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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, as in-wheel direct-drive AFPM 
machine for HEV, is investigated. The operation performance in low and medium speed ranges is studied. A new design method based 
on multi speed design (MSD) strategy is proposed. Using this method with a coreless 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. 

-----------------------------------------------------------------------***-----------------------------------------------------------------------

1. INTRODUCTION 

The anxieties about the world petrol, gas reserves and their 
prices, as well as pollution and global warming issues, have 
increased the interest on electric and hybrid vehicles. The 
HEVs on the market today are primarily parallel hybrids in 
which the drive power for the vehicle is supplied by both an 
internal combustion engine (ICE) and a set of electric 
machines [1, 2]. A different system design is the series HEV. 
In this type, the ICE is disconnected from the drive-train and 
the electric machines provide all drive power to the vehicle 
wheels.  
 
Permanent magnet (PM) machines have been widely used for 
electric vehicle (EV) and HEV applications. This is due to 
having inherently more efficiency than other electric machines 
because of their PM excitation. An axial flux PM machine 
(AFPM) benefits such as simplified construction, their 
compact design, high power density, high efficiency, superior 
torque density, possibility to add a high number of poles, very 
low rotor losses and adjustable axial air gap, produces a 
machine that is efficient and compact and is therefore ideally 
suited for use in vehicle [9]. Also a coreless type of stators can 
help to improve the total machine efficiency as a result of 
power loss reduction [2-4]. Moreover, due to its inherently 
short axial length, it is suitable for the electric traction 

machine as in-wheel direct-drive motor. In the direct-drive 
traction system, mechanical power transmission compartments 
are eliminated and therefore the volume and weight of the 
whole drive system is reduced as well as the transmission 
losses are minimized. Furthermore the drive system is 
simplified and its operation efficiency is improved. So it can 
be said using in-wheel motor for direct drive instead of 
conventional motor drive with mechanical power transmission 
gears, is the future direction of motor drive system for HEVs. 
There is no mechanical transmission system between the 
wheel and electric motor in such a direct-drive power train 
system, and electric machine is directly connected and coupled 
to the wheel, therefore electric machine and wheel have the 
same torque and speed [5, 6]. 
 
If the number of poles in the AFPM machines is large enough 
and the axial length sufficiently small, their torque density is 
considerably larger than that obtained by traditional radial flux 
(RF) machines [1]. Moreover, due to the relatively small speed 
of the wheels, with a large number of poles, using AFPM 
machine as a gearless in-wheel drive is feasible [7-10]. In 
addition high torque density and high efficiency are necessary 
for a vehicle with an in-wheel direct-drive system and also 
such vehicle propulsion system requires low cogging torque 
and wide range of constant power speed. These issues need to 
be considered during the design procedure of the AFPM 
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machines for the direct drive HEV application as in-wheel 
machines. 
 
In this paper, a novel designed low-speed coreless AFPM 
machine for an in-wheel gearless drive of HEV is proposed 
and the analytical design procedure to achieve high efficiency 
at the vehicle's various speeds is presented. The AFPM has a 
three-phase winding which can produce a rotary magnetic 
field in the air gap. This type of electric machine can provide 
high-power density at low speed and, hence, it is acceptable to 
use as a direct drive in HEVs [10, 11]. Both analytical and 
quasi three-dimensional electromagnetic finite element 
analysis (Q-3D FEA) models are employed to calculate the 
parameters of the machine. Moreover, the FEA is used to 
further analyses and optimize the machine performance and 
the experimental results obtained from sample practical 
prototype, confirm the analytical method. 
 
2. CONFIGURATION OF AFPM MACHINE 

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

 
 

(a)                                         (b) 
 

 
 

(c)                                    (d) 
 

Fig 1 Different structures for AFPM machines, a) Structure 
with one rotor and one stator, b) Multi-disc structure, c) 

TORUS type, and d) AFIPM type. 
 

