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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Modular Permanent Magnet Machines with Alternate Teeth
Having Tooth Tips

Guang-ih Li, Member, IEEE, Zi-Qiang Zhu, FellowWlEEE, Martin P. Foster, Dave A. Stone andrLin Zhan

Abstract — This paper presents single layer modular permanent
magnet machines with either wound or unwound teeth with tooth
tips. The structures with wound teeth having tooth tips are
suitable for modular machines with slot number higher than pole
number to compensate for the drop in winding factor due to the
flux gapsin alternate stator teeth, accordingly to maintain or even
to increase their average torques. However, the structures with
unwound teeth having tooth tips are suitable for modular
machines with slot number lower than pole number to increase

mutual/self-inductance ratio [18]. This can significantly
mitigate the short-circuit current and limit fault interaction
between phases and hence very suitable for safety critical
applications [19]. (c) Simplicity of maintenance, the faulty
modules can be replacbkyg healthy ones avoiding replacing the
whole electrical machine. Moreover, it is also found that the
radial and circumferential segment displacements have little
effect on machine electromagnetic performance.

the winding factor and hence to further improve the machine
performance. The phase back-EMF, on-load torque, iron and
copper losses aswell as efficiency have been calculated using finite
element analysisfor different slot/pole number combinations, and
for different flux gap and tooth tip widths. It is found that by
properly choosing the flux gap and tooth tip widths, both the
on-load torque performance and the efficiency can be optimized
for the investigated machines with different slot/pole number
combinations. Experiments have been carried out to validate the
finite element results.

Index Terms — Flux gap, iron losses, modular structure,
per manent magnet, single layer, tooth tips, winding factor.

I. INTRODUCTION

UE to their high torque density and high efficiency,

permanent magnet (PM) machinewédeen employed
for industrial servo drives, domestic appliances, transportation
such as more electrical aircraft, electrical vehicles and marine
propulsion, as well as renewable energy such as tidal power and
wind power, etc. [1]-[5]. Amongt the most widely used
permanent magnet machines, the machines with modular
stators carrying single layer concentrated windings are
attracting increasing interests. This is particularly the case for
safety critical applications such as more electrical aircraft,
marine propulsion, offshore wind power, etc. [6]-[9], since
thesemodular machines exhibit several advantages such as: (a)
Simplicity for manufacturing particularly for the winding
process [10]-[12], assembling and transportation of machine
components when compared to their non-modular counterparts.
This is especially the case for large volume hydroelectric
generators or wind power generators. Meanwhile, the stator slot
filling factor can be significantly increased using modular
stators [13]-[14]. (b) High fault-tolerant capability can be

[15]-[17]. This can limit the fault propagation from one
segment to another. Moreover, single layer concentrated

(b)

achieved due to phySitseparation between segments [8]_[9]Fig. 1 Cross-sections of modular machines with alternate testimgp tooth

tips. (a) wound teeth having tooth tips, more suétdbt N.> 2p, (b) unwound
teeth having tooth tips, more suitable far<d\2p.

windings are often used for modular machines leadirgdw Although the modular structures inherently exhitiie
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above mentioned merits, they also have some undesirable
disadvantagesDue to additional flux gaps (air-gap) in stator
yoke or between stator teeth and stator yoke, the flux paths in
stator core are dramatically modified [10]-[11]. This could lead
to higher cogging torque and lower average torque due to the
fact that the effective air-gap length has been increased. In
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order to overcome these drawbacks, several new modulal. EMF AND TORQUEANALYSIS OF PROPOSEDMODULAR
structures have been developed over recent yBaf8]-[9], MACHINES

flux-concentrating PM machines with modular stators and Topoloai
modular rotors for wind power generators have been propose&' opologies

