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Axial flux machine with non-slotted TORUS-NS rotor type. Design and investigate for electric
traction

Introduction. The drive electric motor is one of the key components in the traction chain of an electric vehicle. Traditional radial flux motors
used in electric vehicles, which use permanent magnets or induction motors in an electric field, are experiencing significant development
aimed at optimizing their weight and cost. However, it can only go so far, so switching to a completely different type of machine, such as an
axial flow, might be a good alternative. The novelty to this item is an axial flux permanent magnet motorization with non-slotted TORUS-NS
rotor (single interior stator with two external rotors North-South) type housed in the wheel of the vehicle; this allows power to pass directly
from the motor to the wheel, increasing the efficiency of the motor. System complexity is also less, as the transmission, differentials and
driveshaft are eliminated. Purpose is to equip the electric car and choose the motor adapted to the application and the available space. The
smaller size and weight allows for a lighter vehicle and more batteries, thus increasing range. The focus on customization is because vehicle
performance is so dependent on the quality of the vehicle architecture , battery pack and axial flux motor design. The results obtained are in
good agreement of accuracy, in particular the flux density at the air gap. The investigation is carried out by the finite element method.
Machine model was run on Maxwell 16.0 business code. References 22, table 1, figures 10.

Key words: axial flux permanent magnet machine, electric vehicle, finite element method, TORUS-NS.

Bcemyn. Ipusionuii enekmpooguzyt € 00HUM i3 KII0UOBUX KOMNOHEHINIE MA208020 KOIA eNeKmpomooina. Tpaouyitini 0sueynu 3 padianbHum
MAZHIMHUM NOMOKOM, W0 BUKOPUCHIOBYIOMbCS 8 eNeKMPOMOOLIAX, 8 AKUX UKOPUCHIOBYIOMbCS NOCMILIHI MACHIMU ab0 AcUNXPOHHI OBU2YHU
6 eNeKMPUYHOMY RO, NEPENCUBAIOMb 3HAYHUL POZGUMOK, CNPAMOBAHUI Ha onmumizayiio ixuvoi éazu ma eapmocmi. OOHax ye He medicd,
MOMY 2aPHOIO ATLIMEPHAMUBOIO MOJHCE OYMU NePexio HA 306CIiM THUIUIL MUN MAWUHY, HANPUKIAO, 3 0CbO8UM nomokom. Hoeusznorw y ybomy
NUMAHHI € MAWUHA 3 NOCMIUHUM MAZHIMOM 3 OCbOSUM MazHimuim nomoxom ma 6esnazosum pomopom TORUS-NS (ooun enympiwiniii
cmamop 3 080MA 308HIWHIMU POMOPAMU NIGHIY-NIGOEHb), POSMIWEHUM Y KONeCi MPAHCNOPMHO20 3aco0y; ye 0036018€ NOMYHCHOCHI
nepedasamucsi 6e3nocepednvo 6i0 08uyHa 0o Koneca, nioguwyrouu egpexmugricmo ogueyna. Ckradnicms cucmemu makoc 3HUICYEMbCS,
OCKIbKU 8IOCYMHI mMpaHcmicis, oughepenyianu ma kapoannuil éan. Mema nonsicac 6 momy, wjo6 oonaoHamu enekmpomodit, ma eubpamu
osucyH, adanmosanull 00 3ACMOCy8aHHs Ma OOCHynHoz2o npocmopy. Haiimenwi posmip i éaza 003601s10me guKopucmosysamu Oinou
Jleckuli agmomoobine ma binvute bamapet, wo 36invutye npobie. Ocobausa yeaza npUOinAEMbCa iHOUBIOYATLHOMY HACMPOIOBAHHIO, OCKIbKU
NPOOYKMUBHICMb ABMOMODINA 6a2amo 6 HoMy 3anedicums 6i0 AKOCMI 1020 apXimeKmypu, akymyiamopHoi 6amapei ma KOHCMpYKyii
08USYHA 3 OCLOBUM MazHimHUM nomokom. Ompumani pesynemamu nepedysaionsv y 000piti 32001 3a MOYHICIIO, 30KpemMa 3d 2YCIMUHOIO
NOMOKY Y NOSIMPAHOMY 3a30pi. JOCTIONCEHHS NPOBOOUMBCA MEMOOOM CKIHUeHHUX enemenmis. Modens mawuny 6yna 0ocniodcena 3
BUKOPUCIAHHAM KOMEPYITIHO20 npoepamtozo npooykmy Maxwell 16.0. Bion. 22, ta6n. 1, puc. 10.

