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Abstract
Axial flux permanent magnet (AFPM) machine type has some advantages such as compressed packaging, easy handling, and safety
operation. In this paper the proper structure selection of AFPM machine for hybrid electric vehicle (HEV) application is one of the
aims. To reduce the losses and the total volume of machine, the coreless TORUS-NS type machine is selected. Designing of this
machine, to obtain a wide speed range with high efficiency, low cogging torque and high torque value, asin-wheel direct-drive AFPM
machine for HEV, isinvestigated. The operation performance in low and medium speed rangesis studied. A new design method based
on multi speed design (MSD) strategy is proposed. Using this method with a cordess type of stators, the total AFPM machine
efficiency at the HEV operation cycles could be improved. Performance analysis of this in-wheel AFPM machine is done using finite-
element method (FEM). FEM analysis of the single-speed design (SSD) method is also done. MSD and SSD designed machines are
applied in HEV and simulated using urban and highway cycles. The obtained results show the better performance of HEV, using the
MSD based designed machine in all operation cycles. The experimental results obtained from sample practical prototype, confirm the

analytical method.

Keywords: Hybrid electric vehicles (HEV), axial flux permanent magnet (AFPM), TORUS type, direct-drive, in-wheel,

multi-speed design, single-speed design.
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1. INTRODUCTION

The anxieties about the world petrol, gas researas their
prices, as well as pollution and global warminguéess have
increased the interest on electric and hybrid \ekicThe
HEVs on the market today are primarily parallel tigb in
which the drive power for the vehicle is supplieddnth an
internal combustion engine (ICE) and a set of dlect
machines [1, 2]. A different system design is thees HEV.
In this type, the ICE is disconnected from the ehirain and
the electric machines provide all drive power te trehicle
wheels.

Permanent magnet (PM) machines have been widety fase
electric vehicle (EV) and HEV applications. This dse to
having inherently more efficiency than other electachines
because of their PM excitation. An axial flux PM chime
(AFPM) benefits such as simplified construction,eith
compact design, high power density, high efficigrayperior
torque density, possibility to add a high numbepoles, very
low rotor losses and adjustable axial air gap, pced a
machine that is efficient and compact and is tleeeefdeally
suited for use in vehicle [9]. Also a coreless tgpstators can
help to improve the total machine efficiency aseautt of
power loss reduction [2-4]. Moreover, due to itharently
short axial length, it is suitable for the electiiaction

machine as in-wheel direct-drive motor. In the didrive

traction system, mechanical power transmission estngents
are eliminated and therefore the volume and wedafhthe

whole drive system is reduced as well as the tréssiom

losses are minimized. Furthermore the drive system
simplified and its operation efficiency is improveSo it can
be said using in-wheel motor for direct drive imsteof

conventional motor drive with mechanical power sraission

gears, is the future direction of motor drive sgster HEVS.

There is no mechanical transmission system betwben
wheel and electric motor in such a direct-drive powrain

system, and electric machine is directly conneatsdi coupled
to the wheel, therefore electric machine and wieele the
same torque and speed [5, 6].

If the number of poles in the AFPM machines is éaegrough
and the axial length sufficiently small, their toegdensity is
considerably larger than that obtained by tradélaadial flux
(RF) machines [1]. Moreover, due to the relativatyall speed
of the wheels, with a large number of poles, usikiePM
machine as a gearless in-wheel drive is feasibl€0[]7 In
addition high torque density and high efficiencg aecessary
for a vehicle with an in-wheel direct-drive systemd also
such vehicle propulsion system requires low cogdorgue
and wide range of constant power speed. Thesesisged to
be considered during the design procedure of th&MF

Volume: 02 Issue: 12 | Dec-2013, Available @ http://www.ijret.org 396




IJRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

machines for the direct drive HEV application aswineel
machines.

In this paper, a novel designed low-speed corefSBM
machine for an in-wheel gearless drive of HEV ispmsed
and the analytical design procedure to achieve &ffibiency
at the vehicle's various speeds is presented. H&VAhas a
three-phase winding which can produce a rotary mtgn
field in the air gap. This type of electric machicen provide
high-power density at low speed and, hence, itieptable to
use as a direct drive in HEVs [10, 11]. Both anebjtand
quasi three-dimensional electromagnetic finite e
analysis (Q-3D FEA) models are employed to caleulie
parameters of the machine. Moreover, the FEA id use
further analyses and optimize the machine perfoomaand
the experimental results obtained from sample jmact
prototype, confirm the analytical method.