Based on the comparison with their non-modular (continuous The proposed topologies with alternate stator teeth having
core) counterparts, it is found that the modular machines haweeth tips, as shown have flux gaps between stator
lower active mass while higher efficiency for the full range ofegments and the width of flux gap®isand may be variable.
load. Similarly, by removing the PMs in alternate stator teeth #fhen the flux gap width changes, to maintain a constant
a linear switched flux permanent magnet (SFPM) machine, fluxagnetic saturation level in the stator iron core, the total active
gaps are formed between stator segments and a modular SRFRM sections in the stator teeth, either with or without flux gaps,
machine with segmented statas obtained accordingly are the same (@tand unchanged. As for the flux gap width, the
[20]-[22]. It has been found that the modular machine wittooth tip circumferential widthog) can vary as well. As can be
same volume of PMs can produce higher torque densigen i Fig. IL, the windings of all the modular machines to be
compared to its non-modular counterpart. In [15]-[1BF investigated are single layer concentrated ones, which are
modular structures have been obtained by directly inserting flwound on the middle teeth without flux gaps to form
gaps into alternate stator teeth of interior permanent magmetiependent stator segments. The single layer concentrated
(IPM) machines, the modular stator of which is similar to thavinding structure is for increasing the self-inductances while
shown ir Fig. 1 while with all or no teeth having tooth tipsdecreasing the mutual inductances and hence improving the
Both 12-slot/10-pole and 12-slot/14-pole modular IPMault-tolerant capability. In [26], it is found that the
machines have been investigated. idt found that fora self-inductance of a single layer SFPM machine is more than
12-slot/10-pole modular machine, both the winding factor andoubled compared to its double layer counterpart while with
the on-load torque decrease due to flux gaps, while totalyuch lower mutual inductances. When compared to machines
opposite phenomena have been observed for thdth distributed windings, the single layer concentrated
12-slot/14-pole modular machine. Moreover, as investigated winding as shown {n Fig.]1 is also more desirable and will also
[23], the flux gaps can be used as water ducts to significantigve predictably lower mutual inductances.

improve the cooling efficiency.

Similar studies on modular machines to [15]-[h&}ebeen
carried out in [24]-[25]. All investigated machines have all o
no stator teeth with tooth tips. Based orst#studies, a generic
rule has been established to describe the influence of flux g¢
on machine performance. It has been clearly demonstrated 1
for machines having slot number g{Nower than pole number
(2p), (Ns < 2p), the flux gaps increase the average torqu
However, the flux gaps reduce the average torque of modu
machines with N> 2p. It is worth noting that lower pole
number means lower electrical frequency, and hence lower ir
losses. With this perspective, it will be more desirable to utiliz}
modular machines with{\ 2p. Therefore, how to compensate (@)
their average torque drop due to flux gaps is one of the mei-
topicsin this paper. In order to do so, several novel modul:
structures have been proposed, as shofvn in Fithelspecific
features of the proposed topologies are that alternate stator te
have tips, which is the main difference from the machine
investigatedn [15]-[16], [24]-[25] (having all or no teeth with
tooth tips). This provides the possibility to boost the averag
torque of the modular machines withy N 2p while still
maintaining the previously mentioned merits due to modul
structure. Moreover, for modular machines with <N2p in
addition to the contribution of flux gaps, their average torqt )
can be further increased by properly choosing the tooth tip
width. Apart from the phase back-EMF and average torque,

n\-:l?},\ g
i ';ﬁ,’éf'.,

-

/

(b)

another main focus of this paper is to Comprehensive ig. 2 Open-circuit flux line distributions. The flux gapdih is 3 mm and the

. . . . . rotor position is where the phase A has its peak fa)x12-slot/10-pole with
investigate the influences of flux gap and tooth tip widths Qlbund teeth having tips, (b) 12-slot/14-pole with oowd teeth having tips.

power losses and efficiency of modular machines, as will be .

detailed in the following sections. Due to the improvement in AS reported in [15]-[16], [24]-[25]the flux gaps reduced
fault tolerant capability and electromagnetic performance, tfi@e slot pitch, and hence the pitch factor as well as winding
proposed modular machines can be used for safety-critié@¢tor of modular machines with; % 2p. Therefore, the tooth
applications such asmore electrical” aircraft (small sized tips should be on the wound teeth, as shovn in Hig. 1 (a), to

machines), or wind power generators (large sized machines)ncrease the slot pitch so as to compensate for the drop of pitch
factor and hence the winding factor. As a result, the average

torque can be boosted if the tooth tip width is properly chosen.
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However, for the machines withy K 2p, the tooth tips should 6

be on the unwound teeth, as showt_in Fig. 1 (b). This cal B0 mm

further reduce the slot pitch and further increase the winding 12| [_12mm

factor (see Appendix). As a result, the average torque can k [_l4mm

further improved as well. 6 mm

B. Phase Back-EMF

The opereircuit flux line distribution for modular machines
with alternate teeth having tooth tips are obtained usiby 2-
finite element (FE) software package, Opera, and the use 01 2 3 4 s ¢ 7 8§ 9 1
machine dimensions are the same as given in TABLE .

Back-EMF (V)
(=]

.