Kniouogi cnosa: mammHa 3 MOCTIHHMM MArHiTOM 3 OCHOBHM IOTOKOM, €JeKTPOMOOiIb, MeTOJ CKiHYeHHHUX eJIeMEHTIB,
ejqekTpuyHa mamuna tTuny TORUS-NS.

1. Introduction. Road transport is one of the biggest
emitters of greenhouse gases in the world and one of the main
sources of air pollution. Faced with this colossal challenge,
the world has embarked on an ambitious transition policy
towards cleaner and more efficient energy, improving
performance, efficiency, safety and sustainability [1] with less
polluting transport judged as a strong requirement. One of the
solutions for reducing polluting gas emissions is the
development of electric vehicles, while the traction of electric
vehicles is entirely provided by electric motors.
Unfortunately, electric vehicles have several disadvantages
compared to internal combustion vehicles: for example; very
limited autonomy, and high manufacturing costs.

On the might of these points, it is obvious that the
motor for this vehicle must be very efficient. Due to its
disc-shaped structure and high compactness, the topology
of the axial flux permanent magnet (AFPM) machine is
well suited for direct drive motor applications in the
wheels [2]. Innovative solutions for emerging low-speed
vehicles each providing a wide range of benefits in the
areas these vehicles move through. The use of low-speed
vehicles helps users enjoy the benefits of low-speed
electric vehicles even more. For this purpose, a mode for
low-speed vehicles was chosen for this study where the
nominal speed of the wheels is 200 rpm.

The objective of this paper is to design the twin
rotor axial flux synchronous motor without slot with
internal stator (TORUS) according to the dimensioning
equation. 3D finite element analysis is used for the
accuracy of the electromagnetic air gap density.

2. Axial flux permanent magnet machine.

A. Presentation of the axial flux machine. A radial
flux motor generates flux perpendicular to the axis of
rotation, where the rotor is made of permanent magnets
located inside a stator that contains support known as a
yoke, which 1is outfitted with «teeth» containing
electromagnetic coils that work as alternating magnetic
poles. These poles interact with the alternating magnetic
flux of the stator coils, which produces rotation of the rotor
and therefore of the motor. An axial flux motor design has
a different geometry from a radial machine, since its stator
disc sandwiched between two rotor discs distinguishes the
motor. In this design, the flux is generated parallel to the
axis of rotation. This carries has the advantage of
simplifying the fabrication of the motor (Fig. 1).
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Fig. 1. Operating principles of the machine
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B. Topologies of axial flux machines. Several axial
flux machine configurations are shown in Fig. 2. Are
classified into several categories [3, 4] according to:

e construction: number of stators and rotors, and their
locations to each others.

o winding support: slotted, unslotted.

o type of winding produced: distributed, concentrated,
Gramme ring.

e arrangement of magnets: on the surface, buried
radially, buried tangentially.

Moreover, in literature, 4 main families are
classified according to the type of structure:

1. «Single face» machine or a machine with 1 rotor and
1 stator.

2. «TORUS» (single interior stator with two external
rotors) machine, where the stator is between 2 rotors.

3. «<AFIR» (axial flux internal rotor) machine, where
the rotor is between 2 stators.

