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Cogging Torque Mitigation of Modular Permanent Magnet
Machines

G. J. Li, Member, IEEE, B. Ren, Z. Q. Zhu, Fellow, IEEE, Y. X. Li, and J. Ma
University of Sheffield, Sheffield, UK

This paper proposes a novel cogging torque mitigation method for modular permanent magnet (PM) machines with flux gapsin
alternate stator teeth. The slot openings of the modular PM machines ar e divided into two groupsin a special way. By shifting the slot
openings of two groupsin opposite dir ections with the same angle, the machine cogging tor que can be significantly reduced. Analytical
formula of the desired shift angle is derived, and can be applicable to other modular machines with different slot/pole number
combinations. Meanwhile, the influence of the proposed method on phase back-EMF is investigated and the three phase back-EM F
waveforms remain balanced for all slot/pole number combinations after dot shifting. Experiments based on existing prototypes are
carried out to validate the finite element modelling.

Index Terms— Cogging torque, modular machine, per manent magnet (PM), slot opening shift, torqueripple.

could be significantly increased. I@, the influence of
.~ INTRODUCTION additional air gaps between the stator teeth and stator back
Coc—;emetorque is the consequence of interaction betwedron on cogging torque has been analysed. When the
the permanent magnet MMF harmonics and the air gaplditioral stator air-gaps are uniform, only the magnitude of
permeance harmonics resulted from slot opens@l]Due cogging torque is increased but the non-uniform additional
to the fact that the cogging torque causes torque rigpde stator air-gaps sharply increase both the amplitude and the
hence acoustic noises and vibratipr], [fje reduction of periodicity of cogging torqueHowever, although the modular
cogging torque is of significant importance for designingtator affects the performance of the PM machines, the
permanent magnet (PM) machines. Various methods to reduggeriorities of using modular topologies cannot be neglected,
the cogging torque have been proposed in recent years. Fer using modular stator can significantly ease the
instance, employing the auxiliary slo%,[l, [4-[0]. manufacture process, especially the stator winding
shaping the rotor magnets or stator tegif{-|13]. Another particularly for large machines such as wind power generators
effective method for reducing cogging torque is skev@g [1], In order to simplify the manufacturing while still
(3], [14-[16]. Moreover, by appropriately selecting slot/polemaintaining or even improving machine performance such as
number combinatio%l] or the optimized ratio of pole average torque, novel modular topologies have been proposed
arc to pole-pitch [ [B] [18], the cogging torque can be -. The typical modular structures are showg. 1
effectively mitigated as well. In addition, the distribution ofThe advantages and disadvantages of applying the modular
PMs on the rotomg] of the PM machines can also affect thlstructures and the influence of flux gaps (FGs) on the
cogging torque significantly. performance of modular PM machines with various slot/pole
However, the existing methods of mitigating cogging torquaumber  combinations have been comprehensively
still have some drawbacksaling the method of skewing as investigated. It is found that the flux gaps between the stator
an example, skewing the magnets helps to reduce the coggiegments have negative effects on the electromagnetic
torque, along with the reduction in the fundamental of phagerformance for the modular PM machines with slot number
back-EMF and hence average torque. Furthermore, it is matigher than pole number. In contrast, if the slot number is
difficult to wind the machines after skewing the stator sincewer than the pole number, the electromagnetic performance
the effective slot opening width is decreased sligfi§].[In  can be improved by choosing proper flux gap width.
terms of manufacturing, sked stator or rotor will be haet Nevertheless, the previous works were focused on studying
to build, which also increases the cost of production. the influence of various modular topologies on the
Another effective method of minimizing cogging torque byelectromagnetic performances such as cogging torque, phase
shifting slot openings or PMs is proposed for classic surfaéack-EMF, on load torques, iron losses, etc., no method of
mounted permanent magnet (SPM) machipgs [B)-22. reducing the cogging torque has been proposed. As discussed
The slot openings are divided into several groups and eaalove, cogging torque is a main design parameter which
group is shifted by a proper angle so the cogging torq@annot be overlooked and it is also true for the modular PM
produced by different slot openings che cancelled each machines. Therefore, to fill this gap and to further improve the
other. As a result, the resultant cogging torque can kperformance of modular PM machine, a novel method of
mitigated The most significant advantage of using thisnitigating the cogging torque is proposed in this paper. It is
method is that the symmetry of the three-phase back-EM¥orth mentioning that different from other mitigation
remains the same and the no extra harmonics are introduce¢htsthods, the proposed method uses the cogging torque
the back-EMF. produced by slot openings to compensate that produced by
However, there is no cogging torque mitigation method hdkux gaps so to reduce the resultant cogging torque.
been proposed for modular PM machines. Due to additional
air-gaps introduced by modular topologies, the cogging torque
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& depends on the value d¥.,. However, the amplitude is
oS determined by the widths of both the slot openings and flux

