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Mitigation of Unbalanced Magnetic Force in PM
Machine with Asymmetric Winding by Inserting
Auxiliary Slots

Jie Ma, and Z. Q. Zhu, Fellow, IEEE

Abstract— Permanent magnet machine has received much
attention recently. However, unbalanced magnetic force (UMF)
may occur in PM machines with some dlot/pole number
combinations even thereis no rotor eccentricity, which can cause
high vibration and noise. In order to reduce the rated on-load
UMF, three 3-dot/2-pole PM machines with different auxiliary
dotsareinvestigated and compared in this paper. In the first two
machines, namely Machine 1 and Machine 2, the auxiliary slots
are inserted in the middle of stator teeth, while their sizes are
optimized under different working conditions, i.e. no-load and
rated on-load conditions. In contrast, both position and size of
auxiliary slots are optimized under rated on-load condition in the
third machine, viz. Machine 3. Comparing with the conventional
prototype machine, the maximum rated on-load UMFs are
reduced by 6.3%, 50.7% and 96.6%, and therated output torques
are decreased by 0.7%, 11.5% and 4% in these three machines,
respectively. In addition, the other electromagnetic performance,
such as flux linkage, back EMF, cogging torque, rated output
torque and torqueripple are compared. Theinfluence of working
conditions is investigated, and the experiments are also carried
out to validate the numerically predicted results.

Index Terms—3-dot/2-pole, auxiliary slots, permanent magnet
machine, unbalanced magnetic force.

|I. INTRODUCTION

in surface-mounted permeant magnet (SMPM) machines
having different slot/pole combinations, and the influence of
design parameters on UMF was investigated 8j-[ 15].

The reduction of UMF has also been widely investigated for
decades. Various methods have been proposed which can be
classified as machine control methods and machine design
optimizations 16]. As for the machine control methods, field
weakening commutation strategy can be used to minimize
onload UMF [17]. A similar method is introduced in [18]
which injected appropriate current to compensate the low order
spatial harmonics of air-gap flux density. An effective method
of rotor optimization is shaping and magnetizing magnets
properly [19], [20]. In [21], another method is proposed by
adding notches in the rotor of interior permeant magnet
machines. However, these methods lead to complex machining
process which increases the cost significantly. The shaped rotor
may have mechanical problem when it runs under high-speed
condition [22]. In addition to rotor shape optimization, UMF
can be also reduced by stator structure optimization. In [23], the
no-load UMF is decreased by adding auxiliary slots into the
middle of stator teeth with the same size comparing with slot
openings. However, this method has very limited influence on
the rated on-load UMF. Different types of auxiliary slots were

ERMANENT magnet (PM) machines have received muchsed in [24], which shows auxiliary slots with optimal size and
attention recently due to their high efficiency, high torqueosition has the best performance as for rated on-load UMF
density and high power factor [1], [2]. However, due to theaduction.

asymmetric stator topology and unbalanced winding The aim of this paper is to compare the electromagnetic
distribution, UMF occurs both under no-load and on-loagerformance of several machines with different auxiliary slots,
conditions in machines with specific slot/pole combinationwith emphasis on the maximum rated on-load UMF reduction.
[3], which can cause high vibration as well as noise, arthough there are many different slot/pole combinations, the
significantly reduce the life of bearings. 3-slot/2-pole machine is chosen at first due to the simple rotor
Many paper have investigated the UMF. The productioand stator structure. The feasibility of the proposed method on
mechanism of UMF was given in [4], it shows that the two fieldther slot/pole combinations will be validated in later part.
harmonics differed by one could result in the UMF. The UMFs This paper is organized as follow, in Sectilyrihe 2D model
in machines with axial even and axial-varying eccentricity weref a conventional 3-slot/2-pole PM prototype machine is
calculated by analytical method in [5], [6]. [7] and [8] used introduced and its UMF characteristics are analyzed. In Section
2-D conformal mapping method to calculate the UMF causdl, the UMFs of machines with different auxiliary slots are
by eccentricity in surface mounted PM machines. Thiavestigated, and their other electromagnetic performances are

difference of UMF between internal and external fractiehot
PM machine was studied in [9L(]-[12] compared the UMF

J. Ma and Z. Q. Zhu are with the Department of Eleitrémd Electronic
Engineering, The University of Sheffield, Sheffiell 3JD, U.K. (e-mail:
jmal9@sheffield.ac.uk, z.q.zhu@sheffield.a¢.uk)

compared in SectioiV. In Section V, the effect of working
conditions are investigated. The influence of slot/pole
combinations and magnetizations on effectiveness of proposed
method is investigated in Sectidhh. Finally, the experiments

are carried out to validate the numerically predicted results.
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Il. UMF OF CONVENTIONAL 3-S.0T/2-POLE MACHINES magnetic fields can be studied in details.
The cross section of a conventional 3-slot/2-pole PM % 420
prototype machine is shown in Fig. 1, and its detailed No-load - - - - On-load
. . . 25 | N , 360
parameters are listed in Table I. In the prototype machine, the DN S NN
. . . - -~ N \\ < ~ - ~ <} 300
concentrated winding and a 2-pole PM ring are employed. 220 T \ UME T phase | C
= N N I 240
c154 . ! N | =
10 1 N ! . | T
N ! . . 120
5 4 NS N 60
Ny AN
0 T — T T 0
0 60 120 180 240 300 360

Rotor position (Elec. deg.)
Fig. 3. UMF comparison between no-load and on-loadditon of
conventional 3-slot/2-pole machine.

