An example of the procedure is provided in Figure3.2. Design automation functions
are covered in detail in Pub.5. The same strategy is applied to all rotor geometries.

Figure 3.2: Rotor barrier construction procedure. Initial rotor construction s&p@onstruction of
inner and outer barrier line starting pointy;(calculation of barrier intersection points)y calculation
of barrier verticesq); vertex mirroring €); rotation around center and addition of barrier llefy; (

All bolded variables in the further text represent arranged vectors. Upon completion of
the steps illustrated on Figure3.2a-c, the function returns all inner and outer barrier line ver-
tices Xin; Yin; Xout; Yout; Xn; Yn), Figure3.2d. VariablesXin;Yin; Xout; Yout; Xn; Yn speci cally,
represent the arranged vertices, a set;gfcoordinates which form an inner, outer and notch
barrier poly-line. The next step is mirroring line vertices around the horizontal axis (Figure
3.2e). The nal step is the rotation around the center point by the amglep~"2pe. Barrier
llets (r1:k,; T 1K) reSponsible for securing mechanical integrity of the rotor are added to the
geometry, and nal rotor geometry is exported as to the FEA tool (Figure3.2f). Adding precise
llets to the discrete lines is a complex problem which is planned to be explained in the future

publications.
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Barrier Depth Variation

Considering that the barrier width has a substantial impact on the machine performance, this
section will explain how inner and outer barrier depth coef cients affect each of the studied
topologies, with a simpli ed presumption of equal line starting points.

Width of the each barrier depends on initial inner and outer line starting @it& ¢, and
depth coef cientdDj,; Doyt. Depending on the depth parameter combination, barrier width can
be variable, or uniform. Uniform width is a special case where CrVD barriers are concentric
(Figure3.3a, green). HyVE barriers can be approximately uniform when they have equal eccen-
tricity (Figure3.3b, green). These special cases are covered by CrVD and HyVE pseudo-code
(Pub.5), and will not be studied in detail.

In general, CrVD and HyVE depth variation is unconstrained resulting in variable barrier
width (Figure3.3a,b, blue).

Zh barrier type (Figure3.3c) is a special case because it does not support any depth variation.
Barrier line depths are de ned directly from starting points and cannot be modi ed. In order to
explore the possible bene ts of depth variation, Zh type has been modi ed as MZhVD where
barrier depths have full freedom (Figure3.3d).

An example of different barrier line depth parameter combinations is provided in the (Table
3.1).

Figure 3.3: Barrier depth variation in uence on different 2-barride £ 2) SyRM topologies. Circular
(a); Hyperbolic ), Zhukovsky €) and Modi ed Zhukovsky barrier typesij.

Table 3.1: lllustrative depth coef cient table for Figure3.3.

Baseline Barrier Depths Modi ed Barrier Depths

Abbr Dlout Dlin D20ut D2in Dlout Dlin D20ut D2in
(a) CrvD 035 050 065 09 040 055 070 0.80
() HyVE 040 050 080 090 035 045 060 0.85
(c) Zh 0.10 045 060 0.85 - - - -
(d MzhvD 010 045 060 08 020 040 0.80 0.90
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3.2 Parametric Complexity

A high number of optimization variables is associated with a longer optimization time [77,78],
so the imperative is to simplify barrier topology parametrization. Gamba et al. [26] state that
three parameters per barrier (total complexity &f &herek is the number of barriers) are

the appropriate number for a fast yet accurate description of multi-barrier SyRM (barrier llet
parameters are not included). In the rst iteration of automated rotor design (Pub.4), our group
of authors has reduced the complexity t&2 1 per barrier [79].

The nal, further simpli ed pseudo-code version of automated rotor design strategy is im-
plemented in the Pub.5. Table3.2shows the calculation of total number of SyRM parameters.
Note that the parameteds, ; J,, are subtracted from the count because they are constant and
equal to zero within the pseudo-code.

Table3.3lists the complexity comparison of the presented procedures and similar ap-
proaches in [26,73,79]. The examples in [26,73,79] do not have a notch feature, so to have
a fair comparison, the notch is not included in the complexity calculation (Table3.2). Com-
pared to [26], and [79], Zh, respectively, yields smaller complexity,(@hile CrvD, HyVE,
MZhVD have the same complexity as in [73].

Overall, the construction principle explained in Section3.1enables the higher degree of de-
sign freedom. Considering that the simple barrier topologies are sub-optimal compared to more
complex types, developing the set of different parametrization methods with equal parametric
complexity is certainly a novel contribution.

Table 3.2: Calculation of total parameter number. Color coding is according to Fig.3.2variables.

Sum: Description Symbol Topology
1Min. angle J min
2Max. angle J max

k 2Barrier angle in NER

2k 2Barrier angle out J 1 kout

2k 2 2Remove constants Jiow Jk, O
2k - - Zh
Barrier depths D1k, HyVE
4K Barrier depths D1:kout CrvD
MZhVD

19



SyRM rotor cross section parametrization

Table 3.3: Summary of parametric complexity presented in Pub.5.