Harmonic order

The flux gaps and tooth tips will influence the winding (@)
factor (see Appendix), and hence the phase back-EMFs ar -

their spectra, as shown(in Fig. 3 @and Fip. 4, respectively. B'

way of example, 12-slot/10-pole and 14-pole modular
machines have been chosen for comparison. The flux gap wid!
is constant and seb 3 mm while the tooth tip width ranges

from O mm to 6 mm

16
—5— 0 mm

E ——1 mm
w120 i e | —8—2 mm
E 5| — — 3 mm
% 8r 4 -—-4 mm
2 —— 5 mm
z 4 ——6mm
£ | ﬁ

0 1 1 L 1 1
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Rotor position (Elec.Deg)
(@)
16
—<—0 mm

E . |1 mm
127 W —=—2 mm
E —==-3 mm
—E; 8- ——=4 mm
2 —— 5 mm
% 4l —— 6 mm
£ |,
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0 30 60 90 120 150 180

Rotor position (Elec.Deg)
(b)

Fig. 3 Phase back-EMFs vs tooth tip width increase of modnéhines. The
flux gap width is 3 mm. (a) 12-slot/10-pole with walteeth having tips, (b)

12-slot/14-pole with unwound teeth having tips.

It is found that,

e For the modular machine with 12-slot/10-pole,
fundamental of phase back-EMF increases with tooth t
width increase until 4 mm then decreases slightly. This
mainly due to the fact that the pitch factor will increase Qe

unity and begin to decline afterwards;

e For the modular machine with 12-slot/14-pole,

—
=23

—
[ ]

Back-EMF (V)
(=]

£

0 1 2 3 4 5 6 7 8 9 10
Harmonic order

(b)

Fig. 4 Spectra of phase back-EMWs tooth tip width increase of modular
machines. The flux gap width is 3 mm. (a) 12-slot/10-patd wound teeth
having tips, (b) 12-slot/14-pole with unwound teetkihg tips.

C. Electromagnetic Torques

The modular machines are supplied by 3-phase sine wave
current (rated current) without considering flux weakening.
Under this condition, the average torques and torque ripples
against flux gap and tooth tip width increase, for modular
machines with alternate teeth having tooth tips, have been
calculated using FE method, as showf in Fig. 5. Here, the
maximum flux gap width is also chosen to be 3 mm. It can be
seen that for 12-slot/10-pole modular machines with wound
teeth having tooth tips, the average torque decreases with the
increase in the flux gap width. However, for a given flux gap
width, the average torque first increases then decreases
thereafter with the increase in tooth tip width. Far
12-slot/14-pole modular machine with unwound teeth having
tooth tips, at low tooth tip width increase (< 3mm), the average
torque increases with the increase in flux gap width. For a given
flux gap width, the average torque can be further increased, as
expected. However, as farl2-slot/10-pole modular machine,
the average torque of 12-slot/14-pole modular machine will

SQlIso decrease if the tooth tip width continues to increase. This is

Mainly due to the variation of phase back-EMF against flux gap
thd tooth tip width increase as investigated pirevious
ctions. It is also found that by properly choosing the tooth tip
width, the torque ripple (peak-peak value) can be minimized.

foreover, the torque ripple of 12-slot/10-pole modular

fundamental of phase back-EMF increases with 100th tip,chine s generally higher than that of the 12-slot/14-pole

width increase to 2 mm then decreases thereafter. This,

clunterpart.

mainly due to the fact that the pitch factor has already
increased due to the flux gaps. Thus a slight increase in
tooth tip width can make its pitch factor reach unity. As a
result, if the tooth tip width continues to increase, the pitch

factor and hence the winding factor will decrease.
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the total PM eddy current losses can be calculated by summing

6 .
— up the eddy current losses in all mesh elements of PMs of the
g 5.5F ~— ]
= - 2D FE model.
= 5
o . b
24 5*::’::_:,--"" —&—FG=0mm (12/10) 7
£ (e —==-FG=1mm (12/10) v ’g FECEE .
= 4 —4+-FG =2 mm (12/10) 1 =4 : o
50 -%-FC =3 mm (12/10) = Qn-load
3.5 —e—FG =0 mm (12/14) 1 kS RS (R
4 ——FG=1mm (12/14) 2 3
< 3r ——FG =2 mm (12/14) b -
15 . | |—"—FG-3mma214) ‘ g2
. =
0 1 2 3 4 5 6 "
Tooth tip width increase (mm) ,g 1 4
(@) z0
4 —&—FG=0mm (12/10)
3.5 ——-FG=1mm @210 1
) —+—FG=2mm (12/10)
Z 3] -+-Fe-amma210) 1
@ 2.5 —=—TFe=omma214 ]
=) ——FG=1mm (12/14)
-E‘ 2 { ——TFG =2 mm(12/14)
& 1547 FG=3mmQ214)
5 1 =
H
0.55
0!
0 1 2 3 4 5 6
Tooth tip width increase (mm)
(b)

