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Analytical Modelling of Modular and Unequal Tooth Width
Surface-mounted Permanent Magnet Machines

G. J. Li, Member, IEEE, and Z. Q. Zhu, Fellow, IEEE

Abstract — This paper presents ssimple analytical modelling for
2 types of 3-phase surface-mounted permanent magnet (SPM)
machines such as modular and unequal tooth width (UNET)
machines with different dot/pole number combinations. It is
based on the dotless open-circuit air-gap flux density and the
slotted air-gap relative per meance calculations. This mode allows
calculating the open-circuit air-gap flux density, phase flux
linkage and back electromotive force (EMF), average torque of
both the modular and UNET machines. Its accuracy has been
validated by 2D finite eement (FE) method. A flux
focusing/defocusing factor has also been introduced to analysethe
influence of flux gaps in alternate stator teeth of modular
machines on the machine electromagnetic performances. It has
been found that by properly choosing the dot/pole number
combination and flux gap width, the open-circuit air-gap flux
density, the winding factor and the flux focusing effect can all be
improved. As a result, the performance of modular machine can
be significantly boosted. The analytical and FE models have been
validated by experiments.

Index Terms — Analytical modelling, finite element, modular,
per manent magnet, unequal tooth.

I. INTRODUCTION

ERMANENT magnet (PM) machines are attractin
increasing interest due to their high torque density and hi

efficiency. They are widely used in domestic appliances, lo ' : .
y y y PP Bar UNET and modular SPM machines with different slot/pole

V\}%lrlmber combinations. For the purpose of comparisoh wit

CO, emission transports and renewable energy,

example, large PM machines are being used for wind po

with segmented sta 1 (a) and (c), machine
parameters are given|in TABLE I] has been first introduced in
[7] and been comprehensively investigated in [8] and [9] by
using 2D FE modelling. Different slot/pole combinations have
been compared and a general rule has been established: for
machines with slot number {Nigher than pole number (2p

is pole pair number), the flux gaps deteriorated the machine
performances such as reducing the average torque. However,
for machines with Nlower than 2p, the flux gaps can boost the
machine performance by increasing average torque. This means
that the modular structure can exhibit previously mentioned
merits such as simple manufacturing and also better
electromagnetic performance. However, the influence of flux
gaps on open-circuit air-gap flux density and the flux foausin

or defocusing effect due to flux gaps has not been quantified
due to lack ofin-depth understanding of the mechanisin
modular machines. To fill this gapa flux focusing or
defocusing factor will be introduced and a simple analytical
modelling based on slotless open-circuit flux density [10] and
slotted air-gap relative permeance [11]-[12] will be carried out
which can provide a powerful insight into the real nature of

erefore to propose a design guideline using simple analytical
odelling for the future design practice of all nhon-modular,

%)vel modular machines. The contribution of this paper is

generators. To simplify their manufacturing and transportatiofiodular machines, the unequal tooth width (UNET) SPM

achines [sde Fig.]1 (b) and (d)] will also be studied, which

modular structures, particularly modular stators, are wide . : :
adopted. The modular structures also inherently exhif2€S not have flux focusing or defocusing effect and mainly
advantages such as higher fault tolerant capability and eaéIHPJeﬂce thde_optlag—cg(émt flux density and the winding factor as
maintenance compared to their non-modular counterpaﬁf%vesﬁ!gate |n_[ I ] d as foll - the f f modul
making them well suitable for safety critical applications such This paper is organized as follows: the features of modular
as more electrical air-craft and aerospace. and UNET machines are briefly introduced in sedtigrirhe

The influence of modular stator such as individual stattﬁjoned open-circuit air-gap flux density, phase back-EMF and

tooth/back-iron segments or separate stator tooth segments%%oad average torque are calculated analytically and

back-iron segments on electromagnetic performances has b(é%wpared \.Nith their relevant 2.D FE counterparts in sefctign IlI

investigated in [1]. It is found that the non-uniform additional "¢ @nalytically and FE predicted baeMF waveforms are

air-gap between segmentssfiacreased the cogging torque bycompared_ with the measured result in se¢fibhConclusiors

~ 4 times while reduced the EMF and hence average torque by are given in SeCtl.

