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Design of a Small,
Axial-Flux Permanent-Magnet Motor

M. Van Dessel, R. Belmans, R. Hanitsch, E. A. Hemead

Abstract

Tre inciin /:u vis oricited
in A/I(’ axial direction, vielding a pan-cake tvpe urmu;em(’n[ I/I(’ outer zlmmt'tw is about 45 mom, the axial
length about 15 mm. A/ler the introduction, the motor design is explained. On the basis of these general de-

sign considerations, the average flux densiry at no-load in the materials is approximated using an analvtical,

one-dimensional approach. An accurate analysis of the axial flux machine requires a 3D finite-element calcu-

lation. The 3D model design needed for this, is (’\plmnml The motor characteristics (induced voltage and
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The paper deals with the design of a disc-ty

torque), obtained from the 3D calculation are described and compared with measurements.

1 Introduction

uter peripherais. office equipmeni and sior-
age devices. the trend is towards small packages, low
power consumption, high efficiency and l()w cost. Con-
sequently, the drives lcqlnrcd by this type of qunpment
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nertia and a small volume. In
a number of applications lhe disc-type motor is the best
cheice because of its short axial length. Also for portable
dcx ices where the Cnergy is supplied by a battery, there
1 e system with ahigh efficien-
cy. Toattain lhese goals, permanent magnets are used for
the excitation and an electronic commutation can be
combined with @pccd control.
agnet m
cently hcu)mc very attractive. It shows th hlghext en-
crgy density of all commercially available materials. Tt
provides high air-gap flux density and makes a highly
dyramic motor design feasible. To be able to make the
best possible use of the material, the design has to be op-
timised using numerical field analysis techniques.

2  Motor Design
2.1 Design Features

The main design features of the motor are:
- the armature winding is on the stator;

- the rotor consists of a thin dise made of sintered per-
manent-magnet material in amultipole arrangement;

— iorthe detection of the rotor position, inagneto-resis-
fve sensors are used.

Brushless axial ficld motors can be built using &
symmetrical or asymmetrical layout [1. 2]. The proto-
type design is characterised by symmetrical planar
windings. produced using etching techniques. The re-
quired torque makes it necessary to employ a multilay-
er winding to establish a sufficiently high current layer.

2.2 Description of the Design

m the stator and

The prototype features two ph 1ses
mul in

poles on the rotor. The rot
nent magnu magnetised in the ax dl (|IlCLll(m

The stator consists of two disks of ferromagnetic back-
iron material with two air-gap win'iings. On cach stator
side. eight windings are installed an

comnected forming
two phasu Fach wmdmg_ Cconsists nl four layers. In (hc
second stator disk. the opposite connections are made to
balance the electrical system. Geometricaily, both stator
parts are identical However, they are rotated with respect
to each other. This unsymmetrical winding arrangement
reduces Ihc 'lxiul l‘orccs (m lhc m:l('hinc hcnrin«m Fi}_‘ l
shows the printed circui

tail. Fig. 2 shows the wmdmg :,ura.ngemcnl. .Tmm. Fig. 3
the main dimensions of the prototype can be taken. The

outerdiameter is about 45 mum, axial length about 15 mm.
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Fig. 1. Printed circuit boards of the four layers 1.1 to L4 of
the winding
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Fig. 3. Main dimensions (in mm) of the prototype
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The geometry isshown in Fig. 4, including the over-
all flux pattern. Since the magnetic periodicity of the
rotor is 907, the motor model consists of a sector of 907,
The magnetic south pole is located under the first wind-
ing of the upper stator. The magnetic north pole is locat-
cd under the second winding. The aim of the analytical
caleulation is to obtain average values of flux density B
i1 the materials using a simplified magnetic circuit. The
approximation is done in a cylindrical surface cutting
tirough the centre points of the winding turns (these are
dicated by groups M1 and M23. The cylindrical cross-
section is given in Fig. 5.