Fig. 5 Average torque and torque ripple (peakpeak) vs tooth tip width
increase and flux gap width of 12-slot/10-pole anestti®/14-pole modular
machines with alternate teeth having tooth tips. FGdstéor flux gap width.
(a) average torque, (b) torque ripple.

To generalize the proposed theory, the average torques \

tooth tip width increase for modular machines with different &
slot/pole number combinations have been calculated as show f.
[=]
= 12/8 —o— 12/10 —— 12/14 —— 12/16 ——- 18/16] §
E =
Z, 61 bt _ : e .
2 R
e N : 1 @™
gs Tooth tip wigg, ; S 6 3 ap W
5 Nerease (mm) Fux
£ ©
5 4]
21 | Fig. 7 Open-circuit and on-load iron losses flux gap width and tooth tip
3 ) ‘ ) ‘ ‘ width increase of modular 12-slot/14-pole machine wittvaund teeth having
0 1 2 3 4 5 6 tips. (a) stator iron lossed) rotor PM eddy current losses, (c) total iron losses.

Tooth tip width i N :
ooth tip width increase (mm) At rated rotor speed, the open-circuit and on-load iron

Z‘i?f' 6 Atvelretllge Itorquek\)/S t00thbt_ip \;\_/idth i?ﬁre?lse fOF_prg?malsz}g\elsz\;vlig\ losses as well as PM eddy current losses of the investigated
nerent slotpote number combinations. The flux gaptwlor 12/, : modular machines have been calculated for different flux gap
12/14and 1271615 3 mm, while for 18/16 is 1 mm dukigher number of siot. and tooth tip width increases. It has been found that for both the
investigated modular machines, the relationships between core
losses and flux gap width or tooth tip width increase are similar.
Thus, only the results of the 12-slot/14-pole modular machine
A. Open-Circuit and On-Load Iron Losses with unwound teeth having tooth tips have been shofvn in| Fig.
The laminated rotor core iron losses are negligible when
“Compared to stator iron losses and PM eddy current losses, thus

ey are not shown here. It can be seen that
For the stator, the open-circuit iron losses increase with the
increase in flux gap width, and additionally they increase
with the tooth tip width increase reaching a maximum at 5
mm. However, the on-load iron losses increase with the
increase in both the flux gap and tooth tip widths;

Ill. POWERLOSSANALYSIS OF PROPOSEDMODULAR
MACHINES

Due to the flux gaps and the tooth tips, the air-g
permeance and the flux path in stator iron core will bg
modified. Therefore, the flux gaps and tooth tips have
influences not only on winding factor and phase back-EMF blt
also on the air-gap flux densities either due to PMs or due to
armature field and hence an influence on machine core losses.

For both open-circuit and on-load conditions, the hysteresis
and eddy current losses in stator and rotor iron cores can be
calculated by using the same method given in.[3ifhilarly,
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e For the PMs, the open-circuit and on-load eddy curreni
losses decrease slightly with the increase in flux gap width
while they decrease significantly with the increase in tooth
tip width;

For total losses, under both open-circuit and on-load
conditions, their variations are similar to that of stator iron
losses because the stator iron losses dominant compared
rotor core iron losses + PM eddy current losses.

Flux density (T)