~27%. However, a new modular structure by removing the PM

in alternate stator teeth of a conventional linear switched flux !l FEATURES OFMODULAR AND UNET MACHINES

permanent magnet (SFPM) machine has been proposed in [2] The topologies of modular and UNET machines used for

Using the same amount of PM, the newly proposed modulamalytical modelling in this paper are similar to that been

machines can produce higher torque density. Similarly, [3]-[@vestigatedn [7] and [9], as shown (a) and (c)

have proposed modular flux concentrating machine witthow modular machines without/with tooth tips while with flux

modular stator and also modular rotor, the active mass of whigaps in alternate stator teeth. The flux gap widthr( degree)

is lower while the efficiencys slightly higher when compared can be varied according the specifications. However, the iron

to their non-modular counterparts. section width @) is kept constant in order to maintain the same
By inserting flux gaps into alternate stator teeth, a nemagnetic saturation in stator iron core. The single layer

modular surface mounted permanent magnet (SPM) machimmdings are employed, which are wound on the stator teeth
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without flux gaps. For the comparison purpose, the UNET The main dimensions such as the stator inner radiustie
stator can be achieved simply by filling in the flux gaps afotor core and PM outer radii (Rnd R, will be used for
modular stator with the same iron material as stator iron core,aslytical modelling. Other key parameters of the investigated

sh (b) and (dnly 10-pole rotors have been usednachines are given[in TABLE I.
[Fig. 1]

in . However, other rotor pole numbers can also be

employed, so the performance of modular and UNET machin&sBLE | MOTOR PARAMETERS

with different slot/pole number combinations can b&ated current (Aus) 7.34  Stator tooth body width (mm) 7.1

investiaated Rated speed (rpm) 400 Stack length (mm) 50

9 ’ Slot number 12 Air-gap length (mm) 1

Pole number 10/14 Rotor outer radius (mm) 27.5
Stator outer radius (mm’ 50 Magnet thickness (mm) 3
Stator inner radius (mm, 28.5  Magnet remanence (T) 1.2

Stator yoke height (mm) 3.7 Number of turns per phase 132

I1l. ANALYTICAL MODELLING OFMODULAR AND UNET SPM
MACHINES

To investigate the machine performance using analytical
modelling, the slotted open-circuit air-gap flux density should
be calculated first. Then, integrating the open-circuit air-gap
flux density from one coil pitch can give the coil flux linkage
and hence the phase back-EMF by introducing the winding
factor. Finally, the average torque can be calculated based on
the obtained phase back-EMF and the given phase current.

In order to simplify the analytical calculation of air-gap flux
density, the following assumptions should be made [11]-[12]:

e The permeability of iron core is infinite, no magnetic

saturation is considered,;

e Only the radial open-circuit air-gap flux density has
been taken into account, the tangential component will
not be considered,;

e The tooth tip height is large enough so that the tooth
body can be regarded as enlarged to be equal to the tooth
tip width. As a result, the modelling of modular machine
shown i Fig. 1 (c) will be similar to thatl (a),
and the modelling of UNET machine showp in Fip. 1 (d)
will be similar to that ifi Fig. Ji (b);

e 2-D problems, end-effects are neglected.

A. Open Circuit Air-Gap Flux Density
a. Arr-Gap Relative Permeance

In the two-dimensional (2D) polar coordinate system, the
air-gap flux density distribution due to PM in a slotless PM
machines with surface-mounted parallel-magnetized PM can be
calculated by [10]-[11]

[ee]

Bon(,@,0) = ) Kp(Wfor () coslp@=0)] @

n=1,3,5...

where r is the radius in air-gag,is angular position in air-gap,
6 is rotor position, and n is harmonic order, respectivélyn)
andfg,(r) are factors that depend on the machine parameters
such as the number of pole paitghe roto and magnet outer
radii, the stator inner rads, the magnet remanence and the
magnet arc to pole pitch ratio, as described in Appendix.

Then, the air-gap flux density of slotted SPM machine can
‘ be calculated by introducing the slotted air-gap relative
) permeancd,.;(a), such as

Fig. 1 Cross-sections of modular and UNET machines either withitbout Bairgap (1, @,60) = Bpy (1, @, 0) A,y () )
tooth tips. By way of example, the slot number is I2levpole number is 10.

