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ABSTRACT

Design of Synchronous Reluctancklachines for Automotive Applications

Seyedmorteza TaghaviPh.D.
Concordia University, 2015

This dissertation reports an appropriate design methodology for synchronous reluctance
machines, their important technical issues, and possible soldtiotisaction applications
The gnchronous reluctance machinase used in industries owing to theinigue merits
such as high efficiency, fast dynamic response, an@r@ost. Considerinthese superior
properties recently this smart synchronous topology becamere attractivefor electrified
powertrain applicationsin automotive industries. However, compared tothe major
requirements othetractionmotorssuch as high torque and power density, low torque ripple,

wide speed range, and proper size, this machine is still under invessgation

The goas of thisresearch worlarefirst; to identify electical, magnetic, and geometaic
parameterswhich are dominantn the mac hi ne s per f or maveritye , anc
appropriate design methodologyfor achieving a higher performancefor automotive
applications Hence, analytical andcomputer aided analysis followed Bxperimental
examinations on prototypesecarried outo support proposeaiethod and address possible

solutionstot h e ma tedmnical sguafor these particulaapplications.

Accordingly, the synchronous relachce machi neds fundament al
magnetic, and geometrical parameters are investigated. Analytical approach and a sizing

methodology correspoimiyt o t he desired specifications ar



mathematical modelDesigh of transversallaminated anisotropic rotor structure with

different geometriesis studied to identify the geometrical parameterstfects on the
machineds performance in particular the out
geometrical metho@long with an innovative rotor lamination assembly are proposddr

improvingt he mac hi n e 0 ssudhad terque, pofver, ramdtsaliency sdfiaally,

the future perspective of the research work is discussed for further investigations
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Chapter 1 Introduction

1.1 Research Background

Worldwide interest in clean energy suggests reducing fossil fuel consumption in different
industrial sectorsuch as transportatiofhe dectric vehicle technology roadmap for Canada
reported;by 2018, there will be at least 500,000 highveapable plugn electric vehicles on
Canadian roads, as well as a larger number of hydbeictric vehiclesRecent advaages of high
guality magnetic materials and power electronics have contributed to new energy efficient and
high performance electric drives that use new electric motor technol@gifesent powertrain
topologies equipped with variougpes of electricalmachines have been used in electric (EV)
and hybrid electric (HEV) vehiclese., induction machines (IM), permanent magnet machines
(PMSM), switched reluctancmachines(SRM), and DC machinefl, 3, 4]. Amongst them
PMSM and IM are the most demanded in auto indusfbgsowing to higter efficiency of
PMSM and lower cost of INI6].

The price of permanent magnets is fluctuating. China produces 97% of the rare earth
permanenmagnetused invehicle applications and requires an increasing share of the production
for their own need§7]. The ability to maximize the utilization of magnets is paramount as is the
investigation andlesign to reduce the need of or even eliminate permanent magnets. This will
reduce the dependence on a sole supplier and provide avenues for reducing costs. The ability to
use existing manufacturing facilities as opposed to developing a completely nexsacharmnng

operation is also of considerable importance in order to remain compgditivew technology

1



Successful penetration of EVs into the electrified transportation market requires consumer
acceptance, infrastructure change, and achieving competbst. Important insight into
consumer acceptance will come from the market reaction. Consumer reaction to cost, charging
time, and driving range will help point the way forward for manufacsurkdvanced electric
motors with high efficiency and reasasle cost in E¥ powertrainsystems have magnificent
i mpact on the vehicleds drive range, battery
total weight and cost.

Consequently he choice of motor for tractias generally determined byanufacturers with
respect to three dominant factors: cost, weight, and S$izerefore,properdesign of traction
motor is crucial in EV and HEV in which compactness and reasonable price are the major
requirements in auto industrids. the design procede, mac hi nedés properm si ze
importantstep before attempting to tmetor and stator coregeometical design. This isnore
crucial in passenger vehicles in which compactnsgg and weight are indeed the design
limitations. Recently,a cost reduction is the main objective in the most worldwide electric
vehicl e manufactureros desi gn topdogiestsuely gs. Hen
synchronous reluctance machime which the rotor anisotropic geometrycan eliminate
expensive magnetnd aluminumor copper bar from rotor structyrdeecamemore attractivdor

automotive applications



1.2 Literature Survey on Electric Powertrains

Electric vehiclegEV) are propelled by an electgowertrainthatis composed of an electric
motor powered by rechargeable battery packs. EVs have several advantages over vehicles with

internal combustion engings, 8]:

9 Energy efficient electric vehicles convert abo®0% of the electrical energy from the
grid to power at thevheels Whereasgconventional gasoline vehicles only convert about

20% of the energy stored in gasoline to power at the wheels.

9 Environmentally friendly EVs emit no tailpipe pollutants, although the power @ant

producing the electricity mggroduce polltions

9 Performance benefitselectric motors provide quieand smooth operatignstronger

accelerationandrequire less maintenance thiweinternal combustion enginekCES).
9 Cost benefitlower operating and maintenance sasan the ICEs
9 Conveniencehome charging for al€lectric vehicles

9 Reduce energy dependenelectricity is a domestic energy souydess susceptibility to

fuel prices and reduced oil dependency

9 Opportunity to make a "green" choice.

Figure 1.1 shows a modern electric drivetrain. The drivetrain consists of three major
subsystemsAC drive, energy storage unit, and low voltage auxiliary equipmentAlthdrive,

as asubsystemis composed of an electric motampower electronisconverter and controller.
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Todayodés EVs t vy pridevarbnge/thah @mwentioaal vehickes. The most light
and heavy duty EVs are targeting a range of aBO(300 miles on a fully charged battery. In
general, the distance that an electric vehicle can travel on a fully charged battery or drive range is
a function of vehicle technology (electric motor performance and control strategy), battery size
and its advancemé weight carried, and an individual's driving style. Among them the electric
motor, as the only propulsion source, has dominant impact on drive range. Hence, achieving an
advanced electric motor for a high performance vehicle which is compact, ligtgffiareht is a

valuable target. However, the electric motor price is still a concern.

1.2.1 Hybrid ElectricPowertrain(HEV)

The hybrid electric vehicle in simple terms is the combination of an ICE with one or more

electric motor generator and a battery pack. It combines the propulsmechanismwith a



rechargeablenergy storage system (RES®mposedf a battery pack andn ultra-capacitor

consequentlyresulting inbetter fuel economy.

Two mainpowertrainarchitecturesn HEV are"Parallel" and"Series' hybrid systems:

T

In parallel hybrids, the ICE and the electric motor are both connected to the mechanical
transmission and can simultaneously transmit power to the wheels, usually through a
conventional transmission. Currently, commdizea parallel hybrids use a single, small
(<20 kW) electric motor and small battery pack. In this architectutlke electric motor

is not designed to be the whole source of motive power from launch. Parallel hybrids are
also capable of regenerative hirak Additionally, the internal combustion engine may
supply a generator for supplemental rechargikigure 1.2 shows the general

configuration of the parallel HEV

In series hybrids, only the electric motor drives the drive train and the ICE works as a
prime mover of the generator to power the eleatrotor or to recharge the batteries. The
battery pack can be recharged from regenerative braking or from the generator. Series
hybrids usually have a smaller combustion engine but a larger battery pack compared to
parallel hybrids thaimplies higher cosandweight compared to paralleHowever, this
configuration allowsoperatingwith higher efficiency in city drivingFigure 1.3 shows

the schematic of series HEV.
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1.2.2 ElectricMotor Drive Requirements$or Traction System

The worldwide trend in efficient energy conservation causes the need to increase the
applications ofthe electricdrive trairs in the automotive indusés, particularly AC drive as
traction (EV) or subtraction systesn(HEV). Recent advantages of high quality magnetic
materiak, solid state devices, and microcontrollers have contributed tpemangyefficient and
high performance electric drives that use modern electric mdtieesmotor drive is the heart of
the electricpowertrain It consists of the electric motdhe power converter, anthe electronic
controller,in which the electric motor is the domingmart of the systemin general, electric
motors inpowertrainapplications need to meet major requirements that we can summarize as
follows[1, 8, 9]:

1 Highinstant power and highower density

1 High torque at lowspeedand high power at high speed

1 Low torque ripple

1 Wide speed range

1 Fast dynamic response

1 High efficiency overfull speed range

1 High efficiency at regenerative breaking mode

1 Reliability and robustnessn different operating mode

i Reasonable cost

On the other hand, the choice of electric motor drifige traction system is generally
determined based on three dominant factors by manufactoostsweight, andsize. Therefore,
an efficientandpower dense electric machine with reasonable cost can be considered as a strong

alternative for traction applications.



1.2.3 PossibleAlternatives of the Electric Motor Drive for Traction

The developmestof electric propulsion systems has bedfectedby the growth of various
technologies, especially electric motp8. The applications of electric motor drivim EVs and
HEVs are considerably different from the indudttypes The differences ardue tothe vehicle
constraints, driver expectatia and energysource that may be defined as driving cycle
schems. The motor driveghat areused in EVs and HEVasually require frequent starts and
stops, high rates of acceleratianddeceleration, high torquat low speedfor taking-off or hill
climbing, low torqueat high speedfor cruising, and wide speed range of operation. The

commutator and commutattgss notors are two main categories of electric motor drives that

may be utilized fopowertrain

Figure 1.4 shows the general overview tife electric motor drivaalternativedor automotive

applicationd1]:

Commutator (DC)

Electric Motor Drive

Self Excited Separately
Excited

-

Field Excited

]

PM Excited

Compound || Series | | Shunt

Commutatorless
(AC)
) Switched
Induction Reluctance Synchronous
Wound Squirrel Wound PMSM BLDC SRR
Rotor Cage Rotor

Figurel.4. Motor drivesgeneral overview for automotive applications.




There area number of competing and complementary electric motor drive technologies
which arepotentially utilized in commercial HEV and EV propulsion syselHowever, among
them the cost and efficiency are the two dominant properties that can influence the selection of
the electric mota by manufacturex Recently, there is a widespread inten@sutilizing new
alternatives in automotive induss to overcomeboth theprice aml efficiency challenges of
motor drives andsome of thee alternativearecurrentlyunder investigatiofior commercial use.
In generalthe most interestg electricmotor architecturgint o d awtadnstiveindustriescan

be categorized dsllows:

i DC machine

1 Inductionmaching(IM)

1 Permanent magnet synchronenaching(PMSM, BLDC)
9 Switch reluctancenaching(SRM)

1 Synchronous reluctaneeaching(SynRM, thestrong alternative under investigation)

Moreover,among the previousignentioned motor driveequirementg1.2.2, the extended
drive range ability and energy efficiency are the twondamentalcharacteristicavhich are
influenced by vehicle dynamics and architectudence selection ofelectri@al machinefor
vehicle application needspecial attentiorto thet r a c t i o speechoange and snergy
efficiency[4]. Table1.1 reviewsa summary oflifferentelectricmotor drivesadopted it od ay 0 s

automotive industes[8, 9];



Tablel.1 ElectricMotor Drives Adoption inAutomotivelndustries

EV & HEV Model Motor drive EV & HEV Model Motor drive
system system
IM
DC
PMSM PMSMIM
) i IM IM
DaimlerChrisler/Durango
(Germany, USA)
SRM IM
Holden/ECO (Australia)
e
.6? PMSM PMSM
PMSM PMSM
PMSM PMSM/IM

Ford Focus(USA)

Toyotd RAV4 (Japan)
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1.2.3.1 DC Machine

Since EV was invented in 183dpnventionaDC machines have been widely used in electric
vehicles as traction motor. This is due to their maturity and well suited torqespeed
characteristic to electripowertrainrequirements. Due to the limitations associated with the
power electronics as well as AC motor deveefore1970s, this machine was the most attractive
alternative for the electrivehicle applications which the adjustable speedasa requirement
Today, this machine is still an alternative for different electric traction applicatensg to its

mature propertieghich aresummarizedelow[1]:

1 Control simplicity

1 Goodspeed regulation

1 Frequent starting ability

1 Simple braking and reversing

1 Proper torque speed characteristic

The operation principal of the DC machine is straight forwardreleson the impact of the
armature flux thats characterized byhe input volage and back electromotive force (EMF) in
one handand the field flux that is created by field curremtmagnetic materiabn the other
hand Typically, depending on the mutual interconnection between the field and armature
windings, there are four types the woundfield DC motos. They are separately excited, shunt
excited, series excited, and compound excikéglure 1.5 shows general configuration ch DC

motor.

11
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Figurel.5. General configuration of a DC machine.

Currently, the separdteexcited DC machine controlled by a EBIC chopper is mostly used
in traction applications that offer several advantages sucbrdasol flexibility of the armature
and field voltage, higher efficiency, fast dynamic response, and small size. However, the
commutator inthe structureof thearmatures a dominant drawback that increases the operating

cost due to regular maintenance and reduces the machine reliability.

1.2.3.2 Induction Machine(IM)

Since, high reliability and maintenanfree operation of the electrimotor drives are the
prime considerations of the electrigowertrain system in EV and HEV technolags
commutatofless motor drive bernes the most attractive alternative for traction in automotive
industries. Among thepthe IM motor driveis one of the most mature technologies du&do
number of advantages over conventional DC commutator.dfivese advantagekat arealso

important for automotive applicatiooan be summarizeasfollows [1, 8-11];
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1 High efficiency

1 Low cost

1 High power density
1 Robustness

1 Ruggedness

1 Ability to operate in hostile environment

However, as an AC drive, this machine is not prefetoedC at low powerapplicationsdue
to the cost of the inverter

The induction machine is an AC machine with asynchronous topology in which the stator
and rotor field are rotating at different spgedhe slip is usually smafind affects theoutput
power and the torque developed bthe machine. IMscan be categorized in squirrel cage and
wound rotor types. The most common diggpe for traction applicationss the squirrel cage
rotor whereaghe wound rotor type is less attractivikie to its higher cost and maingce
requirements.

Figure 1.6 and Figure 1.7 show a geneal configurationand atypical torque speed
characteristic othe IM respectively Torque profile of the IM presengs extended speed range
operation over base and maximum speed boundary with constant thatvean be obtaineuoly
flux weakeningcontrolmethod.This property is one of the major requirements ofpbertrain
systemsHowever,at the critical speedhe machinés torque meets the breakdown valgch

can limit the constant power operation.

13
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Figurel.7. Typical torque profile of IM.

1.2.3.3 Permanent Magnet Synchronouadhine(PMSM)

Permanent magnsynchronous machisgparticularlyinterior type (IPM) havebeen widely

used for electric powertrainin EVs and HEVs owing to their unique merisich ashigh
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efficiency and high power density. In this topolpggmpare to IM, the rotor cage or winding
in field excitation mechanism is replaceég high energy raresarth permanent magnet. The
resultant machine would be an efficient and power dense motor @ovisidering the location
of magnet materiah therotor structurethe PMSM can bedividedinto two categoriesvhich are
surface mounted permanent magnet machines (SPMingertbr permanent magnet machines
(IPM). The IPMs with extra featuresuch asmechanical robustnesand capability of flux
weakeningat constant poweiand high speed operatioare well suited as vehicles electric
powertrain

With regard to the shape of produced electromotive force (beok), permanent magnet

machines are divided into two main groups:

1 Sinusoidal permanent magnet synchronous mag¢RNEM, IPMSM)

1 Brushless DC machine (BLDC)

The PMSM can be fed by sinusoidal voltage wdwems with sinusoidal baclemf and
draws the same sinusoidal current wéwens through three phase3he BLDC producs a
trapezoidal baclemf and drawsectangula pulses ofcurrent through only two phases at any
instant of time which makess control techniqueeasier.The IPMSM is the most promising
candidatefor EV and HEV applicatiors. The major properties &M motors that arealso

dominant for traction applicatiormsesummarizedelow(1, 8-10, 12]:

1 High efficiency

1 Wide speed rang@y controlling the conduction angle of power converter)

15



1 High speed operation
1 Compactness

1 Ease of control

1 Fast dynamic response
1 Low maintenance

1 Ease of cooling

1 Low noise

Figure 1.8 and Figure 1.9 show a general configuratiorand a typical torque speed
characteristicof the IMPSM respectively in whichdp, a n d, aret he ma bdse ané 6 s

maximum speed.

Stator core_ Rotor core

Stator windirlg

Magnet

Figure1.8. General configuration of the IPMSM.
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Figurel.9. Typical torque profile of the IPMSM.

Due to the fixed PM excitation and current control constraint with regards to
demagnetization problem, thimachineinherently does not havevery wide constant power
region(flux weakening range)rhisreduces the machine efficiency at high spesgeratiors, but
by controlling the conduction angle of switching devices in power converter, the spee@trang
constant power region may be extended more than three times. Hpatemesry high speethe
efficiency may dropagain [9]. Besides having unique advantagdse BLDC has some

drawbacls that can be summarized fadlows:

1 High cost

1 Magnetdemagnetizationit(may happemn flux weakening)

1 Sensitivty to temperature (robustness issue)

1 Safetyissue (stator maybe reenergized bya large numberof magne$s when the
wheelis spinning freelyandmayproducea high voltage at motor terminals

1 Blocked rotor riskeegarding to inverter short circuit failure
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1.2.3.4 Switched Reluctance &thine(SRM)

The switched reluctanamachineis a double salient single excited motor. The stator consists
of simple concentric windings artde rotor has simple structure without amydings, magnets,
commutatorsandbrushesThe SRMr o t low mosnent ofinertia causefastdynamic response
which leads to fasacceleration. They have high starting torque and high tdagunertia ratio.
SRM motor is recognizedfor having strong potential for traction applicationswing to its
numerous meritthataresummarizedelow|[1, 8, 9, 13, 14]:

1 Low cost

1 Very wide speed range

1 High efficiency

1 Simpleand rugged structure

1 Simplicity in control

1 High speed operation capability

1 Reliability

1 Fault tolerant operatioand reliableconvertertopology

1 Easy to cool and insensitive to high temperature

The SRM can inherently operate waHong speed rangeOwing to its outstanding torque
speedcharacteristic(higher maximum speed¥rsm >> ¥rpmsm, this machine is capable of
operatng in variable spee@pplicationsuch asEV6é sand HEVO glectriied propulsionsystem
which offers variable speed powertrawvithout variable speed gearbox

Due to its double saliency structure (rotor, stator), the reluctance of the flux path for each
phase winding varies with the rotor positidvioreover,sincethe SRM is commonly designed

for high degreef saturation at high phase current, the reluctance of the flux path varies with the

18



phase current as well. Consequently, the stator flux linkage, phase bulk inductance, and phase
incremental inductance are a function of the rotor position and phase cérgeme 1.10 and
Figurel.11 showageneral configuratioand atypical torque speed characteristitthe SRM. It

shoul d be,imFgareldlistmuahhigherthan that of the PMSM ikigurel.9.

Statorcore Stator winding
Rotor core--~" "~
Figure1.10. General configuration of the SRM.
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Figurel.11. Typical torque profileof the SRM.
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Despite the excellent propertigbe SRM suffers from differentdrawbackswvhich outweigh
thar advantagedor automotive applicationsThesetechnical issuexan besummarizedas

follows:

1 High torque ripple

1 Acoustic noise generation

1 Considerabl®C bus current ripple

1 Electromagnetic interference (EMipise generation
1 Special converter topology

1 Complexity in design

1.2.3.5 Synchronous Reluctanceddhine(SynRM)

The synchronous reluctanogching(SynRM) is not a new concept. The first theoretical and
technical introduction of this motor with reluctance torque production and sinusoidal magnetic
motive force (MMF)using theconventionallM stator was made by Kostkm 1923 [15].
However the machinéhad suffered from stability anthck of startup torque dting the direct
lineup start. Later on, iwas showrby Vagati in 190s thatthe SynRM carbe controlled easily
using aclosedloop controltechnique and the aboweention drawbackcan be overcome with
both field oriented and direct torque control metho&urthermore the machine would be

capable of operating with considerable power and todgusity[16-18].

In principe, the SynRM is similar to theonventionalsalient pole synchronous motdaut

does not have an excitation winding in the rotorthis machine wly the rotor is constructed by
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barriers (air) and segmentgsteel) layers Based onthe anisotropicstructure of the rotor

geometryt h e Sy n RMO sputinthtee differengategobies

a) Traditional simple rotor

b) Axially laminated anisotropic rotor (ALA)

c) Transversally laminated anisotropic rotor (TLA)

Figure1.12 shows different anisotropic structs®@f t he SynRMO0s rotor .

Figure1.12. Different anisotropic structusaftheS y n R M6 s, (a)Raditianal simple rotar(b)
axially laminated anisotropic rotor (ALAYc) ransversally laminatednisotropic rotor (TLA.

The main advantageof the SynRMrelies onelimination of the rotor copper losses that
permits higher continuous torque than an IM of the same sizene handand the simple
structure otherotor thatleadsto lower cost compared to IM and BLDdgD the other hand'he

synchronousreluctance solution represents a possible alternative to AC digvesaction
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applicatons In general, heimportant featureof the SynRM can be summarizedfakows [18
23:

 Low cost

1 High efficiency

1 High torque per ampere capability

1 Insensitive tmperatingemperature

1 Simplicity in controland easy field weakenirgapability

1 Identicaltopology forstator and inverter power circuits M

91 Short time over load capability

1 Simple and ruggesitructure

1 Reliability

The SynRM is a motor for generatirigrqueby variationoft he machi neds r el uc
by rotor position Hence thereluctanceorque produed by the SynRMdependn the saliency
effectandis proportional to the difference of the magnetizing inductancek{)Lof the dq axs
in rotor frame coordinate systemm order to maximie the output torque developed motor, it
is required to increase the ratiolofoverLqc a |l | e d i soaThis pamanceter ig tiee kay
machine design anitk optimizationprocess

The interestin usng the synchronous reluctance machine for traction applicatisn
increasing very fasdue tothe fact thathis class othe electrical machine is capable of meeting
most ofthe propertiesof the IM and BLDC, but ata lower cost. Despite havintpe excellent
abovementionedadvantagesthe SynRM hassome drawbacks that are important for traction

applicationsThesedrawbacks areummarized as below:
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1 low power factor(0.550.7)
1 Low speed range

1 Torqueripple

Since the major operation characteristis of high performance SynRM relies on the
anisotropic structure of the rotevh i c h i s ¢ a,ltheegador ge@netty iisethre anain
concernto achieve a propedesign of thesynchronous reluctance machirier traction

applicatiors.

