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Abstract—In this paper presented initial design of Low Spee@ided, axial-flux, disc-type, permanent magnet, shiess

Axial Flux Permanent Magnet (AFPM) Machine with NStotted
TORUS topology type by use of certain algorithm Apdix).
Validation of design algorithm studied by meansseliected data of
an initial prototype machine. Analytically desigaleulation carried
out by means of design algorithm and obtained tesoimpared with
results of Finite Element Method (FEM).
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|. INTRODUCTION

machine. Figure 1 shows the basic layout. A sinipteidal
strip-wound laminated stator core carries a slstlgsroidal
winding which may have any chosen number ofasgb.
The rotor comprises two mild steel discs, one ahesde of
the stator, carrying axially-polarized magnets [8e of the
high-field permanent-magnet material Neodymiuomir
Boron (NdFeB) for excitation enable quite higixfdensity
to be achieved in the relatively large air-gagsociated with
the slotless winding [7]. The active conductorgins are the
radial portions facing the magnets. It is seen tte machine
effectively comprises two independent halvegnd either

THE first work focused on PM disc machines wagjge of the radial centreline. The name Tavas adopted

performed in late 70s and early 80s. Disc typeldhia
PM machines have found growing interests in the dasade
especially in the 90s and have been increasingdd s both
naval and domestic applications as an attractiterradtive to
conventional radial flux machines due to its paecakape,
compact construction and high power density [1]], [2

AFPM motors are particularly suitable for electlica

vehicles, pumps, fans, valve control, centrifugegchine
tools, robots and industrial equipment. AFPM maehircan
also operate as small to medium power generatinse S
large number of poles can be accommodated, theskimes
are ideal for low speed applications, as for exampl
electromechanical traction drives hoists or windchegators.
Moreover, AFPM have been today widely investigatech
large number of applications such as: submarin@ytsmn,
airplane propulsion systems, wind energy, papeustigl. The
unique disc-type profile of the rotor and stator AFPM
machines makes it possible to generate diverse
interchangeable designs. AFPM machines can be ridasbigs
single air gap or multiple air gaps machines, slttted, non-
slotted or even totally ironless armature [1], [4], [5].

Il. MACHINE STRUCTURE OFCASE STUDY
AFPM machine topology that presented in this paper

Non-slotted TORUS machine (TORUS-NS). An idealized

version of the machine structure is shown in Fig. The
TORUS machine is a non-slotted, toroidal-statorybde-

Ahmad Darabi is with the Faculty of Electrical & Bagic Engineering,
Shahrood  University of Technology, (e-mail: Darakimad@
Hotmail.com).

Hassan Moradi is Faculty of Electrical & Roboticdimeering, Shahrood
University of Technology M.Sc student (e-mail:
hassanmoradi333@yahoo.com).

Hossein Azarinfar is Faculty of Electrical & RobotiEngineering,
Shahrood  University of Technology M.Sc student @@#m
hazarinfar@yahoo.com).

and

to indicate the toroidal nature of both tk&tor core and
the stator winding [6]. The geometry of the TORNS

machine is described in Fig. 2 [8]. The three phasgling

arrangement, magnet polarities and flux paths énntlagnetic
circuit in average diameter of the TORUS-NS machane

shown in Fig. 3 [1].

Stator with air-gap winding

I, Rotor

Fig. 1 Axial flux TORUS type non-slotted surfaceumted PM
machine configuration (TORUS-NS)
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Fig. 2 Definition of the geometrical parameterstfte TORUS-NS
AFPM machines [8]
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Fig. 3 Tﬁree—phase winding, PM polarities and magrihu;( paths of
a TORUS-NS machine [1]

Il.  INITIAL DESIGN OFTORUSNS MACHINE

In this section performed initial design of TORUS&N
machine by use of certain algorithm. The selectaldes of
principal design details are given in Table I. Toeerall
specification for the direct-drive generator wakV8 nominal

demanded Power, 200 R.P.M nominal speed [9].

TABLE |

SELECTEDVALUES OFPRINCIPAL DESIGNDETAILS

Symbol Quantity Value Unit
Pr Nominal powe 500( W]
m Number of phas 3 -
Vbc DC Voltage 21C V]
f frequenc 46.67 [Hz]
n Nominal speed 200 [rpm]
connection wye
TABLE Il
ANALYTICALLY DESIGNEDPARAMETER OF TORUS-NSAFPM MACHINE
Symbol Quantity Value Unit
VL Line Voltage 219.05 I\
Vp Phase Voltage 126.47 I\
p Number of pole pa 14 -
A Electrical Loadin 1050( [A/m]
J Current Densit 7.8 [Amm?]
ap Number of parallel pa 7 -
By Air-gap peak flux density 0.74 [m
A Diameter ratio 0.5745 -
Kp Electrical power waveform factor 0.777 -
Ki Current waveform factor 0.134 -
Ke EMF factor 7 -
Keu Copper fill facto 0.32 -
Hrpm Magnetic recoil permeabili 1.0t -
B residual flux density of the PM 1.17 [m
material
Ber Flux density in the rotor core 1.17 [T]
Kqg Leakage flux factor 0.533 -
By Specific magnetic loadir 1.12¢ [m
n Efficiency 0.81 -
Do Outer Diamete 0.47( [m]
Di Inner Diamete 0.27( [m]
Dgy Average Diameter 0.370 [m]
g Air-gap length (magnet to the 0.0015 [m]
winding)
Bee Flux density in the stator core 1.245 M
Lee Axial length of the stator cc 0.02( [m]
Weui Winding thickness at inner 0.0055 [m]
diamete
Weuwo Winding thickness at outer 0.0032 [m]

diameter

Wew  Winding thickness at inner diame 0.004: [m]