(@) and (b) are modular and UNET machines withouhttips, (c) and (d) are with

modular and UNET machines with tooth tips.
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1 By way of example, the relative air-gap permeances for
Lot (@) = (3) machines have been analytically calculated using equations
[0/ (g + hin/ir)] from[(3) td (7}, as shown 3. For UNET machines, the

wherey, is the permeability of free space, g is the air-gaBnequal tooth width will only enlarge the constant relative
length, h, is the magnet thickness, apd is the recoil @-gap permeance range facing alternate stator teeth, as shown

permeability of magnets, respectively. in (). However, for modular machines, the flux gap
openings, similar to slot openings, lead to extra reduction in

relative permeance at angular positions such as multiples of 30
Flik gép mech deg, as shown ip Fig.]3 (b).

Winding

Stator

Fig. 2 Idealised flux paths in slot opening as well as in §ap. Where §is the
slot opening angle whilg, is flux gap opening angle, both are in mec. deg. R
Rs2 Rssand Ry are the flux path lengths in slot openings and fags.

: 00 24

270 270

@ (b)
Fig. 3 Slotted #&-gap relative permeance for 12-slot UNET and modular

Since machines with or without tooth tips can be modellggachines without tooth tip§, = 2 mm. (8) UNET stator (b) modular stator.

similarly based on previous assumptions, for simplicity, onl o )
the modular and UNET machines without tooth tipsig.Ki Open-Circuit Ar-Gap Flux Density
(a) and ()] will be used for analytical modelling in this paper. pye to the previously mentioned influence of unequal tooth
For modular machines with flux gaps in the middle of alternaigjqth and flux gaps on air-gap permeance, there will also be an
stator teeth, the two sidesflux gaps are parallel as can be seefipact on the air-gap flux density. This has been proven by the
in[Fig. 3 As a result, the permeance of flux gaps can bg FE open-circuit field distributions, as showfiin Eiby. 4, and

calculated by [11] detailed in [7]-[9] It has been found that the flux gaps, having
Uo high reluctance, change dramatically the flux paths in stator
A= ( N . N nRSa) ) iron core. As a result, the waveform of open-circuit air-gap flux
g+
Hr 2

density has been changed as well, as ShOig_ 5.
for (V — 1)z, <@ < (N — Dz, +£2, and =
Ho
hm  TRs(By — @) )
[g +oE Sf]

1=

for (N—1)7,+ % <a<(N-11,+ B, where N can
change from 1 to Hlandt, = 21t/ N; is the slot pitch (equal to
coil pitch for investigated machines), respectively. However, ¢ |
shown iff Fig. }(a) and(b), the two sides of slot openings are- : = :

not parallel, and hence the equatipng (4)[andi (5) cannot H~ @) 5 ()
utilized any more. In order to overcome this difficulty, basedo |/—— ==

the flux path pattern in slot openings, as showh in Flg. : |/l )
another method has been proposed in [12] such as

. (a\ . (by «a
. 7R, SIn (7) sin (70 - 7)
B

sin 2 cos 2 4
wherel'(@) is resultant length of flux paths in slot openings. Ir |
all machines (UNET and modular), the flux lines in sloti—

openings are considered parallel as shofvn in Fil§s 2 result, ©) ' (d)

. . Fig. 4 Open-circuit flux line distributions of different 1sdet typed SPM
the permeance in stator slot openings can be calculated by machines, where the rotor position is for the phasehfate its maximum flux

Ho linkage. (@) UNET (12/10), (b) Modular (12/10), (INET (12/14), (d)
A= —— Modular (12/14).

g+5m+1(@) g

(6)
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etc. between the analytical and 2D FE results. As a result, the
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accuracy of analytical modelling can be validated.
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Fig. 5 Open-circuit air-gap flux density for 12-slot/14-p@hodular and UNET Harmonic order
machines with3, = 2 mm. (a) flux density (UNET), (b) spectra (UNET)) (c (d)

flux density (modular), (d) spectra (modular) Fig. 6 Open-circuit air-gap flux density for 12-slot/14-pohodular and UNET