Fig. 1. Cross section of prototype 3-slot/2-pole PM nraehi

TABLE | The UMF based on the Maxwell stress tensor can be

BASIC PARAMETERS OFMACHINE calculatedby [15]
Slot number 3 Shaft diameter (mm) 7 27
Pole number 2 Magnet thickness (mm) | 4 Fy = rlajo (o-cosa+7- sinx)da ()
Stator outer diameter (mm| 50 | Axial length (mm) 30 on @)
Stator inner diameter (mm| 19 | Magnet remanence (T) 1.2 F, = rIaJ. (o-sina —z- cosx)da
Stator yoke height (mm) | 5.2 | Rated current (A) 10 ° . . . .
Air-gap length (mm) 0.6 | Rated speed (rpm) 1000 the radial of middle of air-gapgy is the rotor position in
Rotor outer diameter (mm) 18 | Number of turns per phasq 32 mechanical degreé, is the active length of machine andr

) o ] ... are the radial and circumferential traveling stresses,
To obtain the characteristics of UMF, the field d'St”b“t'or}espectively which can be calculated by

needs to be investigated at first as the UMF origins essentially B2_B2

from the asymmetric magnetic field distribution. The no-load GZT (3)

and on-load field distributions are shown in Fig. 2. It is found °

that the field is symmetrical along the x-axis at this rotor T:B’#%Bt @)
0

position under no-load condition, which means there is only ) .
isvhereB, andB.are the radial and tangential components of

x-axis direction component of UMF. However, the field .
which can be expressed as

modified when the currents are input, armature field makes tRE-9ap flux density,
onload field not symmetrical along the x-axis anymore, and B =B+ Bar ©)
hence there will be an extra UMF component in y-axis which B = B+ Ba ©)

does not only affect the amplitude but also the phase of to¥41€"€Bmr. Bar @ndBy,, By, are the radial and tangential flux
UMF. densities of PM and armature fields. Since both these two field

PP e _ s components are affected by saturation, the frozen permeability
> method is used here for separating the flux densities [25], which
could be calculated as follows: at a specific working condition,
. the permeability distributions of soft magnetic material under
d onload condition can be predicted and saved by finite element
method. Then th®M field is calculatedby setting current as
zero and employing the permeability distributions just
obtained. By this means, the PM field considering the influence

e

(ESWd .'}Bj’b_niiégaﬁ of armature field on saturation can be predicted precisely.
Fig. 2.No-load and rated on-load field distributions of a cemtional Following the same procedure, the corresponding armature
3-slot/2-pole PM machine at Os. field can be also calculated. It should be noticed that while

calculatingB,,, andB,;, the remanence of magnet material

By way of example, the comparison of UMF under no-loaghould be set as zero, but the relative permeability of magnet
and on-load conditions is shown in Flg 3. It is found that thg]oukj not be Changed‘] this way, the radial and tangentia]
amplitude of UMF is Significantly increased by input Currenttrave”ing stresses can be decomposed as:
Meanwhile, the phase of on-load UMF lags behind the no-load o oy
one about 90 degrees, which confirms that a measurable y-axis  , _ (erz _ Bmlz)/ 2410 +(Bar2_ Balz) I 2014
UMF component is introduced due to the enhancement of
armature field.

Since both PM field and armature field have great influence
on the on-load UMF, the on-load UMF has to be decomposed
according to the source so that the contribution of eacfl = B B/t +Bar Bat/ tio+(Brw Bart B ar B m/ 1o

@)

O3

+I:( er . Bar)f(Bmt' Bat):'/ﬂo

7 75 73

8
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whereo, ,1,, 0,,7, ando;,7; are the radial and tangentialopening distribution, and no-load UMF can be almost
traveling stresses caused by the self-interaction of PM field, tebminated by this means
self-interaction of armature field, and the mutual interaction However, due to the fact that F2 is much higher comparing
between these two fields, respectively. The UMF caused by twéh F1 as shown in last section, the rated on-load UMF is just
self-interaction of PM field introduces UMF under theslightly reduced by this method since the reduction is mainly
open-circuit condition, and the UMF caused by the interactiachieved by reducing F1. In other words, the optimization goal
between the armature field and the PM field aggravates thethis method is the minimum no-load UMF instead of the
UMF under on-load situation. For convenience, F1 and F2 arénimum rated on-load UMF.
used here to represent these two components which resultedlternatively, the optimization goal can be changed to the
from o,,7,, 0,,7,. Although the self-interaction of armatureminimum rated on-load UMF. As a result, the size of auxiliary
field can also affect unbalanced magnetic force, its value is falots could be modified significantly. By way of example, the
lower comparing with the other two UMF components due twpologies of these two machines, namely Machine 1 and
the large equivalent airgap length caused by relative thidkachine 2, are shown in Fig. 6, whose optimization goals are
magnet thickness, and therefore this part of UMF is neglectéte minimum no-load and rated on-load UMFs, respectively.
in following analysis. The optimization of Machine 2 is carried out by FE method,
For instance, the amplitude and phase of F1 and F2 dweth height and width of auxiliary slots have been optimized.
calculated and shown in Fig. 4, it can be seen that F1 has grEla¢ detailed parameters of their auxiliary slots are listed in
difference comparing with no-load UMF no matter as fofable Il. It can be seen that Machine 2 has much larger
amplitude or phase shown in Fig. 3, even if both of them agaixiliary slots comparing with Machine 1.
caused by the self-interaction of PM field. In order to explain
this phenomenon, the PM field flux distributions under no-load
and rated on-load conditions are shown in Fig. 5. As can be
seen, the PM field flux distribution under rated on-load
condition is not symmetrical along x-axis anymore which is due
to the modified permeability distribution caused by armature
field. Consequently, the phase difference between F1 and F2 it
slightly bigger than 90 degree, and there is a small cancelling

effect between F1 and F2. (a) Machine 1 (b) Machine 2
30 420 Fig. 6. Optimized topologies of Machine 1 and Mactfine
F1
25 14 P S I 360 TABLE Il
- _ ‘IT“\ - 200 SPECIFICATION COMPARISON
20 Amplitude, " I Parameters Machine 1 Machine 2
%15 s oot r 240 Auxiliary slot opening width (mm) 2 3.5
s N | I 180 Auxiliary slot opening height (mm 1 10.1
10 \ '
R ! L 120
5 1 ! L 60 Fig. 7 compares their performance on UMFs. It should be
0 . M , , 0 mentioned that the auxiliary slots change not only the air-gap
0 60 120 180 240 300 360 permeance distribution but also the saturation of stator, i.e.