2. CONFIGURATION OF AFPM MACHINE

Flux in an axial flux machine flows through the -gap
axially. AFPM machines have discs for the rotor trlstator
geometry. There are some different structures fé&PM
machines due to the various applications: one ratw one
stator (Fig. 1-a), stator between two rotors (TORtySe)
(Fig. 1-b), rotor between two stators (AFIPM tygElg. 1-c),
and Multi-disc structure including several rotorsdastators
(Fig. 1-d).

() (b)

(©) (d)

Fig 1 Different structures for AFPM machines, a) Struetu
with one rotor and one stator, b) Multi-disc stuuet, c)
TORUS type, and d) AFIPM type.

In the single-rotor — single-stator structure dug an
unbalanced axial force between the rotor and th®istiscs
more complex bearing arrangements and a thicker disk
are needed. Such problem is not seen in the other
configurations. Two configurations are presented tie
TORUS case of AFPM machines. The type of PM
arrangements on the two exterior rotor discs hasffatt on
the main flux path in the machine. In the case @thinorth
arrangement (TORUS-NN) as shown if fig. 2-a, themflaix
has to flow circumferentially along the stator carel then a
thick stator yoke is needed. Therefore iron losses the end
winding lengths increase. In the case of northis@tfitucture
(TORUS-NS) (fig. 2-b) the main flux flows axiallyhitough
the stator, thus the structure does not need ar stake at all.
Moreover if the non-slotted stator (i.e. withoubriryoke) is
used in the TORUS-NS structure, iron losses ised=ad and
cogging torque is minimized at the motoring appi@a To
produce useful torque at this machine type thewaplings
need to be used in the structure.

In a single rotor- two stators structure, the PMsyioe located
on a surface of the rotor disk. In the other camfagion the
magnets may be buried into the rotor disk. Theréty,main
flux path in the rotor disk may be axially or ciroterentially.
The surface-mounted structure has a very thin roftis
object is very palpable when a non-ferromagnetiorroore is
used. In the other structure in which the permameagnets
are located inside the rotor disk, rotor is mucickir. This
reduces the power density of the machine. The stafe
configuration has the much axial length as compé#oeather
types of AFPM machines that leads to be unsuitelhbéce for
some application such as in-wheel vehicular apfiina
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Fig 2 Cross sectional view of a, a) TORUS-NN and b)
TORUS-NS types AFPM machine

In this paper the proposed AFPM is supposed to laeegd
inside the wheel and used as a direct drive machimerefore
the axial length of the machine should be smalpessible.
Moreover to achieve the highest efficiency, the amoof
losses need be kept low. At the vehicle drivingleythe
desired machine may be used as a motor. The best
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characteristic in the motoring mode is the cogdess
condition. The cogging torque is due to the effexdtslotting
in the stator. In the ironless stator the slottaféect tends
toward zero. With this interpretation the best cledb achieve
these objectives in the vehicle as an axial flux PMvheel
machine configuration is TORUS-NS type with an iess
stator. This AFPM machine has the configurationhwtitvo
rotors and one coreless (ironless) stator. Theorstire is
made by epoxy resin and windings are inserted énstiator
core. The stator has a set of three-phase AC wgsdi®wing
to produce useful torque and to generate nearlyssidal
output voltage (when using as a generator as ngeéadddis
structure, distributed armature coils are employed.

In the surface mounted AFPM motor, PMs are gluedhto
surfaces of solid mild steel rotor disc. The bestdidate for
the permanent magnets in the rotors is sinteredymaioim-
iron-boron (Nd-Fe-B) material. With the large aiapgthe
synchronous reactance also will be low. Due toatxence of
core losses in the stator, the efficiency will hghh Coreless
AFPM machines are also used for various power angué
generation applications, particularly in directvés systems
over a wide range of operational speed. These tyfes
machines are examined for low-
applications such as wind turbine generators amdicgtions
for vehicular generators. The rotor copper lossisimized
due to the using permanent-magnet instead windioigegion.