W N
. / gaps and also their interactions. According [1], the larger
the N_,,,, the higher the frequency of cogging torque and the
lower the amplitudes of resultant cogging torque. Therefore,
the method of choosing an appropriate combination of pole
and flux gap numbers is still applicable to mitigate the
m resultant cogging torque for modular PM machines regardless

] of flux gap width. By way of example, for 18-slot/16-pole
Fig. 1 The cross-section of 12-slot/10-pole modular PM mac{ads[281-  modular PM machine, it has 9 flux gaps, and the valué.gf

=10 TABLE | is 144. As a result, its peak resultant cogging torque is nearly
MAIN PARAMETERS OFMODULAR PM MACHINES zero, so this kind of modular machines will not be investigated

Slot number 12 Stack length (mm) 50 further in this paper.

Pole number 10/14  Air-gap length (mm) 1 . . .

Stator outer radius (mm) 50 Rotor outer radius (mm)  27.5 B. Synthesis of Cogging Torque for Modular PM Machines

Stator inner radius (mm) 285 Magnet thickness (mm) 3 For the modular PM machines, since the flux gaps cut off

Slot opening (mm) 2 Magnet remanence (T) 1.2 the flux path (main and leakage fluxes) in the stator iron, core

the entire flux distribution inside the stator has been modified.
Il. COGGING TORQUEPREDICTION OFMODULAR PM This means that, due to flux gaps, the cogging torque
MACHINES produced by one single slot opening will be influenced by the

A Effectsof Flux Gaps on Cogging Torque presence of adjacent slot openings and flux gaps. Therefore,
. . e different from classic non-modular SPM machines, the
The previous cogging torque mitigation methods ar

. . fesultant cogging torque of modular machine cannot be simply
feasible because of t_he assumption ‘h"?‘t resultant €o99\M8iten as a sum of cogging torques due to slot openings and
torque can by synthesized from the cogging torque produc]%j

by each individual slot openinffg]. So by shifting slots in b Xsl?)?zs'e:iihgzd)bz:;]e arlezucltar;tac:dgg:r;gcgorqil:]e ?;ni;ated
ific ways, the cogging torque produced by different sIQY PeNINgstso), 9aps rg gging forq
spect yS, gging torque p y Que to slot openings accounting for flux gaps influen@g, (
openings can be cancelled out. According , Mithout as shown i@) )
accounting for magnetic saturations, the cogging torque for '
classic non-modular PM machines can be expressed by (1), Cso + Crg + Ce = Cotar (3

which is the sum of the cogging torques produced by all slot

openings.
Rotor

Teogg = Z Ty nsin(N.nb) Q)

n=12,3

where N, is the least common multiple of the pole numbe
(2p) and the slot openings numbeé¥,}, and equals to the
number of periods of cogging torque over one mechanic‘

N
revolution. Ty _, is the amplitude of it&.nt" harmonic.6 is | I’

the mechanical angle between the stator and rotor.
However, with regard to the modular PM machijnge

u

stator symmetry has been changed since the stator is () (b)
segmented into several identical sections by the flux gad:éﬂ- 2 The two;]substruc]tcures of stator core for cogging tosynthesis. The
Taking 12-slot/10-pole PM machine as an example, withouf™" 'S €xady the same for 2 groups. (a) Group 1. (b) Group Il

stator segmentation, the stator periodicity repeats 12 time

SThis paper introduces a special way to synthesis the
) , A . : “Psultant cogging torque waveform of modular PM machines
using stator segmentatlon, the stator is d|V|de(_j m_to_ 6 identi the cogging torque waveforms generated by both slot
s_egmgnts (S 1) hence, the stator periodicity repeatspér:“ngs and flux gaps. To do so, the stator core has bigen sp
times instead of 12 timeSherefore, the value df. becomes ;. .. o sub-structures, as showli in Fi. 2. Each sub-steuctur

30 instead of 60. For ihreason, the cogging torque equatiorhas 6 slot opening and 6 flux gaps (the 6 flux gaps are the

of modular PM machine needs to be rewritbgn same in both sub-structures)