1.2

0.3 I L I L I
0 mm 0 60 120 180 240 300 360
0.8F ~~-2mm | Angular position (Mec.Deg)
Soaf V0N 7 ) L. 4 mm @
& = =6 mm
g of 1 0.1
= O nm
5 0.4 1 0.08 ]2 mm
= 0.5l | E [ J4mm
’ éw 0.06F -6 mm
_1.2 L L L L L E
0 30 60 90 120 150 180 = 0.041 |
Angular position (Mec.Deg) g
a =
@ 0.02r R
1.2 T T
0 SR R i ES T 1 —
n ) -0“““7 0 1 2 3 4 5 6 7 8 9 10 11 12
. M [_]2mm Harmonic order
= o8l |:|4 min || (b)
Z [ 6 mm
£ 06 1 1.2
=
é 0.4} 1 0.8
021 b g 0.4
PY S i R S |1 DR R
o 1 2 3 4 5 6 7 8 9% 10 11 12 2
Harmonic order g 0.4 1
(b) =
: L . . -0.8 b
Fig. 8 Radial @ -gap flux densities due to PMs and their spectra@ftodular
12-slot/14-pole machine withnwound teeth having tooth tips. The flux gap 12 . w ! . s
width is 3 mm. (a) Air-gap flux density due to PMs), §ipectra. 0 30 60 20 120 150 180
Angular position (Mec.Deg)
Pe(W/m)
9
& ©
1.2 : .
. ¢ mm
; 1r I [ 12 mmf
26e E 0.8 [ J4mm I
2 6 mm
£ 0.67 1
<
] L 4
5.2¢t g 4
0.2+ B
Pe(W/m) oomm o b W

0 o 1 2 3 4 5 6 7 8 9 10 11 12
Harmonic order

(d)

Fig. 10 Radial ar-gap flux density due to armature field and on-loaeyap
et flux density of thel2-slot/14-pole modular machine with unwound teeth
having tooth tips. Flux gap width is 3 mm. (a) Aamflux density due to

armature field, (b) spectra, (c) on-load air-gap flexisty, (d) spectra.
m pet As shown ifi Fig. ¥, the influence of tooth tips on machine
®) € losses is more significant than flux gaps. This is especially the
i oss d distributiith i case for PM eddy current losses. Thus, the following analysis
Fig. 9 Open-circuit eddy current loss density distributioithim PMs of the ; ; ; ;
12-slot/14-pole modular machine with unwound teeth hgtooth tips. The will be focused on the influence of tooth tips. For analyzing the

flux gap width is 3 mm. (a) tooth tip width incredsd mm, (b) tooth tip width  OPEN-Circuit losses against tooth tip width increase, the air-gap
increase is 5 mm. radial flux densities due to PMs have been calculated for
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different tooth tips and their spectra are showp in_Fjg. 8, durrent loss due to armature field still decreases, so does the
which the flux gap width is 3mm. For a machine wittonload PM eddy current losses as showr]_in_Hig. (the
12-slot/14-pole, the 7 order harmonic of air-gap flux density maximum eddy current density in PMs decreases with the
due to PMs will interact with the"™7order harmonic of stator increase in tooth tip width).

MMF to generate the output torque. Besides, there is no relativ
movement between the™7order harmonic of air-gap flux
density due to PMs and the PMs themselves. Therefore, it will The copper loss can be calculated by using the simple
not generate PM eddy current losses. However, since"the éjuation described by [25]
order harmonic of air-gap flux density due to PMs cross L
through the stator iron core and hence will cause the stator core Propper = NsNZp ef s 1
iron losses. Due to the fact that both the volume of stator iron S kp

t . . .
core and the |70_rder ha,rmon'c Of_ air-gap fllux ‘?'e”S'ty due. tc\/vherep (Qm) is the resistivity of copper wire, N, is the number
PMs increase with the increase in tooth tip width [see Hig. §f conductor in one slot,Lis the stack length, @) is the area

(b)), therefore, the observed increase in stator core iron 10S$§%ne slot, kis the filling factor andgys (A) is the rated RMS
in[Fig. 7] can then be explained. The other order harméfiics phase current.

39 5" 9" 11" etc.) in air-gap flux density due to PMs mainly : - - - -
19 I ' = In equaﬂor@, only is variable which changes with the
generate PM eddy current losses. As can be sgen in|Fig. 8 i), gap width while it is independent of tooth tip width

the harmonics (the*lharmonic is almost constant and e 3 increase. This is mainly due to the fact that the tooth tip height
and 9" harmonics are negligible) decrease with the increaseiin constant and there is no winding in the slot opening.

tooth tip width. This is why the PM eddy current l0sse§herefore, the change in tooth tip width increase, and hence slot
significantly decrease as shown[in Fig. 9, in which the ed ening, will not lead to change in slot area. The copper loss

current loss density decreases with the increase in tooth Hbs heen calculated. as shogt 8an be found that the
width. Py (W) copper loss increases with flux gap width, while it is constant
E m

0 for all tooth tip width increase# is also worth noting that for
12-slot/10-pole or 12-slot/14-pole machine, the copper losses
are the same as the phase current is the rated RMS current.