3. ANALYTICAL QUASI-3D MODELLING

In this method to reduce the computation time andhtain
the model with acceptable accuracy the 3D geomeftrsin
AFPM machine is transformed to a corresponding 2idleh

In the first step the computation planes is seteateshown in
fig 3-a. In this case only one computation plangthw
thickness d, is selected at the average radius of the axial-fl
machine. In the second step the selected computptame is
presented as a 2D model of which depthrigfady 3-b). The
cross-section of the computation planes in the TOGRU
machines is shown in fig 3-c and 3-d.

Concerning the quasi-3D modeling, the axial-flux PM
machine may be considered to be composed of sexeie}
flux machines with differential radial length. Thaverall
performance of an axial-flux machine is obtainedsbgnming
the performances of individual machines and neigigcthe
possible flux flow in the depth direction of the chine. This
approach allows the consideration of different negghapes
and variations of the teeth width in the directioh the
machine radius.

and medium-speed
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Fig 3 Method of transforming the 3D geometry of an axial
flux machine to a 2D geometry, a) computation psateg the
2D model of the selected plane, ¢) The cross-seciiche
computation planes in the TORUS machines and,al) th
specifications of the cross section

For the quasi-3D computation, the average dianifgrof a

particular computation pland, starting from the outer
diameter of the machine is given by the equatign (1

,
Davej = Dout - ﬁ (1)

Where D,,; is the external diameter of the statdl is the
number of computation planes used in a computatiatis is
the length of the stator stack in meters.

The parametgrin (1) is defined as

j=2i-1 @)

Where index goes from 1 tdN. The length of the stator stack
Isis defined as

Volume: 02 Issue: 12 | Dec-2013, Available @ http://www.ijret.org 398




IJRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

I = out in (3)
WhereD;, is the internal diameter of the axial-flux machine
stator

The pole pitchg, for each computation plane is given by the
equation (4)

lDaveJ (4)
2p

Tp,i =

Wherep is the number of pole pairs.

In general, the relative magnet width may vary along with
the machine radius. It is defined as

— WPM,i
@y = (5)
prl

Wherewpy; is the width of the magnet at the computation
planei according to fig. 3.

Based on the equations (1)-(5) it is possible taddi the
machine into a certain amount of computation plafdse

number of computation planes needed for computation

depends on the purpose of the computation. In ifmglast

case when the magnet relative width is a constadt the

stator is not skewed, basically only one computaptane is
required, e.g. to calculate the induced voltagecogging

torque. But, because of the non-linear behaviothef iron

losses, to find iron losses, in the iron cored osst one
computation plane is not necessarily sufficientthiis case the
coreless type stator is used to eliminate non-ineaffect.

Generally, the amount of required computation asecase-
dependent.

The computations of the motor parameters, sucheagphase
resistances, inductances and load angle, can lznebtby
using classical electrical machine design methdd®s PRO].
When geometry of the axial-flux machine is an imer3D
problem, the computation of the machine parametars be
based on the average radiys as a design plane since the
considered parameters vary linearly with respectthe
machine radius or totally independent of the radius

4. PERFORMANCE ANALYSIS
4.1. Torque Production

Considering an idealized axial-flux machine streetwith
double air-gaps, according to fig. 4-a, the expoes$or the
electromagnetic torque produced by the machine tomay

derived [21]. Fig. 4-b and 4-c show the 3D disaddethand
assembled view of the half of the structure of medspeed
coreless surface mounted AFPM motor. In the amglysiis
assumed that the permanent magnets produce a sgaaee
flux density distribution into the air-gap with mmum value

Bmax:

Fig 4 a) Idealized structure, b) assembled and, c) sisabled
view of half of TORUS type AFPM

The winding conductors carry constant current WRNMS
value I, and the -current is appropriately timed and
perpendicularly oriented with the flux density distition in
the air-gaps. The conductors are located as clasgbther as
possible on the inner radius of the stator agyreTherefore,
the linear current densi# on radiug can be written as

A(r) =A+ (6)

WhereA,, is the linear current density on the inner radjyusf
the machine and is defined as

An —__ (7)

wherem is the number of phases aNg is the number of coil
turns in series per stator phase winding.
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The machine torque can be calculated from the elaane
forces d acting on the surface of the stator core. The
elementary torque componeri.g on radiug takes the form

dT,,, =2m, A,B,,rdr (8)