Topology Complexity k=2 k=3 k=4
Zhukovsky; Gamba et.al. [26] k3 6 9 12
Circular; Stipetic et.al. [73] K 8 12 16
Zhukovsky; Ban et.al. [79] R 1 5 7 9
Zh e 4 6 8
HyVE

CrvD 4k 8 12 16
MZhVD

3.3 Pseudo-Code Validation

After the implementation of the proposed pseudo-code, a set of questions naturally arises.
Which barrier topology yields the best performance for the given requirements? Is Modi ed
Zhukovsy barrier type better than alternative topologies? For this reason, a detailed optimiza-
tion study based on meta-modeling (surrogate modeling) approach which compared the differ-
ent barrier topologies was conducted (details are available in Pub.7).

The optimization process couples automated geometry generation (Matlab), electromag-
netic nite element analysis (Ansys Motor-CAD), and metamodel optimization (Ansys Op-
tiSlang). Seven rotor topologies have been derived from circular, hyperbolic, and Zhukovsky
barrier types:

1.Circular concentric (CrC)

2.Circular variable depth (CrvD)

3.Hyperbolic with xed eccentricity (HyFE)

4 Hyperbolic with variable eccentricity (HyVE)

5.0riginal Zhukovsky (Zh)

6.Modi ed Zhukovsky variable depth (MZhVD)

7.Modi ed Zhukovsky with equal barrier depth (MZhED)

The same optimization strategy (maximize torque per volume (TPV), minimize losses) has
been applied to all variants, and results prove that barrier type substantially affects the nal
machine performance. For easier comparison, seven designs (one per topology) with approxi-
mately the same losses (5200 W) have been selected (Figure3.4, Table3.4).

Performance wise, HyFE topology yields the worst results and is considered as baseline
design (Gain 0%). Performance gain is calculated via: GaiMayg~THyFe avg 1* 100%. The
best results are achieved by MZhVD topology. In relation to the worst (baseline) topology, the
performance gain is 14.9% and the power factor is increased from 0.61 to 0.69. It is important
to note that these comparisons are valid for design requirements presented in Pub.7. Other
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combinations of optimization objectives and requirements might yield a different results.

HyFE, CrC and MZhED are special case topologies covered in CrvVD, HyVE and MzVD
pseudo-code. The summary of the optimized cross-sections are provided on Figure3.5. It is
important to note that optimization was conducted on the entire machine cross section (rotor
and stator).

Table 3.4: Optimization result comparison table, Pub.7.

Name Unit HyFE CrC HyVE CrvVD Zh MZhED MZhVD

TPV  Nm/dnd 325 331 343 354 362 364 37.3
Vactive  dmd 6.47 6.47 647 6.47 647  6.47 6.47
Ploss KW 5188 5199 5209 5182 5188 5197 5184
Prech KW 37.4 381 395 408 417 419 43.0
Tavg Nm  210.1 2142 2219 2290 2341 2356 241.3
Triop. % 121 141 117 127 97 9.3 13.7
n rpm 1700 1700 1700 1700 1700 1700 1700
ls mm 180 180 180 180 180 180 180
g X 579 603 614 625 618 618 62.9
lmax ~ Ams 956 956 943 941 959 957 95.7
cos - 061 062 066 067 067 067 0.69
Gain % 00 19 56 9.0 114 121 14.9

Figure 3.4: Validated Pareto fronts for each design variant, Pub.7
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Figure 3.5: Optimized cross sections per topology, Pub.7.

3.4 Further reading

The rstiteration of automated design procedure (not covered in this chapter) inspired by [26]
is covered in Pub.4. The re nement of the procedure led to further geometrical complexity
reduction. More detailed information about nal SyRM rotor design automation strategy, in-
cluding the pseudo-code is available in Pub.5. Overall, the presented pseudo-code provides a
valuable starting point for the designer who wants to investigate different SyRM smooth barrier
topologies.

Finally, the optimization, performance analysis and comparison of all considered design
variants is available in Pub.7. As expected, SyRM rotor barrier topology substantially affects
the nal machine performance. The consequence of barrier depth variation is variable ux
carrier thickness which has a positive impact on performance and mechanical integrity. The
novelty of the proposed approach re ects in the systematic comparison of different "smooth
barrier" SyRM topologies via metamodel-based optimization. This offers a fair topology com-
parison and nally proves that modi ed Zhukowsky-based topologies yield the best results in
terms of TPV and higher power factor.
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Chapter 4