Rotor position (Elec. deg. )
Fig. 4. Comparison oF1 and F2 of the conventional 3-slot/2-pole PM stator tooth body. Therefore, both F1 and F2 are affected by

machine. auxiliary slots. As a resul1’ and F2’ are employed here to
N represent those two UMF components considering the
influence of auxiliary slots.

\‘
- 30
.‘ OConventional
1 51 OMachinel [
’ 20 Machine2
y z
y w 15
(a) No-load (b) On-load 10 A
Fig. 5. No-load and rated on-load PM field distributions ot@nventional
3-slot/2-pole PM machine at Os. 51 |—| |_| .
0 — T = T |_|
lll.  INVESTIGATION OFEFFECT OFAUXILIARY SLOTS ON On-load No-load F1 F2
UNBALANCED MAGNETIC FORCEMITIGATION Fig. 7. Comparison of maximum value of UMFs.

Since the main reason for no-load UMF is the asymmetric As shown in Fig. 7, both Machine 1 and Machine 2 can
distributed slot openings rather than stator sl@&g],[the reduce the rated on-load UMF, but the reduction of Machine 1
auxiliary slots with the same size as slot openings can Ise much lower than Machine 2, which is due to different
inserted into the middle of stator teeth to balance the slidtnctions of auxiliary slots in these two machine. In Machinel,
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the auxiliary slots is mainly for balancing the slot opening It can be seen that the harmonic content of PM field of
distributions, hence the asymmetric air-gap permanenbéachine 1 is much lower comparing with Machine 2,
variation. However, the main function of auxiliary slots irespecially the 2nd tangential harmonic, which results in lower
Machine 2 is reducing the harmonics content of armature fiekd’. However, the harmonics content of armature field of
and fundamental PM field, which is achieved by largeMachine 1 is much higher whichakes the F2° of Machine 1 is
equivalent air-gap length. larger than Machine 2. In contrast, the armature field harmonics
By way of examples, the field distributions of Machine 1 ands well as fundamental PM field are lower in Machine 2. As a
Machine 2 are calculated by the frozen permeability meth@dnsequence, Machine 2 has relative larger F1” but lower F2’.
and shown in Fig. 8. Due to the fact that the UMF is resulted Since F1 is caused by the self-interaction of PM field, its
from any two adjacent field harmonics, although there aphase mainly depends on the saturation condition and rotor
abundant harmonic contents, according to (1) to (10), the madasition. From another perspective, if the rotor position and
part of F1’ and F2’ origins from the interaction between theload condition are treated as fixed, the phase of F1 can be seen
fundamental PM radial field and the"2PM tangential as a function of the position of the slot openings. As the
harmonic as well as thé®armature harmonic, respectively — auxiliary slots have almost the same function as the
15 02 conventional slots on no-load UMF, this rule can be also
applied to auxiliary slots. Since the amplitude of F1° can be

Machine 1

armature field

- 05 e = adjusted by modifying the size of auxiliary slots, and its phase
%’ o o % can be modified by shifting its position, it is possible to make
b 2 F1’ and F2’ have the same amplitude but opposite direction by
051 _0_l§ using auxiliary slots with optimized size and position, and

PMfield hence the on-load UMF can be eliminated by this means
15 . . . . . -0.2 The parameters of auxiliary slots used in this method are
0 60 120 180 240 300 360 shown in Fig. 9, wherso and dso are the width of slots and

Rot isition (Elec. deg. - . .
@ ORZ(;ZIS](::T(; We;veel?o)rms auxiliary slots, respectivelsd dsd are the height of slots and

1T ‘ 70 auxiliary slots, and a is the shift angle of auxiliary slots.
32 PM fields g Amaturefields | g5 The Machine 3 represents the machine optimized by this
~ 081 : £ i i iz ati
£ 074 ! OMachine1 | 50 = methqd,_the F!E method is employed for global optimization,
5 061 3 mMachine2 | 40 3 ano_l it is op'glmlzed under rated on-load condition. The
3 o) 3 L 30 & optimized variables are dsalsd as well asz, and the
s 03 3 20 g optimization goal is the minimum rated on-load UMF.
[l 1 r2V e . . . .
0.2 1 3 L 10 < However, it should be noticed that the existence of auxiliary
0';' I | L, slots can result in torque reduction due to the increased
1234567123456 7 equivalent airgap length, while significant torque decrease is
Harmonics or der usually unacceptable in practice. As a result, only the
05 (b) Radial field spectra 06 candidates of which the torque decrease is smaller than 5% will
044. PMmfield Machinel [ g5 be considered further, and the machine having minimum rated
82 i R ---- Machine2 | 04~ onload UMF among the qualified candidates will be chosen as
—~ 0.2 4 vy | = - - . .
E o1l \;.',:' gz 3 the optimal one. The cross section of the optimal topology is
=] z Fr 0.2 < . . age
T o0 ! [ o1 8 shown in Fig. 10, and the parameters of auxiliary slots of
£ 019 l, B Machine 3 are listed in Table III.
-0.2 1 é
0.3 4 0.1< Do
0.4 1 armature field F-0.2 <—>
-0.5 , , , , , -0.3 i dso
0 60 120 180 240 300 360 SO e
Rotor poisition (Elec. deg.) e Ta— i A
(c) Tangential field waveforms Sdt de | |
0.1 ; 0.04 Ly o
g'gg: PM fields 1 Aarmature fields Fig. 9. Auxiliary slots with shift angle.
[P 1 0.03¢5
5 0.07 4 : <
200610 pyachiner ! 2
T 0.05 - achine : 0.02®
'g 0.04 4 mMachine 2 ! %
2 0.03 1 ! £
F 0.02 4 E I 0.01 £
0.01 4 !
0 4 0

1234567 12345867
Harmonicsorder

(d) Tangential field spectra . . .