4. Multi-stage machine with several stators and rotors.

h

Fig. 2. AFPM synchronous motor topologies:
a, b — single stator-single rotor [5]; ¢, d — dual stator-single
rotor; e, f, g — dual rotor-single stator; 4 — multistage structure

3. Geometrical modeling, and dimensioningof the
AFPM machine.

A. Machine suitable for automotive application. In
order to be able to select the best machine meeting the needs
of our application, a small comparison between the different

topologies of the AFPM machine illustrated in Fig. 2 is made
to extract the advantages and disadvantages of each machine
in order to be able to select the most suitable topology and
meeting the different requirements of our application. Firstly,
single air gap structures of the 1 stator/l rotor type are
eliminated in favor of multiple air gap structures because the
objective is to have a mechanically balanced structure where
the axial forces in operation compensate each other. In
addition, a multiple air gap structure allows us to use a larger
electromechanical conversion surface than the single air gap
structure and, therefore, to hope to meet the performance
required for our application. However, the reduced axial size
imposed by the wheel and the obligation to work with discs
of significant thickness prohibits multi-disc structures with
more than two air gaps. The choice made among the
symmetrical structures with two air gaps, we eliminate the
structure with two stator and one rotor because of volume in
favor of a structure with two rotor and one stator, therefore
the selection remains between the TORUS-NN machine a
magnetic flux emanates from a permanent magnet (PM),
passes through the air gap, passes through the stator core and
completes the circuit at the opposite polarity PM [6], stator
and TORUS-NS or the direction of the flux changes such that
the flux moves along the axis of the stator; in other words, the
flux moves from the first rotor to the stator towards the
second rotor without circulating along the stator yoke. In this
case, the winding is placed on a disk of non-conductive and
non-magnetic material [7], which implies a considerable
reduction in iron losses and the elimination of the cogging
torque which can be responsible for annoying torque ripples.
Thus, this machine has a fairly advantageous mass torque [8].
In addition, the windings are placed at the level of the air gap
and are in direct exposure to the magnetic field. At the end of
this comparison and according to the criteria required for our
application the TORUS machine where the stator is located
between 2 mild steel rotors, carrying axially polarized
magnets [9, 10] reaching relatively large dimensions air gap
associated with a winding without an air gap [11]. The
laminated stator strip wound toroid has a slotless toroidal
winding that carries three phases. The geometric design of the
TORUS-NS engine is shown in Fig. 3 [12]. The arrangement
of the three-phase windings, the polarity of the magnet and
the current path in the magnetic circuit through the diameter
of the machine are shown in Fig. 4 [13].

Fig. 3. a — definition of the geometrical parameters for the
AFPM TORUS-NS motor [10]; b — configuration of the PM
machine with axial flux TORUS without slot (TORUS-NS)
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Fig. 4. PM polarities and magnetic flux paths of a TORUS-NS machine [5]:
a-2D;b-3D

B. Sizing equation for the AFPM machine. Two
models of analytical modeling of -electromagnetic
phenomena are described, a simplified modeling was
developed in order to set up dimensioning equations [14]. It
is based on a reasoning on the power balance of the machine
tha allows possibility to analyze, compare and pre-dimension
machines of different structures. These models are fast,
however, compromises must be made in terms of solution
accuracy. The established sizing rules link input quantities
such as geometry and power supply to output quantities
which are the performance of these machines in terms of
torque, losses, and efficiency. The sizing equations of
machines with TORUS axial flow have the following form:

m T .
P =1 [y -1 =m- Ky By Ly (1)

where e(?) is the electromotive force (EMF) due to PM;
i(¢) is the supply current; E, is the maximum value of
EMEF in air gap; I, is the maximum value of current; K, is
the power coefficient; 7 is the motor efficiency; m is the
phases number of motor [6, 15].

The power coefficient K, is defined as:

1T e

K,=
T 3 Ep-L i

T
1
t=— { fet)- fithde.  (2)

The normalized EMF and current are defined as:
Jele)= ) Epe - FO)=1(0) 1,
The form factor of the current is K; defined as:
-0.5

It LTl 2
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where I,,,,; is the average square value of the phase current.