Integrating (8) over the machine radius gives the
electromagnetic torque for the ideal double sideildlux
machine

Ton =278, A, Z.L r,rdr o
=278, A1k (- K2)

out

wherek; is the diameter ratio and is defined as

(10)

The electromagnetic torque produced by a real machs
somewhat reduced due to the actual distributiohef flux
density in the air-gaps and in the current wavefdfowever,
from equation (10) it is possible to derive theimai diameter
ratio for the maximum electromagnetic torque (etuma(9)),
in the idealized axial-flux machine, which is [21]

1

D’optzﬁ

As axial-flux machines are concerned, the diametéo is an
important design parameter. The torque productegability
of the machine, as a function ky, is described in fig. 5. The
curve is scaled for the maximum torque to be etuahlue 1.
Using diameter ratios lower than 0.6 involves pcatt
difficulties, especially in small machines with lapndings.
This problem is related to the limited space awdddetween
the stator core and the shaft. In small machinesif be very
difficult to obtain enough free space between tieftsand the
stator core for the end-windings to arrange prgper!

k = 058

This problem can be avoided by using a TORUS type
machine, which has its phase winding wound arobedstator
core. An alternative solution is to obtain the ghagnding
through concentrated windings. Essentially shorterd-
windings in the radial direction are obtained omhbihe inner
radius and outer radius of the stator core.

1 o
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Fig 5.Normalized electromagnetic torqu‘eer(1/T ) vs.

emmax

diameter ratidkp

The tooth width in the iron cored machines is tleeosd
problem. From the viewpoint of machine design, §$t i
advantageous when the slot width is a constant.lISma
diameter ratios may cause the outer radius of dbthtwidth
become very large whereas the inner radius remeémng
narrow. A narrow tooth appears to be mechanicadlgife and

it may be excessively saturated on inner radiushéncoreless
type there is no saturation problem. It has beenvalthat the
machine torque density reaches its maximum valuenvthe
diameter ratio is between 0.6 and 0.65 [22, 23hdtering
the previously discussed mechanical considerationslation
with the torque density characteristic of the afia
machine, it is correct to conclude that the prattagptimum
for the diameter ratio lies between 0.6 and 0.7e Du the
direct relationship between power density and terqu
maximum power density amount also will occur irsthatio.

4.2. Back EMF
The flux per pole in the proposed AFPM motor isegiby:

Bmax
2p

choIe = ain(rozut - rir?) (11)

Where, ¢; is the magnetic-field factor in the air-gap (in
sinusoidal wavey; =2/r).

The RMS value of the induce@MF in each phaseky , is
equal to:

2

2 _
E, =~2mN K, B, % (12)

Where, ns is the number of cycles per second dgdis the
winding factor.
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4.3. Air-Gap Flux Linkage and Flux Density

The air-gap flux linkaged,, is generally defined as:

®, =(®, + L1, ) + (L1, ) (13)

where,®y, is the flux that provided with permanent magnets,

and Ly and L, are machine'sd and g-axis inductances
respectively. Hencégly andLglg are fluxes produced by the

stator'sd andg-axis currents [9]. The air-gap flux linkage is

given by the following equation:

®, =k,N, B, 2(r02ut - rZ) (14)

in

Where,Bq is the air-gap flux density and is defined as:

B, = /(B +B,) +B;

WhereB is the flux density produced by PMB3, andB, are
the total flux densities that provided with staa'andg-axis
currents, respectively.

(15)

5.0PTIMUM SIZING OF THE AFPM
5.1. Vehicle Characteristics

Fuel economy characteristics (FEC) of a typical I6ffen
evaluated by the amount of fuel consumed per kWbugbut
energy. A typical FEC in a sample gasoline engsnghiown in
Fig. 6-a. The fuel consumption differs from one rgpien
point to another. As shown in this figure, optimomperation
points are very close to full load operation liffdie engine
speed is affected by fuel economy. The propose BV H
structure is making the possibilities for ICE to nwoin
conditions close to the optimum operation points,htwve
lower fuel consumption.