1.3 Selection ofMotor Drive for Research Work

Currently permanent magnetachines with rareearth magnets areidely used for the
traction drives of electric and hybrid electric vehicles because of their high efficiency and power
density. However, therexists a concern regardirignited supply or increased prices of rare
earth magnetsas China controls the global supmf rareearthmagnetproduction supplying
over 97% of “editke production, dndl sonsunaing enost of its production locally.
Due to the possibility of future shortage of ra@rth materials, the use of raarth permanent
magnet motors inlectric vehicles may not be economic or technically feasible in the future.
Therefore, it is essential fathe future electric vehicle industry to find alternative motor
technologies that do not depend on teagth magnets.

Synchronous reluctance machirf@ynRM)is used in industries owing to their unique merits
such as high efficiency, fast dynamic response, high totqueurrent ratio, and low cost.
However, considering the major requirements of traction systwueh as high torque and power
density,low torque ripple, wide speed range, proper,sirel the capability of meeting specific

torque envelop, thimachineis underintensive research work for developmentthis machine,
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the anisotropic structure of the rotor that is the source of reluctarguge can eliminate use of
magnet, cage, and winding from rotor structure. Consequectiympared to the IM, by

el i mi nati on o felativehcepper losses,rthe effecigreydand compactness will be
increased. The possibility of achieving reqdirpower and torque with lower losses and
temperature rise comparé the same size IM, improves the lifetime of the motor insulation and
bearingsand decreaseraintenance demands and failuassa resultSince, the choice of motor

for traction isgenerally determined based on three factors by manufacturers: cost, weight, and
size, the SynRM can be considered as a strong alternative comparedue tbits considerable

high efficiency and low cost in middle and high power ranges.

On the other had, without magnetin the rotor structure, the SynRM is similar to the
conventionakalient pole synchronous motor, but does not have an excitation in the rotor. In this
condition, only the rotor is constructed fiyx barriers (air) andlux carriers(steel). With the
absence of magnestartupandd r i veds contr ol I's peamchwilitbmed by
simpler than PMSMowing to the simplification of the vector controBecause, In SynRM,

t her eds o0 ntheystatorriedd vecwmhicloneeds to be contii@d versus rotor position
angleas well as, no need for flux weakening by injecting the negatji\ant no concern about
demagnetization issueBesides lower priceompared tathe PMSM, cancelinghe magnets
removes baclemf voltageinduced in the statoof the SynRM which can eliminate the
overvoltage protection of the power electronics stages as well aswvent challenges in the
case of inverter failure. Alsthemachin® sugged structureefers toits capability of high spek
operation Therefore, the mechanicahriable speegower transmissiosuch as gearbox can be
eliminated inpowertrainsystem. Thus, the SynRM can also be a strong competitor to PMSM for

traction applications.
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Compare to the SRM, except the extended sgerange that is superior property othe
SRM, the SynRM offers all othets properties. Moreoverthe sinusoidal flux distribution
produced by stator windingnd the rotor flux carriers in SynRkfels to a lower torque ripple
which distinguislesthis machine from th&sRM. Whereashigh torque ripple is thaighlighted
drawback of the SRM. In this research watkvelopment of methods, algorithms, and software
for the design ofthe synchronous reluctance maso(SynRM) for traction applicationss

proposedThe key motivatioa of the research woraresummarizeds follows:

1 The needor new alternativadechnologies for EVs and HEVs motor drswehich do not

depend on rarearthpermanenmagnetmaterials and can achieve similar performance

1 The ned to enhance the energy efficiency of the electric motor drives for EVs and HEVs
with lower cost that helps reduag air pollution and increasg the public interesin

using this green technology.

1 The need for diversity of products in order to texible with different economic

condition and customerds satisfaction.

To pursuethesegoak in this research work, the electnaotor proposedo be desiged for
traction applications is based on the concepthefsynchronous reluctance machine thatis
strong alternative as an efficient, less expensive, and reliable motor technology. This machine

offers superior advantages that have been mention@dir3.5.
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1.3.1 Potential Issuesf the SynRM asanElectric Powertrain

1.3.1.1 SizingMethod

Consideringg odayds compact passenger vehicles i
limitations, proper size of the SynRI4 an important challeng®r the design.Regarding tahe
major requirements of the traction mososuch as high torque and power density, low torque
ripple, wide speed rangeand proper size, this machine is still under investigation to be
developed forhigh performance irtraction apgkations.In general,the choice ofelectrical
machinefor tractionapplicationis determined by manufacturers with respect to three dominant
factors cost, weight, and size. Hence, the maclprapersize estimations the major step of the
design procdure before attempting tadesign ofthe rotor geometryMany investigations
reported irtheliterature are mostly focused on performance optimization by rotor geofh&try
19, 21, 23-26], control strategy27-33], and comparison of the SynRM to different machiges
17, 34]. Whereas, there is no particular work on sizing methaddbe SynRMbased on the

tractionapplicationrequirements.

1.3.1.2 High TorqueRipple

High torque pulsatioms oneof the most common problems of the SynRMtis caused by
the interaction between the spatial harmonics of the electrical loading and the rotor anisotropic
geometry.The torque ripple causeadditional lossesreduces the efficiency when the machine
needs to operate at constant povegion decreaseaverage torquegroduces adible nose, and
imposesmechanical pulsation on the shaft of which are intolerable in most applications
particularly in traction19, 25, 35, 36]. To solve tleseinherent problers the stator winding is
chorded to reduce the lower order MMF sphaemonics However it has been shown i[85

that this technique reduces thatput power of the machinelhe rotoror stator isskewed by

26

n



numbersof stator slo pitch to reduce theorqueslot harmonis, but it has been shown j&9, 35|
that it is nota proper solution dato reduction of the output torqu@ver the past decade,
intensive work has been donen torque rippleoptimization technique$24, 25, 37, 38 to
increase the torque quality in SynRMNrives Today, these machins needto have more
improvemend with respect tahe torque quality in order to meet the EVs and HE¥andards
and be considered as strong alternative for elechied propulsion systemsin automotive

industries

1.3.1.3 Low SpeedRange

Low flux weakening or low speed rangeduces the capability dhe SynRM to operate at
constant power beyond the base spigda widerange This drawbackis harmful when the
machine is proposed ton aselectrical propulsionn EVs and HEVsIn general differing from
the industrial applications of the electric motors, tlaetionmotors usually require a wide speed
rangein which thedesiredperformance characteristics of thewertrainis to delive constant
output power over the full speed rangde SynRM6 #lux weakening capabilitynay refer to
adequate speed rangeindustial applicatiors [1, 16]. However, it cannot satisfy the traction
requirementregarding the wide speed range of 3 taOger the past decadethere ha been
intensivework to improve performance of the SynRidported in thditerature butvery few
studieshave been performesh the traction applications gability of this machinan particular,
on its drawback such as low speed range[39], the performance of EVs and HEVs using
SynRM was investigated and lowespeed range adhe SynRM comparé to the IM and SRM
wasreported. ltwasshown in[26] that the speed rangdase speed/ maximuspeed)f a high

power SynRM cannot exceed beyond Hbwever, this number for PMSM and SRM is more
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than 3 and 6 respectively. Therefoextendingthe speed rangef the SynRM for automotive

applications is stilaninteresting area of investigation.

1.4 Research Objective

The goal and objectigf this reseech work are to

1 Analytically designand perform calculatons using the mathematical model athe
proposed machine.

1 Propose a sizing methodology tiie SynRM for the automotiveapplicatiors
considering initial data, assigned parameters, and specific torque envelope.

1 Identify the key parameterghich affect the SynRN gerformancefor traction
applications

1 Developfinite elementsoftware in order to have appropriate flexibilityth respect
to themac hi n e 6 sin gadialarethe rroforto analyzeperformance of the
proposed machinesingdifferent geometries and key parameters

1 Improvethe performanceof the proposed SynRMising computer aided analysis in
order to meet thelesired requirements @utomotive applicationsuch as torque
envelop, proper size, and converter rating

1 Examine prototypgand compar@erformancs of the proposed®ynRMs to evaluate

thedesignmethod.
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1.5 Organization of this Thesis

The organization of thi¥hesis is as follows:

Chapter 2: Operation of synchronous reluctance machifitndamental operation of the
synchronous reluctance machibased on anisotropic concept and saliency effect is
reviewed. The equivalent circuit and mathenadtioodel in conjunction with the
machineds ma i 91 are cdestribedc Difeerent srotor c geomeyr
classificatiors, the proposed rotor structyreand the design parametersare
discussed

Chapter 3: Analytical Design; presents the analytical method and development of the relevant
codes for design procedurén order to propose a sizing method. The sizing
methodology is usetb design a SynRMo meet aspeific torquespeed envelope
for tractionapplication.The method criteriisb ased on t he machi ned
model, equivalent circuit, initial data, and assigned parameters. The electric and
magnetic parameters of the proposed machine in conjunctitm thve core
dimensions are calculateBinally, t he proposed andaliditp dods e\

areinvestigatedising FE analysiand experimental test

Chapter 4. Torque Analysis; presents a desigrethodto improve themachinetorque by
minimizing the torque ripplefor a given magnetic material based on the rotor
geometry. Furthermore, the possibility of using anisotropic magnetterial(cold
roll grain oriented/CRGO) for the rotor core in order to improve the machine
electromagnetic torque is intggmted.The proposed methe@reevaluated through

the FEA and experimental examinations.
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Chapter 5: Core Analysis; tbcusses core analysis focusing on theagnetic and mechanical
performance. A computer aideahalysison the core with multiplemagnetic
material and different core structuresperformed tadentify dominant parameters
which affect the machingerformancewith respect tothe output torque and
mechanical robustne$sr automotive application#®s new design based on variable
ampereturns nethod is proposed and discussed to extend the machine speed range
at high speed operatiomhe proposed methods evaluation is supported by FEA and

experimental test.

Chapter 6: Conclusionsand future work Discusses improvements to the design and future

perspectives of the research work.

1.6 Contribution s of this Thesis

The specificcontributiors of this Thesisaresummarized as follows:

1.6.1 TheMain Contribution ofChapter 3
1) Propose a sizing methodology fdesign of synchronouseluctance machirsefor
automotive applications by taking into consideratspecific Size converter rating,

and torque envelogs he design limitations.
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1.6.2 TheMain Contributions ofChapter 4

1) Proposea geometricalmethod for the rotodesignto improve the machine output
torque andeduce thaorque ripplesignificantly without skewingor chordingpitch

winding.

2) Propose an innovative method for the rotor poles assembly and lamination to
increase the machine output tordue5-10 percentusing cold rolled grain oriented

electrical steel as thetor core material.

1.6.3 TheMain Contributions ofChapter 5

1) Identify and address the most important geometrical, magnetic, and mechanical
design parameters of tiey n RM6 s whi ch have not been Ve
applications. These design parameters affect strongly the machine performance with

respect to the output torque and torque ripple at high and low speed operations.

2) Develop anewmethodusing variable ampertirns concepby whicht he Sy n RMO s
flux weakening capability controlled undeonventionalflux weakening method
(FWC) improves and the speed range camXtendmore than three timaa high

speed operationshich is desirable foridomotive applications.
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1.6.4 Industrial and Experimental Contributions
1) Design and manufacturing of a 50hp prototypendustrial levelin collaboration
with TM4 companyas the industrial partnerf theresearctproject. This machines
used for realehicleload tesunderactualcity and highwaydriving cycles at TM4.
Due tothe IP issuesthe design procedurepecificationsand the test resulése not

included in the thesis.

2) Design and manufacturing of 7.5hp prototypes wthihee different rotors for
laboratory level examinationa order to validate the design meth@atsConcordia
University. Owing to the geometrical and parametrical nature of the dediga,

design validation can be generalizedrfzachine withhigher ratings.

1.6.5 Patent

Parts d Chapter 4including sectiongl.4 and4.5 are in theprocess othe US Patent No:
0501565682USPR e nt i t INevel:Rotofl BesignMethod and Laminationfor High

Performance Synchronous ReluctaficactionMotorso and currently is patent pending
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1.6.6 Publications

Journal papers published, accepted or submitted:

1)

2)

3)

4)

S. Taghavi and P. Pillay, "A Sizing Methodology of the Synchronous Reluctance Motor
for Traction Applications,'Emerging and Selected Topics in Power Electronics, IEEE
Journal of,vol. 2, pp. 329340, 2014.

S. Taghavi and P. Pillay,” Rotor Core Parameters Sensitivity of Synchronous
Rel uct ance TindbBEE Trans1 OrMEmdrgy Caversion, 2015 (Accepted).
S. Taghavi and P. PillayA Mechanically Robust Rotor with Transvefisemination

for a Wide Spe# Range Synchronous Reluctance Traction MoiarlEEE Trans.On

Ind. App, 2015Accepted)

S. Taghavi and P. PillayTorqueAnalysis of Synchronous Reluctance Traction Motor
Using Rotor Slot Pitch and a Novel Rotor Poles AssefhidylEEE Trans.On Energy

Conversion 2015(Submitted)

Conference papers publishedaccepted

1)

2)

S. Taghavi and P. Pillay, "A mechanically robust rotor with transMamseations for

a synchronous reluctance machine for traction applicationsEngrgy Conversion
Congressand Exposition (ECCE), 2014 IEEE014, pp. 5135137,

S. Taghavi and P. Pillay, "A core analysis of the synchronous reluctance motor for
automotive applications,” inElectrical Machines (ICEM), 2014 International

Conference on2014, pp. 96B67.
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3) S. Taghavi and P. Pillay, "A comparative study of synchronous reluctance machine
performance with different pole numbers for automotive applicationslhdastrial
Electronics Society, IECON 201440th Annual Conference of the IEEE014, pp.
38123818.

4) S. Taghavi and P. PillayAn Innovative RotoiCore Assembly for High Performance
4-Pole Synchronous Reluctance Traction Motor Using Grain Oriented Lamifiation
International Electrical Machines and Drives, IEMDC 2015, International Conference
on, (Acepted).

5) S. Taghavi and P. Pillay,Geometrical Design Aspects of Low Torque Ripple
Synchronous Reluctance Traction Motor Using Rotor Slots Pitch ArnglesEnergy

Conversion Congress and Exposition (ECCE), 208EE, (Accepted)

1.7 Summary of Chapter1

This chapter presented thesearchhackgroundof the synchronous reluctance machameal
related investigations of the research woelgardingto the automotive applicationglescribed
the research goal and objectythe thesis organizatioand the research contributiordso, in
this chapter the electrimachine topologyfor automotive applicationsvas proposed anthe

proposed poentalpioieengveyeaddressed
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Chapter 2 Operation of Synchronous Reluctance Machine

The first theoreticaland technical introduction of this motor with reluctance torque
production and sinusoidal magnetic motive force (MMF) usingtmentionalM motor stator
was made by Kostko in 19p1%]. However, this machine suffered from stability and start up
torgue during the direct lineup start. Later on, it was shown by Vagati in 1990s that the SynRM
can be controlled easily using a closkmp control technique and the abeawentioned
drawbacks can be overcome with both filed oriented and direct torque control methods.
Furthermore, this machine is capable of operating with considerable power and targig de

[27-29].

2.1 Fundamental Operation of the Synchronous Reluctance Machine

The main idea of thgariablereluctance concept is shown kiigure 2.1. Object (a) and (b)
are made by isotropic magnetic materi al and a
different geometric dimensions in d andxjs which refes to different réuctances, this is called
anisotropic object whereas, object (b) has the same geometric dimensions in all directions and
hence the same reluctances in thexs and epxis. This is called an isotropic object.

If the d-axis of the object has misalignmeatn g | e o f (G) with the maq
introduce a field distortion which is aligned witkagis and will increase the reluctance haxs.
As a result, an electromagnetic potential energy is created that can develop an electromechanical
torque b force the object to be aligned with the minimum reluctance at field directiarigil
According to this concept which describes fun
called load angle is kept constant by applying a constant mecharadaltihe electromagnetic

potential energy can be converted to mechanical energy on the shaft of the SynRM.
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T

Figure21l.l sotropic and anisotr odABB). obj ect s

Figure 2.2a shows a basic three phase tpae synchronous reluctance motor. In principle,
the SynRM is similar to theonventionalsalient pole synalmnous motor but does not have an
excitation winding in the rotor. Therefore, the rotor is only constructed by salient poles. The
stator inner surface is cylindrical and typically retains many of the benefits of the variable
reluctance motors and at thersatime eliminates its several disadvantages.

Developments in machine design, control methods, and power electronics allow the machine
designers to remove the starting cage from the rotor structure and to achieve a better
performance by using vector orted control techniqudn vector controlled drives, two crucial
parameters are the difference and ratio of the inductanceg exi$ which refer to the saliency

or anisotropy property.
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Rotor d-axis

Rotor g-axis

(@)

Figure2.2. Basic three phase twmole (a) anda modernd-pole SynRM(b).

(b)

This ratio which is the most i mportant par a
called saliency ratio and is expressedegsiation(2.1). Therefore, in order to desigmgh
performanceSynRM, the main goal is to obtain both highdnd low L;. This refers to having
maximum and nmimum flux in d and epxis respectivel{18]. Figure 2.2b shows a typical
configuration of a modern-gole SynRM in which the proper design of the rotor structure is

adapted for a high saliencytia

, — Saliency ratio (2.1

2.1.1 Equivalent Circuit and Mathematical Model

Il n synchronous reluctance motor the stator
di stributed iIin sinusoidal form. Therefore, t h
the SynRM can be derived based on the conventional wound fieldhgymmus machine while
taking into account two important properties;the excitation winding is nonexistent- the
machinebs rotor d o e ss. Figore 2.3 hnal Figure Z4ashow theovectorwi ndi n
diagramand equivalent circuit of the SynRM respectivelshen the iron losses is taken into

accounf4qQ].
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Figure2.3. Vector diagranof the SynRMincluding iron losses.
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Figure2.4. The equivalent circuibf the SynRMincluding iron losses

Considering the abowvmentioned figures and by eliminating the rotor excitation caused by
winding or cage from the equations, the mathematical model of SynRM in the rotating reference

frame (dqg axis) at base speedn be expressexs follows
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&) 0O YQ 0 00 (2.2

0O — (2.3)

Where] 1 0 — is the electrical base speedy,nV¥ the phase voltage, is the phase

current,En, is the phaselectromagnetic motive force (emf)s R the phase resistance, ik the
phase | eak a gisthe phateincagnetizicgdlyand & is the pole pairs
Neglecting the cross coupling effect allows us to express the magnetizing flu@a.in

6 0 @ 0 (24)

Where; im, igm, Lam, and lgm are the ebxis and gaxis magnetizing current and magnetizing

inductance in rotaryeferencdrame respectively.
Thereforejn steady state in whick— e 11, by substituting2.3) and(2.4) into (2.2) we

can rearrange t he,(22anditsedogecongponpnisasfalosw ol t ag e

@ 1 00 YO ©Q 00 YO (2.5)
@ 1 00O YO (2.6)
@ 1 00 YO 2.7)

The vector equationg.6) and (2.7) can sufficiently operate as the machmathematical
model in order to chacterize the magnetic and electric parameters of the proposed SynRM

during the analytical desigihis will be discussed in more details in the next chapter.
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2.2 Main Characteristics

In order to design and evaluate the performance of the SynRM, it is quégsaegto verify

its most important parameters and characteristics. These parameters and characteristics that are
mainly targeted during design process can be summarized below:

i1 Electromagnetic torque

1 Power factor

1 Efficiency

1 Torque per kVA

1 Torque ripple

1 Speed range (field weakening range)

9 Iron losses

2.2.1 Electromagnetic Torque

In synchronous reluctance machine the electromagnetic torque is produced by the interaction
between air gap flux and its corresponding magnetizing currdence, referring to
Figure 2.3and equationg2.1), (2.3), and (2.4), different expressions of the electromagnetic

torque can be obtained asaquationg2.8) to (2.11) [16, 4Q].

YQ --_ QOEI1 (2.8)
YQ -- 0 0 MQQ (2.9)
Y -- D 0 Oa0KH (2.10)
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Y --, p — OH (2.11)

The strong message from the abowentioned equations is thdor a certain voltage and
operatngspeed t he devel oped torque on the shaft defg
to its maximum at a proper loangl e (0) or current angle (d
operation, direct control of the load angle is not practically feasible, the current angle is the
seleced parameter to regulate thietor positionat the proper value. Equatio(&1), (2.4) and
the resultant equation®.12), (2.13), from vector diagram oFigure 2.4 lead to identify the

relation between load and current angle g2.iv).

O0AT — (2.12)
OAL — (2.13
— OAT,0A1 (2.14)

2.2.2 Power Factor

The machinevector diagramKigure 2.4) allows identifying the air gap or apparent power
factor which is also called internal power factor (IPF). This characteristic can be expressed in

different forms as i§2.15) [41, 42] which yield the final expression of IPF ag(ihl6).

‘00 'OAT O or 00 "'OOET or 00 ORI O — (2.15)
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‘000, p OEG—TI¢OAF , AT-O (2.16)

Equation(2.16) shows that, IPF is a function of current angle which depends on the machine
saliency ratio and reaches to its peak-at O AT . Therefore, the maximum internal power

factor can be expresses shown i{2.17). This, again, confirms the dependencytteé power

factor on the saliency ratin SynRM[42].