) o . machines withf, = 4.5 mm. (a) flux density (UNET), (b) spectra (UNE(E),
By way of example, the open-circuit air-gap flux densitiesux density (modular), (d) spectra (modular).

of 12-slot/14-pole UNET and modular machines with= 2

and 4.5 mm has been calculated using equ and The harmonic contents in air-gap flux densities of
compared with the relevant 2D FE results, as sho ig12-slot/10-pole and 14-pole UNET and modular SPM
and[ Fig. , respectively. For a 12-slot/14-pole machine, tmeachines have also been calculated for diffefenin[Fig. 4
fundamental of air-gap flux density is" 7order harmonic, only the fundamentals are given because they largely determine
which contributes to torque generation. A good agreement hths phase back-electromotive force (EMF) and hence output
been observed for all the main harmonics such"a81, 35",  torque. It is found that the influence of unequal tooth width and



flux gap on air-gap flux density is nearly independent of the sin(qno/2)
slot/pole number combinations. Besides, for UNET machines, i = ———————
the fundamental of air-gap flux density increases with the qsin(no/2)
increase inf,. This is mainly due to the reduction of slot

®)

opening, and hence reduction of effective air-gap length. ke = sin (nT_sE> — sin (np_”) ©)
However, the fundamental of air-gap flux density of modular L T, 2 N,

machines first increases up to certginthen begin to decline

afterwards. This is mainly due to the fact that the increase in Ky = kpn X kgn forn=1,3,5... (10)

flux gap width will not necessarily lead to the increase in slot +

flux gap opening because the slot opening is reducinghere g is the number of coils per phasés the phase angle
Meanwhile, as shown [in Fig] 4, the flux gaps can reduce parthsftween two adjacent coil vectors of one phase (in Elec. Deg).
short-circuited fluxes due to stator tooth (flux gaps work as In order to minimize the unbalanced magnetic force, even
filter: increasing fundamental by reducing other harmonigumber of coils per phase is needed for modular and UNET
contents [7]), and hence increase slightly flux density asepro machines. Therefore, the number of stator slots for 3-phase
by[Fig. 4. This influence of unequal tooth width and flux gapgiodular and UNET machines must be multiples of 12. As a
will partially be reflected in the phase back-EMF as detailed ii@sult, the maximum distribution factor of 1 can always be

sectiof B. achieved [8]-[9]. Moreover, it is also found that the variation of
12 . ‘ . flux gap width or unequal tooth width has effect on the
Analytical (UNET) distribution factor.
1.1 © 2DFE (UNET) 1 It should be noted that the pitch factor described by equation
-~~~ Analytical (Modular) [@)is only for the machine with exactly the same stator tooth
1} * IDFEModular) | o o] width. However, for UNET and modular machines as shown in

the coil pitches of which change with the variatiorgf
Thus, some modifications should be performed to take into
aacount the influence of unequal tooth width or flux gap width
(B,) for calculating the pitch factors. Accordingly, the pitch
2 3 4 5 6 = 8 factor becomes
Flux gap width (mm)

, o (nm (T — By
@) kpn = Sin (7( 5 ‘[p >> 1y
s ?Si?éﬁ(%';ﬁ;m) As mentioned previously, for calculating the phase EMF of
| --- Analytical (Modular) | modular machines, a flux focusing/defocusing factéy, §
| + 2D FE (Modular) needs to be introduced in order to account for the flux focusing

or defocusing effect due to flux gaps. It has been found that the

e e e b SR |

e
2

=
]
:
.

Fundamental flux density (T)

=
s
-

—
[ ]

[y
—_

—_

Fundamental flux density (T)

0.9; e e factor ks, mainly depends on the slot/pole number
combinations, and for different slot/pole number combinations,

0.8} 1 ) i
it can be described by

0.7 ‘ : : : : ‘ :

o 1 2 3 4 5 6 7 8 (Bo/2)
Flux gap width (mm) ken (N, 2p) = — ) (12
(b)

Fig. 7 Fundamental air-gap flux density vs flux gap wigghfor UNET and forNs=2p + 1, N=2p + 2.. (slot number > pole number) such
modular SPM machines with different slot/pole number twioations. (a) as 12-slot/10-pole.