Fig. 8. Comparison of PM and armature fields of Machimad Machine 2. Fig. 10. Cross section of Machine 3.
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TABLE Il whered indicates the rotor position in electrical angle and the
SDEC'F'CAT'ONCOMPAR_'SON w is the electrical angular speed. Since the parallel

Parameters Machine 3 tizati . d in th tot hi th .
Siot opening width (mm) 5 magnetization is used in the prototype machine, there is no
Slot opening height (mm) 1 harmonics ilMMF distribution.
Auxiliary slot opening width (mm) 4.98 The airgap permeance model accounting for conventional
Auxiliary slot opening height (mm) 0.98 stator slots is shown in Fii8 and it can be decomposed irto
Auxiliary slots shift angle (deg.) 14.18 . . . g

series of Fourier series as:

Fig. 11 compares the maximum UMFs of Machine 3 under P@) =R+ l;—gancos( kn(60—6,)) (10)
k=1

different input currents. It can be found that the proposed

machine achieves almost zero UMF under rated on-lodhereP, andPy, are the coefficients of DC and harmonic
condition that current equals to 10A. This is due to the fact the@mponents of permeance, kis the index of each harmersc, n
F1’ has the opposite phase and almost the same amplitudéhe number of stator tooth ang, indicates the phase
comparing with F2’ under this condition. Except for rated difference.

on-load condition, the UMF of the Machine 3 is not zero te

anymore due to the variation of armature field and the modified J

permeability distribution. In contrast, the UMF of the ' LJ

conventional machine increases over the whole current range v i

due to the fact that the phase between F1 and F2 is close to 90 ! ' "

degrees. Consequently, F1 and F2 have very small cancelling b 5
effect comparing with Machine 3. Fig. 13.Airgap permeability distributions accounting for stattmts.
40
35 Conventional - - - - Machine 3 As a result, the open-circuit airgap flux density could be
30 calculated by multiplying the MMF of PM field as well as
2257 airgap permeance distributions.
L 201 Bom (6.t) = Fpy (6,t)- P(9)
D154 0
1
10 A 1 =Ry Foy -cos(efa)t)+5 Fom FI’QZ(COSAf co
5 - k=1 (11)
0 . . : : A=(kn, +1)0 —kn, 6, — wt
0 3 6 9 12 15
Current (A) B=(knr —1)6’—knr490+a)t

Fig. 11. Comparison of maximum UMFs of conventional hirae and Machine As can be seen, the abundant slot harmonics can be
.ff k. . . . . . H
8 under different working conditions introduced, and adjacent harmonics appear due to asymmetric

The rated on-load UMF is 0.8N in the Machine 3 but 23.8I§tat9r structure \.N.h'Ch results in no-load UMF. L
. . L .. Since the auxiliary slots ka almost same function in terms
in the conventional one, the reduction is about 96.6%, whic

shows the great effectiveness of this method. It is worth notity modifying airgap permeance distribution, (9) (11) could also
)y . .\ be used for calculating the slot harmonics produced by
that F2” highly depends on working load conditions. Therefore, - . .
, . . . . auxiliary slots, the design parametegsahd dy determine the
F1’ needs to be modified according to different input currents efficient of permeance distribution and the shift anale
to obtain low UMF. As a result, the optimal size and position gpether P Istributi It ang

auxiliary slots vary with working conditions as shown in Fig?ﬁefCtS the phase. Qpnsegugntly, the auxiliary SIOtS. with
12 optimal size and position significantly change the amplitude

16 and phase of slot harmonics, and it is possible that utilizing the

6
14 s E slot harmonics to compensate the other even order airgap flux
~12 & density harmonics under rated working condition. By this
gm 1 4§ means, the rated on-load UMF could be greatly reduced.
S 8 38 It should be noticed that the MMF-permeance model is only
s 63 —e— Auxiliary slots shift angle- 2%’ for illustration instead of giving the precise solution of each
& 4 E design parameter. This is due to the fact that the auxiliary slots
2 —6— Auwxiliary slats width < also have significant influence on saturation distribution,
0 A A 5 o 0" especially the local saturation, which has great influence on
Current (A) airgap permeance distribution. Since the saturation could not be
Fig. 12 Optimal shift angle and width of auxiliary slots formimhum UMF considered in analytical method, the direct solution of the

with different currents. . . L . .
analytical model will have significant error comparing with the

In order to illustrate the working mechanism of the proposesptimal solution. As a result, the FE method will still be used
method, a simple magnetomotive force (MMF)-permeander later investigation.
model is introduced. To show more detgilF1’and F2’ in Machine 3 against
The MMF of the PM field could be expressed as: auxiliary slots shift angle are shown in Fig. 14. The rated
Fpm (6, 1) = Foy - cos@—wt) (9)  currentis 10A and current angle is O electrical degree. It can be
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seen that the position of auxiliary slots has a great effect on F1° 240 T—————————— TSPV E———ry

for both phase and amplitude. In contrast, F2’ is much less 180 ~~_ 4th PM —e— 1st armaturd
sensitive as for the position of auxiliary slots. This is due to the ~ TS5 2nd amature. —— 4th armaturg
fact that F1’ is caused by the self-interaction of PM field, in B 1201 N

which all harmonics except the fundamental are caused by g 60

slotting effect, and therefore the permeance variation affected &

by auxiliary slots has great impact on the PM field harmonics in 0%

addition to the fundamental. As for the fundamental of PM o0
field, its amplitude and phase are related to the equivalent 25 -20 -15 -}Sgﬂ;gle(OMth(jegl)O 15 20 25
air-gap length and the initial position of rotor, respectively. (b) Phase e

