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Influence of Stator Topologies on Average
Torque and Torque Ripple of Fractional-Slot
SPM Machines with Fully Closed Slots

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

Abstract—This paper investigates the influence of concentrated
winding configurations and stator core structures on torque
performance of fractional-slot surface-mounted PM (SPM)
machines. From analyzing the separated torque components of
prototype SPM machines with 12-dotg/10-poles (12S/10P)
combination by frozen permeability (FP) method, it can be found
that the torque ripple is closely related with local saturation in
fully closed dot (FCS) machines. Besides, the heavier local
saturation will also jeopardize the merit of using alternate teeth
wound windings, such as obtaining higher average torque than
electrical machines with all teeth wound windings. The further
analysis of stator tooth relative permeability variation over one
electrical period demonstrates that the major reason for torque
ripple difference among these electrical machines with different
stator topologies is the asymmetric saturation between the
adjacent teeth. Both the subharmonic due to armature reaction
(determined by winding connection and current value) and the
asymmetry of stator core structure contributeto such asymmetric
saturation. In order to more clearly verify this, the
complementary slot/pole number combination (12S5/14P) is also
analyzed. The conclusion is effective for electrical machines with
other slot/pole number combinations as well. Experiments have
been carried out to validate the predictions.

Index Terms— Asymmetric saturation, average torque, local
saturation, stator core structure, torque ripple, winding
configuration.

. INTRODUCTION

ractional-sloPM machines with non-overlapping windings
have been widely investigated and applied over the past f
decades due to the merits of high torque density, low torq

ripple and high efficiency, etc. [1].

The basic theory of fractional-slot PM machines wit
non-overlapping windings has been introduced in detail [2],
especially the conditions for constructing such kind
windings. The authors from [3] employed and extended the s
of slot method to fractional-slot machines. Based on t
proposed method, the slot/pole humber combinations for

and alternate teeth wound windings (abbreviatedAl$’ and

“Alternate’ in the figures for simplicity throughout this paper
were summarized in [3]. The comparison between the electri
machines with all and alternate teeth wound windings wele

performed in [4] which addressed one advantagethe
alternate teeth wound winding, viz.

better fault-tolera
capability. The further comparison between these two kinds

windings in terms of torque-speed characteristic was shown in
[5]. The parasitic effects of adopting non-overlapping windings
were analyzed in [6], especially the radial force density
differences between different winding topologies. Another
merit that the flux-weakening capability can be increasgd
adopting alternate teeth wound winding was highlighted in [7].
The more comprehensive study of all and alternate teeth wound
windings can be seen in [8]-[9]. In order to increase the geera
torque, both all and alternate teeth wound windings can fulfil
this by some modifications. For machines with all teeth wound
winding, dual 3-phase windingabbreviated as “D3p”)
configuration with 30 electrical degree phase shift between two
sets of windings can be adopted compared with the
conventional single 3-phase windingblreviated as “S3p”).

This not only increases the output torque but decreases torque
ripple as well. The corresponding slot/pole number
combinations for this kind of winding connection was
summarized in [10]. The comparison between single and dual
3-phase windings was shown in [11] by analyzing
12-slots/10-poles (12S/10P) PM machin®s the other hand,
the electrical machines with alternate teeth wound windings
will obtain a higher average torque by using unequal tooth
width (abbreviated as “UETW”) stator core structure. Although
this idea was mentioned in [1], the reason for improving the
average torque by adopting this kind of structure was
elaborated in [12]. More comments about this stator core
structure were giveim [13].

However, both the average torque and the torque ripple
pvould be consideddan high precision application cases, such
ag servo controlFrom this point of view, adopting alternate
tSeth wound winding is worse than all teeth wound one [8].

H:urthermore, UETW stator could leadabigher torque ripple

ough it may generate higher average torque compared with
gual tooth width (abbréated as “ETW”) stator [12] Only
c;justing the all teeth wound winding connection from single

1], whereas another set of inverter is needéerefore, both
e average torque and torque ripple need to be investigated
together. According to the analysis in [14]-[15], the reason for

%;phase to dual 3-phase can effectively reduce torque ripple

&'\gher torque ripple in electrical machines with alternate teeth

ound windings was the higher saturation caused b
subharmonic. The torque separation with the help of frozen

y concerned more on average torque. Although the authors

r@;rmeability (FP) method was shown in [16F]. However,



from [18] analyzed both aspects, only single 3-phase all teeth
wound winding was shown. The influence of saturation caused
by subharmonic was also stressed in [1®hereas only
vibration was emphasized. Most of the above papers focused o
machines with slot openings and quite a few researchers hq(v
investigated the influence of slot opening on torque
performances [20]-[22]. Although the open-circuit cogging
torque is almost eliminated by adopting fully closed slot «
(abbreviated asFCS’) stator [20], the on-load average torque
will reduce as well [21]. Besides, the on-load terminal voltage
will be distorted due to local saturation [22]. However, these
papers just analyzed one specific electrical machine and the
influence of stator topologs on torque performance for FCS
machines has not been shown before.