12-slot/10-pole, (b) 12-slot/14-pole.
(Bo/2)
forts — Bo/2 21,

¥
kfn(Ns'ZP) = (ﬁo/z) (13

The phase back-EMFs of conventional or unequal tooth l forty — Bo/2 < T
width SPM machines are determined by the air-gap flux density P

and winding factor. However, for modular machines, due to tfggr No=2p -1, N=2p - 2.. (slot number < pole number) such
flux gaps in alternate stator teeth, a flux focusing or defocusin% 1525Io$/14 bole g’he“calculation of ?actdf can. be
- ) e

effect, depending on slot/pole number combinations, should B ) X : -
taken into account. Since the air-gap flux density has alre Bypla_lne_d by using the diagram showjn in Fig. 8 and the real flux
e distribution shown {n Fig.|4 (c) and (d). For simplicity, only

been detailed previously, the following sections will focus o ) .
the winding factor and fiux focusing/defocusing calculation. e case for machines with N2p € > 7,,) has been analyzed.

In order to calculate the phase back-EMF, the distributidhcan be seen fron Fig] 4 dnd Fig. 8 that without flux gaps, the
factor (k.), the coil pitch factor (§) and hence the winding flux from a tube with a width of,/2 of North Pole PM (N)

factor (k,,) for different harmonics should be calculated firstWill enter into the stator segment #2. However, when flux gaps
the general expressions of which are described as follows: aré introduced, the flux from the same PM tube will be forced to

enter into the segment #1 because the flux path into segment #2
will experience longer effective air-gap /2 + air-gap

B. Phase Back-EMF

p




length). The coil of segment #1 will have increased peak flt
linkage and hence the flux gaps have flux focusing effec

Moreover, the quantity of increased flux will fagé— of one

full arc magnet (1 pole pitch) as The negatlve sign

on the right hand side of equat means when flux gap
width B, is too large, and the resultant coil pitch— 3,/2
becomes smaller than pole pitch (similar to 12-slot/10-po
modular machine), the flux gaps will then have a flu
defocusing effect. It is worth noting that for UNET machines
ken(Ng,2p) = 0 . Moreover, the factorks, will not be

Analytical methed (UNET)
o 2D FE (UNET)

——-Analytical method (Modular)
+ 2D FE (Modular)

0 30 60 90 120 150 180
Rotor position {Elec.Deg)

Back-EMF (V)
-1

influenced by magnetic saturation and hence valid for both @)

linear and no-linear conditions
Segment #2 Segment #1

T

Bu/2
Rotor I

(b)

Fig. 8 Diagram showing the calculation of flux focusing ofadeising factor.
In this figure, only the flux focusing effect has bestown. The real flux line
distribution is shown [n_Fig.]4 (c) and (d). (a)Xfline distribution without flux
gaps (non-modular), (b) flux line distribution withufl gaps (modular).

Therefore, using the previous obtained open-circuit air-ge

18

Il Analytical method (UNET)
[ 12D FE (UNET)
|:|Analytical method (Modular)
2D FE (Modular) I

—
h
T

ju—
[
T

Back-EMF (V)
(=Y -1

!s 3t
0
0 2 3 4 5 6 7T 8 9 10
Harmonic order
(b)
N Segment #1 Fig. 9 Phase back-EMF fdr2-slot/14-pole UNET and modul&PMmachines
SRR N with fo = 2 mm. (a) back-EMF, (b) spectra.

P

Back-EMF (V)
h -1

Analytical method (UNET)
© 2D FE (UNET)

——-Analytical method (Modular)
+ 2D FE (Modular) ) i

0 30 60 90 120 150 180

Rotor position (Elec.Deg)
@)

—
@0

flux density and the factdry,, the flux linkage per coil can be Bl Analytical method (UNET)
calculated by 1sf [ 2D FE (UNET)
o~ |:|Analy'tical method (Modular)
°° E 12y 2D FE (Modular) I
Deoir = RsNelo (1 + kypy) Z Y cos(nph) = 9 ]
n=1,3,5... (14) é 6l |
) (Ts—ﬁo/Z A
withyp = [ 15—2,60/2 Bairgap(r, a,0)da I I:]] |
_( 2 ) 0 ‘ ‘
) _ 0 2 3 4 5 6 7 8 9 10
where N is the number of turns per coil. Harmonic order
Derived from the previously obtained flux linkage, the (b)

phase back-EMF for the foregoing machines can be calculaggl 10 phase back-EMF for 12-slot/14-pole UNET and modular SPM

by [13] and [17],
EMF = 2R,N,1,Q(1 + k)

- (15
D eanfor (0K () sin(p0)

n=1,3,5...

where N is number of turns per phags€ is the rotor
mechanical speed, respectively.

machines with, = 4.5 mm. (a) back-EMF, (b) spectra.