Hence, the auxiliary slots can only decrease its amplitude k. 15. Flux density harmonics versus shift angle of @yiklots.

have very small effect on its phase. On the contrary, F2’ is

mainly caused by the fundamental harmonic of PM field and IV. MACHINE PERFORMANCE

the second harmonic of armature field [12], and the armature, previous sections, three 3-slot/2-pole PM machines with

field harmonics are mainly originated from the armature fielgiterent auxiliary slots are presented, and their UMFs are

instead of slot harmonics. Therefore, the auxiliary slots haygmpared in detail. In this section, their other electromagnetic
the similar influence on armature field comparing with th‘fnerformance are evaluated and compared.

fundamental of PM field.

a60 7 A Flux-linkage and Back EMF
]
N0 b Fig. 16 shows the comparison of phase flux linkages. It is
1 . .
=240 ! found that Machine 1 and Machine 3 have almost same phase
s o . - . . .
180 4--—-—-—-—-—-Bg ¢ flux linkage comparing with the conventional one, the slight
£ 120 i reduction is mainly due to the increased airgap length caused by
& 60 s auxiliary slots. In contrast, flux linkage in Machine 2 is much
1 . . . o
0 ! lower, which is mainly due to the much larger auxiliary slots,
" N hence the larger equivalent air-gap length.
250200 <15 -0 5 00 5 100 15 20 25 15
Shift angle (Mech. deg. ) —_
fe) 10 4
(a) Phase =
45 £ ]
10 —o&— total UMF é,
] —B8—F1' 0
33 optimal shift angle Fl E Conventional
30 —%—F2 h 2 54 .
Z 55 ] ! % O Machinel
E 20 i £ -10 1 - - - - Machine2
= s | ;" . - == Machine3 .
10 4 } 0 60 120 180 240 300 360
5 } Rotor position (Elec. deg. )
0 i i i , i : =Y . (a) Waveforms
25 220 -15 100 -5 0 5 10 15 20 25 16
Shift angle (Mech. deg. ) ~14 4
. o
(b) Amplitude % 12
Fig. 14. F1’andF2’ versus auxiliary slots shift angle at Os. z )
5101 @Conventional
o i < 8 ,
By way of example, the harmonics in PM field and armature 5 ] = Machinel
field with different shift angles are shown in Fig. 15. It is worth 5 4 BIMachine2
. . . . % O Machine3
mentioning that since the fundamental PM field is very £ 5]
insensitive to the shift angle of auxiliary slots, and its value is 0 i i i i
much larger than the other harmonics, it is not shown here so 1 2 Harmonfcsorder 4 5
that the other harmonics can be observed more clearly. (b) Spectra
0.09 e T =Y —— 2 PM Fig. 16. Phase flux linkage comparison.
0.08 1 —o6— Istarmature ~ —&— 2nd armature
0079 —— 4th armature . The phase back electromagnetic forcd8ME) are
=008 compared in Fig. 17.
—0.05 1.
“0.04 4
o
0.03 1
0.02 1
0.01

-25 -20 -15 -10 5 0 5 10 15 20 25
Shift angle (Mech. deg. )
(a) Amplitude
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significant effect on Machine 2 and Machine 3. Since the
S16 auxiliary slots increase the equivalent air-gap length much
«c | : more significantly comparing with Machine 1, the reduction of
= J S ~ . . . .
31'2 7 =T rated on-load torque in Machine 2 and Machine 3 is more
208 / Conventional  ~3s measurable. In addition, the saturation in Machine 2 is more
8 7! ©  Machinel N heavier due to the thinner tooth width. Consequently, the
J , . X .

“041 / - == = Machine2 Machine 2 has the lowest output torque. The rated output

0L : - - - Machine3 , torques are decreased by 0.7%, 11.5% and 4% in three

0 30 60 9 ~ 120 150 180 machines, respectively.
Rotor position (Elec. deg.) 220
(a) Waveforms

2 210 {
— B Conventional ~ 200 A
D16 . § “\ \ -\ -\ Y N
E‘ O Machinel € 190 ,‘ Il ‘. /I |‘ ,/ ‘n /’ |I I/ .I )

. 1 / 1

,%1.2- B Machine2 %.)-180- Voo g ' K ' ,’I ' ’/I ' ///
_'E @ Machine3 S 170 Vv v v ‘. v %
:3(0'8 160 4 conventional O machinel
EOA' 150 - machir]e2 —I~—-—Metchine3 i
o 0 60 120 180 240 300 36C

0 T T T T — o Rotor position (Elec. deg. )

1 2 3 4 5 6 7

Harmonic order Fig. 19. On-load torque comparison.
(b) Spectra . . . .
Fig. 17. Phase back EMF comparison. The comparison of rated on-load torque ripple is shown in
TablelV. It shows the difference between Machine 1, Machine
Since the back EMF is proportional to the phase flux linkag&, and the conventional machine is very small, the slight
the auxiliary slots have the similar effect on back EMFeduction is mainly due to the mitigation of cogging torque. In
comparing with flux linkage. Consequently, the fundamentaontrast, Machine 2 has the largest torque ripple which is due to

back EMFs present the same trend comparing with fluke increased cogging torque and the relative measurable back

linkages. EMF harmonics.
In terms of the harmonics content, all of the machines have a N SABLECN
very sinusoidal waveform expect for Machine 2 in which the " ORQUERIPPLELOMPARISOR _
5th harmonic is more measurable comparing with oth Machine name Torqueripple (mNm)
: ) p 9 ; cl Conventional 9.27
machines. As a result, the torque ripple of Machine 2 is Machinel 581
aggravated. Machine2 26.14
) Machine3 4.20
B. Cogging Torque
Fig. 18 compares the cogging torques. It can be seen that V. EFFECT OFWORKING CONDITIONS