Le axial length of the stat 0.028¢ [m]

Ler axial length of theotor cort 0.02( [m]
Lpm PM lengtt 0.012% [m]

ai magnet width—to—pole pitch ratio 0.72 -
Wevmg  Magnet width in average diameter 0.0299 [m]
Ly axial length of the rotor 0.0327 [m]

Le axial length of the machine 0.097 [m]

Nt number of turns per phe 16C turn
lrme RMS phase curre 12.71 [A]

lw axial thickness of the windit 0.004« [m]

Sa cross-section of a conductor 0.329 [m2]
dstr Strand wire diameter 0.71 [m]
Li effective length of the stack 0.1 [m]
Lia,  Average length of the armature turn 0.2576 [m]

IV. INITIAL DESIGN OFTORUSNS MACHINE

In this section simulated TORUS-NS machine by mexns
FEM with mentioned parameter in table | and Il.mAsntioned
before it is seen that the machine effectivelynpdses two
independent halves, lying either side of thedial
centreline. Measurized view of TORUS-NS machine ehéaor
simulation is shown in Fig. 4.

After drawing the model for simulation of TORUS-NS
machine and attribution of the material for compunef
machine carry out mesh generation. Meshing of nmeclis
shown in Fig. 5.

i 83.02 ‘

Fig. 5 Three-phase winding, PM polarities and mégrileix paths
of a TORUS-NS machine
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The magnetic flux lines for no-load condition arpitted
in Fig. 6.

—
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Fig. 6 Magnetic flux lines for no-load condition ®ORUS-NS
machine

The flux density distribution by means of vectorsda

direction of flux for no-load condition is depictedFig. 7.

Fig. 7 Three-phase winding, PM polarities and mégrileix paths
of a TORUS-NS machine

The flux density distribution for no-load conditiois
depicted in Fig. 8.

Fig. 8 Flux density distribution for no-load condit of TORUS-NS
machine

Fig. 9 shows the air-gap flux density over one pading
FEA. It can be seen from this curve that the marinair-gap
flux density is roughly 0.748 T and the averagegaip flux
density was determined to be 0.61 T.

A flux density comparison between the sizing aralys

results and FEA results on various parts of the USRS
machine at no load is tabulated in Table III.

Air gap Flux Density (Tesla)

’ * Dlsvanéue (mm) ®
Fig. 9 No load air-gap flux density of the TORUS-[é6 average
diameter Dg= (Di +D0)/2)

TABLE Il
FLUX DENSITY COMPARISON OFTORUS-NSMACHINE AT NO LOAD
Flux Density Bes-max Bor-max Bg-max Bes-avg
FEM 1.123 1.09 0.748 0.61
Sizing eq. 1.245 1.17 0.748 0.6

It is seen that the FEA results are consistent thighresults
obtained from the sizing analysis except for thet fthat
maximum value of the stator flux density is a dittbwer than
the value obtained from sizing analysis. The rea®onthis
discrepancy is that the leakage flux is a bit highecause of
the large air-gap which results in lower flux dépsin the
stator core [10].

The magnetic flux density in the (tangential) andy
(normal) directions are shown in Fig. 10.

Bx , By (Tesla)

Distance (mm)
Fig. 10 magnetic flux density in thetangential) ang (normal)
directions of TORUS-NS machine

V.CONCLUSION

In this paper with selected values of principaligiesietails
Designed by use of a certain algorithm Parametdr@RUS-
NS AFPM Machine. Then machine simulated by useiwitd-
Element Method (FEM). The FEA results are conststgth
the results obtained from the sizing analysis #aditlates high
precision of design algorithm studied in this paper

APPENDIX
Equation of initial design algorithm:

1) Outer Diameter:
4pK

yplm
K, K; K7 B,A f(1-A7)1+ A1)

D, =(

N

stator
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2) Inner diameter

D, =AD, [m]
3) Average air-gap diameter:
p, =" p, [m]

4) Flux density in the stator core

B, = 547f %% [T]

5) Axial length of the stator core
+
= B, 7 D,(1+A) [
B.4p
6) Winding thickness at inner diameter
4A.D
D\Z + KASJQ - Di
Wcui = = [m]
2
7) Winding thickness at outer diameter
4A.D
WCLIO = — [m]
2
8) Axial length of the stator
L, =L +16W,, [m]

9) Axial length of the rotor core

10) Permanent Magnet axial length

Heow B
Lo =PMTQ(9 +W,,) [m]
B -—'B,
Kd

11) Axial length of the rotor

L =L, +L,, [mM]

12) Axial length of the machine

(1]

[2]
[3]

[4]

[5]

(6]

[

L=L,+2L, +2g[m
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