The maximum value of the phase air gap EMF for
the AFPM in (1) is given as:

E Li-2)og. @

K,-N,, B
e P gp

Pk =
where K, is the factor form voltage into account the type of
winding; N, is the turns per phase number; B, is the air gap
magnetic flux density taken as a parameter to increase the
mass moment [16]; f'is the frequency of machine; p is the
pole pairs number of machine; A = D, / D,, which is taken
as a parameter to improve performance of motor [17]; D, is
the outer diameter of motor; D, is the inside diameter of
motor.
The maximum current value is given by:
Ik=A~7r~Ki-ﬂ-L, (5)
L 2 21N
ml "tV ph
where m; is the number of phases in stator; 4 is the
electrical load of machine.

Combining (1) to (5), we obtain measuring equation:

m 1+ 2
Pouz:;l'i_zr'Ke'Kp 'Ki'A'Bg'U'i'(l_/12)'[ 2 ]'ng(@
with introduction the aspect factor of the axial current
machine [16]: K; = Dy / L., where L, is the axial height of
the machine, which is based on certain considerations of
physical and geometrical quantities.

Using this parameter, second expression of the sixth
dimensional equation (6) is deduced:

1+
FPoyr=K,-K; 'Kp Ky, '77'Bg 'A'i'[(l_lz).T'Dg]Le (7
The torque density of machine for total volume is:
P
Tdem = T 01412 5 )]
Wi 4 Dior * Liot

where w,, is the angular speed of rotor; D,,, and L, are the total
outer diameter and the total length of machine respectively,
including the outer diameter winding end [2, 6, 17].

A general approximation of the size equation can be
easily applied to TORUS surface-mounted PM motors [6].
The diameter of the outer surface D, can be specified as:

3
T KK, KA B, .ﬁ.f.(l_ﬁ).(lﬁj
2-my p 2

Axial height of active parts L, (7) is expressed as a
function of geometric and magnetic parameters of axial
flux machine, the axial height of active parts can be
expressed by:

L,=L;+2-L.+2-g, (10)
where L, is the active length of the rotor:
L},.:LC,,-FLPM, (11)

where L., Lpy are the axial height of a rotor yoke and
magnets respectively; g is the axial thickness of machine
air gap; L, is the height of the toroidal stator without
notch. This height is made up of a laminated
ferromagnetic yoke to height L.,, and that of the windings
in the axial direction, denoted W,
Li=L. +2-W,,. (12)
In order to evaluate W, in [17] was developed a
method based on volume considerations. By introducing
the effective surface current density J; in the copper wire,
and the winding factor K., simple considerations on the
volume of copper allow us to write that:
D;,-./D-\2-4-D, /K, -J,
v, PP AB R T)

This size is also useful not only for the axial size,
but also for radial dimensions, because it can then write
the total exterior diameter of the machine in the form:

Dypy =Dy +2W,, (14)

The thickness of the yoke of the stator is obtained as:

LCS:Bg 7-a,-Dy (1+/1)’ (15)
4-p- B
where B, is the flux density in the stator core.

For the rotor thickness, the previous expression must
be divided by a factor of two, since the rotor yoke must
only channel the magnetic flux present on one side:
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B,-7-Dy-(1+ 1)
8-p- B
where B, is the average magnetic flux density on a pole at
surface of magnets. Axial height of magnets Lpy as
function of maximal required magnetic flux density B, is:

-7 (g+w,),  (7)

L

where S, is the relative opening angle of the magnet with
respect to the pole pitch; K is the ratio of the mean value
of the air gap magnetic flux density under a pole B, to its
maximum value B, [19], and must be determined by
three-dimensional finite elements in the axial flux
machine.

The form factor of an axial flux machine, whose
expression [20]:

KL=_ K B 1 = . (18)
7r-(l+/1)( f g+Buj+
4-p B B
-B
L w, 2eg) 14— "8
Dy B _L.B
r u
Ba

C. 3D finite element modeling. The complexity of
AFPM on surfaces with a single stator double rotor structure
requires 3D finite element numerical analysis. In general,
finite element modelling and simulation are used to take into
account non-linear and three-dimensional aspects of
electrical machines [21]. However, this type of simulation is
becoming increasingly common in industry. Figure 5 shows
the assembled machine using Ansys Maxwell 3D 16.0
Software (the machine design has been modelled here).
Meshing is an important step in numerical modeling [22].
Improper meshing can lead to incorrect results. It is
therefore important to develop a mesh in combination
between smoothness and computation time. This machine
was initially designed to meet the conditions for integration
in the wheels of electric cars.