It is worth noting thdt (1) only takes into account the DC

6.16* copper loss. As investigated in [28], the alternate stator teeth

1€ . . . N oy
having tips will lead to higher slot leakage and hence additional
AC copper losses. Howevetis is out of the scope of this
m paper, and the AC copper losses are assumed small and
negligible.

B. Copper Loss and Efficiency

1.22¢8

=
(=]

Pz (W/m?®)

0 o B 5
2.7¢4 Bl T e
oth g, ";:I'ths S 2
inere, 1 070 width ()
5.4e*
(b)

w
(=]

opper loss (W)
L7
]

C
b2
i

Fig. 12 Copper lossvs tooth tip width increase and flux gap width for
12-slot/10-pole and 14-pole modular SPM machines. Theeotris rated

Fig. 11 Onload eddy current loss density distribution within Pbfsthe current.

12-slot/14-pole modular machine with unwound teeth hgwooth tips. The With previously obtained output torqué,,,,.), on-load
flux gap widthis 3 mm. (a) tooth tip width increase is 1 mm, (b) tdgitwidth oRtput >

increase is 5 mm. iron (Pion) and copperR.qp,,er) l0sses, the motor efficiency

In ord | he infl ¢ h i h | canthen be calculated for 12-slot/10-pole and 14-pole modular
h order to analyze the influence of tooth tips on the on-loagy,, machines, and comparef in Fif. 9. It can be found that the
losses, the air-gap radial flux density only due to armature fi

and the on-load air-gap flux density have been calculated fl‘ﬁrat of avera = ;
. RN AR - ; : ge torque as shownp in Fig. 5. This means that the
different tooth tip width increases as showjn in Ei@.in which drop of efficiency due to flux gaps can also be compensated by

th? flux gap width i_s 3mm. The on-load IC.)SS(?S ObSGfM Fﬁﬂcreasing tooth tip width of wound teeth. However, for the
[7]is only slightly higher than the open-circuit losses since “ﬁ-slot/14-pole machine, at low tooth tip width increase
air-gap flux density due to armature field is much lower th

hat d hen th laced by ai . “taround 2mm), the efficiencies are similar for different flux gap
]tc. at ule to PMs V(\j’ ?n El'he 'TMS are (;ep r?ce Ygrz%a% N {i8ths. Moreover, the efficiencies can be improved by properly
inite element models. The lower order harmonicsg increasing tooth tip width although they eventually drop if the

d_ecrease with the in_crea;e in tOOth_ tip width, thus, althou‘ag'oth tip is too wide. Overall, at wide tooth tip, the efficiency
higher order harmonics (1} slightly increase, the PM eddy reduces when the flux gap width increases. It can be concluded

riation of efficiency for 12-slot/10-pole machine is similar to
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that by properly choosing the tooth tip and flux gap widths, thehile for 12-slot/14-pole machine, its tooth tip width increase
efficiencies of both the 12-slot/10-pole and 14-pole modulds 2mm.
SPM machines can be optimized.

88 TABLE | MACHINE PARAMETERS

——————— - Akt - ST TN
5 :::__& Phase voltage (V) 36 Stator yoke height (mm) 3.7
PR Bl e i Rated torque (Nm) 55 Stack length (mm) 50
S 7] EE o= g M X Rated current (Avs) 7.34  Air-gap length (mm) 1
P —& ~FG = 0mm (12/10) Rated speed (rpm) 400 Rotor outer radius (mm) 275
2 82} == ~FG= Lmm (12/10) 3 Slot number 12 Magnet thickness (mm) 3
5 e Pole number 10/14  Magnet remanence (T) 1.2
E 80r e ra— o 512,14; ] Stator outer radius (mm) 50 Number of turns per phase 132
-l ——FG = Lo (12/14) | Stator inner radius (mm) 28.5 Filling factor kg 0.37
—+—FG=2mm (12/14)
"6 . —¥FG=3mm (1214) ‘ B. Phase BckEMF
0 1 2 3 4 5 6
Tooth tip width increase (mm) At rated speed, the phase back-EMFs of phase A for

Fig. 13 Efficiency vs tooth tip and flux gap widths for 12#i®-pole and  12-slot/10-pole and 12-slot/14-pole modular machines have
14-pole modular SPM machine under rated condition.sk®ds for flux gap heen calculated and compared with their relevant predicted

width. results as shown
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Fig. 14 Stator segments with alternate teeth having tooth (g with wound £ 3t + 12/14 (Predicted) ,
teeth having tooth tips (12-slot/10-pole type), (ilhwinwound teeth having 12/14 (Measured)
tooth tips (12-slot/14-pole type). 0 ‘ ‘
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Fig. 16 Predicted and measured phase back-EMFs of modularimeachith
alternate teeth with tooth tip&) phase back-EMFs, (b) spectra.