In the single-rotor – single-stator structure due to an 
unbalanced axial force between the rotor and the stator discs 
more complex bearing arrangements and a thicker rotor disk 
are needed. Such problem is not seen in the other 
configurations. Two configurations are presented in the 
TORUS case of AFPM machines. The type of PM 
arrangements on the two exterior rotor discs has an effect on 
the main flux path in the machine. In the case of north-north 
arrangement (TORUS-NN) as shown if fig. 2-a, the main flux 
has to flow circumferentially along the stator core and then a 
thick stator yoke is needed. Therefore iron losses and the end 
winding lengths increase. In the case of north-south structure 
(TORUS-NS) (fig. 2-b) the main flux flows axially through 
the stator, thus the structure does not need a stator yoke at all. 
Moreover if the non-slotted stator (i.e. without iron yoke) is 
used in the TORUS-NS structure, iron losses is decreased and 
cogging torque is minimized at the motoring application. To 
produce useful torque at this machine type the lap windings 
need to be used in the structure. 
 
In a single rotor- two stators structure, the PMs may be located 
on a surface of the rotor disk. In the other configuration the 
magnets may be buried into the rotor disk. Thereby, the main 
flux path in the rotor disk may be axially or circumferentially. 
The surface-mounted structure has a very thin rotor. This 
object is very palpable when a non-ferromagnetic rotor core is 
used. In the other structure in which the permanent magnets 
are located inside the rotor disk, rotor is much thicker. This 
reduces the power density of the machine. The multistage 
configuration has the much axial length as compared to other 
types of AFPM machines that leads to be unsuitable choice for 
some application such as in-wheel vehicular application. 
 

 
 

(a)                                             (b) 
 

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 be placed 
inside the wheel and used as a direct drive machine. Therefore 
the axial length of the machine should be small as possible. 
Moreover to achieve the highest efficiency, the amount of 
losses need be kept low. At the vehicle driving cycle, the 
desired machine may be used as a motor. The best 
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characteristic in the motoring mode is the cogging-less 
condition. The cogging torque is due to the effects of slotting 
in the stator. In the ironless stator the slotting effect tends 
toward zero. With this interpretation the best choice to achieve 
these objectives in the vehicle as an axial flux PM in-wheel 
machine configuration is TORUS-NS type with an ironless 
stator. This AFPM machine has the configuration with two 
rotors and one coreless (ironless) stator. The stator core is 
made by epoxy resin and windings are inserted in the stator 
core. The stator has a set of three-phase AC windings. Owing 
to produce useful torque and to generate nearly sinusoidal 
output voltage (when using as a generator as needed) in this 
structure, distributed armature coils are employed.  
 
In the surface mounted AFPM motor, PMs are glued to the 
surfaces of solid mild steel rotor disc. The best candidate for 
the permanent magnets in the rotors is sintered neodymium-
iron-boron (Nd-Fe-B) material. With the large air gap the 
synchronous reactance also will be low. Due to the absence of 
core losses in the stator, the efficiency will be high. Coreless 
AFPM machines are also used for various power and torque 
generation applications, particularly in direct-drives systems 
over a wide range of operational speed. These types of 
machines are examined for low- and medium-speed 
applications such as wind turbine generators and applications 
for vehicular generators. The rotor copper loss is minimized 
due to the using permanent-magnet instead winding excitation. 
 
3. ANALYTICAL QUASI-3D MODELLING 

In this method to reduce the computation time and to obtain 
the model with acceptable accuracy the 3D geometry of an 
AFPM machine is transformed to a corresponding 2D model. 
In the first step the computation planes is selected as shown in 
fig 3-a. In this case only one computation plane, with 
thickness dr, is selected at the average radius of the axial-flux 
machine. In the second step the selected computation plane is 
presented as a 2D model of which depth is dr (fig 3-b). The 
cross-section of the computation planes in the TORUS 
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 several axial-
flux machines with differential radial length. The overall 
performance of an axial-flux machine is obtained by summing 
the performances of individual machines and neglecting the 
possible flux flow in the depth direction of the machine. This 
approach allows the consideration of different magnet shapes 
and variations of the teeth width in the direction of the 
machine radius. 
 