Feasibility detection as a part of
optimization strategy

In most cases, the search for the optimal design of an electrical machine is closely related to
its 2D radial cross section. When optimizing a 2D cross section, special attention must be paid
to the geometry and to the de nition of the parameters along with their boundaries. Even if
properly bounded, complex geometries generated by optimization algorithms can lead to geo-
metrically infeasible candidates. These cannot be manufactured because they contain generally
undesirable geometric relationships between air, magnets, and steel. Different commercial and
open-source nite element analysis (FEA) design tools treat the infeasible designs in various
ways. The results vary from simulation stop to successful FEA calculation of the infeasible
candidate, which wastes time by producing useless data. To prevent the infeasible designs from
entering the optimization competition and possibly appearing incorrectly as optimal solutions,
and to reduce optimization time, it is important to capture the infeasible designs during opti-
mization. Moreover, the FEA tool requires a precisely determined interior point to assign the
material to each closed region (air, steel, epoxy, magnet...). This can be very challenging for
complex geometries.

Pub.6provides a solution to both problems through a novel robust feasibility veri cation
procedure and inner-point detection using Matlab polyshape objects. The generality of approach
is demonstrated through a set of simple, but extremely robust algorithms. The approach elevates
geometric design analysis from geometric primitives (points, lines and arcs) to the level of
objects (shapes), applicable to any type of machine geometry as an upgrade to existing code.

4.1 Optimization methodology

Most of the requirements for the design of electric machines are in con ict with each other (re-
duction of volume or mass, increase of ef ciency, etc.). Therefore, a manual design that satis es
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all constraints can be an overwhelming task due to a large number of coupled parameters that
affect the performance and quality of the machine. The solution is in the use of mathematical
optimization.

Optimization algorithms can be divided into gradient based methods and stochastic or meta-
heuristic methods. Gradient-based methods converge quickly but have dif culty with global
optima. Usually they require feasible starting point which can be a problematic task in complex
problems (Quasi Newton method [80]). Stochastic methods are heavily used in electrical ma-
chine optimization (Powell's method [80]). Popular metaheuristic methods are based on natural
behaviour (Genetic algorithm, Differential evolution [81,82], Particle swarm [83]), but they can
also be iterative [84], or based on approximation [85]. The disadvantage is that convergence can
take days and the global optimum cannot be mathematically proven. On the other hand, from
the engineer's point of view, these methods can nd a satisfactory global result.

All methods are generally set to solve a multi-objective problem, which is mathematically
de ned as follows: nd the vector of parameters (4.1), subjecbDtparameter boundary con-
straints (4.2) and subject minequality constraint functions (4.3), that will minimize (or maxi-
mize)n objective functions (4.4). A vectd¥of D variables speci es dimensions, dimensionless
ratios, current densities, material types used, etc. The goal of design optimization is to have a
chosen objective functiof”# reach its minimum or maximum value while keeping other en-
gineering indices within an acceptable range.

N oxgxoriixpg ;. RBRP (4.1)
x“BxBx"; i 1D (4.2)
g; % BO; i 1um (4.3)
min” fi” Ree ; k 1::::n (4.4)

4.1.1 Optimization work ow

A typical optimization work ow is a series of computations consisting of: optimization algo-
rithm that generates optimization variables according to the given parameter boundaries, ge-
ometry generation block that passes the design to the selected FEA tool for performance cal-
culations, and nally post-processing block that returns the computed data to the optimization
algorithm for further evaluation (Fig.4.1, black). Additionally, a geometric feasibility checking
(FC) block can be part of the optimization work ow (Fig.4.1, red).

4.1.2 Geometric feasibility

The term feasibility usually refers to the solution and means that the solution satis es all given
constraints. In other words, the region enclosed, @{Aﬁl 0 is called a feasible region.
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Figure 4.1: Feasibility detection as an optimization work ow add-on feature

The research concentrates on another type of feasibility cgietnetric or model feasibil-

ity. Geometrically feasible model is valid for solving if there are no overlapping edges or
non-conventional geometric relations. Infeasible candidate is the one that cannot be produced
as a real machine because there are overlapping magnets, non-rectangular shaped magnets, air
pockets overlapping magnets etc. Infeasible candidates should not be evaluated for performance
because theoretically they can falsely appear as optimal solutions but can never be considered
for manufacturing/production.

Figure 4.2: Infeasible geometry (a) and forced feasibility (b)
Optimization work ow without FC

If the optimization software does not include a feasibility check (FC), two different scenarios
may occur during the FEA calculation (depending on the selected FEA tool).

In the rst case, the FEA tool detects that the design is erroneous and throws an error.
In this case, the designer must implement a try-catch procedure which will capture the event,
otherwise the optimization procedure will fail (try-catch addg, C4s per design evaluation).
In the second case, the FEA tool does not detect the infeasibility and a full FEA calculation
is performed. This is the worst case scenario which will produce useless results and cause
signi cant increase of optimization time (e.g., detailed transient electromagnetic simulations
can takdeyira C15min).
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Optimization work ow with FC

However, if the optimization software includes a feasibility detection procedure, the designer
can either attempt to correct the problematic instance or skip it. There are two typical ways
to correct the optimization candidate prior to performance evaluation (passing it to the FEA
calculation).