This paper extends the analysis in [23]. For a clear h
explanation only surface-mounted PM (SPM) electrical < |
machines having 12S/10P combination are chosen as examplé
The on-load torque of prototype machines with different
concentrated winding topologies and stator core structures are
shown and compared firstlifhe influence of local saturation .
due to FCSs is also addressed. Then, FRemethod is (©) (d)
employed to separate the-load torque into PM, armature andFig. 1. Cross-sections of prototype PM machines with 12S/10P
cogging torque components for detailed analysis. The reasgimbination. () Al ETW S. (b) All ETW Bp. (c) Alternate ETW Sp.
for torque ripple difference between these electrical machin&h Alternate UETW Sp.
is addressed as well, together with the analysis of current value
influence on torque performance. Moreover, the results of  TABLE | MAJORPARAMETERS OFPROTOTYPEMACHINES

electrical machines with the complementary slot/pole number Al Al Alternate Alternate
combination (12S/14P) are also shown to further verify the ltem ETW ETW  ETW UETW
conclusion. Finally, some experimental results are presenteeste : S3p_D3p  S3p S3p
. . Stator outer diameter (mm) 100
validate the correctness of the analysis. Stator inner diameter (mm) 57
Stator yoke thickness (mm) 4 4 4 5 s
Il. MACHINE TOPOLOGIES UNDER NVESTIGATION Stator tooth width (mm) 8 8 8  10and
C ] OPOLOGIES U STIG O Tooth bridge thickness for FCS (mr] 0.6
The cross-sections of 12S/10P prototype machines analyz#a opening for FOS (mm) 6.9
in the paper are shown in Fig. 1, together with the windir@&ga_p length (mm) 1
layouts For simplicity, they are named by the abbreviatiopr okress (mm) ¥
ayouts For simplicity, they are named by the abbreviatiors remanence (T) 12
form which shows the winding arrangement, stator comMm relative permeability 1.05
structure and current supply pattern, viz. All ETVBpSAIl  Turns per phase 184 92 184 184
ETW D3p, Alternate ETW Sp and Alternate UETW &p Lok rated current () 10
P, p Rated speed (rpm) 400

machine, respectively. In order to make the comparison™3ag, with & coll,

reasonable as possible, all of the machines have been optimizegkooth without a coil.

with the same rotor, stator inner/outer diameter, total coil turns

and peak current value. As can also be seen in Fig. 1, the FCSs [ll.  COMPARATIVE STUDY OF TORQUE
are adopted, which will ideally eliminate the open-circuif Comparison of On-load Torque

cogging torqueSome different phenomena are expected to be

: ; . . ince all of the electrical machines are surface-mounted
observed in these machines compared with those having slo . o )

. ) . - ype, the difference between d- and g-axis is pretty small, viz.
openingslt is worth noting that two sets of windings have 3

electrical degree phase shift between each other for the Rﬁg“glble reluctance torque [1]. Therefore, zero d-axis current

ETW D3p machine. The stator yoke thickness of the Alternat((:eontrOI strategy is adopted. When all of t_hem are s-upp.hed with
) . . . rated current, the corresponding torque is shown in Fig. 2 and

UETW S3p machine was increased in accordance with t . . .
e major information about torque performances are

thick teeth to ensure the machine not oversaturated. The major : . . .
parameters of these PM machines are listed in TABLE . d0mmarized in TABLE II. Since the FCS machines have strong

local saturation compared with the fully open slot (abbreviated
as“FOS’) counterparts shown in Fig.1, the on-load torque of
FOS machines are also given to illustrate this effétie
winding factors of working harmonic (k viz. rotor pole pair
number, predicted by the methods in [3] and [12] are given to
show the inherent property of each kind of winding. It consists



of winding pitch factor (§ and distribution factor (k For
prototype machines, the calculation methods are summarizec
TABLE IIl, where p Ns and m represent the rotor pole pair
number, stator tooth number and phase number, respective
There is als@ne parameter called ‘Ratio’ being defined as the
ratio of average torque to the winding factor in TABLE II. This
parameter can be used to evaluate the electrical mach
saturation level. The reason can be explained based on
simplified average torque prediction equation.

498[3 mN th e1k \AB gravg! qOC k \ﬁ gra\Jg (

gap
MN 1 Byavd % B gad o

4

where yq is the d-axis flux-linkage accounting for g-axis
current (}) influence; Qpis the air-gap center diameter;, i
the turns per phasey Is the electrical machine axial effective
length and Bayis the average radial air-gap flux density ove
one pole pitch.

According to (1), the average torques of four prototyp
machines are mainly determined Ry By.agand |, due to the
constraints listed in TABLE |. Among three parametegsisk
determined by winding intrinsic property and the product of

7D,

m
Tavg :E pl//dl q:
)

-
Ratio= 22 =

8
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(d)

Byawg @nd | can reflect electrical machine saturation levefig. 2. On-load torque comparison (Rated). (a) Waveforms for FCS

caused by armature winding current for the same rotor PYEC" ¢
y 9 machines. (d) Spectra for FOS machines.

excitation. Therefore, the influence qf $hould be eliminated
That is why the parameter “Ratio” is defined, as stated above
For torque ripple, it is calculated by:

chines. (b) Waveforms for FOS machines. (c) Spectra for FCS

TABLE Il CHARACTERISTICV ALUES FORTORQUECOMPARISON OF

12S/10RCOMBINATION
T
Torgue Ripple= —*x 1000 . Average - PP Torque
q PP Tavg © M?;; éne torque V\;;ncc:g?g Ratio torque ripple ripple
. . (Nm) (Nm) (%)
where T, is the peak to peak torque ripple angdyTs the Al FCs T 702 752 018 253
average torque over one electrical period. ETW 0.9330
o N S3p FOS | 6.71 7.19 0.23 3.48
P All FCS | 7.28 754 0.12 1.65
----- AllETW D3p ETW 0.9659
= — - - Alternate ETW S3p D3 FOS | 6.96 7.21 0.16 2.30
£ 8 | Al UETW S o
< — —Alternate 3p Alternate FCS | 7.00 7.22 0.34 435
o r ~ r ~ ~ ETW 0.9659
= O s Y A VN sp FOS| 692 716 055 7.96
= 7 4 g
2 Alternate  FCS | 7.31 7.31 0.55 7.47
UETW 1
FOS | 7.35 7.35 1.73 23.49
6 . . . S3p
0 90 180 270 360
Rotor position (electrical degree) TABLE Il WINDING FACTOR OFWORKING HARMONIC
@) All All Alternate  Alternate
ETW ETW ETW UETW
9 +—— ——AIETW SSp """ All ETW D3p S3p D3p S3p S3p
— - = Alternate ETW S3p — — Alternate UETW S3p
c sin(pl) for ETW
Esg- /"\ // \ A /"\ /\ A k, = N, 0.9659 0.9659  0.9659 1
° 1, for UETW
=]
(=2
5 7 sin&)
T 09659 1 1 1
6 s sin=-)
T T T 2m Ns
0 90 180 270 360 kK
Rotor position (electrical degree) K =koka 0.9330 0.9659  0.9659 1
(b)