‘00 ®& 6 — (2.17)

It must be mentioned that the terminal power factor which is derivgilig) is not identical
to the airgap power factor in steady state. Hence, considering the vector diagram, there is a small

deference between the two that is caused by mathossed21, 31].

~

AT O

= (2.18)

2.2.3 Efficiency

Efficiency is one of the most important characteristics of the SynRM design, particularly, in
vehicle applications. Since the iron losses are negligible compared to the copper losses in low

speed 29|, the efficiency can be expressed2rl9) and rearranged i(2.20).

- (2.19)

- p — (2.20)
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Equation(2.20) shows that in order to maximize the efficiency up to base speed,dh¢ (T
ratio needs to be maximized which refers to a high saliency ratio requirement. Since the iron
losses directly depends on the flux fluctuation and torque ripple, the assumgitmrergligible
iron losses compared to copper losses is not valid in high speed, but high saliency ratio still

remains a dominant factor in achieving high efficiency.

2.2.4 Torque pekVA

Torque perkVA descri bes the machi ne6s the absochede pr o
apparent power from supp[29. A SynRM which isproperlydesigned exhibits higher torque
per kVA ratio. This is due to the effect of the saliency ratio on the torqué&\p&rthat can be

approximated as i(2.21).

—e—-p - OEF (2.21)

2.2.5 Torque Ripple

Torque ripple causemechanical vibration, acoustic noise, and additional iron losses. If
torgue harmonics of different rotstot barriers in the air gap eliminate each other, the torque
harmonics amplitude are directly proportional to the flux harmonics when a pure salusoid
current is applied to the stator winding. Considering the first harmonic of the torque ripple due to

the stator slotting, the torque equatior{dr®) can be modified as belop@6, 40]:

YT e-—-_0Q _Q -10— 0O— (2.22)
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Equation(2.22) shows that the-q axis inductances depend on rotor positipn Therefore,

an additional term is added to the torque equation that represents torque pulsations. However, the

average valuefahis term is zero. Equatio(2.23) shows howthe inductanceslepend on the

rotor position.

0
S (2.23

The torque equation ifR.22) can be rearranged by taking into account the dependency of

inductances as i(2.24).

o0 on . .“ o
v 22 06EL b b 00 o o 'QOAT @ q

¢ © o (2.24)
W Qi Qe i

Equation(2.24) shows that théorque ripplehas two components. The first component which
is proportional to average torqueid) caused by oscillation of

flux component (ky). These two oscillations create a considerable variationsgahductances

(plg, P ly) respectively. However, these can be eliminated by distributed anisotropic structure of

the rotor. The second component is due to the stator slots effect whichrcandnti gg@and gL

consequently produces torque ripple.
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2.2.6 Iron Losses

Similar to the other synchronous ac drives, in SynRM, iron losses are composed of different
components that can be divided intoHysteresis losses; Zddy current losses (Joule losses),
ard 3 High frequency hysteresis losses. For an area with constant flux density, the total iron
losses per weight{/kg) can be calculated for each flux harmonic a@if5). This is while the
flux density in rotor body can oscillate due to the space harmonic of the stator slotting and the

rotor anisotropic naturtQ].

C

L6 Q E'Q , 0 Q o 6 Q 7 (2.25)

In high speed the iron losses in the rotor is comparable to the stator. As a result, it can change
the design strategy from maximizing the average torque to maximizing the power factor or
efficiency. In general, some solutions such as using low loss magnatezial, reducing the
lamination thickness, and filling the stator slots opening (wedge area) withnssgnetic

material are used to sufficiently reduce the iron losses.
2.2.7 Field Weakening Range

It is previously mentioned irl.2.2 that wide field weakening range in constant power
operation is one of the most important requirements of the vehicle applications. In general,
differing from the industriabpplications, the motors used in EVs and HEVs usually require a
very wide speed range in which tbesiredperformance characteristics of thewertrainis to

deliver the constant output power over the full spaadies Similar to most specifications of the
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SynRM, the field weakening range also depends on the saliency ratio which can be expressed as

in (2.26) [43).

- (2.26)

Survey in specifications of the SynRM highlights the effect of the saliency fatibqf on
the machiné performance that shows this parameter can be considered key in the machine
design. Since the saliency ratio is directly associated with the anisotrajure of the rotor
structure, identification and analysis of the rotor geometry is a highly required aspect of this

study.

2.3 Rotor Structure and Geometry

In general the SynRM is similar to theonventionalsalient pole synchronous motor, but
does not have an excitation winding in the rotor structure. In this machine only, the rotor is
constructed by barriers (air) and segments (steel). The main advantage of the SynRM relies on
the absence of the rotor coppesses that permits to obtain a continuous torque that is higher
than other wound or cage rotor maclkinéthe same size. Developments in machine design and
power electronics allow designers to achielmect start up and better performance by using
vedor oriented control methods. In this technique two crucial parameters are difference and ratio
of the dq inductances that needs to be as high as possible. In order to fulfill these requirements,

the rotor geometry has to be designed for maximy@and mnimum Ly [16, 42].
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2.3.1 Rotor Geometry Classifications
Anisotropic property of the SynRM can be achieved through different rotor structures that
may be classified into three types as follows:
9 Traditional simple rotor
1 Axially laminated rotor (ALA)
1 Transversally laminated rotor (TLA)
Figure 2.5 shows three different structures of (a) simple salient pole, (b) axially laminated,
ALA, and (c) transversally laminated, TLA, rotor of the synchronous reluctance machine
In the ALA type Figure 2.5b) the laminations are suitably shaped at each pole and are
insulated from each other by using electrically and magnetically insulation materials while all
stacks are connected by pole holders to the central region or shaft.
In the TLA type rotor Figure 2.5c), the laminations are identical and punched or cut in the
traditional way. Some thin connections which are cdtiRidbo connect the ends of the segments
to each othr axially and transversally. These joints maintain enough mechanical integrity in the

rotor structure againsbtationalforces in high speed operations.

Figure2.5. Typical configuratios of different anisotropic structures of the rofat.
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2.3.2 Comparison between TLA and ALA Structures

Figure2.6 shows two commonly used anisotropic structures of the rotor tha) &leA and
b) TLA types which can be distinguished by following technical and manufacturing properties
[17].

1 In TLA type, the rotor laminations can be punched by the same cutting technology as
the other conventional machines. Therefore, these laminations are easy to
manufacture. Whereas in ALA type, each lamination needt® tformed by a certain
shape that makes the manufacturing process difficult. However the ALA type
presents a higher mechanical stability.

9 Torque rippleis produced in both TLA and ALA types which are due to stator slots
harmonics effects on rotor magreteaction.The TLA types are capable of skewing
to minimize the torque rippléVhereas, it is unpractical for the ALA type to do so
andthe stator skewing method is also avoided when, the automatic winding facility is

being used19, 36].

1 The ALA type presents additional iron losses that are due to flux oscillations in the

rotor laminations which are much ticker than that of the TLA {2%

It was reported in previous investigatigmigl, 45] that the saliency ratio higher than 10 can
be mostly achieved by ALA r ot prmHowevkrethedleAs t he
type is preferable in many applications due to its simple manufacturing and lower iron losses.
Hence in this tudy, considering the traction application requirements, the TLA type rotor is the

proposed rotor structure.
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a) b)

Figure2.6. ALA (a)and TLA (b) laminationtypes of theSynRM rotor[18].

2.3.3 TLA Rotor Structure and Design Parameters

As it was previously mentioned, in order to achiavyeroperdesign of tle TLA rotor, two
crucial parameters, (tLq), (Ld/Lg), need to be treated. Thus, the rotor design methodology is
aimed at increasing the value of thés® parameters based on rotor geometry. Hence, for the
design procedure and evaluation of the ratoucture the design and target parameteegd to

be identifiedwhich can be divided into two different categories as follows:

1) Design parameters
1 Rated pwer
1 Maximum torque
1 Number ofpoles
1 Number of flux barriers and segments (layers)

9 Insulation ratio
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1 Position and size of barriers and segments
1 Tangential and radial ribs

1 Air gap length

2) Target parameters
1 Torque per current ratio
1 Efficiency
1 Torqueripple
1 Power factor
1 Field weakening range

M Ironlosses

Since the target parameters have been briefly discussed in s2&@iam the next setion a

summary of the design parameters and theirefteet mac hi ne 6 s p addréssed manc e

2.4 Design Parameters

Figure2.7a shows a typical configuration of apble, 36 slots, 4 layers, and TLA rotor type

SynRM in which the most important geometric design parameters areedan the Figur@.7b.

50



Segments

Barriers

Figure2.7. Typical configuration of a-ole, 36slot SynRM with4-layer TLA rotor.

2.4.1 Rated Power and Maximum Torque

Today, SynRM is manufactured in wide power range from 0.2kW to more than 300kW in
different industrial applicaties. This rating for EVs and HEVs may differ from 30kW to 60kwW
(from 150Nm to 450Nmwhich depends opowertraid snechanisni10, 22, 23, 39]. The rated
power and maximuntorque affectstronglythe machin® size androtor outer diameter which

will be discussed ifurther chapter.

2.4.2 Number of Poles

Sincethe design ofa high performanc&ynRM is aimed at maximizing the saliency ratio
(Lan/Lgm), minimization of the epxis magnetizing inductance is a potential way to achieve this
goal. For a given air gap,qk is related to the sinusoidal MMF that is produced itsy
corresponding flux in-@xis.

Figure 2.7b shows the eaxis flux which is composed of circulating flux across the segment

ends and stator teethhweh leads to ke and the flux that is flowing throw the segments and
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barriers which leads to (. The following equations express the relations g@f, land its

component$l7, 18]:

0 0 0 (227)
. (2.29)
o (2.29)

P is the number opoles, lum is the daxis magnetizing inductance,q-is the gaxis
magnetizing inductancey and i, are the d and-gxis components of the phase current, g is the
air gap length, Lis the total width of the segments (steel) in theextp direction Figure2.7a), K
is a constant, and s the number of layers in each pole of the rotor struckmeation(2.29)
shows dependency ofgk on the number of poles through which a SynRM with lower pole

numbers exhibits a smallegh-and a higher saliency ratio.

2.4.3 Number of Layers

Number of layers per pole ({nis the total numbers ad couple of theflux barriers and
segments in rotor anisotropic struct@Fégure 2.7a). This parameter has to be selected properly
duetoi t s ef f ect -axsninduntancd4d.n eTohse gnumber of | ayers
effect on lg, but it highly affects k. due to the fact that the higher number of layers decreases the
circulating flux (Lg¢) in gaxis and reduces the, consequently2.28).

Due to mechanical and manufacturing issues, increasingi®fmuch more limited in TLA
type rotor than in ALA type. This is why the ALA type exhibits a higher saliency ratio. Hence, in
order to either avoid the ALA type rotor or minimize thexgs flux density in SynRM design, it
is necessary to minimize theyl(2.29). Therefore, the number of poles and the insulation ratio

are the selective parameters to treat the saliencyimafibA type rotor.

52



2.4.4 Insulation Ratio

Insulation ratio is a good tool for adjusting the width of barriers that refers to maximizing the
iron utilization in the rotor structure and saliency ratio as well. This parameter is defined by the
ratio of the total widtlof the airto total widthof the steethrough the epxis (Figure2.7a) which

can be expressed as(ih30).

— (2.30)

Therefore, K,= 0 means the rotor does not have any barriers and is only made by steel, while
Kw=1 means thathe total width of barriers (air) and segments (steel) are ¢gijalSince for a
properdesign, the maximum saturation in the segments has to be lower than saturation in the
stator back (yoke), in t# situation, the value of Wy can affect the flux density in-axis
significantly. In general, foproperrange of the insulation ratio,qlwill be minimized which

consequently refers to a maximum{Ls) and a higher torque productii, 40].

2.4.5 Position andsize of Barriers and Segments

In the ideal case in which th®tor core losses and the stator slotting effect are assumed
negligible, the eaxis magnetic motive force (MMJ-has sinusoidal shape with peak value-n d
axis alignment. In order to obtain coast flux density through all segments, the size of each
segment may be proportional to its corresponding average MiMierefore, the width of each
segment is also necessary to vary in a sinusoidal form through the rotor bedyism ¢On the
other handthe variatios of co-energy in noruniformed air gap caused by interaction of rotor
and stator slots create torque pulsation when each barrier end tends to go into or out &f the slot

opening area.
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Figure2.8 andFigure 2.9 showthe ky barrier position and the-axis flux distribution versus
the barrierds end ppoosliet i oynn RMJ)i no fwhai cthy pfi c(al) t
in g-axis and  (shaded area) is the circulating flux iragis. Equationg2.31) to (2.34) show

how the size and mad()icantiibote to vafue df Jlared cdnsequentlyghe 6 s e

saliency ratid40, 43):

Figure2.8. The positiorof theky, barrierin one lamination of Dole SynRM .

dt _.,_f‘-q _—sina
. tg f
TJ '..{ + .k‘/—ﬂﬂr‘)
—jf——]r' \'\+
;o \
{ \
ff 3
‘/ a, (1 v d

Figure2.9. The gaxis flux distributionof the SynRM [31].
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Q — OEIQ —— (2.31)

— p -BQq (2.32)
— S BQQ i o (2.33)
— - -—— B w0 where; 0 Y To (2.34)

2.4.6 Tangential and Radial Ribs

In TLA type rotor, the laminations are identical and some thin connections which are called
rib connect thaniddles andends ofthe segmerd to each other. These joints maintain enough
mechanical integrity in the rotor structure to resigationaland magneti¢orces in high speed.
However, as a drawback, they allow an increase in the fluxarigyand a decrease in the
saliency ratio. As a esul t |, they reduce the nTahecthrguee dev
reduction caused by tangential rib is dominant due to the number of tangential ribs. This can be

expressed i(2.35).

BY — B0 6 (2.35)

Where; (W) i s thelarinatsors thickakesshBi s( d hei 1 bos f | ux

is assumed constant for all ribs, P is pole pair, aghigBhe daxis flux density. Equatio(®.35)

55



shows the tajue reduction caused by tangential ribs is proportional3oafm (d). Therefore,

for a given pole numbers this reduces when trewiblth aredesigned as thin as possible.

2.5 Summary of Chapter2

This chapterreviewedfundamental operation of the synchronous reluctance machihe
ma ¢ h i mathéngtical modelvector diagram, and the main design characteristiese
presentedDifferent rotor geometriesvith respectto the anisotropicstructurewere introduced
and caonpared to propose the rotor tyghe electrical, mechanical, magnetic, and geometrical
parametersand their influences on he machi ne 6 s dseusseddoreoaentbee wer e

ma ¢ h ikeypabametersvhich are dominanfor the SynRMdesign were addressed
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Chapter 3 Analytical Design

3.1 Sizing Method Algorithm

Sizing of the SynRM refers tdhe electric, magnetic, and thermal aspects. In traction
applications, in order to develop the required torque in critical times such asipstand
maximum power demand at maximum speed, the machine needs to be designed for high current
density and high fragency operations. Hence, the heat caused by copper or iron losses is a
concern that cannot be transferred by air cooled system. Since, the cooling system of the electric
machine is supplied through the vehinboteds co
machine and vehicle cooling system capacity. The stator outer surface area and volume are two
parameters that lead to the machine cooling capacity at a certain operating temperatii8)120
e C. Practicall vy, by s el @jacket atognd thbutersipface gf the n u mb
stator, the cooling system would be capable of cooling down the machine in continuous or
transient mode of operations properfherefore, in this design procedure after meeting the
torque and power capability, theehicle cooling system is supposed to cool the machine
properly. On the other hand, the electromagnetic design strongly depends on the application.
Therefore, it is necessary to perform the whole procedure of sizing with taking into account the
maximum ouput power, torquespeed profile, initial data, and assigned parameters. The

proposed method algorithm may be explained by the flow diagr&igure3.1.

The szing proces®f the proposed machine begins with preparing initial data and assigning
the key parametersThese will be used in calculations of geometric, magnetic, and electric
parameters in conjunction with theathematicaimodel of the machm In this step the pre

design output parameters will be the stator geometry and rotor outer diameter. A new iteration
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Figure3.1. How diagram of the sizinglgorithm.

with updated assigned parameters will be done if the geometries such as stack length or stator

outer diameter cannot satisfy the design requiremenispecific stack length or outer diameter
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Otherwise, the electrical, magnetic, and geometrical paesimee., stator geometry, windsg
specifications, inductances, saliency ratio, maximum torque, andvidltbe characterized for

further steps.

Finite el ement software is called to anal y:
output functions sutas maximum developed torque, torgipple, andoutputpower as well as
magnetic characteristics e.g., flux density aaliency ratio that are known as the design
requirements The process will be ended if the finite element results satisfy the design
requirements. Otherwise, the new process will be carried out by updating the assigned
parameters such as magnetic and current loading, stack aspect ratio, and pole pitch to air gap

ratio to obtain the proper size.

3.2 Analytical Pre-design and Calculations

As perthe method algorithm described kigure 3.1, the first step of the sizing process is to
analytically determine the solution of the proposed mehThis step leads to the identification
of the stator geometry, rotor outer diameter,
inductances, resistances, windingpecifications as well as the output functions such as
maximum developed torque, power factor, and efficiency. The proposed approach uses the
ma ¢ h i mah@&matical model including the equivalent circuit, vector diagram, and
mathematical equations in cangction with initial data, desired torque envelope, and assigned

parameters.
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Figure3.3. Electric motorcharacteristics for tractioi].

Figure 3.2 and Figure 3.3 show example of the torque envelopand its corresponding
tractionmotordesirable characterisicespectivelyin which the base and maximum speed have

important effects onelectric mac hi ne 6 s [48)a it shmeld ker oted that these
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characteristicpresentinformationin the motor sideTherefore, in order to have the final drive

characterististhe gearbox ratitransmission systemmeeds to be taken into account.

3.3 Initial Data

The Initial data is provided based on the desired tespaed envelopéFigure 3.2) and
manufacturerdéds requirement s.-spéed mage of eperatios, only
imposed on the machine design, but in traction applications, the motor needs to take over the
high current demand in the intermediate mode of oper&ibom zeroup to base speed, in which
the maximum torque needs to be developed during a critical tiomeasstartup or over taking
time (about 3@ec). Table 3.1showsan example othe initial data in which the key parameters
will be used in further calculation$his data can be extracted fratasign requirements such as

torque envelope iRkigure3.2.

Table3.1. Initial Data

Symbol Parameter Quantity
Pro Continuous output power 45kW
Tem Peak torquén intermediate mode] 300 Nm
Tep Peak torquén continuous mode | 170 Nm
Yh Base speed 1800 rpm
P, Number of pole pairs 2

Ns Number of stator slots 48

Vo DC-bus voltage 600 V
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3.4 Assign Parameters

Some parameterseed to be assigned whieime important during calculations. However,

some of them can be modifieldiringdesign procesgi6];

1) Converter factor (k): Kyo is due to the limitation of available maximum voltage through

VSI. Generaly, Ky, is between 0.98 0 <€ 1. In this stug, K, is selected).98.

2) Magnetic loading'(  ): Bigm is selected based on the core type to provide enough flux
density without unwanted saturation. In this study, the tgre is M15 andBigm =1 Teslg

which gives enough boundabeforecoresaturation

3) Pole pitchtoaig a p r a tthis eatio(h&bk/a gtjong effect on the magnetizing coefficients
(Kam1, Kgma). It is obtained during sizing algorithm for a sufficient value of saliency ratio in
order to satisfy the geometrical and torque envelope eqoie nt s . I n this stud

obtained value of U/ g is (345).

Equationq3.1), (3.2), and(3.3) show the relations as follows:

0 0 0 (3.1)
0 0 0 (3.2)
,  — Yn§, —— (3.3)

Where daxis is thedirect and epxis is the quadrature axis of rotor reference frame gp@hd

Lqm are their corresponding magnetizing inductances respectively.
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4 St ack aspect r at ithisrgtie-leads td theUnachiBestegk<lengihltis 3) :
obtained throulg the sizing methodl'he higher ratio refers to longer stack length and shorter

pole pitch that is suitable for higher speed applications. Irsthidyya-= 0.9.

5) Current density (J)it can be selected from 3.5 A/mm2 to 8 A/mm2 for axial or avadlal
air cooled machinef46]. However, in traction applications, ®mploying an advanced
cooling system, a higher value would be applicable. This system is composed of cooling
jacket located around thauter surface of thestator coolant such as watgtycol or oil,
cooling pump, and temperature control devicesthatip® | i ed via vehicl ebs
According to this, the stator outer surface area and volume are two parameters that lead to the
machine cooling capacity at certain operating temperaturel(12® ) e c . Il n this
A/mm2 is assigned for continus mode of operation. It is increased to twice in peak torque.