First, the entire set of optimization variables for that candidate is reinitialized randomly
within the speci ed parameter bounds until geometric feasibility is achieved. This is a brute-
force approach, but it is mandatory since evolutionary optimization algorithms (e.g. Genetic
Algorithm, Differential Evolution) must have the same number of members in each population
of optimization candidates. This is due to the fact that the each generation must be equal or
better than the previous as the algorithm advances towards the optimum.

The alternative is forced feasibility, where each infeasible design is subjected to minimal
parameter modi cation until feasibility is reached (e.g., the magnetic layer ayglemodi ed
until wmin is reached, Fig.4.2b). This approach can be complicated and requires an advanced
parameterization with minimal feasibility constraints. Bene ts of the method are covered in the
Pub.4.

Depending on the complexity of the design, both methods may increase execution time
(texra 2 15s). On the other hand, detecting and skipping the infeasible design actually does
not impact execution timedyia 0).

4.1.3 Feasibility detection importance

If feasibility detection is not considered, or if it fails because the method is not robust enough,
there are two possible scenarios.

First case: the FEA tool (computation engine) outputs an error when it tries to solve an
infeasible candidate. This error can be easily handled in the optimization code with the typical
try-catchstructure so that the whole optimization code does not crash. The presence of the error
and catching it is actually a good thing because it is not desirable to waste time on evaluating
infeasible candidates and to consider them valid in optimization competition. However, from the
programming point of view, it is better to recognize the infeasible design by having an algorithm
to analyze it, rather than relying on the FEA tool error and try-catch procedure. Depending on
how the optimization algorithm application is connected to the FEA software (via a Python
script, a Visual Basic script, or Windows ActiveX interface), model creation and data transfer
from the optimizer to the FEA tool can also take an unnecessary amount of time that adds up
in long-term optimization. To explain this more precisely: some FEA tools require drawing
line by line and arc by arc for each object which requires individual function calls. Even if the
geometry (usually indxf format) is transferred from optimizer to FEA software, creation of
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regions, assigning materials and de ning coils is usually done programatically line-by-line (e.qg.
Tools 1,4) and this can last a few seconds depending on the geometry complexity.

Second case: the FEA tool does not report an error, the design is evaluated, but the nal re-
sultis useless because such an optimization candidate is infeasible and therefore not valid. This
case is very problematic because it unnecessarily increases the optimization time with regard to
the previous case due to the full duration of the calculation (Table4.2) and potentially misleads
the optimization algorithm towards impossible and non-manufacturable practical solutions.

For both cases, just as in the case of detected infeasibility, this means that an optimization
candidate is wasted and has to be reinitialized randomly within speci ed parameter boundaries
or the forced feasibility approach must be applied. However, second case yields an additional
computational cost because an useless design is evaluated, which again proves that feasibility
detection is important. Moreover, some sensitivity analysis and optimization tools prefer to
know which combination of parameters leads to an infeasible geometry (e.g., Ansys OptiSlang
[86],[87]). When such an event is reported, the tool can adjust the creation of the optimization
metamodel to avoid the infeasible parameter space. If the optimization is based on the use of
such advanced tools, the information about the infeasibility of the colliding regions can be a
valuable upgrade, with minimal impact on the overall computation time increase (0.5-2 seconds
per feasibility evaluation).

To prove that the two different cases exist, various open-source and commercial electro-
magnetic tools were fed with intentionally generated infeasible IPM and SyRM geometries
(.dxf cross-sections, material regions, and magnetization directions were generated according
to Fig.4.3b,d. Table4.1summarizes the results of the single load point calculation, where some
tools report an error (Tools 1-3), while others continue the simulation, waste optimization time
and give an unusable result (Tools 3-5).

Figure 4.3: lllustration of feasible (a,c) and infeasible geometry (b,d)
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Table 4.1: Analysis of infeasibility detection in different FEA tools

No. FEA software Category .dxf Fig.4.3b .dxf Fig.4.3d
1 FEMM Open-sourct Error reportec Error reported
2 Ansys Motor-CAD Commercial Error reportec Error reported
3 Ansys Maxwell Commercial No error  Error reported
4 Infolytica Magnet Commercial No error No error
5 JIMAG Commercial  No error No error

4.2 Standard approach for feasibility detection

The standard approach to feasibility detection is speci ¢ to each parameterized template, which
typically requires immense programming/development resources for research groups engaged
in electric machine design optimization. Not only are top-level differences between templates
relevant, e.g., a single-layer V-shape geometry compared to spoke interior permanent magnet
machine (IPM), but also peculiarities such as air-pockets around magnets and curvature of posts
and bridges have a signi cant impact on potential geometric feasibility. This means that an
extensive study of the mathematical geometry dependencies has to be performed between arcs
and lines that are either adjacent or have the possibility to touch or intersect during optimization
process.