JEngipe power (kW)

Engine-spediiicfuel
consumption (g/k\Wh)

1000 1500 2000 2500 3000 3500 4000 4500 5000

Engine speed (rpm)

(a)

EPA FTP75 URBAN DRIVING CYCLE

?5 ﬂmﬁﬁﬂmoﬂwm;\/\ﬂn

0 800 1000 1200 1400
Driving time (Sec)

Speed (kmih)

EPA FTP75 HIGHWAY DRIVING CYCLE

Speed (kmih)

(b)

Fig 6 a) Fuel economy characteristics of a typical IBE-PA
FTP75 urban and highway drive cycles

To achieve the maximum efficiency of an ICE, them@ping
point should be close to the optimum operation (steown in
fig. 6-a) in various conditions. Considering thia¢ amount of
energy consumption of each vehicle in a time irdemaried
based on the type of speed characteristics, soaredestd
cycles are presented. Having the same test routhese
standard cycles are used in different structurevebficles.
Fig. 6-b shows the urban and highway drive cycle&€PA
FTP75.

5.2. HEV Operating M odes

Under normal conditions, the operating modes oftaid car
can be defined as the following four conditions [2]

1) Low power: In this mode the use of ICE reduce dlverall
efficiency. Therefore, electric motor and electri@nergy
stored in the battery is responsible for providipgwer
requirements.

2) Medium power: In this operation mode ICE progigewer
requirements of HEV, and some of this power cao &ie
used to charge the battery.

3) High power: When there is a need to high powmhsas
acceleration or hill climbing, the required powsrsupplied
from ICE and electrical machine simultaneously.

4) Regeneration: During deceleration or braking, tthttery is
recharged by energy returned from the wheels, wtiherdCE
is off.

5.3. Multiple Speed Design Method for Electric
Machine used in HEV

In any driving cycle, there would be some interragglimodes.
In these modes different proportions of the reglippwer,
provided by the ICE and/or electric machine, can
determined continuously in all of the vehicle opiem
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conditions. But to implement the design idea innapte way,
only above mentioned four operation modes are used.

Vehicles cycle efficiency},,, , can be defined as:

4
;tk[akmk +{-a, )’7Ek] (16)
T

,7cV =

Wheret, .77, . flg,and T are time interval, ICE efficiency and
electric machine efficiency, all in the operatingde k and
the overall cycle time respectivelya,is the utilization
coefficient of the ICE in the operating mode k. Neue of
a, is between 0 and 1, = 0 means that the ICE is offline

in the operating mode k and the total power reguice HEV
is provided only by the electric machine as a mottre aim
of the proposed design procedure is to maximizeatheunt

of /7(:V'

To find out the improved operating point of HEV ethCE

efficiency at various speeds must be evaluated.tbDwarious
types of ICEs, finding the improved operation poiduld be
strongly depending on the type of ICE. In this pape
evaluate the performance of the proposed desighaudgefig.

6-a is used as a typical FEC. Considering that fidssible to
use ICE at various speeds during a standard duthe cthe
operating point of ICE at the specified and consdespeed
must be chosen on the optimum operation line (CafLICE.

Using the operating point on this line, the effiag of the

ICE (77,) in each mode maximizes. Therefore, to find the

maximum value of/},,,, the appropriateq, to achieve the

maximum efficiency of the electric machine, must be
determined. With this choice, the ICE is at maximum
efficiency condition, and minimum fuel consumptiasll be
occCurs.

When vehicle needs the power more than the eflid€i

supplied power, the extra required power would bepbed

by the electric machine (in the motoring mode). refare

bidirectional power electronic converter deliversored

electric energy from batteries to electric machiitfe.the

required power of HEV at considered speed becomweerl
than the ICE supplied power on OLL, the ICE operate
optimum operating point. The extra ICE power dieglcto the
electric machine which operates as a generator thed
provided electric energy would be stored in thedras.

Due to the HEV speed changes during any operaticlg cthe
purpose of this step is to determipg and eventuallyl—a,,
in all the moments of driving cycle.

According to equation (16), if the amount of exgies
Zi:l(l_ak),]Ek could be maximized, they,, will have its
maximum value. Therefore the total distance travdig the

vehicle, using a specified battery charge and fuéll, be
increased.