Machine 1 has the lowest cogging torque which is due to thePrevious sections investigated the performance of three

halanced air-gap permeance distribution caused by au>§|I| achines with different auxiliary slots under rated working
slots. Moreover, the difference between the convention

hine. Machine 1 and Machine 3 | I nditions according to the maximum torque per ampere
machine, Machine 1 an achiné s Is very smatl. In co_ntra_ f\VITPA) control strategy. Since the machine mostly operates
the cogging torque of Machine 2 is much higher, which i

. . nder rated working condition in various applications,. e.
mainly caused by the much larger auxiliary slots. g PP g

15 : vacuum cleaner, etc. The best performance under rated working
12 Conventiona condition is the most important. However, the load may change
E 91 o7 ©  Machinel in few situations. Therefore, the effect of working conditions is
£l = o 7777 Machine2 also important which will be investigated in this section.
s 660000055 \""‘o_d;,;;ga;hg?, The maximum on-load UMFs and average torques of three
o -3 ) i machines with different working conditions are shown in
§ g ] \. - .7 Fig.2Q in which © represents the current angle.
-12 4
-15 T T T T T
0 10 20 .30 40 50 60 - 400
Rotor position (Elec. deg. ) z £
Fig. 18. Cogging torque comparison. g:z %
C. Onload Torque 0 E’ .
In addition, the on-load torques are simulated and shown i %z, * " " 15 . PP
Fig. 19 It is found that since the auxiliary slots are very small, %, ©o & L™ 0 90y
there is only very slight difference between the conventional (&) Conventional, UMF (b) Conventional, torque

machine and Machine 1. However, auxiliary slots have more
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employed in Machine 3 is using the slot harmonics produced by
the auxiliary slots to compensate other undesirable airgap flux
density harmonics, it is very hard to make the machine
optimized by the proposed method have better overall
performance, which is due to the undesirable harmonics
provided by armature field vary with different working
) o T S 1, o g conditions. Nevertheless, the proposed method could offer

(©) Machine 1, UMF (d) Machine 1, torque better performance in a relative range as shown in Fig. 20.

In addition, although both current amplitude and current
angle can affect the on-load UMF of Machine 3 significantly,
but the reasons are different. The influence of current amplitude
is investigated at first. By way of example, the field
distributions of machines with different input currents, i.e. 2A,
10A and 15A, are given in Fig.21, and the UMF components
with different current amplitudes are shown in Fig. 22

UMF (N)

L ’ -
Wy T8 k)

400
]
Z 300
g
2 200
E
£100 g
= 0
=
15 5L e
%o, 00 AW [(A)S 0 90 &
(g) Machine 3, UMF (h) Machine 3, torque

Fig. 20. Performance of machines against different wgrkanditions.

It can be found that all of the machines have similar torque
characteristics which are proportional to current amplitude but
inversely proportional to current angle. However, since the 8 4
onload torque is inversely proportional to the equivalent (b)‘Imax7=10A (© Imax=15A
air-gap length affected by auxiliary slots, Machine 2 has thy. 21. Field distribution with different input went.

lowest on-load torque and the conventional one has the highest % — — 500
onrload torque. It is worth noting that the Machine 1 has the 30 47O Frampliude —8—F2 ampiiud 2505
almost same characteristics as the conventional machine, this is s FEphase F2 P b 200
due to the auxiliary slots in Machine 1 are very small, as a €20 1502
result, they have negligible influence on the equivalent airgap =il R < loog’
length as well as tooth saturation. 10 1 T i
As for maximum UMFs, four machines have very different 5 1 50 &
behaviour. It can be seen that the maximum UMF is of 0

proportional to current amplitude but almost irrelevant to 012345 (fu”;tiA)gm 1112113 14 15
current angle in the conventional machine. This is due to thgy 22 £ andr2’ with different input current value at Os.
slot openings are too small to affect UMF notably, and F2

dominates the value of on-load UMF. As the same reason, thdt can be seen that the both F1” and F2” rise with the increase
Machine 1 has very similar characteristics as the conventioraj:fl input current. The increase of F1’ is main]y due to the

one when the current is relative high. However, Machine 1 haggravated saturation and the growth of F2’ is mainly caused

very low UMF when the current is small, this is due to the F1° by the improved armature field. As for their phase, since the
dominates the whole value of UMF in this condition, and thgytor position and current angle are kept as the same, both of
F1” is very small in Machine 1 due to the balanced airgapfri’ and F2’ remain the almost same phases during whole
permeance distribution. In contrast, auxiliary slots haveurrent interval.;

significant influence on Machine 2 and Machine3. In Machine The influence of current angle on UMF is shown in Fig. 23
2, the phase difference between F1° and F2’ is reduced and Fig. 24

gradually with the increasing of current angle, and the additive

effect makes on-load UMF increase significantly. In contrast,

Machine 3 can almost eliminate the UMF on rated working

condition, and the reason has been detailed in Sedétion

However, it should be noticed that since the proposed method
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(b) Current angle=45 Elec. Deg. (c) Current