- . To reassemble groups | and Il into one entire stator core so
Teogg-moautar = Z ey SIN(Nem ) (2)  that the resultant cogging torque can be calculated, the

e equatiofi (3) should be rewrittéry
where N, is the least common multiple of the flux gap

number (Vz¢) and the rotor pole numbezy). Similar to non- (Coroupr = Cra ) + (Coroupn = Cra ) + Cre =Crotau )
modular PM machine, the frequency of cogging torqu@here Cy.oyp — Crg represents the cogging torque of slot
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openings under the influence of flux gapsgroup I, and is slot opening widths are unchanged. By employing this

named asCy,qy,; for simplicity Similarly, for group 1l, compensation strategy, effective mitigation of the resultant
Cyroupit — Cec = Cyroupn’- Therefore , can be rewritten cogging torque can be achieved if an appropriate shift angle is
by: chosen.

Coroupt’ + Croupti’ + Cr =Ceotal (5) A Theoretical Analysis bfEM

Fig. 3 proves the feasibility and accuracy of u- Eind (4) to For conventional PM machines, when shifting the slot
predlct resultant cogging torque waveform of modular Pmpenmgs the cogging torque components can be shifted in

machines. This has been validated for both 12-slot/10-pole aw&as,e accordingly without changirig the amplituttes is still
14-pole machines. applicable for modular PM machines although the flux gaps

have influence on cogging torque produced by slot openings
0.2 . . . .
Synthesized as Shown |5

+ 2D-FEA 0.4
0.1 ——Group I'
0.3

3=0 (Elec.Deg)
- --Group I'

=6 (Elec.Deg)

e e
SN

Cogging torque (Nm)
(=]

-0.1

o
-

=
)

Cogging torque (Nm)
o

0.2 : : . .
0 60 120 180 240 300 360

Rotor position (Elec.Deg) 02
Fig. 3 Comparison of synthesized and direct FE calculated ngggique '0'40 60 120 180
waveforms. The flux gap width is FG = 2 mm for both niaek. The Rotor position (Elec.Deg)
machine isl2-slot/10-pole. Fig. 5 Relevant cogging torque waveforms before and aftétirgh slot

openings of Group. I8 is slot opening shift angle in Elec. Deg. ahis an
There is no doubt that the quantification of the influence @fectrical shift angle which can be any value.

flux gaps on cogging torque using exact analytical expression
is very difficult. However, applying the equatfon](4) to predict

! H .
resultant cogging torque of modular PM machine can take ir@8dCgroupn’ are given as:
account the effect af, without the need to calculate its exact

Based off (J)the cogging torque expressions @foup:’

expression. This arrangement makes the proposed cogging  Coroup’ = Z TNcmnsm( Nem a+<pzvcmn) (6)
torque mitigation method possible, as will be detailed later n=123- P
and
lll. COGGING TORQUEMITIGATION

As mentioned previously, cogging torque of modular Coroupr’ = Z TNC,,lnsm( a+<p”%) (7)
machines is produced by both slot openings and flux gaps. neLad
Therefore, only compensating the cogging torque due to slehere Tx,,,» and Ti.,,. are the respective magnitudes of
openings will not be sufficient to mitigate the resultant P 2

cogging torque. The cogging torque due to flux gaps is oftdgmn™ order harmonics o€, qyp;" and Cg,qyp,’ before the
more dominant and needs to be mitigated. To do so, the slot
openings of Group | and Group Il are shifted in opposﬂe

directions with the same shift angle/)( Whereas, the Fourier Series anaIyS|s of the FE results of cogging torque.

positions of flux gaps are fixed so to maintain the two toot the electrical angle between the stator and r@t@rmn and
bodywidths on two sides of flux gaps unchangasl shown in

ot opening shlftTNcmn and T Cmn can be obtained through

@, Nemn are the electrical phase angles G;mup, and
14

Stator segment Flux gap § Cyroupir’» r€Spectively and can be acquired by Fourier analysis
N as well.

Group 1T Group I % It is worth mentioning that the slot openings of the two
YN Ane § groups have the same dimension. Moreover, the effect of flux
R e \ gaps on cogging torque produced by slot openings in each

T L
i N

group is nearly the same as well due to the symmetrical
distribution of flux gaps in the stator. As a result, the values of
I N S | TNcmn andTs . can be regarded as identical. He (7) can

P
be rewritten by:

Fig. 4 Stator core with slot openings skt Slot opening of Group |l shifted
left by y Mech. Deg., while slot opening of Group | shifteghti by y Mech.
Deg. © (

Corouptr’ = Z TM sin
It is worth mentioning that during the shifting process, the n=123- P

Ngn
p 7 (p"%) ®)
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04 while 12-slot/14-pole modular PM machines has exactly the
0.3 —Group I same phenomena. It can be observed tfgt,,," and

- ===Group II' . . .

o2 7 Cyroupni’ has the following relationship:

S 01

g o Cgruuplllazm1 = _Cgroup[lrlmzlvzci_a1 (9)

.2-0.1 14

g-02 where a; is an electrical angle which can be any value
0.3 depending on the relative position between the stator and rotor
0.4 of Group I’.