Fig. 7 shows the normalized efficiency curves ob tdesign
methods; SSD and MSD. In this figur@, =0 is considered,

for the entire cycle. For simplicity, the vehiclpegd is
considered constant. The electric machine speegkranthis
simple curve has been considered between 0 to rpo0

Normalized effciency

T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
0

Fig 7 Normalized efficiency curves obtained from two
methods; SSD and MSD

Fig. 7 shows that the maximum efficiency of the Si&i3ed
designed machine occurs at the nominal speed BOOim
this example). This maximum value in the normalized
condition has been reached to the unit. This vaueigher
than the maximum value obtained using the MSD ntktho

Conversely, the amount d},,, in the MSD method is higher
than that of the SSD method.

5.4. Optimum Design of Afpm used for HEV

Some constraints, such as flux saturation, typetnfcture,
thermal constraints, limited available space in thehicle
wheel, various PMs inherent specifications, maxinmaurent
density of used conductor, and the driving voltaieguld be
considered to achieve required specifications e ploposed
motor design. In other words, the motor optimizatioethod
is a multifunctional scheme and with this methoce th
requested in-wheel motor is designed and analyzed.

To achieve the requested driving voltage and tadedthe
larger back electromotive force to the windingse ttator
coils are independently wired on stator poles aredgaouped
into needed phases. With this method the higheoneyeed

is achieved and multiphase machine structures can b
constructed. Therefore, the effects of the numbehases can
be studied on the machine total efficiency. Other
specifications of the motor are listed in Table 1.
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To introduce the size and characteristics of vehtuok, the
phrase Rww/hhRdd is used. In this expression, P and R
denote passenger tire and radial tire, respectivelyv is the
tire width in mm,hh, as a percentage ofwy, is the height of
the side wall, andid is the inside diameter in inches. In this
application the tire size of P205/50R17 is seledtedise in
vehicle. The outside circumference of this tireassumed
about 2 m.

Table 1 Specification of direct-drive electric wheel motor

Objectives low speed, high torque
Rated torque > 30 Nm at 420 rpm
Max. torque > 60 Nm at 130 rpm
Rated power 3 kwW

Rated speed 420 rpm

Vehicle max. speed 50 km/hr

Acceleration 5 seconds for 20 m/sec

Driving slope > 8° at 15 km/hr
Motor weight <15Kkg
Operation temp. range 0°C ~ 40°C

There are some important parameters that affectiésegn of
AFPMs. In these parameters the diameter r&ti,, and air-
gap flux density are the two design variables hgvimore
effect on the machine inherent characteristics.rafbee, in
order to find the best performance of the desirédPi and
the machine's optimum size, the diameter ratio aindjap
flux density must be designated intently [17, 18he
maximum motor efficiency is occurred at the maximpoaver
density. To achieve the maximum power density of th
machine and to determine design features many reliffe
structures must be analyzed. In this paper a softwackage
is used for FEM method that enables analysis atichiation
to do faster, more effective and simple. This safevis an
excellent supplement to analytical methods, espgcihen
considering geometry details and variations in mi@chine
construction. In this programming method a multdional
optimization method is used to search the optinsilies of
the design variables that maximize the performandies
such as motor torque, torque or power density averadl
efficiency. Design constraints for a HEV applicatiare also
included in the program. Also desired performamckces are
weighted under the constraints, to achieve betterptomise
among the design variables.

Fig. 5 shows the normalized electromagnetic torque
(T, /Temmax) variation as a function diameter ratikipj for

the AFPMs as equation (9) and (10).

The optimal design motor parameters and its teahrdata
obtained from two design method (SSD and MSD) are
presented in Table 2. The nine coils are indepethderired
on stator poles at this machine. Three coils areected to

form each phase winding. Further studies by thigefielement
method need to be performed to get the final decisi

Table 2 Motor characteristic obtained from magnetic arialys
and optimization

From | From
parameter ssp | MsD
Max. current per phase (A) 196 204
Rated torque (Nm) 35.8 38.1
Max. torque (Nm) 75 75
Flux density (T) 0.9 0.8
Motor weight (kg) (approximate) 149 16.6

Rated voltage (V) (with converter) 48 48

Max. torque density (Nm/kg) 5.1 4.5
Total air gap length (mm) 2 2
Number of rotor poles (on each 12 12
side)