Using equation§ 1Q)] - [(15)] the phase back-EMFs for
UNET and modular machines have been calculated for
different slot/pole number combinations and differ@nt By
way of example, only the analytical results of 12-slot/14-pole
UNET and modular machines with, =2 mm and 8, =
4.5 mm are shown and compared with their relevant 2D FE
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counterparts in|_Fig. [9 anfl Figl0] respectively. For Itis worth noting that the analytical model using simple air-gap
consistency, the calculation of flux linkage using 2D FE ieelative permeance can also be extended to calculate the
similar to equatiofi 14)] by directly integrating open-circuit cogging torque by calculating the lateral force acting on the
air-gap flux density from- (Ts—fo/z) to (rs—lz?o/Z) for different  t€eth [11]. This is however not the main scope of this paper,

V\frhich is focused on the fast and accurate prediction of

rotor positions. The fundamentals obtained by analytic iousl . ;
O t lect t f f all
method and 2D FE match well. Nevertheless, there is dlﬁere%ggﬁgf )z/;\nzjn elJnl\:clJEr']l?dSPel\/lecn:ggl?r?ense L?/itf?ec:if?erzrrgirtm:lot?poﬁe

for higher order harmonics, particularly thé &nd 7', which number combinations, flux gap widths, etc. In order to further

mainly Contri_butg to torque ripple under on-load Condition?mprove the accuracy of predictions, the complex relative
Therefore, this mismatch will not affect the accuracyofavera%(?r_gap permeance [18], the conformal mapping [19], or

torque prediction as will be seen in sediidn C. : : :
The fundamentals of phase back-EMF against unequal togtlfl*bdomam analytical modeliing [20], can be employed.

width and flux gap width for UNET and modular machines 3 Analytical method (UNET)
with different slot/pole combinations have also been calculatec & 4.5} © 2D FE (UNET)

by analytical method. Since the average torque is proportiona & ~~~Analytical method (Modular)
to back-EMF fundamental without accounting for the magnetic ~ £. g! e — 2D FE (Modular)
saturation, the relationship between back-EMF fundamenta § 3.5 * fl“;W
and g, is similar as that between average torque @nds Y T +";‘:;~+--~-_
shown in[ Fig.11] and will not be presented here to avoid 5 Tt
duplication. <23 1
C. On-Load Electromagnetic Torque % 1 2 3 4 5 6 7 8

. . . Flux gap width (mm)
Based on Park transformation and without accounting for (@)
flux weakening, the expression of average electromagnetic

torque can be rewritten as 5
mE 4.5t ke 1
Taverage = 5 =1 (19 €| gt B
ge Z.Qq 2411000000000000000‘
[=n
where m is phase number (m3, in this paper)E; is the §3.5)
fundamental of phase back-EMF, andd the g-axis current En 3 Analytical method (UNET)
and equal to the amplitude of phase current, respectively. g ¢ 2D FE (UNET)
Using equatiof {6)] the average torques of UNET and 423"~ fgz}g‘(&q"'ﬂ‘;‘l‘:::;’)d (Modular)
modular machines have been analytically calculated for 2 - > = = - : - <

different 3, a_nd different slot/pole number combinatiqns, and Flux gap width (mm)

compared with the relevant 2D FE results, as shofvn inlHlg. (b)

It IS. found that expept for thie2slot/10-pole modular machine Fig. 11 Average torquers f, for UNET and modular SPM machines with

which has a maximum error of 6%, a good agreement betweglent  siotpole number combinations. (a) 12-sible, (b)

analytical and 2D FE average torques can be observed forialkiot/14-pole.

other machines and differefit,. It is also found that for

12-slot/10-pole machines, average torques reduce with the IV. EXPERIMENTAL VALIDATION

increase inB, regardless of UNET or modular structure.