C. Static Electromagnetic Torques

. ©) . @ _ The on-load static torques can be measured by similar
Fig. 15 Prototypes of modular machines. (a) rotor with 10 polgspofbrs with

14 poles, (c) completed stator with wound teeth havingth tips method developed In [29] and the test ngis Sho
(12-slot/10-pole type), (d) completed stator with uome teeth having tooth Dalance beam is connected to the rotor shatft. It is levelled and

tips (12-slot/14-pole type). the bar at one end is rested on the tray of a digital gauge. The
stator is clamped in the jaws of a lathe enabling it to be rotated
IV. EXPERIMENTAL VALIDATION in precise step instead of rotating rotor shaft. A weight is added

to the balanced beam end as a pre-load to ensure the bar always
in contact with the pan balance when on-load static torque
In order to validate the foregoing predictions andpositive) is small compared to cogging torque (could be
conclusionstwo optimized prototype machines based on theegativeat certain rotor positions). By measuring the force
previous analysis have been built for experimeastshown in  using the digital gauge and knowing the distance of the balance
[Fig. 14]land Fig.15| and their parameters are giveh in TABIE Ibeam from shaft center to the pointer, the on-load static torque
The flux gap widths for all prototypes are 3mm. However, fatan be obtainedn the tests, the 3 phases of modular machines
12-slot/10-pole machine, its tooth tip width increase is 4mrmare supplied by currents such as:ll, Ig = -1/2 and k = -1/2,

A. Prototypes of Modular Machines
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where | is a DC current which can be vari€te rotor position machines with alternate teeth with tooth tips.
is fixed to the position where the maximum average torque can The measured efficiencies for both the 12-slot/10-pole and

be achieved. Then, the static torque versus phase RMS tcurigfig|ot/14-pole modular machines are shown 50
| in_Aig the

is measured and compared with the predicted res{ilts ii8|ig. Compared to the simulated results show

The overall agreement between the predicted and measuggdysyred efficiencies are lower. This is mainly due to the fact

results in terms of phase back-EMF, cogging torque and stajig the mechanical losses and the additional winding AC losses
torque proves the accuracy of the theory established in this e not been taken into account in the simulation.
paper.

100 ;
-+-12/10
_. 8oy —e—12/14 |
S
Jaws of lathe Balance E‘ 60 -

machine beam 2 40
= L

Profotype Pre-load E

machine it 20+

pPointer ?50 400 450 500 550 600 650 700

Speed (rpm)
Fig. 20 Measured efficiencies for modular machines with alterteseth having
tooth tips.

V. CONCLUSIONS

Fig. 17 Test ri fo static torque meas‘urements. . . .
g 9 d In this paper, the modular machines with alternate teeth

15

——-12/10 (Predicted) | having tooth tips have been proposed.to_improve machine
~ 12/l * 1210 (Measured) o | performance The results such as winding factor (see
5 12/14 (Predicted) : b Appendix), phase back-EMF, average torque and torque ripple
‘g 9l| ° 12/14 (Measured) T T _ have shown that
g t/t”’ (a).For machines with N> 2p, the flux gaps reduce the
T 6 i ] winding factor but by using tooth tips on wound teeth, the
g ~ - drop in winding factor can be compensated, therefore, the

3 A ’ average torque can be maintained or even increased.
0 ‘ , ‘ , ‘ ‘ , ‘ However, for machines with,N\t 2p, the winding factor of

0 1 2 3 4 5 6 7 8 9

which can be increased by flux gaps and be further
Phase RMS current (A)

increased by tooth tip on unwound teeth, so does the
average torque;

(b).For the investigated modular machines, the torque
ripples can be minimized by changing the tooth tip and flux
) _ gap widths;