From Fig. 2 and TABLE II, some phenomena can be seen
and explained:



(1) The average torque of the Alternate UET@p®achine relative permeability variatigiwhich is shown in the later part.
is the largest of all because of the highest winding factor for 20 2000.0 10000.0
working harmonic no matter the machines adopt FCSs or FOSs ‘
In contrast, the FCS Alternate ETW3[®machine has the
lowest average torque among electrical machines with FC¢ '
which is different from the phenomenon seen in [3]-[9] wher /-
the Alternate ETW Sp machine with slot openings has larger /
average torque than the All ETWBjSmachine. Although the |
Alternate  ETW 8p machine has larger winding factor ||
compared with the All ETW & machine, the local saturation
caused by FCSs is severer in the former, which is the ma
reason for such phenomenon in FCS machifesthe specific
electrical machines with FOSs here, the local saturation due
tooth-tip leakage does not exist [22]; therefore the variation of
average torque coincides with the results reported befc
[3]-[9]. The All ETW D3p machine not only shows higher
torque than All ETW S3p and Alternate ETV8@Bmachines Jy 4 o
but has lower torque ripple as well regardless of FCS/FC// /. 7.~
machines. 1

(2) Referring to theparameter ‘Ratio’, it shows that the l A {
electrical machines with alternate teeth wound windings ha '
higher saturation level than those having all teeth wour "
windings by adopting FCSé$n contrast, the magnetic circuit
saturation levels are practically the same for ETW machin — ~
without tooth-tips, while the UETW machine without tooth-tips © d
is less saturated because of the adjustment of stat@ yélkg. 3. Relative permeability distribution of stator and equal potential
thickness. Both the local saturation introduced by$#l the line distribution for armature field. (a) All ETWSg. (b) All ETW D3p.
influence of subharmonic from winding magnetomotive forcé) Alternate ETW Sp. (d) Alternate UETW Sp.
(MMF) affect the magnetic circuit saturatioBy the way,
though the Alternate UETW3® machine has lower saturation Overall, all of the electrical machines have their own
level than theAlternate ETW Sp machinethe UETW stator specialties. The difference between them will be analyzed in
core structure reduces the slot area, which makes the windfgfail in terms of torque performance. Since the electrical
accommodation more challenging. machines with slot openings have been reported in a large

(3) From the perspective of torque ripple, the adoption Glmber of papers, this paper will focus on FCS ones.
FCSs will reduce the permeance variation from slotting effeg, Torque Component Separation

which leads to a lower fluctuation. The All ETWBPmachine With the help of EP method (see Appendix), the on-load

shows the best performance for both FCS and FOS machines . .
while the Alternate UETW Sp machine has the highestr}%rque (OL) can be separated into three components, viz. PM

._component (PM), armature current component (Arm) and

ng. : : )
) load cogging torque (Cog), respectively [18]. By analyzing

the to_rque ripple of the AI.I ETW3p and Alte_rnate ETWE.HO ach torque component, the characteristics of on-load torque
machines, the latter one is larger and this is more obvious for

. . . can be clearly seen. The expressions of torque components
FOS machm_es. The re_ason_for torqge ripple d|fference betwel?ﬁderdq reference frame {0 control approaghare shown as
these electrical machines is the different saturation level

L . fllows:
magnetic circuit betweesachother. This can be seen from the

stator core relative permeability distribution and the equal T =Tou+ Tamt T oo 3)
potential line distribution due to armature field only, as shown i

in Fig. 3 for FCS machines. 3 dy em (FP)

From Fig. 3, it can be seen that the influence of te 1 Tom :E PV apm (FP) g+ ————1 ] (4)
harmonic becomes increasingly high in the sequence of the All "
ETW D3p, All ETW S3p, Alternate ETW 8p and Alternate 3 A orr(FP)
UETW S3p machines. The saturation of the stator yoke is Tarm=§ PLY qarel FP)I q+TI d ()
accordingly affected, which leads to different output torque and m
torque ripple. . . . ~aw,(oL)

(4) There are 6 ripples over one electrical period for Toog = o0 (6)

electrical machines adopting single 3-phase winding, whilst it ) ) _
is 12 for dual 3-phase winding. This will be explained from ¥here Emis the on-load electromagnetic torque;TTam and
more essential point of view, viz. the adjacent stator tooftws &€ the PM, armature and cogging torque component,



respectively;waem(FP), wqpMFP), Waarn{FP) andyqa(FP) are Fig. 4. Flux-linkages of four electrical machines. (a) AIMEB3p. (b)

the on-oad d- and g-axis PM and armature curredfl ETW D3p. (c) Alternate ETW Sp. (d) Alternate UETW 3p.
flux-linkages predicted by FP method, respectively; p is the ) i ) )

rotor pole pair number;lis the g-axis current and,YOL) is Accordmg to Fig. 4, all of the (—?Iectrlcal machines h{;\ye
the total stored magnetic energy under on-load condition. TRE’SS-coupling between d- and g-axis under on-load condition,

process of employing frozen permeability method to separatiice the g-axis PM and d-axis armature flux-linkage have
on-load torque is briefly described in Appendix for clarity. non-zero average value. Ideally, both of them should be zero