60 120 180 240 300 360 .
.. Therefore, based ¢n (9), the relation betwegp,,’ and

Fig. 6 Cogging torque waveforms dfroupl’ and Groupll'. The flux gap  Cyou’ Can be described Hyl@| which can be further
width is FG = 2 mm for both machines. The machiriislot/10-pole. simplified int as detailed in appendix.

depicts the cogging torque waveformggf,,,,,” and
Cyroupn’ DefOre shifting slot openings for the 12-slot/10-pole

o <9

mn Nean| 2m

N,
TNen sin( T, + (PINcmn) =- Z Th,,n Sin N~ |t N (10
n=123- P p P n=123- P p % P
= N.,n = N.,n
T&cmnsin< = a1+<p,Nm.n>= > mmnsin< o al—w,,wmn> (11)
I3 14

n=123- P n=123- P

Then, fronj {1)] the relationship between the phases anglesd hence the analysis can be simplified.

of Coroup’ ANA Cyroupns (‘pz—”L‘;ﬂ" and ‘pu—”C;"") can be g ;iculation of Desired Shifting Angle

obtained: When the desired shift angle is definedsas. Elec. Deg,
p
@ Nopm = =@, N + 2k k € Z 12 [(E)land (3)]are modified as
. oy . . . © N N
as WI|| be verified in the follpwmg sectl_ons. C Corount’ = Thon Sin( em 4 0 g cmnﬁw) (15
Since the focus of this paper is not on analytically niza. P p » »

predicting the cogging torque of modular PM machine but o g

minimizing the resultant cogging torque, the valuea)l(wfcmn
. . . p. ’ . Ncmn Ncmn
andg, nenn are calculated by Fourier analysis directly withoutgrown’ = Z T Sm< ¢ P = chmn> (16)
P 14 14

iving their exact analytical formula. Then, they will be used . , , . .
giving Y y By replacingCyroupi’s Coroupn’ @ndCrg in[(5)| using (4]

for the following analysis related to cogging torque mitigatio . ) -
By replacing@ nemn USING @ nwn such as described byrespect|vely (see appendix for more details), the resultant
p

cogging torque expression of modular PM machine can be

p
becomes: obtainedas

oo

Nemn Nemnt

Brog) mz;n)
14 14

By employing similar expression as fdf,,,,,, and (17
rouprr » the cogging torque due to flux gaps can be written When @, Nemn equals to0° Elec. Deg., the value @’ .
14

Z Nepn
a— (pl-Ncm") (13) Ctoml = Sin( C;L “) <2T,{,EmnCOS(¢,4Ncmn +
p p p

n=1,2,3-

r__ 1 .
Cgroupll - Z TNcmn Sln(

n=123~ P

Cy

as: . . . P
is positive. However, when the valueqz)lfnzvcmn is 180° Elec.
14

. Ncmn H H
Crg = Z T X sin( ot @, Nemn) (14 Deg, TaY . will be negative.
n=123- P r D
. . th . Let
where Tal . is the amplitude of% order harmonic, u
T n
.p . . ZTI{/cmnCOS(wlNcm" +C—mﬁNcmn) i TI{IIcImn = 0,71 = 1'2’3' (18)
@, Nemn IS the electrical phase angle 6f; which can be 2 D p v o
p

acquired by Fourier analysis as well. However, by defining t{8€ resultant cogging torque can be mitigated.
position of one single flux gap as the reference position, theHence, the desired slot opening shift angle (Elec. Deg.) can

value ofg, nemn can only be equal t6° or 180° Elec. Deg, be calculated by
14
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o proposed method for eliminating specific harmonics in
Nemn th
aCOS(#)—w,Ncmn cogging torque. However, since th’é”;‘—xz (12" order
Nemn p
B = N” - =P X YNggn. 1= 1,23, . i = Nem? harmonic is dominant in the resultant cogging torque, the
r P P mitigation of resultant cogging torque by only removing the
6™ harmonic is not satisfactory, as showh in Fig. 7 (a). Where
(29 . ; ; ) )
— Ye is the desired mechanical shift angle for reducing the 6
Nemn . .
_— . order harmonic cogging torque.
whereZT, P can be replaced hyto simplify the analysis. gging forq
Nemn 0.2 T T T
C;’n -- "75=o (Mech.Deg)