 
 

(a)                                          (b) 
 

 
 

(c)                                      (d) 
 

Fig 3 Method of transforming the 3D geometry of an axial-
flux machine to a 2D geometry, a) computation planes, b) the 
2D model of the selected plane, c) The cross-section of the 

computation planes in the TORUS machines and, d) the 
specifications of the cross section 

 
For the quasi-3D computation, the average diameter Dave of a 
particular computation plane i, starting from the outer 
diameter of the machine is given by the equation (1): 
 

N

l
jDD s

outiave, −=
 

(1) 

 
Where Dout is the external diameter of the stator, N is the 
number of computation planes used in a computation and ls is 
the length of the stator stack in meters. 
 
The parameter j in (1) is defined as 
 

12 −= ij  (2) 
 
Where index i goes from 1 to N. The length of the stator stack 
ls is defined as 
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Where Din is the internal diameter of the axial-flux machine 
stator 
 
The pole pitch τp for each computation plane is given by the 
equation (4) 
 

p

D

2
ave,i

p,i

π
τ =

 

(4) 

 
Where p is the number of pole pairs. 
 
In general, the relative magnet width αp may vary along with 
the machine radius. It is defined as 
 

p,i

PM,i
p,i τ

α
w

=
 

(5) 

 
Where wPM,i is the width of the magnet at the computation 
plane i according to fig. 3. 
 
Based on the equations (1)-(5) it is possible to divide the 
machine into a certain amount of computation planes. The 
number of computation planes needed for computation 
depends on the purpose of the computation. In the simplest 
case when the magnet relative width is a constant and the 
stator is not skewed, basically only one computation plane is 
required, e.g. to calculate the induced voltage or cogging 
torque. But, because of the non-linear behavior of the iron 
losses, to find iron losses, in the iron cored stators, one 
computation plane is not necessarily sufficient. In this case the 
coreless type stator is used to eliminate non-linearity effect. 
Generally, the amount of required computation planes is case-
dependent. 
 
The computations of the motor parameters, such as the phase 
resistances, inductances and load angle, can be obtained by 
using classical electrical machine design methods [19, 20]. 
When geometry of the axial-flux machine is an inherent 3D 
problem, the computation of the machine parameters can be 
based on the average radius rave as a design plane since the 
considered parameters vary linearly with respect to the 
machine radius or totally independent of the radius. 
 
4. PERFORMANCE ANALYSIS 

4.1. Torque Production 

Considering an idealized axial-flux machine structure with 
double air-gaps, according to fig. 4-a, the expression for the 
electromagnetic torque produced by the machine may be 

derived [21]. Fig. 4-b and 4-c show the 3D disassembled and 
assembled view of the half of the structure of medium-speed 
coreless surface mounted AFPM motor. In the analysis, it is 
assumed that the permanent magnets produce a square wave 
flux density distribution into the air-gap with maximum value 
Bmax, 
 

          
 

(a)                                         (b) 
 

                               
 

(c) 
 

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

 
The winding conductors carry constant current with RMS 
value I, and the current is appropriately timed and 
perpendicularly oriented with the flux density distribution in 
the air-gaps. The conductors are located as closely together as 
possible on the inner radius of the stator core rin. Therefore, 
the linear current density A on radius r can be written as 
 

r

rA
rA inin)( =

 
(6)  

 
Where Ain is the linear current density on the inner radius rin of 
the machine and is defined as 
 

in

ph
in r

ImN
A

π
=

 

(7)  

 
where m is the number of phases and Nph is the number of coil 
turns in series per stator phase winding. 
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The machine torque can be calculated from the elementary 
forces dF acting on the surface of the stator core. The 
elementary torque component dTem on radius r takes the form 
 

rrBArT d2d maxininem π=
 

(8)  