However, when it comes to IPM rotors, especially multi-layered con gurations as in Fig.
4.4, the mathematical description is much more complicated and, more importantly, it needs to
be re ned after each intervention in the template change.

Algorithm 1 Feasibility veri cation example for 2-layer V-shape IPM geometry

1: function CHECK FEASIBILITY

2: for all pointsdo

3:verify whether radial coordinates are inside rotor
4:verify whether angular coordinates are inside one pole
5: for all layersdo

6:verify whether x-coordinates of all points are sorted
7:verify that arcs do not cross interpolar line

8:verify layer disposition

9:verify possible intersection between two layers

The procedures for feasibility veri cation are speci ¢ and different for each different geom-
etry. The pseudocode for a 2-layer V-shape IPM is shown in Algorithm1. It is dif cult to tackle
all possible geometry failure cases so sometimes the algorithm can let the infeasible geometry
further down the optimization pipeline.

It can be seen that this method is not robust and needs to be modi ed even for small changes
in the geometry features of the topology under study. Therefore, a novel feasibility handling
algorithm is presented in the next chapter.
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Figure 4.4: Example of 2-layer V-shape IPM: (a) feasible case, (b) barrier de nition point crossing polar
lines, (c) barrier arc crossing polar lines, (d) barrier collision

4.3 Robust feasibility detection

For optimization purposes, the cross-sectional geometry of the stator and rotor of the machine
can be reduced to 2D Euclidean space. Geometry parameterization is performed in either
Cartesian or polar coordinates, specifying all geometric primitives: Points, Lines, Arcs, and
Polylines, which are sets of multiple lines that model a complex curve(polyline can be approx-
imated with series of arcs and lines before sending a drawdxigto FEA solver).A set of
connected primitives forms an object as a shape, such as a rotor barrier, which has mathemat-
ical properties: Area, Perimeter, Centroid etc. If the entire machine geometry can be de ned
by shapes - software objects, it would be very convenient to have some sort of functional tool
to determine the correlation between different shapes. Correlations include Boolean functions,
intersections, areas etc. This novel approach is made possible by the Matlab Polyshape class
[88], which enables elevation of primitives to an object (shape) level. Once created, the shape
objects can be organized in the form of a vector. The polyshape functionality allows a quick
analysis of vectorized shape objects. One of the functiofrgéssection which returns infor-
mation when there is an intersection between members of the shape vector. This provides a
robust feasibility check regardless of parameter boundaries and regardless of the complexity of
the geometry shape.

The main advantage of this approach is moving away from strict mathematical feasibility
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veri cation to shape object level which allows great design freedom, instead of relying on the
rather complicated procedure described in the previous chapter.

4.3.1 Region inner-point detection

A robust region detection algorithm was developed in combination with the exjstilyghape
functions and applied to all objects.

E.g., the selected polyshape (Fig.4.5a green). Polyshape vertex limits are extracted result-
ing in a 4x4 vectorized polyshape rectangle mesh (Fig.4.5b). Each rectangle is intersected
with the polyshape to form an output vector of intersection points (Fig.4.5b). The intersection
element with the largest area is then identi ed with (Fig.4.5c).

Figure 4.5: Shape robust region detection meshing example (a-d)
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4.3.2 Feasibility check

The complete machine cross section with all polyshapes and assigned material regions includ-
ing the rectangular mesh intersections is shown in Fig.4.6a. In this example, a total of 15
polyshapes are stored in a vector form. The polyshape vector is passed to the overlap detection
function which returns overlaps matrig,;. If Mgy is @ unitary matrix, the design is feasi-

ble and there are no overlaps (Fig.4.6a,b), otherwise the generated design is infeasible (Fig.
4.6¢,d).

Figure 4.6: Feasible (a,b) and infeasible geometry (c,d)

4.3.3 Impact on total execution time

The feasibility and region detection procedure is performed only once during geometry gener-
ation, with a typical duration of 0.5-2 seconds. The transient calculation of a single operating
point in ANSYS Motor-CAD for a two-layer IPM machine geometry typically takes between
30-60 seconds. If additional calculations are performed during the design evaluation (thermal
transients, drive cycle analysis, etc.), the cumulative time can increase to 10-15 minutes.

As an experiment, a sensitivity analysis with 4 consecutive runs of 1000 iterations was
performed for a well-de ned two-layer V-shape rotor geometry with 44 parameters (Table4.2).