The flux in the air is generated by the magnets and
i< divided into the main flux and the leakage flux:

BaiSaie =Py~ @, =@y (1 —0) = BySy(l-0o). (1)

The quantities in eq. (1) are determined as follows.
Sy is the arca of one north or one south pole, each occu-
pying an angle of 457 (R, is the outer radius of the mag-
netand Ry the inner radius):
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Fig. 4. Geometry of the disc-type i otor and overall flux
pattern

Sairis the area of the a )
and also taken over 4 hc area to be wnxlducd I(»I—
lows {rom the conllgurzm(m of the windings that mag-
netically behave as air and are gived to the back iron.
From the front of Fig. 4, it can be seen that the surface
Sair has to be taken equal to the iron area Sy, .. over an
angle of 45°. 8y, , is the surface of the iron, perpendicu-
lar to the useful fiux entering and leaving the iron verii-
cally. The air at the inside of the windings and the wind-
ings themselves are taken together in the area Su;,. Ry is
the outer radius of the windings and R the inner radius
of the iron:

(R} - k)

Sair = Sty —--‘——-—g e (3)
@ 1s the leakage flux, i.e. the flux not reaching the tron.
This flux passes through the air, but has no net effect
through the area Sx;,. The leakage flux avoids the iron at
the outer radius of the magnet disc and at the non-mag-
netic shaft. The leakage flux establishes closed loops
passing through the magnets. Anestimation of the leak-
age factor ois 0.05 to 0.20.
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Fig. 5. Development of the eylindrical cross-section




The uscful flux in the air and the printed circuit
board. coming from the magnetic north pole, enters the
iron vertically accounting for the conservation of the
magnetic flux at the interface:

S'\u B/\ir = Sl‘"c.v BI"('_\“ (4)

By v 1s the flux density in the iron in the vertical direc-
1|m| Once in lhc iron, the flux turns in horizontal direc-
i
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Spen 18 the vertical cross-section of the iron, perpendic-
ular to the partial flux ¢in front of Fig. 4):

S] e h =~ (/;(R4 - R}) (())

By isthe maximum value and By, is the average value
ol horizontal flux density. B ,(8,) follows a triangular

patiern in the back iron, assuming a finear behaviour of

the maternal:

Bh_h = I'L h = <1OT. (7.21)
I - ”'ll [l
Hy =7 (7.b)

inFig. 5 the closed fiux path is given. Ampere’s faw

at zero corrent yields:

I ll

Hyydyy + Hy (dy+ 1)+ Hy, =2 7 e Hyly + Hye T‘
t H o (d e )+ Hydy + Hy (ds+ 1)+ 1 &
K 7 1Ay} - [ 2
- d
4 o+ Hy 7‘ + Hy (dy+ 1) =0, (8)

and lower disks
dy=d>andl, =1, suuh that Hyi, and H. are valid in the
upper and lower portions. Also Hy is present twice
due to symmetry. ., is the average horizontal field
strength and /3 is the length of the flux path in the iron:

Duc 1o the symmetry of upper

— . s
JN,,_,‘ dl=H, [, with [, =-—1r. (9)
1 4
The magnetic characteristic of the air and the wind-
ings is a straight line (permeability of the free space):

B,\ix = tu()ll/\ir' ( l())

The flux density value By is taken from the magnet-
isation characteristic of the magnet material used (Fig. 6).

From the material data of the slightly non-lincar
curve a least mean squares approximation is obtained.
With the fitted B, and i, the following holds:

By = By + Uiy oy (1

The magnetic characteristic for the back iron is
given by Hy. o = [(Bp ). For the maximum value of the
horizontal flux density it is linearized and related to the
vertical flux density using eq. (5):

Hyon= 1 (B,
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Fig. 6. Magnetisation curve of the per nanent imagnets with
least mean squares litted curve

Fromeqs. (1), (4). (5). (7a). (7). (8), (1) (1 1) and
(i2) the system can be deduced:
Bie o Ste
B, = —extey (13a)
Sa
By . S
By = ——ler (13b)
Syl —0)
I][L»:./‘([}Fc\) (I}&)
( B}'c v SI'L v ) (iM Sl'c v l( v
| By - (dy+ 1400 d,)
Hy, = ! Sy
+d,
(13d)

From cqs. (13c¢) and (13d) follows that in order to
obtain By,
iron curve with a straight line. The intersection is deter-
mined graphically (Fig. 7). The lcakage o= 0.05 as a
first estimation, yiclding By, = 0.386 T.