From eg (3)-(6), it clearly shows that then-load d- and and the appearance of these components will affect the torque
g-axis flux-linkage ¢ and yg) and the derivation of g-axis performance The d-axis flux-linkage determines the average

flux-linkage g are crucial for torque prediction. Their toraue, while it also contributes to the torgue npple. For both
waveforms are shown in Fig. 4. PM and armature components of d-axis flux-linkage, the

minimal fluctuation order is 6 for electrical machines with S3p
160 —— Wd(OL PM) L . . .
cees WGOLPM)  ——Wq(OL arm) windings. However, this lowest fluctuation number is 12 for the
120 4 —=—d¥Wq(OLPM) —e—d¥q(OL arm) D3p machine, which is due to the merit of adopting dual
80 T7V/ NVN VN VN VNV 3-phase connection. The obvious fluctuation of both d-axis
A n Y N P S flux-linkage components is caused by the local saturation due
: to the FCS structure, which is closely related to the reason for

----- WYd(OL arm)

Flux-linkages (mWb)
N
o

270

360

voltage distortion shown in [22]. The difference of fluctuation
amplitude reflects the influence of local saturation to some
extent.

0 90 180

Rotor position (electrical degree) For g-axis flux-linkage, both PM and armature components

have non-zero average value, whereas they will not contribute
@ to average torque generation with=0 control method.

PAOLPM) == PO arm) However, the derivation of g-axis flux linkage is one source of
—+—Wq(OL arm)
—e—dWq(OL arm

120 -

e Wq(OL PM) torque ripple according teq (3)-(6). The fluctuation period is
i b P the same as that of d-axis flux-linkage. The reason for more
apparent spikes in the derivation of g-axis flux-linkage is the
amplification effect of derivative operation. Based on the
obtained flux-linkages andqg (3){6), the waveforms of
onload torque and its three components are given in Fig. 5.
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Fig. 5. Torque component waveforms of four electrical nmeshi(a)
All ETW S3p. (b) All ETW D3p. (c) Alternate ETW Sp. (d) Alternate

UETW S3p.

Fig. 5 shows that both PM and armature torque componer
obtained by usindg-P method have been apparently distortec
due to the local saturation caused by FCS structure. Howev
these huge fluctuations will largely cancel each other out in tt
resultant on-load torque. The on-load cogging torque shown
Fig. 5 does not contribute to the average torque and itis only t
source of torque ripple accordingdq (6). In fact, the cogging

8
_ B 0L
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Z BArm
[ m Cog
54
S
‘ v Average
0 , =N BN e
0 6 12 18 24 30 36
Orders
(b)
8
_ aOL
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541
c
S 2 {¢E Average
= = BN
0 A =
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Orders
(©)
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3 4l ;E m Cog
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£ ;z
& 2 -V Average
= ﬁE‘ =]
e BN =N —_ —_
0
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Orders

(d)

torque of these FCS machines is practically zero under

open-circuit condition because of the smooth permean

. 6. Torque component spectra of four electrical mashita) All
W S3p. (b) All ETW D3p. (c) Alternate ETW Sp. (d) Alternate

variation, whereas they cannot be neglected under on-logdmw s3p.

situation due to the influence of armature reaction. In order to

clearly see the contribution of each component to the on-loadThe DC componerih Fig. 6 is the average value. It clearly
torque and make comparison among these electrical machingws that the average value of on-load torque is the addition of

the corresponding spectra are shown in Fig. 6.
8

(o]
1

Magnitude (Nm)
N N

‘  Average

o

0L
2PM
EArm
B Cog

0 6 12 18 24 30
Orders

@

36

PM and armature componenta, while the on-load cogging
torque has no contribution. This coincides véth (3)-(6). For

the high order harmonics, the magnitudé®M and armature
components are much higher than the corresponding on-load
torque, which is owing to those obvious spikes shown in Fig. 5
Since the on-load cogging torque does not have these spikes,
each higher order harmonic just has a bit larger magnitude
compared with resultant on-load torque harmonics. The local
saturation of tooth bridge area shown in Fig. 3 is the source for
ontload cogging torquaNVhen the rotor operates under on-load
condition, the local saturation due to armature reaction will lead
to the sharp variation of tooth bridge permeance, which has the
equivalent effect of slotting. Thus, when the PM inter-region
approaches the tooth bridge, the total stored energy will vary
and on-load cogging torque is generated. The most important
harmonic is 6, which is the major content of on-load torque
ripple. The All ETW D3Bp machine does not have this



component due to the cancellation effect of dual 3-phasgees not exist in air-gap flux density due to armature field.
winding connection and the much lower™Barmonic is the To show the influence of armature field and stator core
major source of torque ripple for this machine. The magnitudgructure on torque ripple, the relative permeability of adjacent
of the 8" harmonic increases in the sequence of the All ET\tator eeth under open-circuit, armature ametoad conditions
D3p, All ETW S3p, Alternate ETW Sp and Alternate UETW are all investigated. The teeth are grouped into two categories
S3p machine. Therefore, the investigation of this harmonic Bnd the teeth within each group have the same saturation
crucial to identify the difference of torque ripple for thesevariation except the fixed phase shift between each other over
machines. one electrical period. The teeth having odd number belong to
C. The Reason for Torque Ripple Difference group 1, while the-gro.up 2 gontains the teeth With.even
_ _ . _ numbers, as shown in Fig. The influence of the *Ltharmonic

As has been seen in the previous subsections, the differegge iorque ripple difference will be reflected on these two
of torque ripple for these machines is closely related to tg?oups and only tooth 1, 2 and 3 (T1, T2 and T3) are ctfosen
machine saturation level which is affected by armature fiel implicity. The corresponding tooth relative permeability