The design space has been speci ed by de ning upper and lower bounds of all design param-
eters. A set of parameters for each design has been generated by scanning the multidimensional

31



Feasibility detection as a part of optimization strategy

Table 4.2: FC impact on total optimization time

Run \ 1 2 3 4
Feasible designs 758 749 731 749
Infeasible designs 242 251 269 251
Total 1000 1000 1000 1000
Calculation time using try-catch, without FC | 64.0 63.2 61.7 63.2
Calculation time with FC [h] 63.6 62.8 61.3 62.8
Calculation time worst case [h] 83.3 83.3 83.3 83.3
Time saving, try-catch to worst case [%] 23.2 24.1 259 241
Time saving, FC to worst case [%] 23.6 24.6 26.4 24.6

space via Space lling Latin Hypercube sampling method using Ansys OptiSlang surrogate
modelling tool.

The average design evaluation time is 300 seconds (5 minutes). Using try-catch adds 4
seconds (304s per design evaluation), while using feasibility check adds 2 seconds (302s per
design evaluation).

Let us rst consider the worst-case scenario without try-catch or FC (FEA tool runs the
entire simulation). This approach leads to a maximum duration of 83.3h per run. On the other
hand, the try-catch procedure detects all possible errors, leading to an average execution time
of 63.1h (here we assume the scenario where the FEA tool outputs an error for each infeasible
design). Finally, using FC results in an average execution time of 62.6 hours.

As expected, the try-catch and FC procedures result in virtually the same execution time
and a signi cant overall time savings (25% or 20h shorter execution time). The conclusion is
that the use of FC has no impact on the total execution time. Unlike the try-catch procedure, FC
can provide the information about the colliding regions and parameters that can be exploited in
surrogate (metamodel) optimization, or tools such as Ansys OptiSlang [86,87].

4.4 Further reading

Pub.6contains detailed extended elaboration of this chapter.
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Chapter 5
Malin scienti ¢ contribution of the thesis

The emphasis of the research described in this thesis is on developing a software framework that
would allow higher design freedom for any machine cross-section, exploring SyRM optimiza-
tion improvement potential via forced feasibility strategy, and nally, developing an automated
SyRM rotor generation strategy with minimal parameter number. The research was conducted
in 3 steps. As previously stated, after selecting the geometry and commencing optimization, the
optimization system (software code) must be able to detect if generated geometry is unfeasible
(i.e. rotor barriers are overlapping). The rst step included the development of robust geometry
feasibility and region detection algorithms using the Matlab software package. The second step
Is development of an alternative approach of forced feasibility, where every unfeasible design
is forced to change parameters until reaching feasibility. The bene t is an overall optimization
time reduction. Finally, the third step is is the de nition of SyRM rotor geometries using a
minimal set of parameters in order to reduce design complexity. Consequently, a reduction of
overall optimization time is expected due to the smaller number of parameters that de ne the
optimization problem.

The achieved scienti ¢ contribution of the research described in this doctoral thesis is brie y
summarized in the following sections:

5.1 Robust feasibility and region detection algorithm based
on the shape object approach in the de nition of electri-
cal machine geometry

Optimization is an important and inevitable part of the modern electric machine design process.

When properly applied, optimization leads to a design that satis es all imposed requirements.
Even when properly constrained, complex geometries generated by optimization algorithm

can lead to infeasible designs that in worst case increase optimization time or propagate non-
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manufacturable candidates. In addition, the accurate detection of interior points for each closed
region in order to assign material can be a serious challenge.

The proposed scienti ¢ contribution provides a solution to both problems through a novel ro-
bust feasibility veri cation procedure and inner-point detection using Matlab polyshape objects.
The generality of the approach allows application in any other script language. The polyshape
approach elevates geometric design analysis from geometric primitives (points, lines and arcs)
to the level of objects (shapes), applicable to any type of machine geometry as an upgrade to
existing code. In addition to geometrical properties (vertex coordinates), elevation to shapes
allows severely simpli ed surface area, mass and Boolean calculations. When implemented,
the method represents a paradigm shift in electric machine design.

The main bene ts of robust feasibility checking are: preventing infeasible (non-manufacturable)
candidates to be propagated or to win in the optimization competition, gathering information
about which shapes and parameters cause problems and nally, greater freedom in de ning ge-
ometry parameter boundaries when describing complex geometries. The procedure can be used
with any electric machine type. The scienti ¢ contribution is covered in Pub.6.

5.2 Improvement of optimization convergence through the
reduction of feasible geometry search-time for synchronous
reluctance machines using novel forced feasibility approach

Considering that the previous scienti ¢ contribution currently depends on the Matlab software
package golyshapeclass), | wanted to explore an alternative approach applicable in open-
source optimization algorithms.

A traditional way of securing geometrical feasibly is the application of strict parameters
bounds to completely avoid the occurrence of infeasible models. The solution is well suited for
simple problems. On the other hand, in complex problems, the issues cannot be avoided, but
still, the method reduces the probability of the occurrence of the infeasible candidates. For this
reason, optimization algorithms must include a method for dealing with geometrically infeasible
candidates.