_ _ ngle=45 Elec. D angle=85 Elec. Deg. (b) Optimal structure for machine (c) Optimal structure for machine
Fig. 23. Field distribution with different curreangle. with parallel magnetization with Halbach magnetization
30 300 Fig. 25. Cross sections of 9-slot/8-pole prototype mashine
2503
251 002 TABLE V
z g BASIC PARAMETERS OFMACHINE
EZO- ga- 1503 Slot number 9 Shaft diameter (mm) 7
S FEEE5TT o900 00600L P 100 2 Pole number 8 Magnet thickness (mm) 3
15 4 i Stator outer diameter (mm| 50 Axial length (mm) 30
—o— F1' amplitude —&— F2' amplitude 50 & Stator inner diameter (mm| 26.5 | Magnet remanence (T) 1.2
10 J= =~ F1'phase F2' phase 0 Stator yoke height (mm) | 2.2 | Rated current (A) 10
0 10 20 30 40 50 60 70 80 90 Slot opening (mm) 1 Current angle (Elec. Deg.) 0
Current angle (Elec. deg.) Air-gap length (mm) 0.5 | Rated speed (rpm) 1000
Fig. 24 FI’ andF2’ with different current angle. Rotor outer diameter (mm) 25.5 | Number of turns per phas¢ 33
Different from the effect of current amplitude, the current TABLE VI
. N . SPECIFICATION COMPARISON
angle has great impact on the phase of F2’ which decreases —— Halbach array
from 270 degrees to 180 degrees Iinearl_y yvhen current angi;;uxi"ary slot opening width (mm) 1.36
changes from 0 degree to 90 degrees. This is due to the fact thakiliary slot opening height (mm) 0.74
the phase0F2’ is determined by the phase of armature field as Auxiliary slots shift angle (deg.) 289
well as PM field, since the phase of PM field is not changed, the—- Parameters Paralld magnetization
, . R . Auxiliary slot opening width (mm) 1.14
phase of F2’ is mainly decided by the phgse of armature field, Auxiliary slot opening height (mm) 1.20
hence the current angle. As for the amplitude, both of F1” and Auxiliary slots shift angle (deg.) 1.87
F2’ are affected which is due to the fact that the permeance
distribution changes with the current angle as well. The comparisons of rated on-load UMF and output torque
are shown in Fig26. As can be seen, the proposed method can
VI. INFLUENCE OFSLOT/POLE COMBINATIONS AND reduce as much as 96.2% and 68.7% of UMF and the torque
MAGNETIZATIONS reduction are 4.8% and 4.9% in machine with Halbach and

As shown above, the machine with optimal size and positigtarallel magnetizations. The results show the proposed method
of auxiliary slots can provide excellent performance of rate¢fn also offer great effectiveness on other slot/pole
onload UMF reduction. However, the previous sections ae@mbinations and different magnetizations.
based on a simple and specific 3-slot/2-pole machine structure %0
to ease the investigation and illustration. In this part, the T oo ioioneusettiigeosooniviompsettitosepeoiiicesppottt
feasibility of the proposed method on 9-slgtBe machines 0] —— Halbach-conventional
will be validated. It should be noted that the parallel <. o nabachopimal
magnetization is identical to Halbach magnetization in 2-pole 2 —=— Parallel-optimal
machine, which indicates that there is no MMF harmonics in

PM field. However, these two magnetizations will be different 51

in machines with other pole numbers. Consequently, both S :
9-slot/8-pole  machines having parallel and Halbach 0 0 oo ot Elec. 0 ¥
magnetizations will be investigated. (a) UMF

The cross sections of conventional and optimal machines are
shown in Fig. 25 and the detailed parameters are shown in
Table V and Tabl&/I.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HEE TO EDIT) < 10

500 40 400
—\/__/\,\/_/-\.\,__/3_\/__/\,\/__/\,\,__/-\
S A
. 30 1 - T - 300
2 o £
£3007 —»— Halbach-conventional £ £
o —e— Halbach-optimal = 20 200g
£200 1 —*— Parallel-conventional > Conventional UMF =4
L Parallel-optimal 10 4 100'—
004 T e Optimal-torque redugtion not considerefl
0 ' ' - - ; e X
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Rotor position (Elec. Deg.) Rotor position (Elec. Deg.)
(b) Torque Fig. 28 Rated on-load UMF and torque comparison of 9-slot/@-machines
Fig. 26 Rated on-load UMF and torque comparison of 9-slobi®-machines with parallel magnetization.
with parallel and Halbach magnetizations.
It should be noticed that the machine with Halbach array can VII. EXPERIMENTAL VALIDATION

benefit more from the proposed method, which is due to two . : .
) . N .~ To validate the previous numerical analyses, three prototype
different reasons. Firstly, the parallel magnetization results jn

: : . ... __machines are built, i.e., the conventional machine, Machine 2
more abundant airgap flux density harmonics due to additiona : . . . .

: : . nd Machine 3. The detailed main design parameters are listed
MMF harmonics. As a result, the machine with paralle

magnetization also has significantly higher both no-load arllla previous sections. It should be noticed that the Machine 1 has

onload UMFs. In addition, the Halbach array can also provid?’-zot been built since it has very similar electromagnetic

higher 4" airgap flux density harmonic. According to (9)-(11) P

the required size of auxiliary slots in machine having Halba({he same rotor, in which the magnetic ring is used.

&

erformance comparing with the conventional machine. Three
ototype machines are shown in Fi&9. All machines share

™

UMF reduction when the torque reduction is limited as 5%.
15

array can be smaller and hence more considerable rated on—Iom*:

Halbach ~  ------- Parallel

(a) Conventional machine (b) Machine 2 (c) Machine 3
15 . . . . . i ﬂ e
0 60 120 180 240 300 36C (d) Rotor

Rotor position (Elec. Deg.)

(a) Waveforms Fig. 29. Stators and rotor for the prototype 3-slpid® machines.

15

The measured phase back EMFs with 1000 r/min are shown
121 GHabach = Paralle in Fig. 30 which have excellent agreements comparing with the
predicted values. The slight difference is mainly due to the
manufacture error as well as the end effect. Moreover, it is
06 1 evident that the conventional machine has the highest phase
back EMF, while the difference between Machine 3 and
conventional machine is very small, the slight reduction is due
""""""""""" to the increased equivalent airgap length caused by the

=)

Harmonics or der auxiliary slots.
3

0.9 A

B(T)

_ o (b) Sp_eCtra ) ) 264 Con.  x  Predicted — — — Measured
Fig. 27. Open circuit airgap flux density comparison of 9-slgifle machines 52 ] M2 o Predicted =~ ------- Measured
with parallel and Halbach magnetizations. S 18] M3 o Predicted Measured

WL 14
=
. . . 1
It should be noticed that the machine with parallel % 061
. . s} 4
magnetization also could have extremely low rated on-load %85
UMF by employing the proposed method when the output £ Of
torque reduction is not limited. As shown in Fig. 28, the sl
i i - -1.8 T T T T T
maximum _reductlon of rated on Io_ad UMF can _be as m_Bch a . o 10 190 30 00 a6
93.4%, while the torque reduction is 15.8% in this situation. Rotor position (Elec. Deg.)