The torque speed curves have been obtained by dynamicTne FE predictions and conclusions have been verified by
tests according to the method in [30] and the predicted aggheriments. In addition, FE analyses show that for both
measured results are compar.Th_e DC link voltage  jnyestigated machines, the open-circuit and on-load stator iron
for all tests is 40 V and the phase maximum peak current|ises increase with the increase in flux gap and tooth tip widths
3.67A, which is limited by the load torque produced by the D@except for very large tooth tip width) while opposite
machine. The torques for different speeds are measured nomena have been observed for open-circuit and on-load
using a torque sensor. The measured torques for both eddy current losses. The rotor core iron losses are
12-slot/10-pole and 12-slot/14-pole machines are ~9% lowgggjigible and the total open-circuit and on-load iron losses
than the predicted torques, mainly due to the end effect which/igiations are similar to that of stator iron losses. It can be

neglected in the 2D FE prediction. But the overall agreementdgnc|yded that by properly choosing the flux gap and tooth tip

Fig. 18 Static torque vs phase RMS current of modular 3-phaséineaevith
alternate teeth with tooth tips.

D. Torque and Efficiency Speed Curves

good while the trend is the same.

5
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2
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w
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0 100 200 300 400 500 600 700
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—e—12/14 (Measured)

Speed (rpm)

widths, both theornrload torques and efficiencies can be
optimized for different slot/pole number combinations.

VI. APPENDIX- CALCULATION OF WINDING FACTOR FOR
MODULAR MACHINES WITH ALTERNATE TEETH HAVING TOOTH
TIPS

The winding factor calculation accounting for the influence
of flux gaps of modular machines with different slot/pole
number combinations have been detailed in [25]. It has been
found that for single layer concentrated winding 3-phase
machines[ (Fig. [1), even number of coils per phase should be

Fig. 19 2D FE Predicted and measured torque speed curves Oﬂamd”employed to minimize the unbalanced magnetic force
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Therefore, the stator slot numbers must be equal to multipleshigh flux gap width, since the slot pitch is already lower than
12. As a result, all non-modular machines have the sarttee pole pitch, any extra increase in the tooth tip width will lead

maximum distribution factors, i.e. 1 and the same maximuto a significant decrease in the winding factor.

winding factors, i.e. 0.966. Moreover, all the machines havinc
the maximum winding factor are either multiples of
12-slot/10-pole or multiples of 12-slot/14-pole ones [24]
Therefore, only the 12-slot/10-pole and 12-slot/14-pole
machines will be selected as baseline to investigate th
influences of flux gap and tooth tip widths on machine
performance.

‘Winding factor

Stator

! B/(2R))
Fig. 21 lllustration for pitch factor calcualtion of modularachines with flux
gaps and with wound teeth having tooth tipgXRp).

However, for modular machines with alternate teeth having
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)

tooth tips as shown in Fig] 1 dnd Fi1] due to the flux gaps Fig. 22 Winding factorvs flux gap width and tooth tip width increase. (a)

and tooth tips, the pitch factors have been modified becauseﬁﬁ'\ﬁ
the variation of slot pitches. In order to take the flux gaps and
tooth tips into account for calculating the slot pitch, the
expression of which should be modified hy =1, —
Bo/(2R;) + a,/R; where Ris the stator inner radius as shown 1]
in[Fig. 1] andr; = 2m/N; is the slot pitch without flux gaps.
Therefore, the pitch factor can be calculatedpy= sin (%:,%)

wheret,, = 2m/(2p) is the pole pitch. [2]

The idea here is as follows. For machines with>Np as
shown if Fig. ], the flux gaps squeeze the slot pitch anckhen
reduce the pitch factor and winding factor. Therefore the tootH?!
tips should be on the wound teeth to enlarge the slot pitch, as
shown iff Fig. ¥(a), and the sign before, is “+”. However, for
machines with N< 2p, in order to further increase the pitch [4]
factor, the tooth tips should be on the unwound teeth, as shown
in[Fig. 1 (b), and the sign befosg is “-”.

Using previous equation for modified pitch factor together s
with a maximum distribution factor of 1, the winding factors
against flux gap width and tooth tip width increase have been
calculated as shown in_Fi2 It can be seen that for g
12-slot/10-pole modular machine with wound teeth having tips,
the winding factor of which decreases with the increase in flux
gap width, while this decrease can be compensated bV]
increasing the tooth tip width to a certain value, and eventually
a winding factor of unity can be obtained. On the other handisg)
for 12-slot/14-pole modular machine with unwound teeth
having tips, the winding factor of which first increases with the
increase in the flux gap width then decreases thereafte}.]
Besides, at low flux gap width, the winding factor can be
further increased by increasing the tooth tip width. However, &t0]

lot/10-pole with wound teeth having tips, (b) 1l@tdl4poe with
ound teeth having tips.
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