It has been found out that in some special cases, the value of
u could exceed the range of arccosine function [-1nlthese
cases, the maximum or minimum value of the cosine function
i.e. 1 o -1, will be employed to calculate the desired shift
angle It is found when applying the desired shift angle
calculated based qr=1 or -1, the method can still be efficient
to mitigate resultant cogging torque but the mitigation effect

—7=-0.17 (Mech.Deg) |

0.1 -

Cogging torque (Nm)
o

01 . - -

could be unsatisfactory. Another similar phenomenon may 2 30 60 ”9.0 120 150 180
appear during the application of this method. For some cases, Rotor "°s'(2‘;“‘5'e°'°eg’
the value of desired shift angle is beyond the maximum

0.4

available shift range of slot openingsn such cases, the
solution will be similar, i.e. the boundary value (maximum
achievable slot shift angle) will be applied. It is found that the
targeted harmonic of cogging torque can also be reduced.

-76=0 (Mech.Deg)
ljfys=-0.17 (Mech.Deg)| |

o
w

IV. CASE STUDY

Cogging torque (Nm)
o (=
- N

To validate the proposed methddo typical modular PM n
machines with different slot/pole combinations, i.e. 12-slot/10- 3 L i I\
pole and 12-slot/14-pole, have been adopted as examples. The 0 e =4
main parameters of the modular PM machines are listed in (b)
Table |. Fig. 7. The reduction of 8 order harmonic of the resultant cogging torque. (a)
) Comparison of cogging torque waveforms with or withslat shifting. (b)
A 12-Slot/10-Pole Modular PM machine Spectra. The machine hs2-slot/10-pole &G = 2mm.
1_) First slot opening shift _ 0.4 - - -7,,=0 (Mech.Deg)
With regard to the 12-slot/10-pole modular PM machine, _ 03 ——,,=1.03 (Mech.Deg)
the least common multiple of pole numbép) and the flux £ 02
gap numberz;) is 30. The main coefficients for calculating g 04
the desired shift angle are showr] in TalbleTwo slot shift s 0
. . . o
angles are also given to remove the relevant harmonics in  £-01
resultant cogging torque. S02
TABLE Il 0.3
DESIREDSHIFT ANGLE AND MAIN COEFFICIENTS(12-S.0T/10-FOLE AND 0.4
FG:Z\/IM) 0 30 60 920 120 150 180
n=1 n=2 Rotor position (Elec.Deg)
Themn (NM) 0.17 0.06 @)
o 0.4
Tivemn (NM) 0.02 0.04 Il ,,=0 (Mech.Deg)
P
¢ ;e (Elec.Deg) 98.29 5.35 Eos [_[o™1:08 (Mgetipey)
14 =
@, Nemn (Elec.Deg) -98.30 5.27 s
v 502
@, Nemn (Elec.Deg) 0 180 ‘;
14 —
Desired shift angle (Mech.Deg) -0.17 1.03 %o 4
Original peak cogging torque (Nm) 0.1 0.1 o
Shifted Peak cogging torque (Nm) 0.08(20%) 0.22(120%) I
. . . 00 6 12 18 24
When applying the desired shift angle (-0.17 Mech. Deg.) Harmonic order

th L o (b)
the targete% (Gth) order harmonic is almost eliminated, asrig. 8 Reduction ofl2" order harmonic of the resultant cogging torque. (a)

. - ! . . . Comparison of cogging torque waveforms with or withslat shifting. (b)
shown in[Fig. 7 (b). This can prove the efficiency of th@pectra. The machine has 12-slot/10-pole & FG = 2mm.
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Therefore, the question here is why not directly applyintp flux gaps, as shown (a), whereyg andy;,
the desired shift angle to eliminate the"i@der harmonic? represent the shift angles for reducing the first two harmonics
This is mainly due to the fact that when focusing on they employing the second shift based on the first shift. As a
elimination of the dominant harmonic, the magnitudes of otheesult, the resultant peak to peak cogging torque is reduced
harmonics are largely out of control due to the interactiomy~82% after the second shift of slot openings. However, it is
between slot opening and flux gaps. Thus, it is difficult tevorth mentioning that unless the higher order harmonics are
predict the variation trend of other harmonics after the firgstominant, the second shift is not necessary due to its
slot shifting even if the ™2order harmonic can be completelycomplexity, such as the case for 12-slot/14-pole in the
removed. By way of example, if the desired shift angle of 1.(08llowing section.
Mech. Deg. has been chosen, the" i&der harmonic is 0.2 , ‘ .
completely eliminated, as shown[in Fid. 8 (b). Wheyg is Synthesized
the shift angle for reducing2* order harmonic. However, I
the amplitude of the "6 order harmonic is increased
dramatically. As a result, the peak cogging torque after
shifting the slot openings becomes even bigger than that
before shifting. In conclusion, the slot shifting method cannot
be directly applied to eliminate the M2order harmonic
without eliminating the 8 order harmonic first. 02 ‘ ’ ‘