Table3.2 showssummary of the assigned data

Table3.2 Assign Data

Symbol PARAMETER Quantity
6 Magnetic loading 10T

U/ g Pole pitch to air gap ratio 345

> Stack aspect ratio 0.9

3 Saliency ratio 10

J Current density 10 A/mnt
K Fill factor 0.7

Ke Carter factor 1.2

Ks Saturation factor 0.4

Kvo Converter factor 0.98
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3.5 Rotor Core Dimensions

I n order to obtain the rotor outer di ameter

Equations(3.4), (3.5), and(3.6) show this approachsing fundamentatomponentvaluese.g.,

B1am[43, 46].
° L (3.4)
Ty O__ —— (3.5)
0 ¢ - (3.6)

In the abovementioned equations, it is illustrated that the two ayameters are 45, and

Kqm1. Since the flux leakage is unknown, it may be necessary to assume the leakage inductance

(Lss) is approximately equal to theaxis magnetizing inductance ). This assumption helps
to simplify the solution process. It meahsit even if the actualgh is higher than the calculated
one, the torque and machineds p e r[43oThencdonec e

we are still on the safe side of the desig@onsidering this assumption along with substituting

t he assigned s ad¢quagom(83)givesa+t—i @ andthet Ig,)= 095 These

two key parameters can be substituted again(8#, (3.5), and(3.6) that consequently give the
pole pitch and the rotor outer diamete@n the other hand, the machingole pitch, pole pitch

to air gap ratio, and stack aspect ratio give the air gap and stack length respectively.
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The reason behind assigning the saliency ratio of 10 is that, from the machine performance
point of view, this vale is at the boundary of the two rotor types (ALA, TLA). Previously, it was
reported in investigationgl4, 45| that the saliency ratio higher than 1&8ndbe mostly achieved
by ALA rotor, wher easp it Howevdrlthd TUA typedsrpreferablesne nt s
many applications due to its simple manufacturing and lower iron Idestéte TLA type rotor
Figure 2.6b and Figure 2.7b, the laminations are identical and punched or cut in the traditional
way. Somet hin connections which are called ARiIi DboO
other axially and transversally. These connections maintain enough mechanical integrity in the
rotor structure against rotatiorextd magnetiéorces inhigh andlow speed ogprations.

General speakingnithis chapterachieving the desired torque profile while taking into
account the assigned saliency ratio, proper stake length, stator outer diameter, and converter

current limitations is the key in selecting therotortgpe d desi gni ng t he machi

3.6 Stator Geometry

Electromotive forces for all coils which are distributed along pole pitch are not the same.
Therefore, the torque includes all odd harmonics. In general, chorded pitch winding is a solution
to improve he torque quality. However, it has been reporte[B&h that, chording of the stator
winding in SynRM is not necessary to reduce the aogitof the lowenrder MMF space
harmonicavhen the round rotor with uniformly internal flux barriers is used. Becdhsdower
order harmonic generated fluxes are attenuate
themachinepower rating byd to 10%.Therefore, chorded winding neglectednd the chording

factor, Ky, is eliminated in (3.7) belowwh i ch gi ves t hefactorachi neds wi n.
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0 OE+TROEHL , 4 —— (3.7)

3.6.1 Ampereturns per Slot

The flux i n machineds magnetic circuit 1is
turns. In other word, we assign the magnetic loading such that the machine operates in the linear
portion of the magnetization characteristic. Therefore, the npajdr of the exciting ampere
turns is required to maintain the proper flux density across the aiEgaptiong3.8) to (3.10)

show approaches to obtain thegadomponentsand totalvalue ofthe ampereturns per slot

respectively{43].
€0 - (3.8
€0 €0 _ (3.9
NO) £§0 £§0 (3.10)
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3.6.2 StatorSlots Dimensiors and Core Size

In order to design the stator core geometry, all dimensions of the statonedut to be

obtained Figure3.4 shows the detail:

hs1 hs2

Assigned dimension

hs;=1 mm
hs,= 2 mm
bss= 3 mm

(a) (b)

Figure3.4. Typical dimensions of the stator slaf) and wedge area (b)

The amperdurns per slot and pole pitch allow calculating the useful areaskditch

throughequationg2.11) and(2.12) [43].

0 — (3.12)

t - (3.12)

Equationg3.13) to (3.15) yield the dimensions of each slot as follows:

® —te

T (3.13)
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S
O]

(3.14)

~

(ORI () (3.15)

In order to reduce the air gap flux pulsations, it is quite necessary to select minimum possible
dimensions foslots opening. Therefore, in this study bss = 3mnxTmem, and hs 2mm. On
the other hand, shand Rk, will be identical if rectangularwire is used Consequently, the fill
factor and heat transferring capahncreasedylt fr om
should be noted that, according to the wire gage standards, if the calculated gage of the flat wire
i's not avail abl e, some modifications might b e
gage can be selected. In this condition,tkesn s | ot 6 s area has to be ve
useful area in order to maintain the assign current density.

Stator backron or yoke width can be obtained throu@l6) in which the yoke flux density,

Bss is considered to be 70% higher than the air gap flux density.

o J— (3.16)

Now, all parameters that are required to calculate the stator geometryalatdated

Therefore, the stator inner and outer diameter can be found(@siipgand(3.18).

0O 0O ¢Q (3.17)

O 0 ¢ 0 O 0 (3.18)
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3.7 Machine Parameters

In order to analyze performance of the proposed machin@lb¥EA, its electric and
magnetic parameters need to be identified. According to the approaches outlined below, the
mach neds di mensi ons, initial data, and assigne
required parameters as a function of the number of conductor turns pénsslpd3, 46].

Thereforensis one of the key parameterstiredesign.

3.7.1 Phase Resistan@nd Inductances

The leakage inductance can be expressed (@sli9).

0 Ot R0 & & @ (3.19
Where;
_ e — (dots permence
(3.20
_ 2 a @ T
a - (stator end windindength)
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Substituting all data int@.20) and then the resultant in¢8.19) yield the leakage inductance

as in equatior(3.21).

0 yd v pyp T € (3.22)

Equation(3.22) shows the phase resistance as a function iofwhich” ¢& p 1T gqm

is the copper resistivity.

Y "a0RE — where; & ¢ 0 @ (3.22)

Consequently, we can express the phase resistanc€34&3)n

Y o wcpm €& (q) (3.23

For uniform air gap the magnetizing inductance can be expressed in e@B24pn

0 ¢ tb—mm— (3.24)

Consequently, we caalso define the magnetizing inductance and #g domponents as a

function of n as follows
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0O x®&¢ppm & (H)

0 opoomwpTn ¢ (H) (3.25)

0 eV LP T £ (H)

As previously mentioned, to simplify the solution process, tagig magnetizing inductance
is considered equal to the leakage inductance. However, it is abigges. Therefore, we can

express the-d axis inductance of the machine as in equat8:126).

(3.26)
O x®&cpEepm & (H

O x®d¢ppm ¢ (H)

3.7.2 Number of Turns per Slot

The number of turns per slot depends on the available voltage across the stator phases. It is

varied based on the stator connection and the converter type. Since in this study the machine has
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ddta connection and is assumed to be supplied by a SVPWM power consapply voltage

canbeobtain as in equatiof3.27).

o 2o o (3.27)

In order to identify g the machine equivalent circuit and its relevant vector diagram at base
speed areusel to def i ne t he machi neds mat hemati cal
Considering the makgdare2vdewescanwededs thekage equaions as,

follows:

1 10— (electrical speedrad/3 (3:28)

Substituting the values of-gl components of thampereturns from (3.8) and (3.9) into

(3.28) yields the number of turns per stator sibthe conductowhich isthe key in identifying
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al |l machi ne0s .rThogaparametdrhapeabeespreeidusdyrckaracterized as a

function ofns. Thereforens= 9.54 turnswvhich can be approximated as= 10 turns.

Table3.3 shows a summary of the design specifications of the proposed madhatewere

obtained through the design process based on the sizing method:

Table3.3 DesignParameters

Parameter| Quantity Parameter Quantity

0 191.4 mm R 0.3256
L 172.0 mm Lqg 73.2 mH

g 0.6 mm Lg 7.3 mH

Do 244.0 mm lgm 16.10A

bis 8.0 mm lqm 50.91 A

b1 8.4 mm Im 53.40 A

hs 15.0 mm lapn(¥ o 6.40 A

hes 30.0 mm Lgph 1) 64.08 A

D 245.2 mm Long® ) 64.40 A

Dso 341.2 mm NI 533.99 A.turns
Volume | 15.70 dm Lo s 0.855 mH
dcost|0.7938 ¥/ ¥ 1.85

Ns 10 turns Von 462.2V

Weo 10.77 kg W, 51.40 kg

Peo 2578.6 W Pi 488W
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3.7.3 Electromagnetic Torque arfgpeed Range

The maximum torque developed by the eleatrnachine is a major requirement in traction
applications. This parameter is basically defined in torque envelope ofpdivertrain
(Figure3.3a). Hence, it is expected to be developed by electric machine and remain copstant

to basespeed. We can express the machine torque production as in e¢82en
'Y p® 0 0 00 (3.29

Using the required data frofirable 3.3 yields Tem = 324N.m. Sincehe machine is supposed
to be designed to develop 300 Nm in intermediate mode of opengido base speed, the
difference between calculated and assigned torque can be adjusted by supply voltage and phase
current. On the other hand, it may be necessary to make another adjustment on the supply
voltage with regards to the approximation on calculated@herefore, the new phase voltage and

current that can be used in further calculations are;

® " Tude - — T & © (3.30)

O uve — va@& O (3.3))

The maximum speed range, the corresponding phase current, arglgtsrgponents can be

expressed as followhe results are included irable 3.3);
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o (332

o 0 — (3.33)

The product of power factor and efficiency over speed range is a leading parameter of the

SynRM to justify the machinedbds performance wi

-—wéi — (3.39)

As is illustrated in equatiofB.34), the efficiency and power factor depend on each other.
Their product remains constant at any operating spegjl dver speed rangeand is
corresponding electromagnetic torque)(TThis mean improving one can decline the other.
Therefore propervalues for both parameters damprovethe machine performance with regards
to output power and losses and lead desgpioeselect the machine control strategy of maximum

power factor or maximum effiency techniques accordingl28, 30, 31].
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3.8 Proposed MethodValidity and Evaluation

The dimensions, electrical, and magnetic parameters of a 45kW SynRM were identified
based on the proposed sizingtimodology. To validate the sizsbtained through the design
processas well as evaluation dhe ma ¢ h i periorénance, a comparisdretweenpreviously
examined machindatawith the same characteristiaad 2DFEA using designed parameters are

performedasfollows;

3.8.1 Comparison of the Designed and Examined Machines

The performance of a 45kW SynRM with the same characteristigs rated power,
maximum torque, pole pairs, and number of stator slots has been examined and reported
previously in[35]. Table34shows the tested machineds speci
compared to the parameters of the machine which is designed using analytical and FE method
trough the sizing algorithnThe volurne ratio of two machines, ¥, = 15.7/15.9, indicates the
size of the designed machinewvery close tothat of the reference machiGe$V aio = 0.987).
Furthermore, two dimensions i.e., stator outer diameter and stack length that may be the major
limitations of the machilesi ze i n todayds compact EVs and H
thereference machine sufficiently, this confirms the validityhafproposed method.

It may be noted that thienal geometries identified through this method are not unique and
the proposed method is quite flexible to adapt to proper initial elgta stack aspect ratio and
pole pitch to air gap ratio, in order to introduce the machine with longer stack lengtheor larg
bore diameter while the stack volume remains constant. Besides geometric limitations, these two
parameters are important in traction applicat

and dynamic response. The longer length refers to fastemdgrresponse and lower starting
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torque whereas the larger bore diameter exhibits higher starting torque and slower dynamic

response.

A

consi

derabl e

di fference

S

ndi

that distinguish the design for ttgon from industrial applications. This is due to higher current

density (L0A/mm) and magnetic loading (¥5l3 assigned for the proposed machine. These

ca

lead to shorter teeth and smaller yoke size and consequently, larger rotor diameter and higher

torqueproductionat the same phase currefbday, electripowertrairs equipped with advanced

cooling system, allow electric machines to operate with heavy current loading to maintain the

maximum torque and power requirements at different modes of operation.

Table3.4 Comparisorbetweerthe Parameters of thReferenceand Designed Machines

Parameters of 45kW SynRM Reference | Designed
Stator outer diameter (mm) | 340 341.2
Stator inner diameter (mm) | 199 245.2
Rotor outer diameter (mm) | 197.76 244
Stack length (mm) 175 172
Stack volume (dn) 15.9 15.7
Air gap length (mm) 0.62 0.6
Number of poles 4 4
Number of stator slots 48 48
Maximum torque (N.m) 300 301.6
Torque ripple (%) 10 12
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3.8.2 FE Analysis andResults

The finite element analysis (FEA) is necessa

performancs in different modes of operation. The geometry of the machine which is designed
through the proposed method has been modified properly in order to be u2&dHBA
software. Since the rotor optimization techniques isdmxtussed irthis chapter a TLA type
rotor with four layers was adapted 18, 19, 21, 25, 36, 41, 42, 47]. The geometry of the rotor
lamination has been modified several times to meet the maximum possible saliency ratio and
output torque and then, the proposed machine with proper rotor geometry was exankiiéd by
to evaluate its performance.

The simulations are done using current source operation to realize the machine performance
at different loads. The circuit diagram of the simulation is showfigare3.5 in which (k,12, I3)
are the current source inverter supplys, (R, Rs) are the end winding resistors,(IL,, L3) are
the end winding inductances, and,(B,, B3) are the magnetizing deiincluding resistance and

inductance.

Z1 I

Figure3.5. Circuit diagram of the current source simulatimethod
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The single pole mesh profile of the proposed machine is showrigure 3.6. As is
illustrated, due tothe dynamic behavior of the rotor versus the stator, the airhgepbeen
model ed based of two | ayer anteleromagnetic gatareeterma c h i |
such as theelectromagnetic torque, electromotive force, and flux depend on the drsgap
characteristicsa very fine meshwasdefinedin the air gap area tamproveaccuracy. However,

thisincreasesomehow the simulatiomte.

To identify the effects of saturation and increase the accuracy of the FE calculations at the
critical points such as stator teeth, tangential ribs, and radialatibhe corresponding region

have been modeled fiye mesh
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Figure3.6 Single pole mesh profile of the proposed machine.
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Figure 3.7 showsthe d-axis flux distribution and Figure 3.8 shows the torque profile versus
rotor position of the proposed SynRNhe machine is simulated under direct current control
while theDC-bus voltage is 600v and the current @sdngle @ in Figure2.4b) are adjusted at
220A and 32 degrselectrical respectivelyRefering to Figure2.4b, the relation betweed i,
and the rotor anglé can be describedas/ 2+ U = d +and leads tortieitosqueg i v e s
charactestic while taking into account the rotor angle which can be obtained thtbaghE A
(U=1Wwhedi =32 - Hdestrieqgal ¥y ed, itdcan3b2+cabDcu
t her ef o eGo®Bpard.t o «dis easier to be controlled duringettFEA because,

information of the d and-gxis parameters are not required.
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Figure3.7. D-axis flux density and distribution at base speed (continuous mode).
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Figure3.8. Torque angle characteristics of the proposed SynRM in intermediate.mode

As it is illustrated inFigure 3.8; the machine equipped withrotorconstructed by layersis
capable of developingequiredtorque (300N.m) at the base speed with low rigfa2%) This
situation is compatible with the ErMmediate mode of operation uesiredtorque profile
(Figure3.3a). Since the machine is supposeaperate in low speed with maximum torque, the
dominant loss would be the stator copper loss that imposes tehigkrature shock the stator
winding. In traction applications, an advance cooling system whidhtégrated in vehicle
cooling system andomposed of coolant such aaterglycol cantransferheat from stator body
sufficiently and regulate the temperature at its rated. These results cdhftrthe SynRM

which is characterized by the proposed algorithiwapableof meeing the torqueprofile.

As it was previously mentioned, from ¢teon application point of view, the maximum
developed torque at base speed and the maximum output power at maximum speed are two

crucial operating points.
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Figure3.9. Input powerspeed characteristaf the SynRM.

Figure 3.9 shows themachineinput power characteristicheyond themaximum speed
(1800x1.85=3300rpm ,=£800rpn). According to eqation (3.32), the speed range is 1.85
within which a constant poweoperationusing vector control techniqus expectedReductiors
in both saliency ratio and power factwill degrade the machine penfeanceat speed higher
than the desi gn e ¢ 3300pxiamliuedue the iepatdoowersignificantly
Therefore in order to deliver 45kW on the shaft at 5000rpm in continuous mode of operation
(Figure 3.3a), we need to design the machine with higher power rating (63kW). This is another
reason why the SynRN4 bigger than the PMSM with the same power rating.

Figure3.10 shows thathe performancef the SynRMis sensitive to air gap lengtin order
to achieve a higher T/A (torque per ampeeeshorter air gap lengtis requred However,
higher air gap lengtis limited bythe converter rating due to tifeéct that themachineneeds to

draw morecurrentat the same torque.
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Figure3.10. Torquei current profile of the SynRM for different air gap lengths.

Figure 3.11 shows the characteristics of the flux versus phase current for different rotor

posi ti ons, nieéhdngal in Stagionarybrdference framdich is also called magnetic

curves. In ordr to evaluate the machine performance in continuous mode of operation, the phase

current information is necessary. Reiieg to Figure 3.3a, continuousmode of operation, and

Figure 3.10, the machinewith 0.6mmair gapneedsto draw 90A125A to satisfy the torque

requirement (94460 Nm). As is illustrated inFigure 3.11, whent h e

rotor

mechanicalthe mabine can operate around linear part of magnetic curvelehds to less

saturationandh i gher

s al

ency

rat.

o .

ASs

opposed t

the machine operates in the nonlinear region and it is expected to have lowerysalien

caused by saturation. Therefore, the designed machine is capable of satisfying the desired torque
envelopeFigure 3.3a when the rotor position is adjustatl5 4 e .

the rotor position in SynRM operation.
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Figure3.11. Magnetic characteristics of the SynRM for three different rotor positions.

Figure 3.12 shows the torqueurrent angle profile of the SynRM at maximum current
(220A) during intermediate mode of operation in which the developed torque is maximized when
the current angle «) is ajusted at 32 electrical degrees. The current control technique is
necessary to control the machine from zero up to base speed when it operates as traction.
Therefore, the knowledge of thgroper current angle is necessary to maximize the torque
magnitude This angle is not a unique parameter. It is curdgpendent and varies with respect
to the magnitude of the phase current. This is due to the fact that, for a specific rotor, the saliency

ratio is not only sensitive to rotor position, but it also dep@emgphase current.
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Figure3.12. Torqueicur rent angle («i) characteri

Figure 3.13 and Figure 3.14 show the saliency ratigersuscurrent ratingsand the dq
inductances of the proposed SynR&spectively.The importance of the results Fgure 3.13
are that the saliency ratio of 10 can be achideedurrent ratingn continuous mode (100A)
while the rotor position is aligned at the proper angle (54 mechanical degrees). This yields
maximum power at maximum speed in continuous mode of operation which is compatible with
vehicle highway driving schee It has to be noted that theeviouslymentioned operating point
and saliency ratio are two leading parametBrgure 3.3a, Table 3.3) in the sizing method. On
the other hand, the rotor alignment which can be practically defined by the current angle is the
key parameter irachieving the proper saliency ratio in different current ratings or mode of

operations.
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3.9 Prototype and Experimental Results

In order to evaluate the method, a 7.5hp SynRM has been designed and manufactured. The
design specificationsvhich have been characterized by theposedsizing methodare
summarized inrable3.5. An existedDC machine rated at 3400rpm, 50A, and 258¥elected
to be connected back to badk the proposed machine amechanicalload. Theprototype
machine operates as the prime mover and designedwobdse speed (850rpm) to avoid over

speed issues itne DC machine duringhetestprocedure

Table3.5 ThePrototypeDesignSpecifications

Parameters Quantity
Rated power 7.5hp
Peak torque 60 Nm
Ratedvoltage 230 o
Air gap 0.4 mm
Magnetic load 08T
Stator outer diameter 204.8mm
Rotor outer diameter 134 mm
Stack length 200 mm
Standard frame IEC132(208, 200mm
Number of pole 4

Number of stator slots 36
Number of turns per slot 25
Number ofrotor internal layers 4

Rated current 20A
Stator slot opening 3 mm
Shaft diameter 43 mm
Winding type distributed
Minimum/maximum rib width 1/1.5 mm
Skew no

Caoil pitch full

Core steel type M19

Max speedelectrical limit) 2400 rpm
Base speed 850rpm
Saliency ratio 5
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3.9.1 Prototype

The rotor was design by four poles and four internal layers which is shokigure 3.15.
The rotor geometry has been modified according to the design criteria discus38® ito
improve thema ¢ h i nragnétis performanc& he stator windingare desigred by two layers,
18 and 7 turns per sloto verify the effects of the number of turns per slot on the maghne
performance which will be discussed @hapter 5 This gives the possibility of operatirige
machinein 25 and 18 turns per slabnfigurations In this chapter, examinatisrhave been
carried out using the statarinding with full turns @5 turng per slot. Figure 3.16 shows the
stator frame, core, and windingsfore finishingsolations and final paintind-igure3.17 shows

details of the encoder installationthe shafto measure the rotor position.

Figure3.15. Prototype rotor and laminatiofrem M19 steel.
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Figure3.16. The stator windings.

Figure3.17. Installation of the encoder on the shaft.

3.9.2 LoadTest

The proposed machine was examined utigeload testat different speed ithe steady state

as well aghe Multi-Static test inthe locked rotor condition To prevent over current issues due

89



to the low speed operation of the DC machine, the test hasdesgarmed at 40% of the

nominal loadFigure3.18 shows the experimental setup.

1 (8]

Line converter

| ST
| 7.5hpprototype
E BT

Figure3.18. Experimental setup using back to back DC machine as the load.

The goal of this examination is to verify the proposed sizing methbdation Hence, the
important performance characteristics of the prototype i.e., the torque profile, maximum power,
and the saliency ratio has been characterizbd.load test has been performed at 40% of the
nominal power. This helps to limitover current of ta DC machinen low speed operatign
Figure3.19 shows the torquand power profile®f the prototypeat 90A which weremeasured

in steady state.

As is illustrated,the machinetook over42% of the ratedioad 27.3Nm and 2300 W,
successfully a®.0A and820rpm which isquiet close tahe desigrbase speedlhe maximum
speed at which the constant power operation is termimatedecharacterized at1450rpm. The
speedrange of 1450/%0 is less than the design requiremerttis confirms low speed range
operation which isa potential issue of the SynREbr traction applicationsThis will be

discussed irChapter 5The measured torque and power which were characterized sti@#s
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that the machine is capable of handling more load and developing more torque at rated current

which is designed based on&0
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Figure3.19. Measured torquespeed characteristic of the proposed machine.