Nevertheless, the average torque of modular machine reduces

quicker due to the extra flux defocusing effect from flux gaps. In order to validate the analytical and FE results, modular

For both the 12-slot/14-pole UNET and modular machineSPM machines have been built, as shown ifi the FgThe

their average torques first increase to cerfgiand begin to main dimensions of this modular machine are the same as in

decline thereafter. This is mainly due to the fact that: [TABLE I]while with a slot opening of 2 Mech. Deg.

e For 12-slot/14-pole UNET machine, the average torque i 2
determined by fundamental of open-circuit flux density [se ]
(b)] and the pitch factor [de&l]] distribution factor
is 1], giving the waveform of average torque against flu
gap width as shown [in Fid1](b).

e However, for 12-slot/14-pole modular machine, the
focusing/defocusing factor [se&3]] should be accounted
for as well. When flux gap width is around 4.5 mm ani
T3 — o/ 2 = 1, beyond which, the flux gaps will have az=
defocusing effect. This is why the average torque begins'
decline.

It can be concluded that the developed simple analytica
model can predict the performance such as air-gap flux density,

phase back-EMF and on-load torque with acceptable accural d : 12 Prototype machine with tooth tIpS (a) unwound andirvab stator
segments, (b) 14-pole rotor, (c) completed stator amaefra

Prototype modular machine

(b) (c)



B. Phase back-EMF
The phase back-EMF at a rotor speed of 400 rpm has b

calculated both analytically and numerically, and compare

against measured results, as showr[ in_HAig A good

due to the saturation effect that has not been accounted for |

analytical models.
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Fig. 13 Phase back-EMF for 12-slot/14-pole modular SPM machivits
tooth tips and withf, = 2 mm. (a) back-EMF, (b) spectra.
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V. CONCLUSION

8

flux gaps, not only change the winding factor (more precisely,

itrc]:h factor) as unequal tooth width, but also introduce an extra
x focusing or defocusing effect (or factor) dependingtan t

Slot/pole number combination and the flux gap width itself.

! - . .This makes the modular machines can either increase or reduce
agreement can be observed and the slight difference is maip

Mdre the average torque compared to their unequal tooth width
cSlnter parts. Due to its simplicity, the analytical method and
findings in this paper can be employed to cover other unequal
tooth width and modular machines with different slot/pole

number combinations, or with different phase numbers.

APPENDIX

As described in [10], forp # 1,
B,
M, = ‘u_ap[(Aln + AZn) + np(Aln - AZn)] 17
0

whereB, is the magnet remanenes, is the magnet arc to pole
pitch ratio, respectively.

With
_ sin[(np + 1a, /(2p)] 19)
n (np + Da, /(2p)
And
_ sin[(np — Da, 7/(2p)] 19
n (np — Da, n/(2p)
While
1\M 1
RSV =
np/ M,, np
With
B,
Mrn = C(p (Aln + AZn) @D
Ho

A simple analytical method based on slotless air-gap flux For internal rotor machines (§ee Fig. 1[and Hig. 2), in which

density and slotted air-gap relative permeance has bestator inner radius R> PM outer radius (R > rotor core outer
developed to predict the open-circuit air-gap flux density, phasgdius (R), thefz,(n) can be written by

flux linkage and back-EMFRn-load average torque for unequal

-1 np+1 np+1
tooth width or modular SPM machines with different slot/pole _( " R_m R_m (22)
A . . fer(n) +
number combinations and different flux gap widths as well as R R r
different unequal tooth widths. The accuracy of the analyticg\l - .
. . nd K, can be written using equat(op3j]
method has then been validated by 2D FE modelling and 1) geq
experiments.
It has been found that both the flux gaps and unequal teeth
can improve the open-circuit air-gap flux density. However, the
Rr np+1 Rr 2np
o) WM,  np (Azp— 1) +2 (m) — (A + 1) (m) 9
B 2”7‘ (np)z_l ”r_i_1[1_(&>2‘np:|_'ur_1|:<R_m)2np_<&)2np:|
:ur RS /“lr RS Rm
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