 
Integrating (8) over the machine radius gives the 
electromagnetic torque for the ideal double sided axial-flux 
machine 
 

( )2
DD
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d22
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−=

= ∫
π

π
 (9)  

 
where kD is the diameter ratio and is defined as 
 

out

in
D r

r
k =  (10)  

 
The electromagnetic torque produced by a real machine is 
somewhat reduced due to the actual distribution of the flux 
density in the air-gaps and in the current waveform. However, 
from equation (10) it is possible to derive the optimal diameter 
ratio for the maximum electromagnetic torque (equation (9)), 
in the idealized axial-flux machine, which is [21] 
 

58.0
3

1
,optD ≈=k

 
 
As axial-flux machines are concerned, the diameter ratio is an 
important design parameter. The torque production capability 
of the machine, as a function of kD, is described in fig. 5. The 
curve is scaled for the maximum torque to be equal to value 1. 
Using diameter ratios lower than 0.6 involves practical 
difficulties, especially in small machines with lap windings. 
This problem is related to the limited space available between 
the stator core and the shaft. In small machines it may be very 
difficult to obtain enough free space between the shaft and the 
stator core for the end-windings to arrange properly. 
 
This problem can be avoided by using a TORUS type 
machine, which has its phase winding wound around the stator 
core. An alternative solution is to obtain the phase winding 
through concentrated windings. Essentially shorter end-
windings in the radial direction are obtained on both the inner 
radius and outer radius of the stator core. 
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Fig 5.Normalized electromagnetic torque (
maxem,em TT ) vs. 

diameter ratio kD 

 
The tooth width in the iron cored machines is the second 
problem. From the viewpoint of machine design, it is 
advantageous when the slot width is a constant. Small 
diameter ratios may cause the outer radius of the tooth width 
become very large whereas the inner radius remains very 
narrow. A narrow tooth appears to be mechanically fragile and 
it may be excessively saturated on inner radius. In the coreless 
type there is no saturation problem. It has been shown that the 
machine torque density reaches its maximum value when the 
diameter ratio is between 0.6 and 0.65 [22, 23]. Considering 
the previously discussed mechanical considerations in relation 
with the torque density characteristic of the axial-flux 
machine, it is correct to conclude that the practical optimum 
for the diameter ratio lies between 0.6 and 0.7. Due to the 
direct relationship between power density and torque, 
maximum power density amount also will occur in this ratio. 
 
4.2. Back EMF 

The flux per pole in the proposed AFPM motor is given by: 
 

( )
p

B
rr

2
max2

in
2

outipole −=Φ πα
 

(11) 

 
Where, αi is the magnetic-field factor in the air-gap (in 
sinusoidal wave αi =2/π).  
 
The RMS value of the induced EMF in each phase, Ef , is 
equal to: 
 

( )
2

2
2
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2
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(12) 

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

The air-gap flux linkage, Φg, is generally defined as: 
 

( ) ( )22
qqddmg ILIL ++Φ=Φ

 
(13) 

 
where, Φm is the flux that provided with permanent magnets, 
and Ld and Lq are machine's d and q-axis inductances 
respectively. Hence LdId and LqIq are fluxes produced by the 
stator's d and q-axis currents [9]. The air-gap flux linkage is 
given by the following equation: 
 

( )2
in

2
outphw 2 rrBNk gg −=Φ

 
(14) 

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

( ) 22
qdg BBBB ++=

 
(15) 

 
Where B is the flux density produced by PMs. Bd and Bq are 
the total flux densities that provided with stator's d and q-axis 
currents, respectively. 
 