3.9.3 ThelLockedRotorTest

To verify the machin@ peak torquethe Multi-Static test has begmerformeddue to the
previouslymentionedimitations d the load (DC machine)n this test; the rotor is locked, a DC
current pulses equivalent to the rated curren
and the output torque would be measuwatdifferent rotor positiongzigure3.20 andFigure3.21
show the locked rotor setup andmeasuredoutput torqueangle charactestics at the current
corresponding to thbase speed (850rpmgspectively As is illustratedthe trendine which is
extrapolated from the output torque data confirms the prototype machine is capable of
developing 60Nm at 74° and 41° of the rotor positand the peak torque of 70Nm can be

achieved aabout 61°.
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Figure3.20. The locked rotor setup for torqaagle characteristic.
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Figure3.21. Measured torquangle characteristic of the prototype.

To identify thema c hi n e 6 satiostleeldpg axis mductanceshave been measured at
different current loadingandrotord properanglecorresponding to the maximum torquesjng

the AC testin the locked rotor condition In this case the rotor has been locked before torque
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transducerFigure 3.22 and Figure 3.23 showthe corresponding-q axis inductances. The ratio

of 4.58 (275/60) can be obtainatd9.5Awhich is 9% lower thathat of thedesign specification.
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Figure3.22. Measured gxis inductance of the prototype for different currents.
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Figure3.23. Measuredi-axis inductance of the prototyjer different currents.

The most important parameters which have been targeted through the sizing method are
summarized infable 3.6. As illustrated, the experimental results show good agreewitdnthe

design specificationsrhis confirms that; the proposed sizing method can be used as a fast and
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reliable approachto identify proper size of the machine correspmigdto the design

requirements.

Table3.6 Comparisorof the PrototypeandDesignedviachineSpecificatiors

Parameters Measured Designed
Peak torque (Nm) 60 70

Peak power at base speed (W) 5670 5500
Saliency ratio 4.58 5

Base speed (rpm) 810 850

3.10 Summary of Chapter 3

This chaptediscussedhe proposed sizing methodology and analytical degigeessof a
SynRM for traction applicationsthrough whichthe stator geometry, rotor outer diameter,
machineds el ectrical l.a.n dhductareas,n eesistances, pvandiagme t e f
specificationsas well as the output functions such as maximum torque, power factor, and
efficiencywere identifiedThe pr oposed appr omahbmaticahodelid,he mac
the equivalent circuit, vector diagram, and mathematical equations in conjunctichenithial
data, desired torque envelope, and assigned paranfgresed sizing method was evaluhte
successfully byomparison betweeRE analysis anéxperimentatestresults It was shown that
this method can be sufficiently used as a fast and reliable procedure to identify the most
important parameters of the SynRM based on the design specifecaltoerefore,it can be

performedprior totherotor geometrylesign and machirfeal designprocedure
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Chapter 4 Electromagnetic Torque Analysis

A major requirement in various industries, such as automotive, is for electrical machines to
have high performance drlow price. In order to enhance the performance of a synchronous
reluctance motor for automotive applications, it is desirable to minimize torque ripples which
may cause troublesuch as noise or unwanted machining patterns. Such torque ripples are
predominantly caused by rotor and stator slot harmonics and depend on the position of the stator
slots opening relative to the rotor slots. Although several solutions have been priopezhae
torque ripples, several magnetic, mechanical, and electrical limitations remain as obstacles to
achieve a proper design witesiredtorque. Thischapterpresents a geometrical method to
identify a proper rotor slot pitch angle and their finakftuning for minimizing the torque ripple
using a given core material when the machine is equipped with transversal anisotropic laminated
rotor (TLA). Furthermore, a novel rotor core design and assembly with cold rolled grain oriented
magnetic material iproposed to investigate further improvement to the motor torque quality for
traction applications. Prototypes with different rotors have been fabricated and examined. The

results are compared to the finite element analysis for evaluating the methods.
4.1 Intr oduction

Despite having superior merit$6, 48], SynRMsuffers from higher torque ripple compared
to thelM and PMSMin traction applicationswhichis its inherent characteristic caused by the

rotor anisotropistructure(Figure4.1).

95



Flux Barrier (Rotor Slo..t‘)“
r ™~

/ Flux Carrier™._
N

= ’ .
Stator Slot ™,

™ /
/ Y,
L

TN
-~ AN

g / B : Stator Sldt_}’i’[ch

o : Rotor \‘Sl__ot Pitch

o< ﬁl‘".‘

Figured.1. Generaperspectiveof the rotor and stator slot pitemglesin 4-pole SynRM.

A methodology folow torque rippleSynRM based on the concept of positive and negative
complete rotor geometrjl9] and a design criteria of high performance SynRM with higher
torque per current capabilifyt8 have been reported and considered as the foundation of many
further investigations. Intensive warkave been performed on torque harmonic compensation
methods[37] based on the rotor flux barrier desifgb] and sensitivity analysis of the rotor
barriers[49]. It has been shown that the chording pitch method for stator winding is not
necessaryand a distributed muHayer rotor is capable of eliminating thew order slotting
harmonics from electromagnetic torqu, 35]. To achieve a proper design of the SynRM, the
magnetic performance related to the rotor geometry needs to be improved. This has been

reported in different investigations recer|t®p, 47, 50].

Today, compactness and efficiency of the passenger vehicles imply that the size and weight

are the dagn limitations. Thus, more attention needs to be paid to the type and size of the
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traction motof9, 39, 51, 52]. In thischapterthe torque quality of SynRM consist of the average
torque and torque ripple is investigated. A geometrical method based on rotor and stator slot
pitch angle is presented to minimize the torque ripple which can be generalized to any SynRM
with different number of stator slots and rotor flux barriers. A nowébrrcore design and
assembly with cold rolled grain oriented magnetic material (CRGO) is investigated for further
improvement to the machine torque for traction applications. A 7.5hp prototype with different
rotors ismanufactured andxamineglthe resuk are compared to the finite element analysis for

evaluating the methods.

4.2 Torque Ripple Principles in SynRM

In SynRMthe electromagnetic torque is produced by interaction between air gap flux and its

corresponding magnetizing current as is expressgtil).

(4.)

Wher emimP,amd b are the machi nemagnetiigcumrentnb er |,

and their corresponding angle respectively.

In general, the main sources of torque ripple in SynRM are categorized into two types;

1) Low order MMF space harmonics caused by-smusoidal stator current

2) Slots harmonics caused by Roniform air gap

Internal flux barrier distribution in rotor structure impli@sinusoidal magnetic motive force

(MMF) and its corresponding phase current and mainly minimizes the torque pulsation of the
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first category. Therefore, adjusting the winding fadbyr chording the winding pitch is not
necessary35]. Chordingreduces the output power consequently, increases the machine size,
weight, andcost that are not desirable for automotive applications. If the torque harmonics of
type one areminimized the torque harmonics amplitude are directly dictated by the flux
harmonics caused bthe slots effects and neaniform air gap which depend on thetar
position. Takng into consideration the first harmonic of the torque ripple due to the rotor and

stator slotting(4.1) can be modifiecs follows[36, 40];

foxi)
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Where;ay, o sigaretheey axi s fl ux and current respect.i
additional term is added to the torque equation that represents torque pulsations. However, the
average value of this term remains zero. Considering dependetfoyd€ inductances on the

rotor position, which is expressed(ds3), the torque equatiom (4.2) can be rearrangexk(4.4).
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where, ¢ is the number of slots per pole per phase.
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Equation(4.4) shows that the torque ripple has two components. The first component which
is proportional to the average torqu@qfi caused by oscill ation of Ce¢
flux component (Lg). These two oscillations create a considerablgations of dg inductances
( L doiespectively. However, these can be reduced by skewing of the stator or rotor slots.
The second component is due to the stadgor anc
and an additional torque ripple whimeeds to be minimized for high performance SynRM in

electricpowertrain This is one of the objectives of this studythis chapter

4.3 Rotor and Stator Slot Effects

The principal of the torque pulsation relative to slot harmonics lays on the facinthat,
SynRM the rotor is forced to be aligned with the minimum reluctance by electromagnetic field.
Any change on this alignment causes variations of stored energy at the slots opening area in the
rotor and stator, results in changes in their equivalemtnergy. These variations which depend
on the rotor angle are the potential sources for creating torque pulsations. Eq{4efjoaad

(4.6) show the analytical expression of theartergy and its effect on the torque rip[36];

W — w (4.5)

Y (4.6)

ar
Where; Vi s t he volume of the regi o0n,isdhe toiquet er e st

pulsationamplitude

As is illustrated in(4.6), in order to reduce the aboweentioned torque pulsation, the
variation of ceenergy versus rotor position needs to be minichifzuringthe past recent years,

an intensive works have been performed and many investigations have been reported to improve
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the SynRM torque ripple. From an automotive applications point of viewsécisonpresents a

new look at the torque ripple minimization in which the concepts of either rotor or stator slots
pitches as well as the number of rotor internal layers as an important geometrical parameter, are
taking into consideration Moreover, a final fie tuning method is discussed to gain further
improvement to the machine torque quality. Due to the parametrical nativeagproach, the
methodcan be generalizd for different desiga with various numbers of rotor and stator slots

and rotor internal €lx barriers.

4.4 Torque Ripple Analysis Based on the Rotor Slot Pitch

Compactness ipowertraind e si gn i n todayés automotive i nd
power density of the electric machines. Therefore, torque ripple minimization using chorded
pitch winding and skewed rotor or stator, that cause reduction in output power and torque by 5

10 percen{35] and simply increase the size, weight, and cost are not desirable.

4.4.1 Geometrical Method Criteria

Rotor and stator slot pitches ansingle pole of a-fole, 36slot stator, and-4ayers rotor are
shown inFigure4.1 and zoomed ifrigure4.2 in which R, and S, are the rotor and stator slots
width respectively.Referring tothe SynRM operation principal, when the stator core are
magnetically energized, a magnetic flux wavefosmproduced and the rotor attemptshbi®
alignedwith the direction of the minimum reluctance. This is achieved by displacing the rotor d
axis until alignment of the magnetic fields i

rotary motion othe rotor at the same speed as the rotating magnetic field.
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Figure4.2. Presentation of the rotor and stator slots pitch angle.

Refering to Figure 4.1, the geometry of the rotor lamination is designed such that, for all
barriers, when one end of a given barrier moves towards the opening of a corresgtatding
slot, the opposite end of the barrier moves away from the opening of a corresponding stator slot.
In this manner, during operation of the motor, a negative torque pulsation is generated by the end
(er) while a positive torque pulsation is at thengatime generated by the end)(ef the barrier
leaving the opening of the corresponding stator slot. The positive and negative torque pulsations
in turn cancel each other, thereby reducing the total amount of torque ripples generated by the

rotor and stior slots mutual effects. Thus, average torque is also maximized.

Figure4.3. Rotor slot pitch angles of different rotor flux barriers.
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As is shown inFigure 4.3, in order to achieve such reduced torque ripple characteristic, the
angular spacing between two neighboring barriers ends needs to be set to a predetermined value
which is callel rotor slot pitch. It is easier to define the barriers end position by translating the
rotor slot pitch from an angular space to an angle relativeatasdfigure4.2). The ends of the
barriers may then be aligned relative to each other and to the stator slots at the rotor slot pitch
angle correspondingly. In addition, each barrier ends are necessary to be designed with the same
width as the stataslots opening. Mathematical definition of the proper rotor slot pitch angle has
been developed considering the number of pole pairs (P), the number of rotor internal fgyers (n
the number of stator slotsg{nthenumber of rotor slots )y the statoslot opening width (&),

and the rotor slot end width {gwhich is expressed i{#.7).

pyTm p
£ & v

Amongst the abovenentioned parameters, the number of rotor internal layers which can be
characterized by the number of flux barrier has strong role in average torque and torque ripple.
Minimizing interaction between éhstator and rotor slots is the key in designing proper rotor
geometry for high performance SynRM. As is reportefil®j, to achieve a low torque ripple
characteristic, the number of rotor slots needs be specified based on the given number of stator

slots as in4.8) where, both pand n must be even.

& & uT (4.8)

Therefore, considerin@.8), the proposed conditiocan begeneralizd by (4.7) for different

rotor geometries.
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4.4.1.1 Different Rotor @ometries and Selection of the Reference Machine

As is shown in(4.7), to achieve a lower torque pulsation, the rotor slot pitch angle needs to
differ from that of he stator. Rotor slot pitch angles are characterized (4idgand (4.8) for
different motors with various internal layers and slots end width when two numbers of stator
slots (36 and 48) are taking into consideration forppke machine, the results are summediz

in Table4.1.

Table4.1 Rotor Slot Pitch Anglefor Different Desigis

Parameters
N Ny n Sso Rso U b
- - - mm | mm degre | degree
e
3 7.5
24 3 3 2 8.2
1 9.0
3 8.0
36 |32 |4 3 2 8.6 10
1 9.2
3 8.3
40 5 3 2 8.8
1 9.4
3 6.0
32 4 3 2 6.4
1 6.9
3 6.3
48 |40 |5 3 2 6.6 7.5
1 7.0
3 6.4
48 6 3 2 6.7
1 7.1

According to4.4.], the worst case with respect to the torque ripple production is when the
rotor and stator slot pitch angles are identical. In this circumstance, the torque pulsations
produced at the ends of each barrier are either positive or negative when they mogs towa
away the stator slots opening respectively. Therefore, they boost each other, results in the highest

torque ripple on the shaft. Referring to thable4.1, to evaluate the method, a machine rated at
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7.5hp with a stator includg 36 slots and a rotor with 4 internal flux barriers is selected as the
reference. In this manner eithét.7) or (4.8) are satisfied.Table 4.2 shows the reference

machinebs specifications.

Table4.2 ReferenceMachine Specifications

Parameters Quantity
Rated power 7.5hp
Peak torque 20 Nm
Rated voltage 230 o
Air gap 0.4 mm
Magnetic load 08T
Stator outer diameter (frame IEC132)| 208 mm
Rotor outer diameter 134 mm
Stack length 200 mm
Number of pole 4
Number of stator slots 36
Number of rotor internal layers 4

Rated current 20 A
Stator slot opening 3 mm
Shaft diameter 43 mm
Winding type distributed
Minimum/maximum rib width 1/1.5 mm
Skew no

Coil pitch full

Core steel type M19

Max speed (electricdiimit) 2400 rpm

Since the aim of current study in this section is to verify the mutual effects of the rotor and
stator slot pitch angle on the torque pulsation, the rotor geometrical parameters such as flux
carriers and barriers width, shape, and the radial and tangesiakidth have been designed
such that to obtain the maximum possible saliency ratio and output {@rgu®, 51], which is
not described in detail in thisection. The proposed machine with proper rotor geometry has

been examined by FEA to identify its performanités while different alternatives of the rotor
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slot pitch angle and flux barrier ends width are taking into considerdtienthe subject fothe

next section.

4.4.2 Computer Aided Analysiand Results

Simulations have been performed using current source mode of operation and lumped
parameters. Due to the symmetrical nature of the rotor and stator geometries, the machine
operated for 45 degrees maaircal to verify its performance for different rotor geometrical
specifications. As opposed to voltage source operation, this method eliminates the effects of
current harmonics on the output torque, results in a torque ripple caused by the no uniformed ai
gap that is only dictated by the rotor geometry. The circuit diagram of the simulation is shown in
Figure4.4 in which &, I,, and § are the current source inverter supplieg, R, and R are the
end winding resistors, 1L L,, and Ll are the end winding inductances,, B,, and B are the
magnetzing coils including resistance and inductance. The geometry of the reference machine
has been coded in the software. The software is modified to obtain full control of the rotor and
stator geometries. All parameters are kept the same for different tltesnexcept the rotor slot
pitch angle and ends width.

— S — e o

R2 L2 B2

R1 L1 EB1
z1 bl

=M=

R3 L3 B3

R4

Figure4.4. Circuit diagram of the current source simulation.
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4.4.2.1 ReferenceMachine Performance

As is previously discussed, an equal ra@od stator slot pitches is the condition in which the
torque pulsation is maximizedrigure 4.5 showsthe single pole configuration of the machine
where, the stator slot openings and the rotor barrier ends are the same and equal to 3mm. FEA
results inFigure4.6 show poor torque qualities with respect to the torque ripple in which 72.1%
ripple (Peak to Peak) at the average of 26.9 Nm for either high or low current are evidenced. In
this figure the machine operated for 45° mechanical degrees at base speedrasdlthbave

been translated to time domain for torque ripple harmonics analysis.

v

Figured5. Locati on of the barriers er
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T (av)= 26.9 Nm, Ripple Fundamental (213.4Hz) = 0.3534
T
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Harmonic order

Figured7. Tor que ripple harmonics fo

As is illustrated inFigure4.7; the third to ninth order harmonics have strefigctson the
torque pulsation. Amongst them the fourth and fifth harmonics are dominant compareB® the

component that represents the average torque (26.9 Nm).

4.4.2.2 Effects of the Rotor Slot Pitch Angle

To evaluate the rotor barriers end adjustment scheme bas@d7pnthe geometry of the
rotor has been modified as is showrigure4.8 in which the rotor slot pitch angle is 8 degrees

(Table4.1).

Figure4.8. Location of the @&rriers
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Figure4.10. Torque ripple harmonics

The FEA results of the new rotor barriers end arrangement show considerable reduction in
torque ripple. As is illustrated iRigure 4.9, the torque ripple is reduced to 16.4dkich is 78%
less than that oh Figure 4.6 with the average of 27.6 Nm. To validate the results, the torque
harmonics is shown ifrigure 4.10 correspondingly. As is illustrated, the magnitudes of the
dominant harmonic are reduced from 1600% to 275 % and the ninth order harmonic mostly
removed. These results confirm that; usidg’) f o r SynRMés rotor barri e
allows designer to reduce the magnitude of the torque ripple significantly. However, the low

order harmonics (g&7) are still produced.
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High torque operation in traction motors occurs in short transient tim&@k2c.). From a

traction point of view, to verify the effect of the different rotor slot pitch angles on the proposed

machi neds

and at maximum speethat is compatible with high speed operation and maximum power

performance,

(cruising mode). The results are summarizedable4.3.

t

S

far enedaumtergue(i5A)t o

Table4.3 Proposed Machine Performance with Different Rotor Slot Bgich

Unit b = 10A alternatives
degree V] 75 8 85 |9
Nm Average torque 17.6 176 | 175 | 174
% Torque ripple 15.5 16.4 | 10 21.9
A Phase current 15 15 15 15
Nm/A Torque/Current 1.17 1.17 | 1.17 | 1.17

As is shown inTable4.3 andFigure4.11; the torque ripple has been reduced to 10&akP

com

Pealk) as the rotor slot pitch angle was adjusted at 8.5 degrees. It is while; the average torque did

not change considerablyigure 4.12 also confirms redumn of the low order harmonics

magnitude in the machine torque. The importance of these results is that; the rotor slot pitch

angle adjustment can reduce torque ripple significantly without any considerable change in

average torque and output power. Furtherm@t&) is a fast and reliable approach to find the

proper rotor slot pitch angle. Alsfinal fine tuning may be necessary to find greperangle.
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4.4.2.3 Effects of the FluBarrier Ends Width

The rotor flux barrier ends width affect the stator and rotor mutual magnetic reaction.
Therefore, this can introduce additional torque pulsations. In this section, the effects of the rotor
barrier ends width are insggated. In order to achieve such a reduced torque ripple
characteristic described #.4.1 an identical stator slot opening and rotor flux barrier end is
selected. The machine with rotor slot pitch angle of 8.5° exhibits a better performance with

respect to the torque ripplédble4.3). Therefore, it has been selected as the reference machine
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in this section for FEA. Th&EA results for different rotor barriers end widths (B are
summarized imable4.4.

BEW=5mm BEW=3mm BEW=1mm

Figure4.13. Rotor geometry with different barriers ends width (BEW).

Table4.4 Proposed Machine Performance with DifferBator BarrierEnd Widths
Unit b = 10A, alternatives

mm BEW 1 2 3 5

Nm Average torque | 17.0 174 | 175 |17.3

% Torque ripple 9.5 9.6 |10 10.18

A Phase current 15 15 15 15

Nm/A | Torque/Current | 1.13 1.17 | 1.17 |1.15

As is illustrated, reduced barrier end width affects the average torque and torque ripple
(0.5%) slightly when the rotor slot pitch angle is adjusted atpgraperangle (8.5°) for all four

examinations. Thus, the same width for the stator slots openththamotor flux barriers end is
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a proper solution to achieve the maximum torque at lower ripple. However, to prevent unwanted

saturation and critical stress, round shape is desired at the rotor barrier end edges.

4.5 Torque Analysis Based ora Novel Rotor Poles Assembly

Design of a high performance SynRM requires maximizing the anisotropic property of the
rotor geometry in which either highylor low Ly are desired. This implies higher saliency ratio,
results in a larger output torque on the shlffie multi-layer structure of the rotor geometry is
the key in achieving @roperdesign of the TLA rotor type which has been discussed.4n
previously. Recent advantage$ high quality anisotropic magnetic materials such as Cold
Rolled Grain Oriented (CRGO) steel has contributed to new energy efficient, compact, and high
performance static electric machines such as transformers. From the rotor core point of view, the
circular geometry of the rotor in SynRM remained as an obstacle to take advantage of these

advanced magnetics material for the motors with number of poles higher than two.

CRGO is a specialty steel having a grain sur
is aligned with a rolling direction of the steel sheet. This is due to a tight control of crystal
orientation during processing of the electrical steel. As atregte CRGO shows improved
magnetic properties in the rolling direction. In particular, higher induction or flux density and

lower core loss are developed.