If the parameter ¢ is varied for which only an esti-
mate can be given anyway, the slope of the straight line
is changed. By finding the intersection with the iron
curve. different values are found (Tab. 1). It can he seen
that when o= 0.10, ﬁ,.-c_\ < 1.0 T as required by the con-

«one has to find the intersection between the

200
“. !
KA/m || straight line L |

0T T N S S B B
s ironeurve jff

| : ; | ;
A ():)—ét—‘q—q—d——&—ﬁ—p—o—u?ﬂtlpr o

|
; J‘ S

i
]
Me.v 100 % | |
i ‘ \ ‘._.‘ ! | i
2000 0 A‘ P | :
i i N ; |
P ‘ P i L
ool . o
0 0204006081012 141618 T 22
FTI004 7A By >

Fig. 7. Determination of By, at the inersection of the iron
curve with a straight line (6= 0.05)
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o By l}s o.h ﬁl “h Daia By

(inT) (in'f) (in'T) (in'T) (inTy
.00 ().305 1.041 0.520 0.395 0.527
(.05 (1.386 1.016 0.508 ().3860 (1.542
0.10 0.376 0).989 0.495 0.376 (1.557
0.15 0.305 0.901 (1.481 0.305 0.573
0.20 0.354 (1,931 ().466 ().354 0.590

0.25 0.342 (.900 0.450 (0.242 0.608

“Tab. L. Variation of leakage factor ¢

dition (7a). 0> 0.20 are not as the leakage flux would be
too high. Th

(@]

hest choiee for o= 0.15. The accompa

ing values for the flux densities are: By =0.573 T, By o
= 0.365 T, I>’|“_1l =0.9061 T, By, = 0.481 T. The average
vadue for By is compared with the average calculated
from the 3D finite-element analysis further on.

4.1 General Overview

Because of its special geometry, ihis type of moior
can not be anatysed using a two-dimensional approach,
as generally found inmodern design procedures. There-
tore, a three dnncnxmndl analysis is used. In the finite-
USCG 1O e {uuin_y'n , the vector- poten-
tal .lppnmc 1, ;_cnudlly applied in two-dimensional
systems [3] s replaced with a mdgncm scalar potential

in the non-current Ldllyll]“ Zones in L()ITIhlndll()l] with
th

=Y 293 )¢ aro trs
the influence of the currents, that are tre

A The coils are modelled separately and are
brought into the mesh containing the magnetic system.

The first finite-clement simulation is performed
with the windings not carrying current. In the second fi-

H ¥

nite-clement solution, the flux-density distribution is
obtained accounting for the combined action of perma-
rent magnets and current carrying coils. This situation
i difficult to handle using the finite-clement model: the
currentin the coils is spread over all elements intersect-
ing with the coil. Therefore, a sufficiently fine mesh has
t he defined to correetly treat the windings.

[EREEER I

Fig. 8. Coil mesh for layer Lt of one winding

4.2 Coil Modelling

Duc to the complicated shape and the limits set by
the finite-element package on tae number of clements,
the coil models are simplified with respect to reality.
Fig. 8 shows the mesh of layer L1 of a winding.

As can be seen. a band winding representation is
used. rather than modelling the full turns. For the field
calcutation this is sufficient:

-~ the same mmf is generated as in the real winding;

— the current transferred from the coil mesh to the ele-
mciits of the i‘n‘:iCi'nu mesh is equivalent to the real
model; the stator mesh does not match the coil out-
line, as will be explained further on.

Therefore, by using this type of coil, the field is lo-
cally incorrect but globally, to integrate the flux and to

calculate the torque, the approach
rate.

From Fig. | itcan be seen that the differences among
the cight windings are sufficiently smaii to represent
them using the same shape. The numerical analysis is
perfor n]ul by using one four layer winding in thcl()p sta-
tor and one in the bottom stator.

S ficiently acen
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The motor model consists of a sector of 90°, since
the periodicity of both stator and rotor is 90°. In Fig. 9
the mesh outline of the top layer L1 of one winding is
shown. The outline of the winding corresponds to the
centre line of the real winding.