Thus, the air-gap flux density of these machines for armatugriation picked at the center of each tooth is shown in Fig. 8
field with rated current needs to be compared, as shown in Fig, open-circuit and armature field.
7. X1e3
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Fig. 7. Air-gap flux density due to armature field. (a) Wexms. (b) E 8
Spectra. g
g 6
Fig. 7(b) demonstrates that th& harmonic magnitude of §_ 4
air-gap flux density due to armature field varies in the sam ¢
sequence as that of thB Barmonic torqueThe 5" harmonic in 5 2 o
Fig. 7(b) is related to the average torque generation, whilet & o Open-cireuit Armature | — -T3
7" harmonic always exists, which is the intrinsic character ¢ OPosition 1 90 Position 2 180 270 360
this electrical machine. The trend of thé" Harmonic Rotor position (electrical degree)
magnitude is the same as that of average torque, which aga ©

shows the influence of local saturation caused by FE&8ghe
Alternate UETW 8p machine, though the working harmonic
increases, the harmfuf'harmonic component increases even
higher. Thus, the most promising electrical machine is the All
ETW D3p ore. According to [4], the adoption of dual 3-phase
winding configuration entirely eliminates the MMF harmonics
with t|12k+1| (k0,1,2...) orders, where t is the greatest
common divisor of slot and pole numbers. Furthermore, there is
hardly saliency in SPM machines. Therefore, tédrmonic
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Fig. 8 Tooth relative permeability variation waveforms for PM and s, 10
armature fields (12S/10P combination), respectively. (aEAWV S3p. £ 8
(b) All ETW D3p. (c) Alternate ETW Sp. (d) Alternate UETW Sp. §
£ 6

Fig. 8 shows that the open-circuit waveforms of teeth 1-3a & ,
the same for ETW machines due to the same saturation le® ¢
over one electrical period. However, the teeth ingroups 1 anc & 2
are different for UETW machine due to the asymmetric statc & 0 T . .
core structure. For armature waveforms, only the All ETW D3 OPositon 1 90 Position 2 180 270 360
machine show the same waveforms for teeth 1-3, while oth Rotor position (electrical degree)
three machines have obvious difference between the teeth i (d)

groups 1 and 2. Since the tooth 2 shows quite different relative

. . ; g. 9. Tooth relative permeability variation waveforms for ol
permeability variation, such difference between the teeth r'jeld (12S/10P combination), respectivefg) All ETW S3p. (b) Al

groups 1 and 2 can be used to explain the torque ripgigy D3p. (c) Alternate ETW Sp. (d) Alternate UETW Sp.

difference. When the effects of both open-circuit and armature

act together, the resultant on-load relative permeability F|g 9 shows that the waveforms e&h 1 and 3 are a|WayS
variation explains the reason for different average torque agk same no matter all or alternate teeth wound windings, ETW
torque ripple, as shown in Fig. 9. or UETW stator cores, S3p or D3p connections are used except

5. 10 X“?s —] T1 ----- T2 — - -T3 with fixed 300 degree phase shift, which verifies the statement

. above. The difference between the teeth in groups 1 and 2
increases in the sequence of the All ET\8pPAIl ETW S3p,
Alternate ETW Sp and Alternate UETW 3p machines, which
is the same as the torque ripple variation. Therefore, this kind of
asymmetric saturation of adjacent stat®h can be regarded
as the major reason for torque ripple difference.

In order to further explain this adjacent stataeth
asymmetric saturation phenomenon, the virtual harmonic fields
due to armature field at two specific positions are shown.

(@) Although the armature field contains abundant harmonics, only
10 X1e8 [ T1 ——-mv T2 — -T9 the three most important components, viz. 1, 5 and 7, are used
o~ to approximate. For the two specific positions, rotor d-axis
/o coincides with the center ofdth 1 and 2the magnetic circuit
/ path for three representative harmonics are shown inlbig.
] The solid, dotted and point lines are used to represent'ts8 1
and 7" fields, respectively.
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Fig. 10. lllustration of subharmonic influence. (a) All ETV8S (b) All
ETW D3p. (c) Alternate ETW Sp. (d) Alternate UETW Sp.

When the T harmonic does not exist, there will not be

difference betweeretth 1 and 2, as shown in Figg0(b) for the

alternate teeth wound winding is adopted, the amplitude of the
1% harmonic is beyond the working harmonic and its influence
on torque ripple is obvious. Thus, the difference betweeh t

1 and 2 is obvious for the Alternate ETVB@®Bmachine, as
shown in Fig.10(c). For the Alternate UETW 3 one, the
asymmetry due to UETW stator core structure will further
aggravate such side effect, as shown in Fd).

Overall, the higher level of adjacent stateh asymmetric
saturation leado the higher torque ripple. The subharmonic
coming from winding topology and the stator asymmetric core
structure like UETW are the two major factor

D. Influence of current value

Since the armature field is affected by current value, the
torque-current, PP torque-current and torque ripple-current
characteristics are shown in Fig. 11 within three times ofirate
current.