By cutting the rotor laminations from CRGO, the magnetic properties of the rotor core are
furtherimproved compared to a proper anisotropic geometrical design of the TLA rotor, thereby
improving overall performancerigure 4.14 shows a typical magnetic characteristic of the
CRGO electrical steel. This chart illustrates the difference of magnetic properties in the rolling

direction (straight up and down) and at asglg to 90° from the rolling direction (left to right).
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The maximum performance is achieved by application of the material with the strip in the same
direction that flux is expected. In contrast, isotropic magnetic steel shows only a slight variation
in properties within the plane of the strip and can be used in any orientation. A new rotor poles
assembly for a4pole SynRM using CRGO is proposed in this section to improve the magnetic

performance of the SynRM for tractiapplications

Polydirectional Permeabilities of AK Steel Oriented Electrical Steels

FLUX DENSITY 10° o 10° PERMEABILITY,
at H=10 Qersteds at B= 15,000 Gausses
30'-
Angle From
&?rieggmgw ar ; Ralling Direction
50 507
S
70° S 200
&

ao©

Figure4.14. Flux density and permeabilibf the CRGQ (AK Steel courtesy).

4.5.1 Method of the New RotdPoles Assembly

For this purpose, the rotor poles may be split to obtain individuapolgerotor laminatios,
which are cut from the CRGO sheet. As shown by the cutting layout illustratédure 4.15,
the onepole rotor laminations may be aligned with the rolling direction such that the direction of
the gaxis of each ongole rotor lamination is substantially perpendicular to the rotingction.
In this manner, both ends of any given insulating barrier of thepolgerotor lamination may be

positioned on an axis, which is parallel to the rolling direction. In addition, the cutting layout of
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the onepole rotor laminations may reduceetmaterial loss of the sheet during the cutting
process. For instance, a staggered cutting pattern which minimizes material scrap may be used.

Therefore, the cutting process can then be simplified and more efficient.

B min

hB s

I g
I z

v »

CRGO steel sheet Rolling direction

Figure4.15. Cutting method of the orgole lamination.

Once the ongole rotor laminations have been obtained, a bonding technique is used to
clamp the ongole rotor laminations together and provide proper mechaniaaigthr to the
resulting rotor. For this purpose and as showFigure4.15, each ongole rotor lamination may
comprise bolt holes and a guide pine which providetiposing guidance during the clamping
process. The bolt holes and the guide pine ensure proper alignment of tpelemetor
laminations relative to one another during their assembly into the individual rotor laminations.
As are illustrated ifFigure4.16 andFigure4.17, asymmetrical design of ongole lamination in
which onarm of the first flux carrier is thicker than the otharm allows overlapping between

two consecutive layers that is the key in propmrding of the whole rotor laminations.
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Referring toFigure 4.3 and as is shown ifrigure 4.17; the flux barriers span angléy is
widened comparetb Figure4.3. Thisincreases the length of flux carrierthe directioraligned
with the maximum excitation of the CRGO (rolling direction) with constant width. This further

improves the correspondingil density and maximum steel utilization.

Figure4.17. Onepole configuration of segmented pole SynRM using CRGO steel.
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4.5.2 Simulation Results

Simulation has been performed using the same critedadds The rotor sl ot |
of the prototype was designedwith the proper value that has been discussed previously
in 4.4.2.2 The machine run diase speed5% load(9A), andother specifications were kept the
same as the reference machifibe anisotropic material is considered only for rotor core. The
magnetic characteristic (B curve) of the rotor core is defined based on two different
perpendicularaxis usingFigure 4.14 which is equivalento the M5 from AK electrical steel
specifications. Due to rotary behavior of the field relative to the stator core, use of the grain
oriented material for stator is natlvantageousAs opposed to this, the rotat synchronous
speed remained stationary relative to thedamental component of thetating filed which
leads to take advantage of the CRGO maténahe machine operatioifhe simulation results

will be presented andompared to the experimental tessultsin the next section.

4.6 Experimental Test and Results

In order to evaluate the methots 4.4 and 4.5, a 7.5hp SynRM has been designed and
manufactured with three different rotors. The prgpetmachinehas been described 9.1
and3.9.2previously and the design specifications were summarizédbie3.5. Figure4.18 a,

b, and ¢ show three di fingetoremth idemticak statoréasd rdtoa mi n a t
slots pitch angle, rotor with modified slot pitch angle, and single pole segmentedisiotgr

CRGO (M5) respectively. Figure 4.19 a, b, and c showdifferent rotors assemiss
correspondinglyAs is discussed i€hapter 3A DC machine rated at 3400rpm, 50A, and 250V

has beerconsidered as load and connected back to btathke prototype mechanically, and to

the grid electrically.
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(a) (b)

(©

Figure4.18. Different rotors lamination.

@) (b) (c)

Figure4.19. Different rotors assembly.
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The prototype operates as the prime mover and designed for low base speed (850rpm) to
avoid over speed issues in DC machine during the Tést. goal of this examination is to verify
and compare performances of the prototype using three different rotors shiei\garev.18 and
Figure4.19 with respect tdhetorque rippleusing rotor (a) and (l@s well aswith respect to the
output torque or saliency ratio using the rotor (a) and {¢)e lbad test has been performed at
45% of the nominal poweat base speet limit over current of the DC machine in low speed
operation The test setup is the sameRagure 3.18. The frst examination was performed under
load test at based speed using rotors (a) and=igpire 4.20 shows the current profiles of the
prototype at 9.0A which were measured in steady stater two electrical cycles
CorrespondinglyFigure4.21 andFigure4.22 show the torque profilesf the prototypesquipped

with rotor (a) and (b) versus time
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Figure4.20. Measured current profiles of tpeototype equipped with rotor (a) and (b).
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Figure4.21. Measured torque characteristic of the prototype equipped with rotor (a)
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Figure4.22. Measured torque characteristic of the prototype equipped with ktor (

As is illustratedn Figure4.20, the measured current of the machine equipped with rotor (b)
is much more distorted compared to that of the machine equipped with rofdhi&@mplies a
higher torque distortion arldwer averageorgueusing rotor (b) which are shown kgure4.21
and Figure 4.22 with approximately 1.5Nm (5.5%) reduction in average torgud 24.5%
increase of the torque ripple

The second testas carried out to verify the performance of the prototype machine equipped

with rotor type (c) with respect the saliency ratio angheak torqueThe AC test at lookd rotor
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condition was performed for both machin€ke testprocedure has been describe®ifi.3 and
thesetup showm Figure3.20. Figure4.23 andFigure4.24 show the measured and calculated d
g axis inductances of the machsregjuipped with the rototype (a) and(c).
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Figure4.23. Measuredand calculatedl, versus current fothe rotor (a) anddj.
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Figure4.24. Measured and calculated tersus currenfor the rotor (a) and (c).
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As is illustrated,the machine equipped with the rotgpe (c) made byCRGO steelexhibits
higher induction in ehaxis and lower induction in-gxis at operating point (9Ayhich implies
higher performancebut in generalthere isa good agreement between FEA and measur&men
Table 4.5 summarizes the output functions of the@posedmachinesAccordingly, the use of
CRGO steel in the rotor core improvesh e ma sahency matioand magnifiesthe output
torque consequetty, reduces the size at the same operating load whidf tdemare desirable

for automotive applications.

Table4.5 Testand FEAResults of théroposed MachirsdUsing CRGO(M5)

Unit Parameters Rotora Rotor ¢ Rotor ¢
(measured) (measured)| (FEA)

A Current 8.9 9 9

Vv Line voltage 401 403 400

Degree | Rotor angle 55 51.5 54

W Output power 2300 2300 2300

- Saliency ratio 4.6 6.8 7.6

Nm Power factor 0.5 0.52 0.6

Nm Output torqueT) 27.3 29 31.5

% g Tcompared to rotor (a O 6 15.4

Nm/A | Torque/Current 3.07 3.22 3.5

rpm Operating speed 850 850 850
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4.7 Summary of Chapter4

This chapter discusseddrque ripple principle of the synchronous reluctance macisiaad
proposeda geometrical method to identifg proper rotor slot pitch angle and their final fine
tuning approachfor minimizing the torque ripple using a given core matefi&le proposed
machine is equipped with transversal anisotropic laminated (fDt#) . Different machines with
various rotor it pitch angles and rotor barrier ends widths have been examinedAnd
experimental testo evaluate the methodt is shown thatjn order to achieve such reduced
torque ripple, the angular spacing between two neighboring barriers ends needstttobe se
predetermined value which is called rotor slot piécigle The rotor slot pitch angle adjustment
can reduce torque ripple significantly without any considerable charibe average torque and
output powerFurthermore, minnovativerotor core dsign and assembly with cold rolled grain
oriented magnetic materialasproposed to investigate further improvement to the motor torque
guality forautomotiveapplicationslt wasshown thatthe machine equipped with tsegmented
rotor made byanisotropicmagneticsteelexhibits higher induction in-dxis and lower induction
in g-axis at operating pointompared tahe isotropic magnetic steeAs a result, use othe
oriented material in the rotor commproves the machine saliency ratimagnfies the output
torgue andreduces the machine size at the same operating load whiohtladiseare desirable

for automotive applications.
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Chapter 5  Core Analysis

Considering the major requirements for automotive applicatibas arehigh torque and
power density, low torque ripple, wide speed range, and high speed operation capability, the
synchronous reluctance machine is still under intensive investigafsna traction motor, the
proper operation of th machineat low and highspeeds is desiretHence,the magnetic and
mechanical performans®f the core structure are important challengesusThrior to the final
design, thg need to be analyzed with regards to the core magnetic behavior and mechanical
robustness which causegiadation in torque quality and harmful deformation at critical points
in the rotor structure. At low speed, the high current demand at maximum torque makes the core
magnetic performance dominant, whereas at high speed the mechanical behavior of the rotor
core structure limits the machine performandéis chapter presents a computer aided
comparative analysis of different core characteristics to improve the core magnetic and
mechanical performance of tlsynchronous reluctance machiequipped with a trangrsal

laminated anisotropic rotor type for automotive applications

5.1 Introduction

Referring tothe major requirements of the traction motor2i@, high startup torque of the
SynRM is desired To maximize the output torque, the saliency ratig/l() needs to be
maximized. This parameter is the keyproperdesignwhich depends strortlg on the rotor

geometryFigure5.1 shows the general perspective ofpdle SynRM with TLA rotor.
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Figure5.1. General perspective offgole SynRM with TLA rotor.

Recent investigations reported in the literature are mostly focused on control Steat2gy
53, 54], comparison of SynRM to different machir@g, 52], and axially laminated anisotropic
(ALA) rotor type for high speed operatigb5-57] due to its higher saliey ratio[44, 45] and
rigid structure. However, the transversal laminated anisotropic rotor (TLA) type is preferable in
many applications because of its simple manufacturing process and lower iron10%sd®
achieve goroper design of the SynRM, the magnetic performance related to the rotor geometry
needs to be improved. This has been reported in different investigations pre{i@,&9, 25,
47, 50]. Further more, considering t odahe&ise amdo mp a ct
weight are the design limitations, special attention must be paid to the rotor and stator core with
regards to the magnetic and mechanical aspects. These may guarantee the design for a higher
performance and structural integrity in high spemzkration when the SynRM is used in

automotive applications.
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5.2 TLA Rotor Structure

In the TLA rotor type shown irFigure 5.1 and Figure 5.2, the most important design
parameters which have significant effeotsthe saliency ratio are the number of poles, number
of flux barriers and segments (layers), insulation ratio (ratio of total air to total steel in+otor q
axis), position and size of the barriers and segments, air gap length, and the width of tangential
and radial ribs. Among them the parameters, i

the rotor mechanical integrity high speed operations.

» RadialRib

Tangential Rib

Figure5.2. Structure of a-$ole, TLA rotorof the SynRM, KSB curtesy.

In this structure the laminations are identical and can be cut in the traditional way. Some thin
connections which are called ARi bsoO0O connect t
transversally. These connectionsintain enough mechanical integrity in the rotor structure
when rotational forces are applied in high speed operations. Therefore, from a mechanical
robustness point of view the ribbés width nee
maximum stresstdhe desired operating speed. However, as a drawback, they allow an increase

inthe fuxingaxi s and a decrease in the saliency ra

125



output torque. The torque reduction caused by tangential ribs is dominawot lligadr numbers

and saturation effects. This can be expressed for a single laminatiof2 8%)f18].

5.3 Magnetic Circuit

A cascade substitution scheme of the SynRM equipped with a transverse laminated rotor is a
convenient tool to analyze the machine internal magnetic characteristics. Since, the magnetic
behavior of the core is analyzed in teiction, it is appropriate to use the universal scheme for
Kinh layer of the rotor structure in d anebgis that is shown ifigure5.3aandb respectivelyFor
an arbitrary machine, the corresponding d and g axis magnetic circuits are sheguréb.4a,

b, and cfy is magnetic motive fae (MMF) applied to the core by machine ampenas (NI), &

is the rotor magnetic reaction potential,.&fd f are the q and-dxis correspondinyIMFs. R,

Ry, R, Rs, and Rk are the air gap, yoke, teeth, th@ &egment, andkbarrier reluctances
respectively. To realize the magnetic behavior of the core, it is necessary to verify the
mathematical expressions of these parameters that are sh@@i) iand(5.2) in perunit of the

stack length 18];

Y —, Y —, Y — (5.1)

Yoo — Y — ]t (5.2)
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g, U, andyT, are The air gap length, pole pitch, yoke width, tooth height, and tooth wigth. p
is the air permeability and; is the core magnetic relative permeabilitys, S, andWy are k;,

segment width, segment length, and barrier width respectively.
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Figure5.3. Typical d axis (a) and xis (b) flux distributions.
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Figure5.4. Rotor magnetic equivalent circuit of theydayer in d (a) and ocf axis.
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Refering to Figure 5.3a when a éaxis MMF is applied, no rotor reactionyfris presented
(Fa.r« = 0) and magnetic motive force imposes a sinusoidal flux distribution to the rgtor k
segment through the air gapn& Ry << Ry (Figure5.4a), the flux density is highly sensitive to
the air gap length. This is the reason why the SynRM is designed with small air gap for high
performance applications such as traction. However,rther core magnetic characteristic
affects Rcand contri butes to t he-aximaxcitatiom &dthe other f or n
hand, to maximize the flux density in theaslis, it is also required to minimize; Rnd R
(Figure5.4b) that leads to use of higher quality material in the stator core. Furthermore, when a
g-axis MMF is applied Figure 5.4c), the flux density is dictated by the width of the barrier
because R >> (Rw« R, R, and R). Hence, to reduce theaxis flux as an important goal in

SynRM design criteria, a proper insulation ratio is required.

5.4 Magnetic Perfomance Analysis of Proposed Machine

The performance of a 45kW;pble, 4layer TLA type rotor, and 300Nm SynRM has been
analyzed while a maximum speed of 8000 rpm was desired. This machine has been designed to
operate for traction and cooled by waggycol cool ant t hrough the veh
Previously, the geometry of the machine was identified, tested, and analy3&dat] to obtain
the maximum possible saliency ratio and output torque. $nstiidy the proposed machine with
proper rotor geometry has been examined by FEA to identify its performance when different
core types and sizes dfiet angent i al and radial ri bs were u

specifications.
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Table5.1 ProposedVachineSpecifications

Symbol Parameter Quantity
Pmo Continuous output power 45kW
Tem Peak torque at intermediate modq 300 Nm
Tep Peak torque at continuous mod¢ 170 Nm
¥ Base speed 1800 rpm
¥max Maximumspeedmechanicalimit | 8000rpm
Po Number of pols 4

Ns Number of stator slots 48

lph Rated current 120 A

Vo DC-bus voltage 600 V

5.4.1 Effectsof Core Type

The simulations have beearried outsing current source operation and lumped parameters
due to the symmetrical nature of the rotor and stator geometries, the machine was opetated for
degreegmechanicalo realize its performance at different loads. As opposed to voltage source
operation, this eliminates the effects of current harmoartghe output torque, results in a
torque ripple caused by thnuniformed air gap that is only dictated by the rotor geometry.
The circuit diagram of the simulation is showrFigure5.5 in which k, I, and § are the current
source inverter supplies R, and R are the end winding resistors,, IL,, and g are the end
winding inductances, B B, and B are the magnetizing coils including resistance and

inductance.
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Figure5.5. Circuit diagram of the current source simulation.

Figure5.6 shows the characteristics of the saliency ratio versus rotor mechanical position for
different loads of the proposed SynRM when rotor and stator core types are M13 and all rib

widths are adjsted to 1mm.
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Figure5.6. Saliency ratio versus rotor position in different loads.
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As is illustrated,a proper saliency ratio can be achieved at rated current that refers to the
continuous mode obperation. This yields maximum power at maximum speed in continuous
mode which is compatible with vehicle highway driving scheme (cruising). Furthermore, to
develop maximum torque at stangp (300 Nm); the phase current would be magnified to 220A
for a shaot period of time (180 second) to accelerate high inertia in stigrt However the
saliency ratio becomes poor dueth@ core saturation. FEA has been used to characterize the
proposed machine performance in maximum torque operation (300 Nm) diffenent core
types were considered. Rotor and stator geometrical parameters were kept the same for different
alternatives (a, b, c, d, and e) exceptdtagor and rotor core types. The machine operated under
direct current control at 220A (current angle= 6 8 A) and all rib widths
referenceFigure5.7 shows thesimulation of thed-axis flux density and distribution in full load
operation Table 5.2 and Figure 5.8 show aperformance comparison of the machirvegh

different core characteristics

Referring tomachine (e)it should be pointed out théte CRGOs are silicon steel which
have a special quality of grairsurface As discussed int.5 the grairis easy magnetization
direction is aligned to the rolling direction. Therefore, this product features excellent magnetic
properties in the rolling direction. Hence, cutting the ratore laminations aligned with the
rolling direction (machine ) may be a technique to I mprove
leads to higher torque density, lower losses, and smaller size. These features are attractive for
todayods aut omoneveryterqué npglel is maxinized$l are illustrated irthe
Table5.2 andFigure5.8, a comparison between mach@meand c shows that, in spite of using a
lower quality steel in the rotor core in machineompared to its stator (M45 versus M13), the

average torque reduced only by 3.5% while tibrgue ripple improved and reduced by 31%.
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This is due to lower magnetic reaction potential of the rotor using the steel with lower magnetic

quality.

Table5.2 Torque Characteristics of Different Core Types

Alternatives of core types
Unit Core a b c d e
Stator M13 | M13 | M13 M45 M13
Rotor M13 | M19 | M45 M45 M5
Nm Average torqug 302.7 | 299.2 | 292.2 | 288.6 | 316.4
% Torque ripple | 10.7 | 7.4 7.4 5.9 10.9
A Phase current | 220 | 220 | 220 220 220
Nm/A | Torque/Curren{ 1.38 | 1.33 | 1.33 1.02 1.43
Whereas, by using steel M45 in the stator core in maahiheh e mac hi

neods

per f o

been degraded more than 5% compared to maehthat results in an increase in phase current

for maximum torque and may require a higreged converter. As a major requirement, in order

to enhance the performance of a SynRM for automotive applications, it is desirable to minimize

torque ripple, which may cause undesirable effects, such as noise or undulated machining

patterns. Although ¢fierent solutions have been proposed to reduce torque ripple, several

magnetic, mechanical, and electrical limitations still remain as obstacles toeaah&mnRM

with minimizedtorqueripple. These results confirm that designing a SynRM with differerg co

types in the rotor and stator suggests an improvement in torque ripple, although the converter

rating limit needs to be met.
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Figure5.7. D-axis flux distribution afull load,d = 6 8 A.
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Figure5.8. Torque angle characteristics with different core types.

5.4.2 Effects of theTangential and Radial Ribs

To analyze the effect of ribs on the machine performance, ma@)iinem sectiorb.4.1was
selected as a reference. Al the machineds el

same in different alternativegs, b, ¢, d, e, andfe x cep't the width of A RR
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machine operated for 30 degsaeechanical under direct current control at 220A to develop the
maximum torqueFigure59s hows a gener al perspective repr es

structure.

TR1
TR2
~ TR3

' TR4

Figure5.9. Single pole perspective of dalyer, 4pole rotor lamination.

Table5.3 andFigure5.10s how a compar i ss@erformance charactemnsacs. h i n e (
As is illustrated, the average torque and torque/ampere of the SynRM depend on the width of
tangential and radial ribs. They reach the minimum, (141.4Nm, 0.94Nm/A) when the rib widths
are maximized (2mm). On the other hantie ttorque characteristics correspond to the
alternatives(c, e, and ¥ in Table 5.3 andFigure5.10conf i r m t hat the mach
performance is more sensitive to the width of tangential ribs than the radial(288s
Furthermore, the FE results correspond to the magtjneith second high average torgsieow
thattac ombi nati on of wvarious ribés widths may be
performance when the mechanical integdtyhigh speed operation is required. Therefore, it is
crucial to identify the proper dimensions of the ribs which can be validated through the

mechanical analysis. This is the subject of the next section.
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Table5.3 MagneticPerformance of the Proposed SynRMs

Alternatives
Unit Ribs a b C d e f
TR1 1.0 1.5 2.0 1.0 2.0 1.0
Rib Width TR2 1.0 1.5 2.0 1.0 2.0 1.0
(mm) TR3 1.0 1.5 2.0 1.0 2.0 1.0
TR4 1.0 1.5 2.0 1.0 2.0 1.0
RR1 1.0 1.5 2.0 2.0 1.0 2.0
RR2 1.0 1.5 2.0 1.5 1.0 2.0
RR3 1.0 1.5 2.0 1.0 1.0 2.0
RR4 1.0 1.5 2.0 0.5 1.0 2.0
Nm Average torqug 302.7 | 295.7| 288.6 | 300.1 | 293.7 | 297.4
% Torque ripple | 10.7 |11.2 | 104 |11 11.4 |10.9
A Phasecurrent | 220 220 | 220 |220 |220 |220
Nm/A Torque/current| 1.38 | 1.34 |1.31 |1.36 |1.33 |1.35

345
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Figure5.10. Torque angle characteristics of the machines with different rib dimensions.