5. OPTIMUM SIZING OF THE AFPM 

5.1. Vehicle Characteristics 

Fuel economy characteristics (FEC) of a typical ICE often 
evaluated by the amount of fuel consumed per kWh of output 
energy. A typical FEC in a sample gasoline engine is shown in 
Fig. 6-a. The fuel consumption differs from one operation 
point to another. As shown in this figure, optimum operation 
points are very close to full load operation line. The engine 
speed is affected by fuel economy. The propose of HEV 
structure is making the possibilities for ICE to work in 
conditions close to the optimum operation points, to have 
lower fuel consumption.  
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(b) 
 
Fig 6 a) Fuel economy characteristics of a typical ICE, b) EPA 

FTP75 urban and highway drive cycles 
 
To achieve the maximum efficiency of an ICE, the operating 
point should be close to the optimum operation line (shown in 
fig. 6-a) in various conditions. Considering that the amount of 
energy consumption of each vehicle in a time interval varied 
based on the type of speed characteristics, some standard 
cycles are presented. Having the same test routine, these 
standard cycles are used in different structures of vehicles. 
Fig. 6-b shows the urban and highway drive cycles of EPA 
FTP75.  
 
5.2. HEV Operating Modes 

Under normal conditions, the operating modes of a hybrid car 
can be defined as the following four conditions [2]: 
1) Low power: In this mode the use of ICE reduce the overall 
efficiency. Therefore, electric motor and electrical energy 
stored in the battery is responsible for providing power 
requirements. 
2) Medium power: In this operation mode ICE provides power 
requirements of HEV, and some of this power can also be 
used to charge the battery.  
3) High power: When there is a need to high power such as 
acceleration or hill climbing, the required power is supplied 
from ICE and electrical machine simultaneously. 
4) Regeneration: During deceleration or braking, the battery is 
recharged by energy returned from the wheels, where the ICE 
is off. 
 
5.3. Multiple Speed Design Method for Electric 

Machine used in HEV 

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

Vehicles cycle efficiency, cVη , can be defined as:  

 

( )[ ]
T

t∑
=

−+
=

4

1k
EkkIkkk

cV

1 ηαηα
η  

(16)  

 

Where kt , Ikη , Ekη and T are time interval, ICE efficiency and 

electric machine efficiency, all in the operating mode k and 

the overall cycle time respectively. kα is the utilization 

coefficient of the ICE in the operating mode k. The value of 

kα  is between 0 and 1. kα = 0 means that the ICE is offline 

in the operating mode k and the total power required for HEV 
is provided only by the electric machine as a motor. The aim 
of the proposed design procedure is to maximize the amount 
of cVη . 

 
To find out the improved operating point of HEV, the ICE 
efficiency at various speeds must be evaluated. Due to various 
types of ICEs, finding the improved operation point would be 
strongly depending on the type of ICE. In this paper to 
evaluate the performance of the proposed design method, fig. 
6-a is used as a typical FEC. Considering that it is possible to 
use ICE at various speeds during a standard duty cycle, the 
operating point of ICE at the specified and considered speed 
must be chosen on the optimum operation line (OLL) of ICE. 
Using the operating point on this line, the efficiency of the 

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

maximum value of cVη , the appropriate kα 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 consumption will be 
occurs. 
 
When vehicle needs the power more than the efficient ICE 
supplied power, the extra required power would be supplied 
by the electric machine (in the motoring mode). Therefore 
bidirectional power electronic converter delivers stored 
electric energy from batteries to electric machine. If the 
required power of HEV at considered speed becomes lower 
than the ICE supplied power on OLL, the ICE operate at 
optimum operating point. The extra ICE power directed to the 
electric machine which operates as a generator and the 
provided electric energy would be stored in the batteries.  
 
Due to the HEV speed changes during any operating cycle, the 

purpose of this step is to determine 
kα  and eventually k1 α− , 

in all the moments of driving cycle.  

According to equation (16), if the amount of expression 

( )∑ =
−4

1k Ekk1 ηα  could be maximized, the cVη  will have its 

maximum value. Therefore the total distance traveled by the 
vehicle, using a specified battery charge and fuel, will be 
increased. 
 