T 25 ——AITETW S3p
Z 20 4|—<Al ETW D3p
° —o—Alternate ETW S3p
315 —&—Alternate UETW S3p
S Rated
o 101 '
o
&5
g
< Q # T T T T
0 5 10 15 20 25 30
Q-axis current (A)
(@)
{ +—]—=—AI'ETW S3p ——All ETW D3p
—e—Alternate ETW S3p  —&—Alternate UETW S3p
£ 0.8
£
o 0.6
&
§ 0.4
go2
0 = t T
0 5 10 15 20 25 30
Q-axis current (A)
(b)
12 ——AllETW S3p
= ——All ETW D3p
> 9 . Rated —e—Alternate ETW S3p
@ ) —=—Alternate UETW S3p
£56. Z
Q
c- 1
2 3 -
°
0 r T T T T
0 5 10 15 20 25 30

Q-axis current (A)

All ETW D3p machine. This means that all of the teeth have tt

same saturation level over one electrical period and the torque (©)

ripple should be minimal compared with other electricgtig. 11. Influence of current value on torque perforcesn (a)
machines. With the increase of th&Harmonic, the Al ETW  Torque-current characteristics. (b) PP torque-current desistcs. (c)
S3p machine shows some differences between teeth 1 and 2T@&lue ripple-current characteristics.

shown in Fig.10(a). However, due to the small portion

compared with the working harmonic, the influence is small !t can be found that the saturation phenomenon appears for
and the torque ripple does not evidently increase. When tfgque-current characteristic if the current is larger than rated

value. When the current is three times of the rated value, the All
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ETW D3p machine has the highest average torque among théefig. 12. Cross-sections of FCS machines with 12S/14P combination
Due to the high saturation level, the average torque of tk® AllETW S. (b) All ETW D8p. (c) Alternate ETW 3p. (d) Alternate
Alternate ETW 8p machine is the lowest. The saturation leve/ETW S3p.
of the Alternate UETW $p machine is lower than the i . ) ) ) )
Alternate ETW Sp machine due to the increase of yoke COmparing Fig. 12 and Fig.1, the major difference is the
thickness. rotor pole number and the winding layout, while other structure
For PP torque-current characteristics, the All ET\@pD Parameters are Kept the same fpr easy comparison. For all of the
machine is still the best of all. As has been stated aboves'theSBP machines, simply éxchanging the phase B and C layouts of
harmonic does not exist in this electrical machine and tH&S/10P machines will lead to 12S/14P machine windings. If

torque ripple is minimal. The All ETW3 machine is the® WO sets of windings are changedthe same time, D3p for
best among them. Although thé' harmonic exists in this 12S/14P machine can be obtained as well. There is another
electrical machine, its influence is decreased by phase wind&BV'OPS difference being observed for UETW machine. For the
distribution effect. With the increase of current, the PP torgfdectrical machines with higher slot number than pole number,
of this machine has the peak value for a specific current. THRE coils will be wound on thicker teeth to capture more
probably comes from the phase variation of torque componeﬁﬁecwe flux, while it is the thinner teeth that should be wound
with the increase of current. For this specific current, thithe slot number is smaller than pole number [24]. When the
resultant torque has the largest value. The Alternate E3py sS@me rated currentis fed into windings, the torque performance
and Alternate UETW 8p machines show the similar tendency.S Shown in Fig. 13.

However, the torque ripple of these two machisdsggher than 9

all teeth wound machines. Besides, the Alternate E3§ S __ ______ﬁ:: gw ggg

machine has the lower torque ripple when the currentislowa £ g | — - - Alternate ETW S3p

this will change with the increase of current. ° — — Alternate UETW S3p
When it comes to torque ripple-current characteristic, it ca 37 e S e PR T SR T e T TR T N

be seen as the combination of average torque and PP torc € = P ™o —XF NP TNt N

With the increase of current, the saturation level has obviol 5

change, which results in different torque ripple. The Alternat
UETW S3p machine shows fast torque ripple reduction due t
modification of stator yoke thickness to lower the stato
saturation. For other three electrical machines, they show the (@)
similar phenomenon as shown in Fig. 11(b).

0 90 180 270 360
Rotor position (electrical degree)

oo

- — @ATETW S3p
E. Influence of slot and pole number combinations Es {5 SAIETW D3p
) . £2° = & Alternate ETW S3p
For the sake of further illustration, the complementar o (ﬁ: J: Average B Alternate UETW S3p
slot/pole number combination (12S/14P) is also analyzed. TI 2 7=
same four prototype machines are compared and the §2 i ,/zg
cross-sections of FCS machines are shown in Fig. 12. = ZE
0 HANE, e . . .
0 6 12 18 24 30

Orders

(b)
Fig. 13. On-load torque comparison for FCS 12S/14P machines
(Rated). (a) Waveforms. (b) Spectra.

The waveforms in Fig. 13(a) show that the electrical
machines with 12S/14P combination will have smoother instant
torque compared with the counterpart electrical machines with
12S/10P combinations. Besides, the average torque and torque
ripple will also be different. Fig. 13(b) can more clearly explain
the difference. For DC component, the All EYW D3p machine
has the largest value, while the Alternate UETW S3p machine
has a bit lower value. This is different from the results shown in
Fig. 2. The winding layout difference of 12S/10P and 12S/14P
UETW machines is the reason. For 12S/14P machine, the
thinner teeth is much easier to be saturated by armature field;
therefore its average torque improvement effect will not be as
strong as the adoption of D3p winding. However, the larger
winding factor still guarantees larger value than All ETW S3p
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and Alternate ETW S3p machines. The influence of loc&lig. 14. Tooth relative permeability variation waveforms da-load
saturation again makes the merit of using alternate teeth Wo%%gﬁ/ %;PAﬁ(e)mgltgalg'?'% S’:ESESCXI@E;Q”UEETF\\/IVV gip (b) All
winding negligible. When it comes to the torque ripple, the

value still decreases in the sequence of Alternate UETW S3p
Alternate ETW S3p, All ETW S3p and All ETW D3p
machines. This coincides with the conclusion drawn befor

Tr:et adsymtwetthrlc tsaturatpn lIevZI. O.fl adgac::a.nt tg etﬂ IS cI(I)se rmeability, the torque ripple will be larger. The UETW stator
related wi € torque rippie. simiiar 1o Fig. 9, he on-load, o 5.4 S3p winding result in the largest asymmetric

:ﬁleag;f,i;mnfabmty of three teeth is shown in Fig. 14 to Ve”fgaturation for adjacent teeth, which leads to the largest torque

Xie3 ripple. In contrast, the ETW and D3p winding makes each tooth
(—T1 ----- T2— -T3 saturation level the same. Thus, the torque ripple is the lowest
Y for the All ETW D3p machine. For other two electrical
machines, the heavier asymmetric saturation of adjacent teeth
can be seen for of the Alternate ETW S3p machine. That is to
say, the larger torque ripple will be generated.