(a) Waveforms
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18 which means the North Pole is always aligned with the Phase
ii Con. OPredicted BMeasured A. ] ]
PPN |3 M2 OGPredicted OMeasured It should be mentioned that the phase of maximum UMF
g oo 135 M3 mPredicted oMeasured changes with the input current, which means it is very hard to
“g 08 1|t measure it directly even if the rotor is kept as the same position.
82-3: : However, it is possible to measure both the vertical and
oz I horizontal UMF components, and the resultant UMF can
g 11 R S S S — obtained and observed by using interpolation method, which is

to2 3 4 5 6 7 8 9 shown in Fig34. As a result, the special end cap needseto b
Harmonicsorder . N . .
(b) Spectra used which is shown in FigR, the hole for shaft is deeper as
Fig. 30. Comparison of FE-predicted and measured back EME@aar/min. ~ much as 0.5mm for one side in the special end cap. By this
means, the shaft can move from the normal position to an

In addition, the predicted and measured static torques wiggcentric position.

different rotor positions and currents are compared ir8Eig. End cap
Good agreements can be observed, while there is still slight

error which is due to the tolerance in manufacturing and end Centre point
effect. In addition, the test rig may alsoveanfluence on the

measured value since the static torque is small and relative

sensitive to the test environment.
250
200 A
150 A
100 A

Hole for shaft

Fig. 32. Special end caps for UMF test.

The whole test rig is shown in FBR. As can be seen, the

Static torque (mNm)
o

-100 1 > Predicted \ ’ eccentric hole is upwards and a wire is used to connect the shaft
150 A . . . .
200 x  Measured holder and the counterweight. The windings in all three
N T T T T T . . . 3
200 60 120 180 240 300  36C machines are excited wiflh = 0 and Iy = —I, = —%IDC for
Rotor position (Elec. Deg.) a g-axis current. When the gravity of the counterweight, rotor
(@) Conventional machine and shaft holder is balanced with the UMF in vertical direction,
10A the shaft will be at normal positon and any small force upwards
£ will stabilize the rotor in the eccentric position.
£
T
s
8
% - X Measured
@ - Predicted
0 6'0 1'20 1'80 2'40 éOO 36C
Rotor position (Elec. Deg.)
(b) Machine 2
Counterweight
£
=z
E
g
g (a) Designed (b) Rig
.% , Predicted i Fig. 33. Test rig UMFE
o :
X Mesured . . .
It should be noticed that since the UMFs have both vertical
0 60 120 180 240 300  36C and horizontal components and their values could be positive
Rotor position (Elec. Deg.) and negative. As a result, the displacement of stator depends on
(c) Machine 3 the direction of the UMF components needed to be tested. The

Fig. 31 Comparison of FE-predicted and measured static tengitle different

rotor positions and -axis currents. stator positions with different UMF components are listed in

Table VII. In terms of the direction of UMF, the initial position
The UMFs are also testeld should be noticed that it is very ©f machine is located as shown in Fig. 33, which meata$
complicated to measure the variation of the UMF with differedfi€ Same phase with Phase A, apéHocated in a direction of
rotor positions. Instead, the UMF with one fixed rotor positiofix counter clockwise ninety degrees
is tested. As for the fixed rotor position, it is chosen as the
position under zero d-axis current control for all machines,
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TABLE VII 30
STATOR DISPLACEMENT WITHDIFFERENTUMFS NEEDED TO BETESTED P Fx predicted x  Fx measure
UMF F. Positive F, Negative — — — Fy predicted O  Fymeasurefl
components * * 204 F oredicted F d
z R predicte . measure
' L METE B
p=
3 o
Phase A o 10 1 =
Stator ~ 5 | =
displacement X o) O K XXX =
0 —
Phase B Phase Phase a 0 1 2 3 4 5 6 7 8 9 10
Currrent (A)

(c) Machine 3

UMF Fig. 34 Comparison of FE-predicted and measured UMF at spewfor
components N i
positions;l, = 04,and Iz = —I; = —7113c .
VIIl. CONCLUSION
Stator . Lo . .
displacement In this paper, the characteristics of UMF in conventional

3-slot/2-pole machine has been studied at first. Then, three
machines with different type of auxiliary slots are investigated

and compared. It shows that Machine 1 has the best

) ) performance as for no-load UMF reduction, but it has very limit
The comparison of predicted and measured UMFs are shoydy,tion on rated on-load UMF. Both Machine 2 and Machine

in Fig.34. Both the horizontal and vertical UMF components ., yeqyce the rated on-load UMF significantly, but Machine
are tested. However, due to the fact that the mass of W&, 4 imost eliminated the rated on-load UMF. As for the
counterweight is discrete, the resultant UMF is obtained %tput torque, both Machine 1 and Machine 3 have good
using interpolation method\s shown, the difference between erformance, while the Machine 2 has a much lower output
predicted and measured values are small. The slight error nﬁ'ﬁ‘?’que. Howéver, Machine 3 also has some drawbacks and
be caused by the frictional force, misalign between the Norfly,iiasions, i.e. the output torque is decreased slightly and the
Pole and phase A as well as the manufacture tolerance. o tormance of on-load UMF mitigation is highly depended o
The experimental results also show that the Machine 3 hggying conditions. Finally, the experiments are carried out to

the IO\t’YeStl maxr:mumh r?r:edh' ch]n-I?ad UMF  while the ajigate the numerical analyses results, which has good
conventional machine has the highest one. , ,
30 agreement with the predicted value.
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