Fig. 7 shows the normalized efficiency curves of two design 

methods; SSD and MSD. In this figure, =kα 0 is considered, 

for the entire cycle. For simplicity, the vehicle speed is 
considered constant. The electric machine speed range in this 
simple curve has been considered between 0 to 1000 rpm. 
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Fig 7 Normalized efficiency curves obtained from two 
methods; SSD and MSD 

 
Fig. 7 shows that the maximum efficiency of the SSD based 
designed machine occurs at the nominal speed (500 rpm in 
this example). This maximum value in the normalized 
condition has been reached to the unit. This value is higher 
than the maximum value obtained using the MSD method. 

Conversely, the amount of cVη , 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, type of structure, 
thermal constraints, limited available space in the vehicle 
wheel, various PMs inherent specifications, maximum current 
density of used conductor, and the driving voltage, should be 
considered to achieve required specifications in the proposed 
motor design. In other words, the motor optimization method 
is a multifunctional scheme and with this method the 
requested in-wheel motor is designed and analyzed. 
 
To achieve the requested driving voltage and to induce the 
larger back electromotive force to the windings, the stator 
coils are independently wired on stator poles and are grouped 
into needed phases. With this method the higher motor speed 
is achieved and multiphase machine structures can be 
constructed. Therefore, the effects of the number of phases 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 vehicle tire, the 
phrase Pwww/hhRdd is used. In this expression, P and R 
denote passenger tire and radial tire, respectively, www is the 
tire width in mm, hh, as a percentage of www, is the height of 
the side wall, and dd is the inside diameter in inches. In this 
application the tire size of P205/50R17 is selected to use in 
vehicle. The outside circumference of this tire is assumed 
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 kW 
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 < 15 kg 
Operation temp. range 0°C ~ 40°C 

 
There are some important parameters that affect the design of 
AFPMs. In these parameters the diameter ratio, Di/Do, and air-
gap flux density are the two design variables having more 
effect on the machine inherent characteristics. Therefore, in 
order to find the best performance of the desired AFPM and 
the machine's optimum size, the diameter ratio and air-gap 
flux density must be designated intently [17, 18]. The 
maximum motor efficiency is occurred at the maximum power 
density. To achieve the maximum power density of the 
machine and to determine design features many different 
structures must be analyzed. In this paper a software package 
is used for FEM method that enables analysis and optimization 
to do faster, more effective and simple. This software is an 
excellent supplement to analytical methods, especially when 
considering geometry details and variations in the machine 
construction. In this programming method a multifunctional 
optimization method is used to search the optimal values of 
the design variables that maximize the performance indices 
such as motor torque, torque or power density and overall 
efficiency. Design constraints for a HEV application are also 
included in the program. Also desired performance indices are 
weighted under the constraints, to achieve better compromise 
among the design variables. 
 
Fig. 5 shows the normalized electromagnetic torque 
(

maxem,em TT ) variation as a function diameter ratio (KD) for 

the AFPMs as equation (9) and (10).  
 
The optimal design motor parameters and its technical data 
obtained from two design method (SSD and MSD) are 
presented in Table 2. The nine coils are independently wired 
on stator poles at this machine. Three coils are connected to 

form each phase winding. Further studies by the finite element 
method need to be performed to get the final decision. 
 
Table 2 Motor characteristic obtained from magnetic analysis 

and optimization 
 

parameter 
From 
SSD 

From 
MSD 

Max. current per phase (A) 19.6 20.4 
Rated torque (Nm) 35.8 38.1 
Max. torque (Nm) 75 75 
Flux density (T) 0.9 0.8 
Motor weight (kg) (approximate) 14.9 16.5 
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 
side)  

12 12 

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

 
6. LOSS CALCULATION 

One limiting parameter in the machine design process is the 
power losses. The loss calculations are briefly described as 
follows [11, 13]: 
1. The main losses in this electrical machine are rotational 
losses. These losses (also named as air friction losses) are 
dependent on air-gap length (g) and outer diameter (Do). The 
mechanical power needed to overcome the drag resistance of a 
rotating disc is: 
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(17) 