It can be seen that the conclusion drawn based on 12S/10P
machine analysis can be employed to complementary 12S/14P
combination. Therefore, the conclusion should be also valid for
electrical machines with other slot/pole number combinations.

Fig. 14 demonstrates that the level of saturation difference of
adjacent teeth is consistent with the torque ripple. When
djacent teeth have larger difference in terms of relative

_.
© O
=
d

Relative permeability

o N~ O

0 Position1 90 Position 2180 270 360
Rotor position (electrical degree)

IV. EXPERIMENTAL VALIDATION

—_

For the FCS PM machines analyzed in this paper, two
prototypes have been built. They are the All ET\3p &nd
Alternate ETW Sp machines, as shown in Fig. 15.

Ry

Relative permeability
o N M OO 00 O

0 Position1 90 Position 2180 270 360
Rotor position (electrical degree)

(b) @

Fig. 15 Prototype machines with 12S/10P combination. (a) All ETW
S3p. (b) Alternate ETW 3p.

—_

o N O~ O 0 O

The open-circuit backEMF waveforms of two electrical
machines are measured, as shown in Fig. 16. It can be seen that
the measured back-EMFs are a bit lower than the 2D finite
element (FE) predicted one due to the end-effect and practically

. . . the same as the 3D FE resulthere are still some slight
0 Position 1 90 Position 2180 270 360 differences, since the 3D FE modelling of the end region is
Rotor position (electrical degree) pretty hard and the measurement errors are unavoidable in
reality. Besides, the Alternate ETWB®machine has a larger
open-circuit back-EMF than the All ETWBS machine for both
predicted and measured results since the winding factor for the
Alternate ETW 8p machine is larger. This is consistent with
the phenomena reported in existing papers [4]-[7].

Relative permeability

—_

o N A~ O 0 O

Relative permeability

0 Position1 90 Position 2180 270 360
Rotor position (electrical degree)

(d)
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20 18. This further explains the influence of stator core saturation.
= TR R R Thus, both theFE analyses and experimental results have
2 15 1 & 7 N verified that the analyses in the paper. Furthermore, the
= 10 comparison of torque-current characteristics over rated current
1T] T / \ . .
£ ATETW Sap, Predicied s value can be seenin Fig. 11.

S 5 x  All ETW S3p, Measured 8 -
@ = & |- Alternate ETW S3p, Predicted AIl ETW S3p, Predicted
o Alternate ETW S3p, Measured —_ x AllETW S3p, Measured
0 ; . . €751 | ----- Alternate ETW S3p, Predicted
0 45 90 135 180 Z ~ o) Alte{nate ETW S3p, Measured‘
Rotor position (electrical degree) g 77 4 553 63 &)
o 240 60 P60 240> 20
b o0 o0 o0 [eRe) o0 o0
(a) '2 65 i (%) (&) (%) (%) (&) (%)
20
6 T T T
<5 4 e 0 90 180 270 360
L ’0«‘7 s, Rotor position (electrical degree)
E. 10 A Gfp 2
£ ATETW S3p, Predicied @
q g | x  All ETW S3p, Measured 8
o = |- Alternate ETW S3p, Predicted AI'ETW S3p, Predicted
o Alternate ETW S3p, Measured =75 x AllETW S3p, Measured
0 T T T g1 |eee-- Alternate ETW S3p, Predicted
0 45 90 135 180 £
Rotor position (electrical degree) g
o
(b) 2 6.
25
@ All ETW S3p, 2D Predicted 6 T T T
<20 A Eﬁ” E$W ggp, :I\B/ID Predigted 0 90 180 270 360
< p, Measure . .
25 BAlternate ETW S3p, 2D Predicted Rotor position (electrical degree)
2 oOAlternate ETW S3p, 3D Predicted
£ 10 1 OAlternate ETW S3p, Measured (b)
©
s 5 8 GATETW S3p, 2D Predicied
T 5 oAl ETW S3p, 3D Predicted
0 - - - - - Z % 1B mAll ETW S3p, Measured
1 2 3 4 5 6 7 o = BAlternate ETW S3p, 2D Predicted
Orders B4 {NE @ Alternate ETW S3p, 3D Predicted
= =
(c) g2 E=| I' Average
= =
Fig. 16 Comparison of predicted and measured open-circu 0 - | —
back-EMFs under 400 rpm. (a) Waveforms for. #f) Waveforms for ' ' ' ' '
0 6 12 18 24 30
3D (c) Spectra.
Orders
For these two electrical machines, the measured torque (©)

variations with the rotor position over one electrical period arlglg_ 17 Comparison of predicted and measured torque with rated

shown in Fig. 17, together with the 2D and 3D FE results. TRgrent. (a) Waveforms for 2D. (b) Waveforms for 3D (c) Spectra
torque-current characteristics are also measured and compared

with the predicted ones, as shown in Fig. 18. It shows th 8
overall the predicted and measured results match aldbugh

both the average torque and torque ripple are a bit differe
between 2D FE and measure results. The end effect leads to
reduction of average torque, while the torque ripple differenc
is caused by measurement error. However, 3D FE results ma
the measurement better except some small discrepancies, si
the on-load torque ripple is very hard to measure. Moreover,

[«
1

All ETW S3p, Predicted
x AllETW S3p, Measured

Static torque (Nm)
[N N

contrast to the open-circuit back-EMRe Alternate ETWSp | .~~~ |----- Alternate ETW S3p, Predicted
machine has lower average torque and higher torque ripple tt g 0 Alternate ETW S3p, Measured||
the All ETW S3p counterpart due to more heavily saturatec 0 2 4 6 8 10
stator under on-load condition. With the increase of current, tl Current (A)

difference between two machines will be larger. Since the
current for measurement cannot exceed the rated one for B¢ 18 Comparison of predicted and measured torque-current
prototypes, the zoom is used to show the phenomenon in Rifaracteristics within rated current range.
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nonlinear magnetic circuit is degraded into linear type and the
influence of PM and armature fields can be separated.