Fig. 5. Illustration and mesh of a double rotor axial magnet
machine with internal stators TORUS-NS:
a — general geometry of machine; b — part of machine

The geometrical and electrical parameters are detailed
in Table 1.

Table 1
Geometrical and electrical parameters of the TORUS-NS AFPM

Parameter Value
Main voltage V;, V 219.05
Phase voltage Vp, V 126.47
Number of pole pair p 14
Electrical loading 4, A/m 10500
Current density J, A/mm? 7.8
Air-gap flux density By, T 0.74
Diameter ratio 4 0.5745
Electrical power wave factor K, 0.777
Current wave form factor K; 0.134
EMF factor K, II
Copper fill factor K¢, 0.33
Residual magnetic flux density of PM material B,, T| 1.17
Leakage flux factor K, 0.533
Specific magnetic loading B,, T 1.125
Outside diameter D,, mm 470
Internal diameter D;, mm 270
Average diameter D,, mm 370
Air-gap length g, mm 1.5
Flux density in the stator core B, T 1.245
Axial span of the stator core L., mm 20
Winding width at internal thickness #,,;,, mm 5.5
Winding width at external diameter W,,,,, mm 32
Interior diameter along side width W,,, mm 43
Stator core length L, mm 28.8
Rotor core length L., mm 20
Magnet thickness-to-pole field ratio o; 0.72
Average diameter magnet breadth WPy, mm 29.9
Axial length of the rotor L,, mm 32.7
Axial length of the machine L., mm 97
Number of winding turns per phase &, 160
Phase current rms value /,; A 12.71
Axial thickness of the winding /,,, mm 4.4
Cross-section area of wire S,,, mm? 0.396
Wire conductor diameter d,,, mm 0.71
Effective axial length of machine L;, mm 100
Average length of the armature turn L,,,, mm 257.6
Nominal power Pz, W 5000
Number of phase m 3
DC voltage Vpc, V 210
Frequency f, Hz 46.67
Nominal speed, rpm 200
Connection Y

Figure 6 in 3D model shows the distribution of
magnetic flux density B of yoke vector distribution. In
magnetic analysis, the motor is simulated at a certain time to
obtain the magnetic field distribution. In this way, it is
possible to check whether the design geometry is correct, by
observing flux density distribution in air gap, in which
central radius is obtained.

The results are shown in Fig. 7, 8.
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Fig. 6. a — magnetic field strength with vectors;
b — magnetic flux density distribution in the motor
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Fig. 7. Air gap flux density magnetic distribution for average
radius (average diameter D= (D; + D,)/2)
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The expositions of the stator core and rotor to time-
varying flux densities were studied. The results are
illustrated in Fig. 9, 10.
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4. Conclusions. The current global context has
prompted car manufacturers to electrify their vehicles. In
order to reduce the cost, which is still high, various
technical solutions need to be implemented in these types
of vehicles to reduce the cost of the power-train/electric
transmission components, particularly the electric
machines.The main objective of this article is to study an
electric machine that can satisfy severe constraints in
terms of performance and size for an application in a
direct drive system for electric vehicles.

It is important to achieve optimum performance: high
torque density with maximum efficiency over a wide speed
range, which would impact the use of analytical models
based on the sizing equationsin order to identify the best
geometry of the machines application. Therefore, at the end
of this study, axial flux machine with non-slotted TORUS-
NS rotor type was selected due to its advantages. The
numerical results using finite elements have given satisfied
resukts to evaluate the potential of this machine.

For further study this machine, three-dimensional
features are considered using the Maxwell Ansys finite
element model. The results concerning the magnetic flux
density in the air gap, obviousmy shown that it is
necessary to improve the overall operation: in the end
wheel motors begin to make their way to the automobile.

The effect of buried permanent magnet axially in the
rotor has been planned as a perspective task and radial
split of each permanent magnet into small pieces.
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have no conflicts of interest.
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