 
Where, η and ρ are the efficiency and air density, respectively 
and f is the frequency of rotor.  
2. Stator winding losses in the specific current (I) are obtained 
by (18): 
 

2
scu IRP =

 
(18) 

 
Where, Rs is the stator winding resistance. 
3. The magnetic field frequency causes additional losses in the 
stator conductors (winding eddy-current losses): 
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where, Dstrand , ρcu and Vcu are the diameter of each wire of 
conductor, electrical resistivity and volume of copper 
(winding), respectively.  
 
In order to calculate the spinning loss with described equations 
the machine was operated using an uncut steel toroid core as 
the stator piece [4]. If the effects of stator slotting are to be 
considered the total core loss in the iron cored stator is more 
increased. But with a coreless stator this loss is neglected and 
the total efficiency is increased as shown in Tables 3 and 4. 
 
7. PROTOTYPE AND EXPERIMENTAL 

VALIDATION 

The AFPM machine is modeled by using quasi-3D finite-
element method (FEM). The prototype motor based on the 
designs previously discussed have been fabricated and tested 
as illustrated in figures. The stator coils, rotor and their 
assembly are shown in fig. 8. The total losses calculation 
results of the designed machine with two design method are 
presented in Table 3. It can be shown that for this in-wheel 
drive in the electric vehicles, the coreless TORUS-NS AFPM 
designed by MSD method produces about 10% higher 
vehicles cycle efficiency when compared to SSD designed 
AFPM with the same characteristics. The validation of design 
method confirmed a good agreement between the 
measurements and results obtained by FEM (FLUX-3D and 
ANSYS) from a coreless AFPM prototype. 
 
Table 3 Comparison of Obtained Results for Coreless AFPM 
with Two Design Methods in the Total HEV Operation Cycle 
 

Parameter 
FEM results 

Experimental 
results 

From 
SSD 

From 
MSD 

From 
MSD 

Rated output 
torque at rated 

speed (Nm) 
37.8 38.1 37.2 

Max. Machine 
Efficiency (%) 

94.6 89.6 83.3 

Min. Machine 
Efficiency (%) 

45.4 65.3 59.7 

Vehicles cycle 
efficiency,

cVη  (%) 39.2 48.7 47.0 

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

MSD Method 
 

Parameter 
FEM results 

Experimental 
results 

Iron 
core 

Coreless 
stator 

Coreless 
stator 

stator 
Rated output 

torque at rated 
speed (Nm) 

43.4 38.1 34.4 

Total machine 
loss (W) 381.7 310.5 404.0 

Machine 
Efficiency 

(%) 
87.3 89.6 86.5 

 
CONCLUSIONS 

The characteristic equations for the design and to find the 
improved sizing for the best output power, have been obtained 
in this article. The electromagnetic design has been performed 
by applying the characteristic equations to the type of AFPM 
machine. In order to optimize the machine structure, the 
diameter ratio and the air-gap flux density have been chosen 
carefully. The all types of AFPM machines has been studied 
and investigated to choose the best structure for the intended 
application. A new design method based upon multi speed 
design strategy has been proposed. Using this Multi-Speed 
Design (MSD) method with a coreless type of stators, the total 
AFPM machine efficiency at the HEV operation cycles could 
be improved. The machines have been compared in terms of 
the power density and the results have been applied for this 
machine design method. The performance analysis of this 
axial flux permanent magnet in-wheel machine is done using 
finite-element method and the obtained test results validate the 
effectiveness of this proposed design method. The simulated 
and test results show that the coreless in-wheel direct drive 
AFPM designed by MSD method has a better efficiency and 
no cogging torque when compared with an AFPM with iron 
cored stator. 
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Fig 8 Stator, rotor and motor assembly 
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