From the torque comparison ©2S/10P fractional-slot SPM . .

. . . . . The process of employment this method to obtain PM and armature
machines with FCSs and different stator topqlog|es, it can pgmponems of on-load torque is summarized in Fig. 20.
found that the alternate teeth wound machines have larger Nonlinear FEA withall excitations
torque ripple compared to all teeth wound machines having the (PM + g-axis current)
same dimensions. This is mainly due to the adjacent statbr t )
asymmetric saturation caused by the armature reaction. The Freezing the permeability of all elements
dual 3-phase winding shows the best torque performance within eIaCh step
among them due to its elimination of the subharmonic and =
having the lowest local saturation due to FCSs. Furthermorg, _Linear FEAwithonlyPM

. excitation and frozen permeability
the UETW stator used to improve the output torque can lead to
the highest torque ripple under rated operation condition, since—— I
it further aggravates the asymmetry of stator saturation Ob‘a'“'Ssﬁtgi‘lﬁgtf;’:‘{"”;em due fo
Although current value will affect the torque performances, th -
major conclusion is practically the same. Therefore, the 3 L o (FP) 3 l
selection of machines is a compromise between average torque = PWeu(FF) Iﬁ% 19| [Tarm =5 PWaarn(FP) g+
and torque ripple except adopting a complicated dual 3-phase :
winding. Two prototype machines have been built, and theg. 20. Employment of FP method to predict PM and arragorque
predictions have been validated by measurements. Althougfnponents.

12S/10P machines with FE®ave been investigated in this

paper, the similar conclusion can also be applicable to FOS'A‘CCOm"ng o (3) and (6), the on-load torque not only Co.mams P
ang armature components, but also has another term which accounts

machmeg except_ some minor changes _due to the Influe_ncefo the variation of total stored energy under on-load conditibis T
slot opening. Besides, the same gonclus.lons can be obtaineddt, is defined as on-load cogging torque. Different from the
other fractlongl-s!ot SPM machines with different slot/pol@onventional open-circuit cogging torque, the on-load cogigirgue
number combinations, as analyzed on complementary 12S/1éfsiders the influence of armature field on saturafian 19 is used

1
Linear FEA with only g-axis
current excitation and frozen
permeability

Obtaining torque component due
armature current excitationr {)

o

Y gam( FP)

|
a0

combination. to explain the difference between open-circuit and on-load dstore
energies in nonlinear part of electrical machines. The area filled with
APPENDIX slash lines represents the open-circuit stored energy, while the whole
L . . shades area is the total stored energy under on-load condition. The
The principle of FP method can be explained based on Fig. 19. derivation of these two different quantities leads to open-circuit and
B(M ortload cogging torque, respectively. It is clear that tmeload
B A cogging toque accounts both PM and armature field influence
g . together. The process of predicting this quantity is given in Fig. 21.
Bewm B /:";Uall i Nonlinear FEA withall excitations
E 4 i (PM + g-axis current)
B i !
B(FP, PM 7 i [ Prediction oftotal stored energy in different partg
: : I
B(FP, i) i i Linear part -
E i s
: i B (B.,-B,)? B?
' ! W, = [ (V| Wy = [ [FRem——2 2L Jdv
| ! '[V(Zﬂo) .[v[ 205ty Zﬂoﬂu]
' ! :
0 Hpwm Hpnrt Hi 1
H(A/m) oW, (OL) o
. . cog — 20 :_ﬁ(\NmL +WmPM +er\L)
Fig. 19. lllustration of FP method. m m

For the nonlinear B-H curve of lamination shown in Fig. 19, th&19- 21. On-load cogging torque prediction process.

open-circuit flux density is B, which is excited due to PM field
intensity-H. The relative permeability will bewpy under such
condition. If only armature currents exist, the field intensitywl

generate its corresponding flux density-8 well. Under such
situation, the relative permeability will be It is clear that the relative
permeability of two cases will be different. When both souecést,

the resultant field intensity @i+H;) will produce the on-load flux

density-B,. Although the on-load field intensity can be simply adde ) N . .
by PM and armature field intensity,,Bdoes not satisfy this parallel and vertical directions {Bind B. respectively). The relative

relationship with By, and B due to the material honlinear property. lnpermeab_ility ir_] tW(.) direction%, andyL for magnetization para_lllel
order to solve this problem, the on-load field is predicted by finitgnd vertical d|rect|onse§pect|vely) ;hquld be separately considered
element analysid=EA) firstly. Then the relative permeability of each as well. The most complicated portion is the nonlinear part, where the

mesh elementu) is frozen for the following analysis. After this, the integral of nonlinear B-H curve is needed. After obtalnlng_ the stored
energy of three parts, the total stored energy is synthesized and the

Fig. 21 shows that WOL) consists of three parts, viz. linear part
without PMs (W,). PMs (W,w and nonlinear part (W),
respectively. The stored energy of each part can be obtaindteby
integral of the energy density over the corresponding volume. For
linear part without PMs, the flux density (B) and air permeability can
be used to represent energy density. Since PMs have remaBgpke (
(She PM flux density must be considered in orthogonal magnetization



or-load cogging torque can be obtained.
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