In general, a geometrically infeasible candidate is discarded while the new candidate takes
its place. To generate a replacement candidate, arko et al. [82,89] randomly initialize the
entire parameter set until a geometrically feasible replacement candidate appears. The drawback
of this method is a possible rejection of candidates with some good properties. Moreover, this
method may lead to slow convergence to the optimal solution if the optimal candidate is on the
boundary of the feasible space.

The alternative approach is forced feasibility, where each infeasible design (Figure5.1a)
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Is subjected to parameter modi cation until feasibility is achieved (i.e., barrier 1 (blue) and
barrier 2 (yellow) are modi ed until the candidate achieves the specied ux carrier width
Wgoa Figure5.1b). This approach requires smart parametrization with minimum feasibility
constraints and can potentially be extremely complex. On the other hand, potential bene ts
include reduced optimization time (no need to wait for a random feasible design to emerge) and
faster convergence to the nal result.

Figure 5.1: Infeasible geometrya) and forced feasibilitylg).

The second part of the scienti ¢ contribution is the introduction of novel forced feasibility
concept which improves optimization convergence proved by successive comparative optimiza-
tion runs with randomly generated rotor barrier geometries. The results show that properly
implemented forced feasibility leads to a reduction in optimization time (12.3% shorter). Pub.1
concentrates on theoretical aspects of SyRM design. Pub.2develops the ePTO design require-
ments used in Pub.3,4,7. The scienti ¢ contribution is covered in Pub.4.

5.3 Method for synchronous reluctance machine rotor geom-
etry parametrization with the reduced parameter set

The third scienti ¢ contribution is the de nition of smooth-barrier SyRM rotor geometries using

a minimal set of parameters in order to reduce design complexity. Consequently, a reduction of
overall optimization time is expected due to the smaller number of parameters that de ne the
optimization problem.

SyRM barrier generation procedure was studied in detail. A pseudo-code solution that se-
cures absolute feasibility, barrier topology complexity minimization, and simple implemen-
tation is provided. Four smooth barrier types have been presented: circular variable depth
(CrvD), hyperbolic with variable eccentricity (HyVE), original Zhukovsky (Zh) and modi ed
Zhukovsky with variable depth (MZhVD). MZhVD is contracted by applying a conformal map-
ping based modi cations of the original Zh topology. Absolute feasibility is a very important
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feature because it enables the use of dimensionless parameters which secure code robustness
and design scalability to any physical dimension. Barrier topology complexity has been min-
imized via a systematic approach to design automation and careful analysis of construction
features of each topology. The scienti ¢ contribution is covered in Pub.5. The proposed

pseudo-code is validated in Pub.7.
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List of publications

The main publications related to the thesis are speci ed in the following list.

Conference papers

Pub 1.

Pub 2.

Pub 3.

B. Ban, S. Stipeti and M. Klanac "Synchronous Reluctance Machines: Theory, Design and the
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Electronics (EDPE), The High Tatras, 24-26 September 2019.

Available at:https://doi.org/10.1109/EDPE.2019.8883905
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and Actuation via Synchronous Reluctance Machine”, in International Aegean Conference on
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chine and Improved Optimization Convergence via Forced Rotor Barrier Feasibility”, in Special
Issue Optimization and Simulation of Permanent Magnet Motors, Energies, 2021, 14(10), 2744.
April 2021.

Available at:https://doi.org/10.3390/en14102744
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Available at:https://doi.org/10.1007/s00158-022-03263-4
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Author's contributions to the publications

The author of the thesis is the main contributor (the rst author) on every listed publication.

Pub 1.

Pub 2.

Pub 3.

In the conference paper title®ynchronous Reluctance Machines: Theory, Design

and the Potential Use in Traction Applications" [69] the author has explored the the-
oretical aspects of SyRM machines, rotor parametrization, design alternatives, structural
analysis, performance and optimization. Commercial applications of SyRM have been
investigated. Marine and freight traction and commercial vehicle PTO have been selected
as application niches. The decision was made to further investigate ePTO use cases. The
author performed the study, processed the results, discussed them with the coauthors, and
written the manuscript.

In the conference paper titlé&lectric Multipurpose Vehicle Power Take-Off: Overview,

Load Cycles and Actuation via Synchronous Reluctance Machine[68] the author

has concentrated on investigation of PTO load cycles for various commercial electric
multipurpose vehicles. This paper provides load cycle approximations of ePTO load cy-
cles (refuse, concrete mixer, hook-loader and vacuum trucks). These can be used for
continuous and peak requirement calculation and optimal ePTO machine sizing. The
study was crucial for the development of the ePTO SyRM design requirements used as a
starting point of Pub.2,3,4,5,7. The author performed the study, processed the results,
discussed them with the coauthor, written and revised the manuscript.

In the conference paper titledesign and optimization of Synchronous Reluctance
Machine for actuation of Electric Multi-purpose Vehicle Power Take-Off" [90] the

author designed the SyRM for ePTO application. This paper presents the SyRM parame-
trization, design constraints and optimization via improved differential evolution algo-
rithm. The most important research outcome was the rst iteration of Zhukovsky rotor
cross-section parametrization (later presented in Pub.4). The author developed the rotor
parametrization, performed the optimization, processed the results, discussed them with
the coauthor, written and revised the manuscript.
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Pub 4.