A!{hnugh the coils are imodelled \thuu_y, the m
terial mesh represented here needs the coil outline for the
flux calculation. The flux calculation is performed by in-
lcgraling 1 the vertical component of the flux-density dis-
tribution B. over the surface described by a line connect-
inga reference point C with a point M moving along the
centre line of the winding. The reference point C is lo-
cated at the centre of the winding. The integration pro-
cess is illustrated in Fig. 9. The line from the reference

point C to the outer end of the centre line E indicates

d-

Shaft

Air gap

Printed circuit board
Layer L1

Centre line of the winding

FT1094.9A

Fig. 9. Outline of the mesh at the top layer L] of a winding




where one turn of the centre line ends and the next one
starts. It is noted that the arca between two turns of the
centre line is described several times by the fine CM as
itrolates around the centre. With W, being the flux in the
arca between centre Tine turns m and (n — 1), the {lux
Iinkage for the st layer L1 becomes:

Y= (PO () (P O ()

=0V, + 5V, 4V, + 3V, 2+, (14)

The integration has to be repeated for the other three
layersof the winding. The calculated fTux values in cach
layer add up giving the total flux linked with one wind-

(15)

1 i3] 3

t the outlin :
meshif the latter follows the real coil outline. This is due
to the limits set on the overall complexity of the materi-
al mesh. as explained further on.

4.4 Rotor Mesh

n

In Fig. 10 the layout of the rotor mesh is shown. The
magnetic dise is divided into 20 segments of 4.5°, cach
having adifferent material label. When defining a magnet-
ic problem using this model, all segments are given a ma-
terial characterisiic representing Nd-Fe-B. Ten segments
are defined as a north pole, and ten as a south pole. By
changing the north and south orientation of the labels when
defining the next problem. a simulation of the stepwisc ro-

s oshtainin] Tlhia aaloaloart e sl eaa ot
IS UOATIICUL B IO CATULHAtIOn 0 e Tiowon
characteristics as a function of the rotor position is done
without having (o produce an other material mesh.

foafioay oy
LAUon o

4.5 Base Plane

Although described as separate entities. in the actu-
al model the rotor and stator originate from one base
plare. This base plane contains the outline of both stator
and rotor, and from it the finite element model is built by

Shaft

/

-

Aluminium

FHI09410A

Fig. 10. T.avout of the rotor mesh
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superposition of all layouts of hor zontal planes in the
material mesh (Fig. 11).

After describing the stator and rotor meshes, it be-
comes clear why the base plane is so complicated. When
starting to build the model. the base plane is the firstout-
line to be drawn. All the separate regions require a ma-
terial fabel. All the horizontal planes in the 31 mesh are
copies from this base plane. In each of these copies a re-
labelling operation of all separate regions has to he done
to get the required layout of each plane. Since seven dif-
ferent planc layouts are present, it is a very time consuim-
ing process. To keep this manageanle, and because the
number of separate regions in the base plane is himited.
the coil layout in the stator has been limited to the cen-
tre line only. Together with the limit on the number of
elenments in the coil mesh, this explains why the band
winding is chosen for the coil mesles.

5 Characteristics from the Finite-Element
Analysis

5.1 Flux Couplings

The flux ¥, produced by the magnets and coupled
with one winding, that does not carty any current, is cal-
culated by integrating the flux density as described
above (cgs.(14) and (15)). By a stepwise rotor motion,
.. as a discrete function of the rotor position @ is ob-
tained.

5.2 Induced Voltage in one Phase

Using the discrete Fourier transform, the linked flux
Y, can be expressed as a continuous function of 6 and
differentiated with respect to 6. This derivative is used
1o calculate the induced voltage in one phase formed by
four windings in series:

U = LIYILL’_%TE_‘ (16)
e do 60
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Fig. 12. Voltage U, induced in one phase at a rotor speed

of 1000 rpin

1) Caleulated
b1 Measured

where 1 is the constant rotating speed in rpm. The in-
duced voltage as a function of the angle @ at a speed of
1100 rpm is shown in Fig. 12a. This is an important
macroscopic characteristic, since it can be compared
with measured values. The resultis a sine with an ampli-
tude of 0.5447 V.