2) Second slot opening shift L. S P P

In order to reduce the dominant order hameﬂiﬁhX, the Fig. 10. Comparison of synthesized and direct FE calculatedicgggrque
second shift of slot openings based on the first shift igveforms before secorstift based ohZ0)] (12-slot/10-pole & FG=2mm).
necessary. However, after the first shift, the symmetry of the 0.2
modular PM machines has been changdédds means that for
the second shift of slot openings, the groups need to be re-
arranged, as shown[in Figl 9. The six flux gaps are numbered
from FG1 to FG6. Similar grouping method has been
proposedn . The re-arranged 2 groups have the same shift
angle but shift in the opposite directions as well. Sinidahe
first shift, the following equation can be derived

o
%
%

+

Cogging torque (Nm)
S
- o
%
%
%

Slot synthesized of ﬂ/6=0
(Mech.Deg) &

01f

Cogging torque (Nm)
o

-0.1

Flux gap

Slot synthesized of §
W =017 & ,=1.03 4
(Mech.Deg)

-0.2 * - -
(20) 0 30 60 90 120 150 180

Rotor position (Elec.Deg)

@)

- = =7=0 (Mech.Deg)
—7=-0.17 & 7,,=1.03 (Mech.Deg)

" " —_ "
(Cgroupl - CF6135 ) + (Cgraupll - CFGZ46) + CF6123456 =C total

R
- 0.2

Cogging torque (Nm)

-0.2

0 30 60 90 120 150 180
Rotor position (Elec.Deg)
NS (b)
“¥os
. . . . . . . h 0'4
Fig. 9 Machine cross section after the first shift to elimintte 6" order Il /=0 (Mech.Deg)

harmonic in cogging torque. os [ Je=-0-17 &,,=1.03 (Mech.Deg)

The waveforms of cogging torque obtained by direct FEM

and by synthesis method based @f)jare compared [n_Fig.
An acceptable agreement can be observed with minor

discrepancy between the amplitudes (the phases of two

Cogging torque (Nm)
o
N

cogging torques are exactly the same), which will not l

compromise the mitigation effectiveness. " t o e p
The second shift angle is calculated by (19) as well. After Harmonic order

shifting the slot openings of two groups in opposite directions (©)

with the calculated shift angle (1 03 Mech Deg ) th?ig' 11 Reduction of the first two order harmonics of the lasii cogging
’ ’ 7 orque. (a) Cogging torque waveforms of flux gaps slotl openings before

synthesized _cogg_ing torque Wavef(_)rm of slot openings i after shifting. (hComparison of resultant cogging torque waveforms. (b)
almost the mirror image of the cogging torque waveform dugpectra. (12-slot/10-pole & FG=2mm).
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[Fig. 12]shows the peak cogging torque versus shift angles 5 [-=-n=0(Mech.Deg)
and flux gap widths of thel2-slot/10-pole modular PM fig=0.17:(Mech.Deg)
machine with various slot opening (SO) widths. It can be " il i St i
found that for different flux gap and slot opening widths, % 5
although the slot opening shift angles are different, the § 0
proposed method can always be used to reduce effectively the ﬁ
resultant cogging torque. Nevertheless, for the case such as SO é N
= 1mm and FG = 5mm, the cogging torque reduction is 101
limited. This is mainly due to the fact the resultant cogging A5 ‘
torque of slot opening is much smaller than that due to flux . . PR
gaps. As a result, they cannot be cancelled each other. Fig. 13. Phase back-EMFs before and after slot opening shifl¢it2L0-pole
& FG=2mm).
E B. 12-Slot/14-Pole Modular PM machine
° Another typical slot/pole number combination that has been
g widely investigated in literature is 12-slot/14-pole. For this
g machine, the least common multipl&.{) of pole number
g (2p) and the number of flux gapsVg;) is 42. Using
E previously mentioned methods, the main parameters of