Pub 5.

Pub 6.

Pub 7.

In the journal papetMinimum Set of Rotor Parameters for Synchronous Reluctance
Machine and Improved Optimization Convergence via Forced Rotor Barrier Feasi-

bility" [91] the author documented the rstiteration of novel SyRM rotor parametrization
with reduced number of parameters. Furthermore, the paper introduced the novel forced
feasibility concept, applied on rotor barrier parameters, resulting in improved optimiza-
tion convergence with overall optimization time reduced by 12.3%. Proposed approaches
were demonstrated using optimization procedure based on the existing differential evolu-
tion algorithm framework. The author developed the rotor parametrization, performed the
SyRM optimization using the forced feasibility approach, processed the results, discussed
them with the coauthors, and written and revised the manuscript.

In the journal papetAbsolutely Feasible Synchronous Reluctance Machine Rotor
Barrier Topologies with Minimal Parametric Complexity” [92] the author presented

a naliteration of automated SyRM rotor barrier construction with an increased degree of
freedom and minimal geometrical complexity. The paper proposes four topologies based
on circular, hyperbolic, and original Zhukovsky lines. Furthermore, a novel Modi ed
Zhukovsky variable depth type geometry was introduced. The step-by-step construction
of each topology was presented in a form of pseudo-code with detailed comments and
illustrations. The author developed the rotor parametrization, created the pseudo-code,
written and revised the manuscript.

In the journal papefRobust Feasibility Veri cation and Region Inner-Point Detec-

tion Algorithms for Geometric Shape Objects applied to Electric Machine Opti-
mization Work ow" [93] the author introduced the novel software framework which
solves one of the most cumbersome electric machine design issues, determining if gen-
erated cross-section is feasible or not. Additional novelty is an introduction of geomet-
ric shape objects instead of classic point, line and arc primitives. Furthermore, a set of
functions for calculation of shape inner-points for assigning the material to each closed
region (air, steel, epoxy, magnet...) was developed. The author implemented the shape-
based parametrization and all related software functions in Matlab, created the gures
and pseudo-code, discussed them with the coauthor, written and revised the manuscript.

In the journal pap€lSystematic Metamodel-based Optimization Study of Synchronous
Reluctance Machine Rotor Barrier Topologies”[91] the author validated the pseudo-
code from Pub.5. Nine rotor topologies with different complexities have been compared
via novel metamodel-based strategy, which enables systematic and fair comparison of dif-
ferent rotor topologies. The approach signi cantly reduces total optimization time from
several weeks to a few days. Additionally, the study con rms that a Modi ed Zhukovsky
variable depth topology yield the best results for the given requirements. The author im-
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plemented metamodel optimization framework in Matlab and OptiSlang tools, processed
the results, discussed them with the coauthor, written and revised the manuscript.

All the papers in their nal versions are included in the “Publications” section of the Thesis.

41



Chapter 8

Conclusion and Future Directions

Nowadays, especially in the automotive sector, electric machine designers primarily rely on
simulation. This is both cost and time effective. There is a substantial con dence in FEA
modelling compared with the experiment, especially for machine topologies like SyRM. The
FEA simulations for SyRMs are becoming a standard proof, almost a virtual prototyping vali-
dation of the machine performance. Another bene t of FEA based design of experiments is the
reduction of prototype variant number.

Having this in mind, the main thesis objective is the improvement of the optimization pro-
cess for synchronous reluctance machines. Considering that SyRM rotor parametrization can be
designed for absolute feasibility, and that IPM machines are currently the automotive industry
standard when it comes to traction application, the research was expanded to development of
robust feasibility detection methods.

The novel research results are described through three achieved scienti ¢ contribution. The
rst contribution is of the thesis is the development of the framework for robust feasibility detec-
tion and material inner-point calculation of any electric machine type. The second contribution
is the forced feasibility method which shortens the optimization time. The third contribution
Is achieved trough development of novel absolutely feasible rotor geometries with minimum
set of parameters. All three contributions create a unique optimization framework aimed at
optimization of SyRM and IPM machines. The research is shared with the community trough
pseudo-code for the construction of absolutely SyRM rotors, and open-source code for robust
feasibly detection.

Further research will concentrate on developing fast methods for SyRM torque ripple re-
duction and further development of SyRM rotor parametrization. Several follow-up projects
are planned to be derived from the presented work:

1.Asymmetric rotor topologies with the purpose of torque ripple reduction without skewing.

2.Torque ripple mitigation methods based on non-uniform rotor skew angles and variable

segment lengths.

3.Algorithm for the addition of precise corner llets to arbitrary poly-line curves.
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