5.5 Mechanical PerformanceAnalysis of Proposed Machine

Mechanical robustness of the rotor structure needs to be analyzed with regards to the effect
of rotational forces that cause deformation in critical points such as tangential and radial ribs.
These may occur at low and highesd in automotive applications. At low speed, the high

current demand for maximum torque applies the magnetic force to the rotor while, at high speed
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operations the rotational forces are dominant. Since the SynRM is regularly designed with small
air gap, otor structural deformation is a challenge. Hence, in this study the FEA is focused on
t wo i mportant characteristics t-Nassasestreesgh

fndefor mati ono.

Machine(a) and(d) from Table5.3 show a better magnetic performances with regards to ribs
widths. Amongst them, machindd) has thicker RR1 and RRZhus it is expected to exhibit a
higher mechnical robustnesm high speed operatiorHence,it is subjectof the mechanical
FEA in this section. The VeMisses stress and deformation have been characterized for
different speeds up to 8000rpm. Taking into account the total force, the magneticdpptied
to theflux carriersat 8000rpm which were calculated trough the magnetic FEA have been used

as inputforcein mechanical FE calculations.

Table5.4 andFigure5.11 show the mechanical specifications of the core magnetic steel and
the rotor total deformation at 8000 rpm respectively. As illustrated, the total deformation
calcul ated by FEA is 0.228mm which is | arger
0.5mm) as well as, its corresponding Wdisses stress is 2500MPa whishmuch higher than

the secure value rate.

Table5.4 Mechanical Specifications of the Magnetic Steel (M35@\)

Symbol | Parameter Quantity | Unit
Oy Yield stress | 465 MPa
Gt Tensile stress | 575 MPa
E Elasticity 2.1e! Pa
3 Poi sson0.29
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Figure5.11. Rotor deformation of the machi(a) at 8000rpm.

Since the maximum stresses of the critical points at 800@rpnexceeded beyond the yield
and tensile stress, this causes deformation in plastic mode, resulting in a failure in the rotor
structure. Therefore, the widths of the tangential and radial ribs of the proposed machine

(Figure5.9) need to be modified

5.5.1 Rotor Geometry Modifications

Two different alternatives of the rotor structure, machidg and (d;) are defined and
examined in which the tangential and radial ribs widths are modified. The modifications are
mostly focused on the critical point such as RR1, RR2, and TR1s as are staguréb.9 and
Figure5.11 and the results are summarizedTable5.5. As is illustrated, in spite of having
considerable change of the ribs widths in maclithg the vonMisses stress and deformation
are still at critical levels. Furthermore, as has beentioreed in sectiorb.4.2 the output torque

and torque ripple are also degraded4$% and +3% respectively.
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Table5.5 Comparison of the Machis@erformance

Alternatives
Unit Ribs d di d2
TR1 1.0 3.0 4.0
TR2 1.0 1.5 2.0
TR3 1.0 1.0 1.0
Rib Width (mm) | TR4 1.0 1.0 [1.0
RR1 2.0 3.0 4.0
RR2 1.5 15 3.0
RR3 1.0 1.0 2.0
RR4 0.5 1.0 1.0
Nm Average torque 300.1 | 290 |279.9
% Torque ripple 11 14 15.7
A Phase current 220 220 | 220
Nm/A Torqueturrent 1.36 1.32 |1.27
MPa Von-Misses stress | 2500 900 377
mm Total deformation | 0.28 0.126 | 0.072

The mechanicalobustness of the new rotor in the macHhih®, Table5.5, was examined by
FEA up to 8000rpmEigure5.12 shows considerable reduction of the maximum stress at critical
points (377MPa) that would be applied to the rotor within the elastic boundary. Moreover, the
maximum deformation characterizedFigure5.13 shows 72 displacement of the rotor body in
the air gap area that can be tolerable compared to the 500u denggip In this machinghe

output torque and torque ripple are also degraded%yand +4.7% respectively.
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Figure5.12. VonMisses stress of machifg2) at 8000rpm.
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Figure5.13. Rotor deformation of machir{d2) at 8000rpm.

An increase in the width of the targeted ribs are limited due to the fact that, this amplifies the
g-axis flux and reduces the saliency ratio, as a regultegrades the athine output torque
(2.35) and torque ripple. This implies a higher phase current and converter rating when the

maximum torque of 300Nm is desired.

139



5.5.2 Secure Operatin§peed

Figure5.12 shows the maximum stress of 377MPa at 8000rpm is localized abRFRR2
that is close to the core yield stressTiable 5.4. Taking into account the total force that are
appliedto the rotor structure (rotational, magnetic), the machine safe operationnspgetbe

guaranteed at 8000rpm. The maximum seapeed of the rotor can be approximated by

defining a safety factor as (6.3) [58].

Wher gj s¥t he

calculated by FEA, and K is the safety factor. Us{B@), Table 5.4, and safety factor of 1.5

yi el d

In order to evaluate the performance of the proposed machine using the modified rotor
(Table5.5 andFigure5.12), the output functions such as maximum torque and torque ripple that

are characterized by FEA are compared to the mag¢tijribat is previously designed4ble5.5

t he

mac hi

ne

ma X i Jp(ugpr 7254amniLr e

andFigure5.11). The results are presentedrigure5.14.
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Figure5.14. Torque angle characteristics of the machiridg (d1), and(d2).
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Figure 5.14 shows a reduction of 7% in average torque and an increase of 4.7% in torque
ripple when the modified rotor in machin€?2) is used. This confirms that; although the
modification in rotor structure can impr@vts mechanical robustness, it degrades the machine
magnetic performance. Since in automotive applications the cooling system controls the
machi neds t lpepetyahk reduadienotthe @utput torque may be compensated by
phase current if theonverter rating is met. On the other hand, the results show that; in order to
reduce the mechanical robustness issues in high speed operation, it is necessary to design the
SynRM with longer stack length and smaller rotor outer diameter if the lengthoinve r t r ai n 0o

architecture is not a constrain.

According to the results, Magnetic and mechanical FEA confirmed that using different
magnetic steel types in rotor and stator core leads to better performance. Moreover, the
dimensions of the ribs would not becessarily identical. A combination of various ribs widths
may be a proper solution to Iimprove the machi
high speed operation is also desired. Corresponding to the geometrical nature of this study, the
reaults can be generalized to different designs with different rating and size when the machine is

equipped with TLA rotor.

5.6 Effects ofthe Number of Poles

Design of a high performance SynRM is aimed at maximizing the saliency ratiq)(L
Thus, minimizationof the gaxis inductance (§) is one way to achieve a higher saliency ratio
when the same-dxis inductance () is maintained. The performance characteristics of the
SynRM are affected by the number of poles. It is due to the fact that the saliencgnidhtio
electromagnetic torque depend on this number. As is showigure 2.7b, the gaxis flux is

composed of circulating flux across the segments ends and thetst&tert,has \ell as the
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flux t hat I S fl owi ng t hr qfu Jlese tfllxes leadetg theim t s
corresponding inductancesyfand (Ly) respectivelyEquations2.9), (2.27), (2.28), and(2.29)

expresghe abovementioned parameters relations

In (2.29), a lower pole number refers to a lower value @f Consequently, it reducegqhin
(2.27) which means a higher saliency ratio can be achieved with a lower number of poles. In
theory the lowest number of pole-dle) is desirable for design, but this degrades either the
average torque as it is shown(#9) or torque quality due to higher torque ripple that magnifies
the phase current for the same output torque. This is a major challenge with regards to the
thermal and converter rating limits in tractiomtor design. Furthermore, a larger pole pitch
when the number of poles reduces causes additional manufacturing, magnetic, and thermal issues
due to the longer end winding in the stator coils. Hence, in a practical high performance SynRM
the pole numbersigher than 2 is preferable. On the other hand, rlayer structure of the TLA
rotor type limits the pole number when the rotor outer diameter is small. For that reason a pole
number higher than 6 is not practically feasible when the pole pitch is slodompact electric
machine. In this study the proposed machines are designed based on two alternpbless6(4
pole). A comparison between two machines will be performed with respect to the design
requirements such as maximum torque, torque rippis, sionverter rating, and maximum

mechanical speed limit that lead to identify better design

5.6.1 Comparison of the Magnetic Performance

The study presented hereafter refers to a 45hp SynRM equipped-taiterdr LA type rotor
that needs to develop the maximuorque of 150Nm at low speed. Two different alternatives
including 4-pole and €pole machines are taken intonsiderationwhile a maximum speed of

9000rpm is desired. These machines have been designed to operate as traction and cooled by
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waterglycoloo ol ant t hrough the vehicleds cooling
capable of cooling the machines properly. The geometry of the machines have been identified
using a sizing methodolodypl] in order to meet the design limitations with regards to proper
stack length for both machines and mfied to obtain maximum possible saliency ratio and
output torque using rotdrigh performance desigschemg25, 47, 50, 59]. Since, this study is
focused on the effects of the number of poles on the performance of the SynRM, the geometry
design criteria are not discussed in detallable5.6 summarizes the main design specifications

of the 4pole (M4P) and $ole (M6P) machines.

Table5.6 Design Specifications of the Proposed Machines

Alternatives

Parameter Unit | M4P | M6P
Number of poles - 4 6
Continuous output power | hp 45 45
Peak torque Nm | 150 | 150
Maximum speed rpm | 9000 | 9000
Number of stator slots - 36 36
Air gap mm | 0.4 0.4
Stack length mm | 150 | 150
Insulation ratio - 0.65 | 0.65
Rotor outer diameter mm | 150 | 160
Stator outer diameter mm | 231 | 240
Stack volume dm® |42 |45
DC-bus voltage \% 400 | 400
Converter rating A 350 | 350
Base speed rom | 2400 | 2400
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5.6.1.1 Effects on the Maximum Torque

The finite element analysis has been perfornmmgdg current source operation; the M4P and
M6P have been operated for 45 and 30 degrees mechanical respectively to realize their
performances for maximum torque operation. As it has been previously mentioned, this
eliminates the effects of the currentrimanics on the output torque, results in a torque ripple
caused by the no uniformed air gap that is only dictated by the rotor geometry. The circuit

diagram of the FEA is shown Figure5.5.

As is illustrated inTable5.6, the stack volume of the M6P is 7% larger than M4P (4°5dm
compared to 4.2dHwhile both machingare designed for the same power and torque rating. An
increase in the number of poles redutee saliency ratjaesults in aslight larger machinéor
developng the same torque. This has been discugsediouslyin 5.6 andhas beertonfirmed
by (2.27), (2.28), and(2.29) as well To compare the effects of the number of poles on the
machines performance, the M6P has been selected as the reference machine and designed with
insulation ratio of 0.65. A combination of various rib widthas been selected for M6P to
i mprove the machineds performance for proper

speed (9000 rpnthat is shown irFigure5.15.

Figure5.15. General perspective of the single pdldayer, 6pole rotor structure.
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The same insulation ratio and ribs configurations have been applied to theTWédfefore,
all the machines geagtrical parameters have been kept the same for two alternatives except the
number of poles. FEA has been carried out at full load operakure5.16 presents the flux
distributions of the fole (a) and 4ole (b) and Table 5.7 shows comparison between the
machines performanceharacteristics. As is illustrated, compared to the M6P, the maximum
torque and torque per ampere of the M4P degrade considerably. This meap®ldendchine
needs much higher current (360.2 A compared to 244.2 A) to develop the same peak torque at
full load operation. This can be also confirmed by its lower torque production capability (0.72

Nm/A compared to 1.07 Nm/A), although, the results could have been predicted t{f#@\gh

Figure5.16. Flux distributions of the-pole (a) and 4$ole (b) machines at full load.
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Table5.7 Magnetic Performans®of the4-pole and ole SynRM by FEA

Alternatives
Unit Ribs M6P | M4P
TR1 2.0 2.0
TR2 1.5 1.5
Rib width (mm) TR3 1.0 1.0
TR4 1.0 1.0
RR1 2.0 2.0
RR2 1.5 1.5
RR3 1.0 1.0
RR4 1.0 1.0
Nm Average torque | 150.4 | 150.2
% Torque ripple 7.5 11.1
A Phase current 141.0 | 208.0
A Current 244.2 | 360.2
Nm/A Torqueturrent 1.07 |0.72

The importance of these results may be highlighted in automotive applications where, the
converter rating is considered as the dedigntation. As are illustrated ifTable 5.6 and
Table 5.7, the current demand at peak torque exceeded beyond the epmagry in 4pole
machine. This implies an increase in tduaverter switches ratings. Furthermore, higher current
demands for peak torque in M4P leads to an additional thermal issue that causes an increase in

cooling system capacity and an extra cost in the entire drive system.

5.6.1.2 Effects o the Torque Ripple

Torque ripple causes mechanical vibration, acoustic noise, and additional iron losses. If
torgue harmonics of different rotor slot barriers in the air gap eliminate each other, the torque
harmonics amplitudes are directly proportional to the flux harmonics w&heure sinusoidal

current is applied to the stator winding.

In SynRM, the e axis inductances depend her ot or posi ti on (U). He

term is added to the torque equation that represents torque pulsations. However, the average
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value of ths term is zero. Taking into account the dependency of inductances to rotor position,

(2.35) can be rearranged és4) below|[36];

T(0) = (9Pa/ 440)ligt n(cepL/Jpdg) (

Cos ( 3iRmidfiif) Sin(3Pql)) (5.4)

Equation (5.4) shows that the torque ripple has two components; the first component is
proportional to the average torquaidi caused by oscillation of no uniformed air gap and
circulating flux componen(L.y). These two oscillations create considerable variations-epf d
i nduct asn cgorespectydly. However, they can be eliminated by distributed anisotropic
structure of the TLA rotor. The second component is due to the stator slots effects which ca
introduce variationsofd a xi s mut u ady) and producesttree totaleéorqiecppple. As
is illustrated in(5.4), it depends on the number of poles (PPmand Sin terms where, q is the

number of stator slots per phase per pbles has been already discusse@imapter 4n details

Figure 5.17 andTable 5.7 show the torquangle characteristics and magnetic performances
of two machines respectively that are characterized by FEA. As is illustrated, a significant
reduction in torque ripple-§8%) in M6P compared to thepble machine is obtained. This

i mproves the machineds performance when it
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Figure5.17. Torque angle characteristics of the machines with different pole numbers.

5.6.1.3 Effects on the Core Losses

High performance of electric machines in high speed operations is desired for automotive
applications. Sincgethe core losses are proportional to the supply frequency, the possibility of
having a lower supply frequency in the machine with a lower pole number is a potential for
having lower core losses compared to a higher pole machine at the same shaft speady Thi
change the design strategy for traction motors. Hence, the M4P is expected to operate more
efficiently than the M6P with respect to the core losses at high speed. However, higher current
demand at the same torque causes higher copper losses in ld€gaades the efficiency. The
total core losses have been estimated by FEA using Bemtotlel and the core lamination
specifications inrable 5.8 that includes hysteresis, Eddy, and excess lodsigeire 5.18 shows
the total core losses versus rotor speed of the design alternatives. Astrigtdlly this confirms
that a lower core losses of the M4P compared to the M6P at high speed operation can be

achieved.
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Figure5.18. Total core losses of the machines at different speeds.

Table5.8 Specifications of the Core Magnetic Steel (MZEEA)

Symbol | Parameter Quantity | Unit

Oy Yield stress 465 MPa

Gt Tensile stress | 575 MPa

E Elasticity 2.1t | MPa

3 Poi sson|0.29

Hysthersis 104 WS/T2/m?
coefficient

Electrical 11 96e+6 | S/m
conductivity

.. |Excesslosses |gg91 | wiT/S)om?
coefficient

Thickness 3.5e4 m

5.6.2 Comparison of the Mechanical Performance

Mechanical robustness of the rotor structisr@nalyzed with regards to the effects of the

rotational forces that cause deformation in tangential and radisamibsiay occurat high and

low speedAt low speed, high current demand for maximum torque applies the magnetic force to

the rotorand athigh speed, the rotational forces are dominant. Since, the SynRM is regularly

designed with small air gap, the rotor structural deformation is an important challenge.

149



Two different alternatives of the rotor structure, M6P and M4P, are examined in which the
tangential and radial ribs widths are kept the sahablé5.7). Since, M6P is considered as the
reference machine, its geometry has been modified for proper structural integrity and robustness
at desired maximum speed (9000rpr)gure 5.19 and Figure 5.20 show the mechanical
performances of the M6P at 9000rpm which charamtdrby FEA.Table 5.8 summarizes the
mechanical specifications of the core steel that leads to identify the rotor maximum secure speed.

I.
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Figure5.19. Von-Misses stress of theBole machine at 9000rpm.
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Figure5.20. Rotor deformation of the-8ole machine at 9000rpm.
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As is illustrated inFigure5.19, the maximum stress of 263.5 MPa at 9000rpm is localized at
the RRX. Taking into considerationthe total force that are applied to the rotor structure
(rotational, magnetic), The rgptanle appoximatadioy s ecu

defining a safety factor i(b.3) [58].

Using (5.3), Table 5.8, and safety factor of 1.5 yield t
Yop ( %= 9761.9rpm) that satisfies the desired maximum speed (9000Fmu)e 5.20 shows
22 u displacement of the rotor structure at TR1s through the air gap area that can be tolerable
compared to the 400u air gap. This confirms thRé maximum deformation in the rotor
structure is not a concern for both machines at maximum desired $pgeck 5.21 describes
the mechanical performance of the M4P with regards to the rotor struotegity at 9000rpm
where, the maximum stress of 329 MPa is localized at critical points (RR1s). Using the same
approach as M6P ar(8.3) lead to the maximum secuoperating speed of the machine that is
Yop= 8735.3rpm. This shows that, although the maximum stress at desired speed is below the
rotor core materialds yield stress (329 MPa c

structural robustness at thesited secure operation speed (9000rpm).

I 329.87 Max
21324

— 2566L

—{ zto.ar
18334
14670

1 LLo.og

T3.444
I ELR
017979 Min

Figure5.21. Von-Misses stress of theMEole machine at 9000rpm.
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To reduce the maximum stress in the critical areas, the width of RR1 has been modified by
an increase of 1 mnAs previously mentionedn increase in the width of the targeted ribs are
limited due to the fact that, this amplifies theaxjs flux and redues the saliency ratio, as a
result degrading t hTablehdantFAgues@Zshow the pedormaricesr q u e .

and torqueangle characteristics of the M4P and its modified version respectively.

Table5.9 Magnetic Performansofthe4Pol e SynRM6s by FEA

Alternatives
Unit Ribs* M4P | M4P(modified)
TR1 2.0 2.0
TR2 1.5 1.5
Rib width (mm) TR3 1.0 1.0
TR4 1.0 1.0
RR1 2.0 3.0
RR2 1.5 1.5
RR3 1.0 1.0
RR4 1.0 1.0
Nm Average torque | 150.4 | 145.9
% Torque ripple 11.1 7.4
A Phase current | 208.0 | 208.0
A Line current 360.2 | 360.2
Nm/A Torqueturrent | 0.72 0.70

* TR: Tangential RipbRR Radial Rib

These abovwenentioned results show that the modification of the rotor structure at RR1could
improve the rotor mechanical robustness and torque ripple. However, it degrades the machine
output torque. Since, in automotive applications the cooling systexpected to control the
machineds ther mal performance, the reduction

increase in the phase current if the converter rating is met.
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Figure5.22. Torque angle characteristics of the M4Ps.

In general theeomputer aide@xaminations confirmed that a higher number of poles in the
rotor and stator core structures lead to better performance; this exhibits a higher T/A ratio, lower
torque ripple, capability ofleveloping desired peak torque at lower current that implies a lower
converter rating and temperature rise at full load, and a higher mechanical robustness of the rotor
structure in high speed operations that are all desired for automotive applicatioves/ero
increase in pole numbers in SynRM is limited due to mechanical and manufacturing issues in

rotor structure.

5.7 Effects of the Number of Turns

Low speed range reduces the constant power capability of the SynRM beyond the base
speed. This drawback is Imafiul when the machine is proposed to run pswvertrainin
automotive applications. In general, differing from the industrial applicatioastion motors
used in electric and hybrid electric vehicles usually require a wide flux weakening range within
which the desiredperformance characteristaf the powertrainis to deliver a constant output
power over the full extended speed range from base to maximum [dpee@]. The SynRM

may present enough flux wealkieg capability in industrial applicatiod8], where the electric
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machines mostly operatg low or medium speedbut at high speed as traction, this machine

cannot extend the speed in a constant power operffiGhshere have been intensigéorts to

improve the performance of the SynRM over the past decade using magnet assisted.topology
However,lower flux weakening range compared to IM, PMSM, and switch reluctance (SRM)

has been remained as a major obstatl&ynRM for bang properly adgted in automotive
applications. This section presents a new design methodology for SynRM using \amable

turns (VAT -SynRM) concept to extend whdna medwmmcally rmbusts s p e
rotor is usedas well This novel method is compatibleith the conventionalflux weakening

methodsin which the maximum torque per ampere (MTPA) or flux weakening control (FWC)
techniques can also be applied. Hertlis, significantly improveshe speed range in high speed

applications such as automotive.