calculating the desired shift angle have been achieved and

listed ir] Tabldll

TABLE Il
DESIREDSHIFT ANGLE AND MAIN COEFFICIENTS(12-S.0T/14-FOLE AND
FG=2um)
£ n=1 n=2
3 Themn (NM) 0.18 0.02
g 11117
g T (NM) 0.09 0.02
=] P
g @ Nemn (Elec.Deg) 945 -2.32
> 14
E @, Nemn (Elec.Deg) 94.48 241
= 14
& @, Nemn (Elec.Deg) 180 180
p
Desired shift angle (Mech.Deg) 455 0.98
Original peak cogging torque (Nm) 0 '13 0'13
Peak cogging torque with shifting 0-02(85%) -

(Nm)

For the 12-slot/14-pole modular PM machine withmn
flux gaps, the 8 order harmonic is the most dominant one.
Therefore, only the first shift is necessary to mitigate its
resultant cogging torque. When the desired shift angle for
cancelling & order harmonic is appliedhe amplitude of 8
order harmonic can be significantly decreased, as shown in
Furthermore, thel2" order harmonic is reduced
slightly at the same time. Consequent85% of the resultant
cogging torque reduction has been achieved.

Peak cogging torque (Nm)

. . © _ Peak cogging torque versus shift angles and flux gap widths
Fig. 12. Peak cogging torques flux gap widths and shift angles of 12-slot/10- . . .
pole modular PM machine. (a) SO = 1mm, (b) SO = 3myB@= 5mm. of the 12-slot/14-pole modular PM machine with various slot

opening widths have been calculated as well. Again, as for the

The back-EMF waveforms before and after shift are showk?-slot/10-pole modular machines, the slot-opening shift
in[Fig. 13] Here, only the results for phage are given, for method can be applied to effectively reduce the resultant
phases B and C, the EMFs of which have the same amplit@Rgging torque. Other slot/pole number combinations have
but with a phase shift angle of 120 Elec. Deg. It is found thalso been investigated. However, they are not presented to
the value of the fundamental decreases slightly, so do the otB¥pid repetition. It can be concluded that the proposed method
harmonics However, this influence on phase back-EMFcan be applicable for different modular machines with
remains largely negligible, which is different from the statoflifferent slot/pole number combinations, flux gap width, slot
or rotor skewing method. The tiny decrease on phase ba€iening widths, etc. Although for some specific topologies,

EMF leads to a slight decrease of average torque from 4.93Ni¢ reduction by employing the proposed method may not be
to 4.89Nm. as significant as expected. This is mainly due to the difference
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between the cogging torque produced by flux gaps and trethieve the highest phase back-EMF by shifting the slot
could be potentially achieved by synthesising the cogging openings, which is similar tahe proposed method of
individual slot openings. mitigating cogging torque in this paper. Therefore, this shift
angle in prototype machines will not be optimal for reducing
the resultant cogging torque as will be seer| in_Hi§.

] However, the FE results after shifting slot opening by a
specific angle can still be validated by experiments.

0.2

—76=° (Mech.Deg)
-- -76=-4.55 (Mech.Deg)

B. Cogging Torque and Back-EMF

The cogging torqués measured according to the method
described i{32). The cogging torques of 12-slot/10-pole and
‘ ‘ ‘ 12-slot/14-pole modular PM machines are measured and
0 30 60 % 120 150 180 compared against their predicted counterparfs in Fi{j.A
Rotor "“‘(2‘)’"‘5'“‘”99’ good agreement has been observed with only minor
discrepancy due to manufacturing tolerance, measuring errors,

01t

Cogging torque (Nm)
o

[
IS

=0 (Mech.Deg) etc.
203 [L_Jre745 QlechDea) _ Foenesaan] e
] § ol * 1210 Measured) R K oN
g0.2 b ) 12/14 (Predicted)
2 = ¢ 12/14 (Measured)
Z g 0
Soa | s
=
I | gk -0.5 7
00 6 12 18 24 S Q<\’f_:<__‘/°/
Harmonic order 1 L L . . L L L L .
(b) 0 6 12 18 24 30 36 42 48 54 60
Fig. 14. Reduction of the first two order harmonic of the f@su cogging Rotor position (Elec.Deg)
torque. (3 Comparison of resultant cogging torque waveforms. (Bc8@  Fig. 15 Predicted and measured cogging torquesl faslot/10-pole and 12-
(12-slot/14-pole & FG=2mm). slot/14-pole modular machines.