The measured curve is given in Fig. 12h. The am-
plitude is 0.31 V at 1000 rpm. The voltage is mecasured
over two of the four layers of the windings so that the
armplitude of the voltage over one phase is 0.62 V. The
amiplitude caleulated from the finite-element simulation

is 0.5447 V and thus 11 % lower than the measured one.

5.3 Inductance Calculation

The inductance of one phase (four windings) is:
4
L={" J(ww‘, “ W, ) = 14 pHL (17)
i

The current 7 in the phase is typically 0.5 A is the
fTux linked with the winding due to the current and the
permanent magnets. is the flux linkage produced by the
magnets alone. The measured value is 11.8 mH and thus
lower. Several elements contribute to this discrepancy.

In the real motor, the back iron is laminated: howev-
er. it is very difficult in the model to represent the
faminations correctly. This makes the magnetic re-
fuctance smalferinthe model, so that {Tux and induc-
tance become larger,
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Fig. 13, Variation of the operating point on the magnetic
characteristic

— In the model ¥,,... = 4W¥,. In the real motor Y e
i it

<4W¥,, because one of the four windings is smaller
to provide space for the position sensor (Fig. 1).

-~ The coil is represented by a band winding and does
not match the material imesh outline.

Fig. 13 represents the operating points on the mag-
net characteristic:

— Atzero current, the minimum B value at the magnet
surface is 0.45 T, under the centic of the winding
shown before. B is minimum there, if a north or a
south pole is under the winding. The average B value
on the upper magnet surface s then .69 T, The av-
erage calculated using the analytical model in para-
graph 2Zisabout).53 T, being 23 % lower than the av-
erage [roni the numerical calculation.

= Atratedoperating conditions acurrent of 0.5 A flows
inone phase of the top stator and one phase of the bot-
tom stator.

= Atshort-circuit conditions, 5 A passes through both
windings. When the north po_c is under the top sta-
tor winding. the minimum valuc of Brisesto 0.472 T
When the south pole is under the top stator winding,
the minimum £ value drops 10 0.428 T. The magnet-
ic field variation of 34 kA/m is more than 20 times
smaller than the value of the coercitivity. The varia-
tion of the operating points is thus acceptable.

5.5 Torque Calculation
5.5.1 Calculation Methods

Three methods have been investigated.
I Interaction benveen current and flux densiry

The force per unit volume on current-carrying con-
ductors is given by:

L= JxB. (18



The force on a conductor is given by

!
F:JMHXB (19)

)

The torque on the stator is obtained by integrating
the torque contribution of the forces on the individual
conductors:

/
T=]rxdlxB.

1]

20y

AT IV PN onent
It

-~ N T I P
JHITY e O Ll!llll) HIC (4 rguc 15 Carcu-

of the torque act-

-
=

lated. The rotor torque i
ing on the stator.

1. Virtual work

|I’L'(ll1§|

1. Maxwell Stress

Integrating the “Maxwell Stiess Tensor™ o a sur-
face surrounding the rotor also yields the torque.

P

5.5.2 Conditions for the Torgue Calculation

state condi-

The calculation is done under slmdy
tions: the develoned i« orqgue ig
uons: inc uac V\.l\’l/L\l wr 1 19 Ll
torque. The field is calculated undcr time-invariant
conditions. Therefore, eddy currents are neglected,

and a magnetostatic analysis is used.

T
-
o
s
D

Uinder normal operating conditions two coils Ldlly

s

1 m stator. one |n thr\ hn“ n sta-
U H ad

me e }ooLdiun, OO S

tor. l)uc to linearity, tlns can be treated as the supcr-
position of two cases with one active coil. Lincarity
is found by checking the operating points in the B-H
characteristic of both the magnets and the back iron.
Therefore, only the torque of one of the four coils is
calculated by the finite-element analysis. The torque
produced by the other three coils can be obtained
{rom the one that is calculated using an appropriate
time shift.

The fintte-clement calculation is done on aquarter of
the motor gecometry. As four corresponding windings
in each quarter are connected in series to form onc of
the coils, the torque developed by the coil is four
times larger.