5.7.1 Variable AmpereTurns Method Criteria

Design limitations of the traction motors such as torque envelope, size, and converter rating
contribute to the machine specifications strongBesired torque envelope for traction
applicatiors requires high torque at W speed characteristic for vehicle stapt as well as
medium torque and high power at high speed for cruising or highway driving capii]ityAt
low speed, high torque demand requires high current which is limited by camatimg. The

electromagnetic torque of SynRdAn beexpressed a&.5).

Te= 1 a5 Po (5.5)

Where, Ti s t he el ectromagnetic togigqtheargapPfluk s t he

linkage, and is the magnetizingurrent
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In one hand, achi@vg the maximum torque at low spewdth taking into consideration the
current limitation caused by converter ratiegdston i gh ai r g a p)whidhoeeds! i nk a
to be created by higmumber of turns. Therefore, compared to PMSM and IM, with the absence
of any source of excitation in the rotor structure such as permanent noagage, SynRM is
normally designed with higher number of turns glet. On the other hah at high speed, extra
ampereturns reducethe base speedlegradethe flux weakening capabilityand decrease the
speed rang Equation(5.6) expressethe speed dependency tife air gap magnetic motive force

in steady statandFigure5.23 showthe single phase equivalent circaitthe SynRMas follows

En="% mo (5.6)

Emis theair gapmagnetic motive forceMMF) and ¥y elestricaldpeed. s h af t

Py
Q
1p/wiep

Figure5.23. Single phase equivalent circuit of the SynRM

As is illustrated, a large magnetic motive forédMF) can limit the magnetizing current
significantly. This reduces the maximum speed and spaegerwithin which FWC or MTPA

may be applied for a constant power operation. Therefore, conventional flux weakening method
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based ord-q axiscurrent regulation is noan adequate approach to obtain extended constant
power operationEquation(5.7) shows the magnitude of Edepends oparameters i.e., number

of turns per slotrg), frequency (f), air gap length (g), magnetic loadingy(B stack length (L)
[40]. Thus a variablens is anothermpossibility for regulaing the magnetizing current anithe air

gap flux linkagein the flux weakening By reducing N at maximum speed, either air gap flux
linkage or MMF will be decreaseds a resultthe phase current is maintained around the rated,

anda wider band for flux weakeningaybe obtained

Os Mg  dH&AQ (5.7)

In practical, discrete step down and step up variatior isffeasible. This may be applied to
the stator winding in one anoresteps gqns for achieving thadesired speed range are limited by

the rated current, voltage, and no load air gap flux linkage.

Figure 5.24 and Table 5.10 show a general configuration of the variable amparms
winding fordelta connection and switching sequeswiethe proposed method respectively. As is
illustrated, only one switch per phase per step is required. The switches operate at ON or OFF
condition whichare controlled bythe speed signal receiving from tloer iswcoatiller. At the
first glanceanadditional switch per phase impliesre switching loss, but possibility of having
lower number of turns per slot in flux weakening for high speed operation results in a lower
stator resistance whigh turnsreduces gpper losses and improves the efficier@pline dvange
of the winding scheme from full turns to other stepuses significant reduction MMF, results
in a high transient current at the same torque. Therefore, FWC is necessary during each change

to limit the current prior to the MTPA.
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Figure5.24. Delta connectionsf the variable ampefirns winding.

Table5.10 Switching Sequensefor theVariable Ampereturns Method

Steps
Switches | 1 2 3
S1 0 0 1
S2 0 1 0
S3 1 0 0
S4 0 0 1
S5 0 1 0
S6 1 0 0
S7 0 0 1
S8 0 1 0
S9 1 0 0
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5.7.2 Computer AidedAnalysisand Results

Finite element analysis has been carried out using voltage sourceamogeration and

lumped parameters. Due to the symmetrical nature of the rotor and stator geometries, the

machine operated for 45 degrees mechanical for each speed to verify output function such as

average toque and power for different winding connestioAs opposed to current source

operation, this method takes in to consideration the effedfseofotors p e e d
output torque, torque ripple, amlitput power. The torque quality with respect ttee torque
ripple is affected by botmo uniformed air gap and low ord@&MMF space harmonic thas
dictated by the rotor geometry and the stator current. The circuit diagram of the simulation is
shown inFigure5.25 in which Vi, V., and \4 are the voltage source inverter supplieg, R,
and R are the end winding resistorsy, IL,, and L are the end winding inductances, B,, and
B3 are the magneting coils including resistance and inductance. The geometry of the reference

machine has been coded in the software. The software is modified to obtain full control of the

on

t

he

rotor and stator geometries. All parameters are kept the same for differentiakeraacept the

number of turns per slot.

"

R1

L1

Mg = g o
L2
1 V2 B2 R2
- LY ¥ = o W
V3 B3 R3 L3
A [y —— a1 a/Y\W\
a = | I

Figure5.25. The circuit diagram of the voltage source supply simulation.
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5.7.2.1 Performance of the Reference SynRM

To evaluate the method, a 7.5hp SynRM witstator incluehg 36 slots and a rotor with 4
internal flux barriers has been designed and selected as the reférahl®5.11 shows the

referencemc hi neds specifications.

Table5.11 Reference Machine Specifications

Parameters Quantity
Rated power 7.5hp
Peak torquat low speedt{ansient 60 Nm
Peak torgue anhax.speedcontinuous) 35 Nm
Ratedvoltage 230
Air gap 0.4 mm
Magnetic load 08T
Stator outer diameter (frame IEC132) 208 mm
Rotor outer diameter 134 mm
Stack length 200 mm
Number of pole 4
Number of stator slots 36
Number of turns per slot 25
Number of rotor internal layers 4

Rated current 20A
Stator slot opening 3 mm
Shaft diameter 43 mm
Winding type distributed
Skew no

Coill pitch full

Core steel type M19
Max. speed 1450rpm
Basespeed 850rpm

Since the goal of the current study in this section is to verifysgeed range, the rotor
geometrical parameters such as flux carriers and barriersswighhps, and the radial and

tangential ribs width have been designed such that to obtain the maximum possible saliency
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ratio, output torque, and mechanical robustjé3s50, 51, 61] which is not described in detall
in this section.The speed lintation of the existed laboratory load (DC machine, 3400 tpas)
been taken into consideration to prevent over spesdesduring the experimentaltest.
Therefore low base speed is expectéthe referencemachine with proper rotor geometry has
been examnmed by FEA to identify the torqespeed characteristiduring the flux weakening

without variable pmethod

Figure5.26 shows the torque speed characteristic of the reference machine with 25 turns per
slot. As is illustrated, the full number of turns contributes to develop the desired tgrdoithe
base speed significantly, but it degrades the speed rahgspeed rang of 1.7 (1430850) is

characterized for constant power operation wisamot enough fohigh speed operation

1.2
¥h ¥r1

0.8 \
| /
' N
/ ~

0.2 —
0
0 500 1000 1500 2000 2500
Speed (rpm
——T(av) P.U —s— Power P.U

Figure5.26. Torque and power characteristics of the reference motor.
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5.7.2.2 Performance of the Variable Ampeferns SynRM

Referring toFigure5.24, the stator winding of the reference machine has been dedigee
layersby three separated coils with 13, 7, 5 turns per slot. Therefore, by changing the positions
of the switches, three alternatives mfincluding 25, 20, and 13 turns can be obtain respectively.
The finite element analysis has been carried out for eaphbated on the sequences shown in
Table5.10. As is illustrated inFigure5.27, compared tdhe reference machin@-igure5.26) at
t he maxi mugn 1480pmlerd wag reduced by 20% to 20 turns under FWC. The
constant power operation fiédeen extended tO0Qpm and the speed range increase@1%p
to 224 ( p = 1900rpm). In each stepit is necessary to apply the switching psls¢ the
corresponding maximum spepdintto prevent any disturbance in the machirsutput power.

The effect of delay in switching time is evident at point A. In the third stewasreduced by

35% to 13 turns and the result shows more extension of the constant power operation up to
3000pm. This confirms an increase 00&% of speedange up to 3& Thus, by using the
proposed method during the flux weakening and in conjunction with the FWC or MTPA, a
significant boostof speed range can be obtained which may satisfyhigh speedoperation

requiremerd
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Figure5.27. Torque and power characteristics of Yh&T -SynRM.

Figure5.28 shows the torque versus time d@6Qrpmwhen the number of turns per slot has
been changeftom 25to 20 turns in the second stepthe operaing sequencedAs is illustrated,
the machine exerienced a short transient undarrent control schemend reached to the steady
stateafter 4 electric cycledy developingthe average torque of IIm. As well as, his is
confirmed byFigure5.27 in which the output torquevasregulatedat 0.56p.u(33.6Nm)when
the number of turnwas reduced from 2t 20 turns. Accordingly, the output powar5100W
is deliverable on the shafthich is around the ratedhis validates the constant power operation
of the proposed machine after reducing the number of turns while the current remained at the

rated levelunder a current control scheme
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Figure5.28. Torque time characteristic of the VABYNnRM at #50rpm.

5.7.3 Experimental Test and Results

In order to evaluate the method, a 7.5hp SynRM has been designed and manufactured.
Previously, the prototype has been describedBifi.1and3.9.2 The design specifications were
summarized iMmable3.5. As wasdiscussed ifChapter 3a DC machine rated at 3400rpm, 50A,
and 250V was considered aghe load andconnected back to back with therototype
mechanically, and to the grid electricallfhe VAT-SynRM operates as the prime mover and
designed for low base speed (850rpm) to avoid over speed issues in DC machine during the test.
The rotor was design by four poles and four internal layers which is shokigure3.15. The
rotor geometry has been modified according to the design criteria discugsBtbimmprowe the
mechani cal robustness. I n order to increase
flux barriers have been filled ypoxy adhesive and machined to obtained 0.4mm air gap which
is shown inFigure5.29. The stator winding is design by two layers, 18 and 7 turns per slot, to

simplify test into two steps of switching by contactars.industrial type switching can be

163

1



performed by IGBTs which leads tadter and more efficient transitiofhis gives the

possibility of operating in 25 and 18 turns per slot which is shov#gure 3.16.

Figure529. The prototypebs rotor after in

The proposed machine was examined under the load test for different speed. To prevent over
current issues due to the low speed operation of the DC machine, the test has been performed at
40% of the nominal loadFigure 5.30 shows the measuretbrquespeed and powespeed

characteristics of the prototype whicave beemeasured in the steady statedition
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Figure5.30. Measuregower andorquespeed characteristias the steady state.

As is illustrated inFigure 5.30, the machine operated at constant torque regime up to based
speed (&rpm) and developed constant power up to maximum speed (1450rpm). The number of
turns was reduced at thpoint from 25 to 18 under current control scheme when, the output
powerwastendng to drop(point A). A considerable extension of the speed range (207%) from
1.18t0 3.75isevidéen n whi ch the machineds maxi mum spee
confirms; the variable ampetarns method can be used as a simple and reliable method to
extend the speed range of the SynRiing the flux weakening operatioims conjunction with

the other conventional methods such as FWC or MTPA for automotive applications.
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5.8 Summary of Chapter5

This chapter discusseccomputer aided analysmgth respect talifferentcore characteristics
to improve the core magnetic and mechanical perfornsaotehe synchronous reluctance
machine equipped with TLA rotor for automotive applicationsT h e proposed ma c
geometry with different tangential and radial riladths were investigatedthrough a
comparative studylt has beenshown that the average torque and torque rippdee more
sensitive tahetangential ribs widthsthan the radial one3he mechanical robustness of the rotor
structure at desired spe&cre studiedit has beerdescribed thatimprovementdo the rotor
mechanical robustness may degrade the machine magnetic performance. Thustindesign
high performance SynRNbr automotive applicationghe mutual effects of the magnetic and
mechanicalparameterseed to be taken into consideratisimultaneously Accordingly, the
performances of the proposed machine with different numbeoles pvere investigatedt has
beenshown that higher number ofpoles is necessary to design high performance SynRM for
traction applicationThis reduces the phase currentgue ripple, and the copper lossakso, a
novel methodbased orthe variable ampereturns conceptwas proposed toextendthe speed
range of the SynRMIn this method the number of turns per slot is changed in different steps
when the machine reaches ttee corresponding maximum speeesuls in a wider constant
power operatiorwi t hou't i ncreasi ng whithas desirable rotmactioo ur r e n

motols.
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Chapter 6  Conclusionsand Future work

6.1 Conclusions

Worldwide demand foreducing fossil fuel consumption in different industrial sectursh
as transportatiorinfers to advancemen of the vehicle technologies.h& Electric Vehicle
TechnologyRoadmap for Canada reportealy 2018, there will be at least 500,000 highway
capable plugn electric vehicles on Canadian roads, as well as a larger number of élgotidc
vehicles. Recentadvantages of high quality magnetic materials and power electronics have
contributed to new energy efficient and high performance electric drives that use new electric
motor technologiesAmongst them permanent magnet and induction machines are the most

demanded in autmdustries owing taheir higher efficiency.

In one hand, therices of the permanent magnets Huetuating and on the other hand,
flexibility in the marketsuggestsdiversity d the product in the electric and hybricutc
industries Successful penetration of EVs into the electrified transportation market requires
consumed sacceptance, infrastructure chaggand achieving competitive cost. Consumer
reaction tothe cost, chaging time, and driving range will helfp point the way forward for
manufacturers. Advanced &electric motors with
powertrains y st ems have magnificent i mpact on the

inverte rating, cooling system capacity, total weight, and cost.

Recently, a cost reduction is the main objective in the most worldwide electric vehicle
manufacturerdés design strategy. Hence, new t
reluctance machin@ which the rotor anisotropic geometry can eliminate expensive magnet and

aluminum or copper bar fronthe rotor structure, became more attractive for automotive
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applications. Background and related investigations of the research work relative to the
autamotive applicationdrave been verified in the first chaptefhe research goglobjectives
potential problems of theynchronous reluctaneeachinag, and the research contributiohave

beendiscussed

Operation of the synchronous reluctance machipexposed in this research wohkas been
presented ilChapter 2T he machi nedés mat hemati cal model , Ve
characteristics were praged. Different rotor geometries with respect ttee anisotropic
structure were introduced and compaf@dproposng the rotor typefor the researckvork. The
rotor and stator electrical, mechanical, magnetic, and geometrical parameters and theiesfluenc
on the machinebés performance were discussed.

which are dominanfor thedesign procedure have been addre$sedutomotive applications

In Chapter 3asizing methodologyvas proposedlheProper size of the SynRM considering
todayods compact passenger vehicles in which t
necessaryo be identified Taking into onsidestion the desired requirements of the traction
motor drives such as high torque and power density, low torque ripple, wide speedarahge,
proper size, this machine is still under investigation to be developed for traction applications. In
general, thehoice of electrical machinfer traction applications determined by manufacturers
with respect to three dominant factors; cost, weight, and size. Hence, the machine proper size
estimation isone ofthe most importantsteps of the design prabére beforeattempting to the

rotor geometry design.

In this chapteanalytical design process thfe synchronous reluctance machifastraction

applicationsthrough whicht he st at or geometry, rotor outer
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magnetic parameters i.@nductances, resistances, winding specifications as well as the output

functions such as maximum torque, power factor, and efficivaecyg beerndentified.

The proposed approach uses the machineds ma
vectordiagram, and mathematical equations in conjunction with the initial data, desired torque
envelope, and assigned paramet&mposed sizing method was evaluated successfully by
comparison between FE anaysand experimental test resuttisthe 7.5hp and @hp industrial
prototypes It has beershown that this method can be sufficiently used as a fast and reliable
procedure to identify the most important parameters ofrribehinee.g., the rotor and stator
dimensions, stator geometry, saliency ratio, peafu® maximum current, sged range and
stator winding specificationsased on the desigequirementgrior to the rotor geometry design

andthemachinefinal designprocess.

High torque pulsation is one of the most common problems of the SynRM thatsexiday
the interaction between the spatial harmonics of the electrical loading and the rotor anisotropic
geometry. The torque ripple causes additional losses, reduces the efficiency when the machine
needs to operate at constant power region, decreaseg@verque, produces audible noise, and
imposesa mechanical pulsation on the shtfatall of which are intolerable in most applications
particularly in traction Conventionalmethods such ashordng of the stator windings or
skewing the rotoror stator slotsare nota proper solutionfor the designin automotive

applications which are the subjectCifapter 4

In Chapter 4torque ripple principlef the synchronous reluctance mackimeve been
discussedFurthermorea geometrical method to identify a proper rotor slot pitch angle and their

final fine tuning fo minimizing the torque ripple using a given core matdréd beemproposed
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Different machines with various rotor slot pitch angles and rotor barrier ends widths have been
examined bythe FEA and experimental test to evaluate the method. It is shownrth@ter to
achieve such reduced torque ripple, the angular spacing between two neighboring barriers ends
needs to besetto a value which is called rotor slot pitch angle. The rotor slot pitch angle
adjustment can reduce torque ripple significantly without any considerable change in output
power. Moreover a novel rotor core design and assembly with cold rolled grain oriented
magnetic material is proposed to investigate further improvement toapeitude of th@utput

torque for traction applications. It is shown that the machine equipped with the segmented rotor
made bygrain orientednagnetic steel exhibits higher inductiond-axis and lower induction in
g-axis atgivenoperating point compared to thenorientedmagnetic steel. As a result, use of

the oriented material in the rotor core improves the machine saliencyamianagnifieghe

output torqueby 5-10 percentConsequentlythis reduces the machine size at the same operating

loador torque envelopahichis desirable for automotive applications.

Chapter Sdiscussed aamputer aided analysis with respect to different core characteristics
to verify the core magnetic and mechanical performance csy#n&kM equipped with TLA rotor
for automotive applications. The proposed ma
radal rib widths were investigated through a comparative study and shown that; the average

torque and torgue ripple is more sensitive to the tangential ribs widths than the radial ones.

The mechanical robustness of the rotor structutkeatesired speedasstudied, it has been
shown; improvements to the rotor mechanical robustoassiegrade the machine magnetic
performance. Thus, in order to desidpe SynRM properly, the mutual effects of the magnetic

and mechanical parameters need to be takercamsideration.
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Accordingly, the performancef the proposed machine with different number of poles
including 4pole and épole has beeninvestigated. It has been shown thegher number of poles
is necessaryor properdesignof the SynRM for traction aplication. This reduces the phase
current, torqueripple and copper losseas well as increases the output torque and the rotor

mechanical integrity

Low flux weakening or speed range reduces capability of the SynRM to operate at constant
power beyond thdase speed foa wide speed range. Thidrawbackis harmful when the
machine isdesignedo run asa traction motoin EVs or HEVs. In general, differing from the
industrial applications of the electric motors, the motors used in EVs and HEVs usuallg eequ
wide speed range in whigne of thedesiredperformance characteristiof the powertrainis to
deliver constant output power over the full speed raBgeusing conventionalflux weakening
control techniqgue (FWC)SynRM cannot sufficiently satisfyhe traction requiremenwith a

speed range of-8 that isdue tothe dependency of the saliency ratio on the stator current.

A novel method based on variable ampeires concepthas beerproposed to extend the
speed range of thmachine In this methogdthe number of turns per slatay bechanged in
different steps when the machimeeds an increase ardecrease of the flux over tHeix
weakening. As aesult wider speed rangémore than three timesjith constant power operation
can be obtainedsingFWC which is desirable fothe traction motos. Computer aided analysis

in conjunction with the experimental téstvesupported the proposed method.
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6.2 Future Work

In this section, some suggestions are made for future stfdigs researchwork.

6.2.1 Investigationof thethermalperformance oéynchronouseluctancanachines for
automotiveapplications

Frequent startip, acceleration, and cruising of the SynRM under specific drive cytle
automotive applicatic ont r i but e t o temper at usrarecarel Tise i n t
may change the stator electrical parameters and core magnetic characteristics, as a result, affects
themotoranddriveés control system perforancesAlso, high temperature can destrthe stator
insolation and windingdt is assumedni this work, the cooling system eapable of controlling
operating temperaturé.herefore, erifying the thermal behavior of the machiire transient
modeof operationandcritical pointssuch as staip or acceleration within which high current
demand for peak torque causes temperature rise as well as thehawaibor of the machinia the
other modes of operationi.e., intermediate and continues moddas an attractive area for

investigation

6.2.2 Invedigationof the powerfactorimprovemers of synchronouseluctancemachines
for automotiveapplications

Low power factor(0.550.70) is one of the drawbacks of thenagnet freeSynRM. In
automotive applicatios) in one hand, this increases the phasaent which implies higher
copper loss, higher wire gage, and larger.stxe the other hand, reduces the battery state of
charge, decreases the drive range, andand ncr e a
cost Therefore,study on metbhds to improve the power factor tife SynRM for automotive

application isan interesting research work
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6.2.3 Improvemento the speedrange extension methodf synchronougeluctance
machinedor automotive applications

As discussed irChapter 5Low flux weakening or speed ranglegradescapability of the
SynRM to operate at constant power beyond the base speed Vitde speed rangeA new
method based on the variable ampgteires concepthas beemproposed to extend the speed range
Improvement to the method using switches which are integrated in the motor drives and study on
the transient responsé the machine during the switching preseas well atossesverification

would bequiteadvantageous

6.2.4 Efficiencyestimation of theSynRM for tractionapplications

Investigation on the efficiency of the SynRM for automotive applicatimould be
advantageous to builan efficiency estimationdol and applicationThis may bebased orthe
automotive drive cycle in a real industrial environmant theapplication will lead to modify

the limitations of the design methods.

6.2.5 Investigation of the vibration and acoustic noise of the SynRMudtomotive
applications

Torque ripple othe SynRM causes vibration and acoustic noise which are not desirable for
automotive applicatiom Different conventionaltorque ripple minimizatioomethodshave been
discusseds well asa novel geometrical methdadas beermproposed and examined in this thesis
to reduce the machine torque ripple. Althourghs still advantageous and interesting to verify

thevibration and acoustic noisd the reduced torque ripple SynRM for automotive applications.
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