Slightly different from the12-slot/10-pole machine, the In terms of EMF, by way of example, only the predicted
shift of slot openings weakens the magnitude of thgnd measured results b-slot/10-pole modular PM machine
fundamental bacEMF of 12-slot/14-pole machine leading toare shown ifi Fig1§| It is found that after the slot opening
decrease in the average torque from 5.98 Nm to 5.69 Nm. TBisift, the balance of 3-phase back-EMFs is maintained, as
decrease in phase back-EMF is mainly due to the reducexbected.

winding factor caused by slot opening shift. Thus, in practice, 15

the compromise between reducing cogging torque and phase .,,*m_,,r ]
back-EMF needs to be considered. Moreover, similar to the £ %} £ (Moasared) |
previous case studied, there are no extra orders of harmonic ; 5 :EA(Measmd)
have been introduced and the balance of 3-phase back-EMF : o & o g
waveforms is also maintained. | el casure )

Non-linear analysis has been carried out as well for the & R (Pmdmted)\
proposed cogging torque mitigation method, which has been = 10|
found to be effective although the reduction in targeted s ‘ ‘ ‘ ‘ ‘ ‘
cogging torque harmonics is not as good as that in linear 150 ’IOORO{ffposiﬁ(?n (Elei?)eg)loo 150
cases. Fig. 16. Predicted and measured phase back-EMF wavefardB0 rpm.

V. EXPERIMENTAL VALIDATION VI. CONCLUSION
A Prototype of Modular PM Machine In this paper, an effective method of mitigating cogging

In order to verify the slot opening shift method discussed ffrdué for modular PM machines is presented. The slot
this paper, the 12-slot/10-pole and 12-slot/14-pole modul@PeNings have been grouped into two groups. By shiftiag th
prototype PM machines with the flux gaps of 3 mm have bedff0 groups in opposite directions with a deswed_ shift angle,
used. The design parameters are showpn in Tgble | and the synthe3|se_d cogging torque due to slot openings coulq be
structures of stator, rotor and the stator segment which &&10St opposite fo that produced by flux gaps (fixed during
built based on the limited cases analysed in this paper, canS#d 0Pening shift), and hence cancel each other. The general
referred to[]. It is worth mentioning that due to cost issueseXPression of the desired shift angle has also been derived.

the prototype machines with desired slot shift angle have notS€veral slovpole  number combinations ~have been
been built. fie used prototype machines were initially built tonvestigated and thé2-slot/10-pole and 12-slot/14-pole have
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been presented to validate the proposed method. AlthougMF are studied as well. After employing slot opening shift
slightly different mitigation approaches are needed for ththe balance of the three phase back-EMF waveforms is
investigated machines due to different dominant coggingaintained and no extra baB#F harmonics are introduced
torque harmonics, a reduction by t@p85% in the resultant The FE results have been validated by experiments.

cogging torque can be achievethe performances of back-

APPENDIX
Equatioh {0)]can be derived as:

Ny
T;(;cm,, sin ( o
p

a; + (pINcmn>
P

n=123- P
= Nenn 2w n 2 N (21)
=— Z T SIn [ — i cos ((p”Ncmn - 0(1> + cos| —= N sin <(p”Ncmn - a1>
n=123" L4 % p % P
Equation (21) can be simplified to
- Nemnt - Newn 21 Nent
T gn Sin( Ty + (ﬂlNcmn> = Ty pyn COS | —— N sin( Ty — (p”Ncmn> (22
n=123- P p p n=12,3- 4 % p P
22)|can be further developed, and hdrtB]is obtained, as shown in secfibr
5)|can be rewritteas
- Ny Nenn < Nonn Nenn
Ceotar= Ty sin( Tq + @ Nemn + e ﬁ) + T sin( T — @ Nemn — o ﬁ)
n=123- P oop 4 n=12,3- P p P p
Nen
+ Z Thggn X sin( M+ (/J”INcmn> (29)
n=123- P p P
Equatiofh 23)|can be derived further as:
> Nen Ngn = Nepn
Crotal= Z TN g 2 sin( o a) cos ((pINcmn +-= B) + TH n X sin( T+ ([)I”Ncmn> (24)
n=123- P p P n=123- P p P
After simplifying[24)][(17)]is obtained as detailed in secfibH
[9] C. Breton, J. Bartolome, J. A. Benito, G. Tassinarioldtags, C. W. Lu,
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