Number of stator coils 9 9
Kb 0.66 | 0.57
Outer diameter (cm) 22.5 24.5
Inner diameter (cm) 15 14

6. LOSSCALCULATION

One limiting parameter in the machine design predsshe
power losses. The loss calculations are brieflycdlesd as
follows [11, 13]:

1. The main losses in this electrical machine atational
losses. These losses (also named as air frictisge) are
dependent on aigap length(g) and outer diameteiD(). The
mechanical power needed to overcome the drag aesisof a
rotating disc is:

P

mech

p 2

o

2gx10° -025
= 00311x ~ Db

,7 - 025p 0.75[£J 275(Doj * (17)

Where, andp are the efficiency and air density, respectively
andf is the frequency of rotor.

2. Stator winding losses in the specific curréhtfe obtained
by (18):

P,=RI? (18)

Where,R; is the stator winding resistance.
3. The magnetic field frequency causes additionsgdés in the
stator conductors (winding eddy-current losses):

_3\2
max strandxlo )

32% p,,

_(on8,,D

P

eddy-cu —

xV (29)

cu
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where, Dgtrang » pou @nd Ve, are the diameter of each wire of
conductor, electrical resistivity and volume of pep
(winding), respectively.

In order to calculate the spinning loss with ddssdliequations
the machine was operated using an uncut steeldtamie as
the stator piece [4]. If the effects of stator shag} are to be
considered the total core loss in the iron coratostis more
increased. But with a coreless stator this loggeglected and
the total efficiency is increased as shown in Taldlend 4.

7. PROTOTYPE AND EXPERIMENTAL
VALIDATION

The AFPM machine is modeled by using quasi-3D dinit
element method (FEM). The prototype motor basedthen
designs previously discussed have been fabricatddested

as illustrated in figures. The stator coils, rotamnd their
assembly are shown in fig. 8. The total losses utation
results of the designed machine with two designhocktare
presented in Table 3. It can be shown that for iig/heel
drive in the electric vehicles, the coreless TORUSAFPM
designed by MSD method produces about 10% higher
vehicles cycle efficiency when compared to SSD giesil
AFPM with the same characteristics. The validatbrlesign
method confirmed a good agreement between the
measurements and results obtained by FEM (FLUX-8D a
ANSYS) from a coreless AFPM prototype.

Table 3 Comparison of Obtained Results for Coreless AFPM
with Two Design Methods in the Total HEV Operatiopcle

FEM results Experimental
Parameter results
From | From From
SSD | MSD MSD
Rated output
torque atrated | 37.8 | 38.1 37.2
speed (Nm)
Max. Machine
Efficiency (%) 94.6 | 89.6 83.3
Min. Machine
Efficiency (%) 454 | 65.3 59.7
Vehicles cycle
efficiency,, (%) 39.2 | 48.7 47.0

Table 4 Comparison of Obtained Results for an AFPM with
Coreless and Iron Core Stator both Designed byd2exp

MSD Method
FEM results Experimental
results
Parameter
Iron | Coreless| Coreless
core stator stator

stator
Rated output
torque at rated 43.4 38.1 34.4
speed (Nm)
Total machine| g1 7| 3195 404.0
loss (W)
Machine
Efficiency 87.3 89.6 86.5
(%)

CONCLUSIONS

The characteristic equations for the design andind the
improved sizing for the best output power, havenbatetained
in this article. The electromagnetic design hasEformed
by applying the characteristic equations to thestgp AFPM
machine. In order to optimize the machine structuhe
diameter ratio and the air-gap flux density haverbehosen
carefully. The all types of AFPM machines has bstrdied
and investigated to choose the best structurehirirttended
application. A new design method based upon myldes
design strategy has been proposed. Using this M8pkied
Design (MSD) method with a coreless type of statitrs total
AFPM machine efficiency at the HEV operation cyctesild
be improved. The machines have been compared rimstef
the power density and the results have been apfdiethis
machine design method. The performance analysishisf
axial flux permanent magnet in-wheel machine isedasing
finite-element method and the obtained test resaligate the
effectiveness of this proposed design method. Timelated
and test results show that the coreless in-wheekddrive
AFPM designed by MSD method has a better efficiezmog
no cogging torque when compared with an AFPM witini
cored stator.
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Fig 8 Stator, rotor and motor assembly
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