The calculation is done overan angle of 907 (one pole
pitch). where 20 positions are considered. spaced at
4.5° The current in the winding is constant and
cquals 0.5 AL

5.5.3 Results
L Interaction between current and flux density

The motor torque developed on the rotor when one
coil is active, is represented in Fig. 14 as a function of

3
mNm
7

FT1004 (1A 7] >

Fig. 14. Torque obtained frony current - field interaction
(First winding supplied with 0.5 A)

the rotor position. Applying a “Discrete Fourier Trans-
Im m“ (DET )()n the calculation results. the curve can be

(in mNm). (22)
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ficiently accurate to perform a straightforward (]lHCFCH—
tiation. The values of the co-energy show only signifi-
cant variations in the third and tourth digat. Dng_ns 5to07

are meanineless since the co-enerey va
e LRI arten N I e S N S A Y b] ¥

3D solveris the result of a very large amount of numer-
ical operations. 1f a 20 point DFT is performed to calcu-
late the average vaiue and ten harmonic components, the

obtained is {irmly influenced b\r these cot

ioniameq ey eneead

The harmonic coelficients are calculated to construct the
derivative curve (Fig. 16). 1t is obviously meaningless
to serve as the torque curve.

To be able to get meaningful results from the co-en-
ergy values, the theoretical curve is considered. Since
the theoretical torque is given by a sine function as in
Fig. 14, the co-energy should be a single-frequency co-
sine:

W, =W _ + A, cos(46). (23)
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Fig. 15. Energy and co-energy in 1/4 of the motor (first
winding supplied with 0.5 A)



ETEP

[§]

10 | ‘

mNm : | |

3 i ‘ ‘ i‘ :

; ! | | ‘

A (; i ‘ \ ]
N |
(le b ‘ ‘ |

\
| |

-6 Y ‘ .
07100 200 3° 40° 507 607 70° 80° 90°

FTI093 167 (2] »

Fig. 16. Derivative of co-energy for full motor
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Fig. 17. First harmonic fitted to the co-energy curve (Fig. 15)
(irst winding supplied with 0.5 A)

In Fig. 15 itis possible to fit a cosine to the co-en-
crgy curve by calculating the average W, and the first
harmonic Ay, using the 20 data-points for the DFT
(Fig. 17).

The corresponding derivative gives the torque from
the fitting procedure:

7
A, = —4A, sin(46). (24)

de

This is given in Fig. 18 with an amplitude equal to
44, =0.636 mNm. For the full motor with four windings
in series, the torque amplitude 1s 4(4A) = 2.544 mNm.

0.8
mNm

(1.0 /\
0.4

7
0.2 '
(.41 \ ‘
0.6 7
0.8 " 1 :
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Fig. 18. Torque obtained from first harmonic fit of co-encrgy
tfirst winding supplied with 0.5 A)

This value matches well the result obtained in the cur-
rent-field interaction method being 2.466 mNm.

1. Maxwell Stress

The Stress tensor has to be evaluated on a surface en-
closing the rotor. In the 3D finite-clement package, only
flat surfaces can be used to constitute a closed volume. In
case of the model of the quarter di%c—typc motor, the

nlanes can he nn! hetween the rotg nd the stators (on
planes car it hetwe rotor and the stators {(on

@]

above the mlor. one underneath). The eylindrical circum-
ference of the rotor cannot be closed by a flat plane, be-
causc the model ends at the circumference of the stator

leavino not nnnnnh n] o laraflat nlane ontqide the
1¢ not e ora it pranc outside e

(yoyy
[SA4011

T,,-is the u)nlnhulmn of the upper plane to the com-
ponent ol the rotor torque around the z-axis and is given by:
e = vl BxB, - vB S, (25)
while the contribution of the Tower plane to that torque
Ty s

N

= v f[ B.(wB, ~ vB,)dS. (26)
|

The minus sign arises because the tensor has to be

f‘\”\]ll‘l ed with dS h(‘lnn A88K ||t d \vﬂl\ an outw: nt|
evaatlad t 1 ¢ ed

¥ i ated with db be asSSOLTAR

=
pointing normal vector. For the lower plane, this points
opposite o the z-axis.
The 1‘esuiling torque is:
T.=1T, +T,. (27)

['ll z

The torque curve as calculated from the Maxwell
10

stress tensor on both planes is given in Fig. 19. Clearly.
it disagrees with the torque as calculated in Fig. 14 and

Fig. 18. The reasons for this are the following:

- Although the field is small at the circumference of

the rotor, it can have a significant contribution to the
Maxwell stress integration. According to the tensor
u‘lC\‘Ji_y. its uni‘lp\"rilLiu\ have the dimcnsions of stiess
but only the integral value has a physical meaning.
Maybe leaving out the circumference surface intro-
duced an error larger than anticipated.

— - Since the calculation gives a zero order B field, the
accuracy is limited.

- The mesh is not optimised for Maxwell stress inte-
gration.

30 ; ;
mNm ! i

20 i
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-30
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|
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Fig. 19. Torque obtained from Maxwell stresses (first wind-
ing supplied with 0.5 A)




Since B, and B, are smallcompared to B, they are not
accurate enough to serve as multiplicands. When in-
vestigating colour plots from the solution, one can
see that in the plane where the Maxwell formulac arc
evaluated B, and B, arc only significant around the
radial lines lying above the separation lines between
north and south poles in the magnet rotor. At those
places, B-is low and passes through zero. The result
1s that the integrand is not accurately calculated. On
a colour plot of the integrand one can see that posi-
tive and negative areas nearly cancel each other. Be-
fore multiplying by vy, the result of the integration is
a number in the order of 10°°. The sign and magni-
tude vary almost randomly with the rotor position
(Fig. 19).

Fig. 20 shows the four torque curves resulting from
operating the four coils over one period. The basic curve
is the torque Ty obtained from the current-field interac-
tion method (Fig. 14). The other three are calculated

from T by shifting the curves in time:
15(0) = T,(6 + 45°),

1 (0) = T8 +22.5%),

1,(0) = 1(8 + 67.5°).

(28)

Fig. 20 also gives the resulting torque (dotted curve)
when switching is done for a counter-clock-wise rota-
tion. This means that only the coils giving a positive
torgue are active. In this four-coil confliguration it means
that at every position, two coils are active: one in the top,
one in the bottom stator. The propertics ol the sum torque
are:

- aperiodicity of 22.5” (1/4 of motor periodicity);
an average 7' = 3.14 mNm:
— apeak to peak ripple of 1.02 mNm.

The theoretical average power produced by the
motor, including power lost by friction, is:
—  =—nln

D S (29)
60)

4
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Fig 20. Torque curves for the disc-type motor (windings sup-
plicd with 0.5 A)
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_If the rotation speed n equals 1000 rpm, the power
P=0329W.
5.5.5 Comparison with Measured Torques

For the permanent-magnet mctor the amplitude of
torque and induced voltage are given by:

(30)

~>

=C, 1,

U:(‘,,m. (3D

Cy, is measured from the induced voltage curve in
Fig. 12b:

U 0.62V
(== 2o 259210 Vs, (32)
O] 21 - 1000
\ 60s )

With Cp= Cpand i = 0.5 A, the estimated value of
the torque amplitude is:
71\1 = (i =296 mNm.

This is comparable to the calculated amplitude in
eq. (22): 2.466 mNm.

(33)

6 Conclusions

all. a

di, o

In this paper a s
motor is analysed. The geometry makes a 3D analysis
necessary for accurate results. Since analytical methods
are restricted to one or iwo dimensions, use has to be
made of a finite-element package for the 3D analysis.
This requires the design of a model not only representing
the geometry, but also allowing the implementation of

ial flux permancnt magnet

the 3D model has to be extruded out of one base plane,
one has to limit the number of detals in the structure.

The calculated motor characteristics are:

- induced voltage in one phase,

- inductance of one phase.

— operating-point variation of the magnets,

— electromagnetic torque developed when four phases
are operated.

The macroscopic parameters are comparable to the
ones obtained by measurements on a prototype. Future
work includes the analysis of an even smaller disc-type
motor based on the experience achieved in the analysis
of this particular machine.

7 List of symbols

v, flux linked with zone m ir: one layer
Tk flux linked with layer k of one winding

v, flux linked with one winding

Wi  flux linked with one phase

0 angular position of the rotor

Ui induced voltage in the coil (one phase)

W, co-cnergy
1% torque when coil & is switched on
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