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The developed subdomain model accounting for toottips can accurately predict the open-circuit, armatire reaction and on-load
field distributions in surface-mounted permanent manet machines. Based on this field model, their ei@omagnetic performance of
the machine, such as the cogging torque, back-EMMd electromagnetic torque, and winding inductanceare calculated. The model
can also be used for the evaluation of demagnetizam withstand capability. The finite element analyis confirms excellent accuracy of
the developed analytical model.
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l. INTRODUCTION

ANALYTICAL models remain an important tool for
understanding, design and optimisation of surface-
mounted permanent magnet machines. These machines excel
conventional machines in efficiency, power and torque
densities and are increasingly popular in domestic, industrial,
and aerospace applications. The objective of this paper is to
analytically predict the electromagnetic performance and
parameters, such as cogging torque, back-EMF, and
electromagnetic torque, inductance, and demagnetization
withstand capability of surface-mounted permanent magnet
(PM) machines based on a subdomain field model accounting
for tooth-tips.

Many papers addressed the subdomain field model for the
PM machines [1-6]. Its accuracy was demonstrated to be
higher than the permeance model [7, 8] for the cogging torque
in [9]. The open-circuit subdomain model neglecting tooth-
tips was proposed in [1-6], while the subdomain mode for
predicting armature reaction field was reported in [10, 11].
However, the influence of tooth-tips is neglected in dl these
models. Thus, the subdomain model accounting for tooth-tips
for open-circuit [12] and armature reaction [13] fields were
proposed and its excellent accuracy was demonstrated in
literature. In this paper, the load field is solved by the
subdomain model accounting for tooth-tips, a combination of
models in [12, 13]. The relative permeance of magnets is
accurately accounted for. This analytical field model will be
used as a basis for predicting the electromagnetic performance
and parameters as well as the demagnetization withstand
capability.

The popular methods for predicting electromagnetic
performance are based on the PM flux linkage, an integral of
normal flux density along stator bore considering the coil in
the dot as either a punctua current [7, 14-19] or a current
sheet over the dlot opening [20-22]. But the flux passing
through the conductors are neglected or approximate. Thus,
the flux linkage will be predicted by an integral of vector
potential in the conductor area in this paper. The back-EMF

and electromagnetic torque will be calculated from the
obtained flux linkage. The flux passing through the conductors
can be accurately accounted for by this method.

The mgjor advantage of the subdomain model accounting
for tooth-tips isits accurate field prediction in both the air-gap
and slot [13]. Hence a good example of its application is the
prediction of winding inductance, of which a large portion
may be the dot leakage inductance in the PM machines [23].
The classic 1-D models for the air-gap inductance cal culation
of the conventional machines [24-26] are not suitable for the
permanent magnet machines due to relatively large effective
air-gap length in PM machines [23, 27]. A 2-D model was
reported in [27] but was developed for slotless machines. The
2-D models for slotted machines to date [28-30] usualy
treated the winding as a current sheet over dot opening and
thus the dlotting effect was approximate. As for the dot
leakage inductances, the classic 1-D models [26, 30] are
adequate for the conventional machines which usually have
deep and narrow dlots, but may not be appropriate for
permanent magnet machines. Different from the conventional
machines, the non-overlapping winding, i.e. two sides of coils
are housed in one dot circumferentially side-by-side, finds
popular applications but results in the asymmetrical field
distribution in the PM machines[23]. The less number of slots
in the non-overlapping fractional-sl ot machines also makes the
slot width comparable to dot depth. A 2-D model for the sot
leakage inductances was proposed in [23], which can deal
with the non-overlapping winding distribution. The
application of subdomain model to the inductance prediction
can be found in [11] considering both non-overlapping and
overlapping windings. Although the 2-D field distribution can
be predicted by the subdomain model in both slot and air-gap,
theinductance is caculated from aline integral of flux density
aong certain path either radialy in the middle of slot for the
slot leakage inductances or on the stator bore for the air-gap
inductances. However, the complicated flux linkage in the slot
and slot opening cannot be simply dealt with by alineintegral
of flux density. In addition, the tooth-tips are neglected and
hence it is suitable for only open slot machines. In this paper,



the method in [11] and [27], which calculates the areaintegral
of the product of vector potentiad and current density, is
applied to the inductance prediction based on the subdomain
field mode accounting for tooth-tips.

The subdomain model accounting for tooth-tips can aso be
used for assessing the risk of irreversible demagnetization. Its
advantage is that the influence of dlot and tooth-tips on the
demagnetization withstand capability can be studied. An
application of dotless anadytica field to the evaluation of
demagnetization in Halbach turbular machines can be found in
[31].

The paper is organised as follows. Section Il describes the
analytical field modelling, its application to the calculation of
back-EMF, torque, inductance, and demagneti zation withstand
capability is presented in Section Ill together with the finite
element (FE) validation in section 1V, while the detaled
derivation of final equation set for field model is put in the
appendix. The finite eement analysis on three PM machines
shows excellent accuracy of the developed ana ytical model.

Il. ANALYTICAL FIELD MODEL

The analyticd modeling is based on the following
assumptions. (1) Infinite permeable iron materias, (2)
Negligible end effect; (3) Linear magnet properties;, (4)
Simplified dot but with tooth-tips as shown in Fig. 1; (5) Non-
conductive stator/rotor laminations; (6) Uniform distributed
current density in conductor area.

The coils may be accommodated in the dot in two
aternative ways as shown in Fig. 2, viz. non-overlapping and
overlapping windings. The single layer winding, viz. one cail
side per dot, can be considered as a specia case of either Fig.
2(a) or (b), having current densities J;;=J;,. In the overlapping
winding machine, Ry=[(Re>+R2)/2]*? to make the two parts
of each dot have the same area.
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Fig. 2. Alternative winding layouts.
1) Vector Potential
The vector potential has only z-axis component in the 2D
field. If the influence of eddy current on the field distribution

is neglected, the vector potential is governed by:
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in the air-gap (A,) and slot opening (Ax), where r and o are
theradia and circumferential positions, and M, and M,, are the

radia and circumferential components of magnet
magnetization [5]:
M, = > M, cos(ka-kat-ka,)
k=135,
_ : ©)
= M, coska + M 4 sinka
k=135,
M, = M, sin(ka -kt —ka,)
k=135,
- : ®)
= M COska + M 4 sinka
k=135, -
M g =M, cos(kat +ka,) (6)
Mrsk:MrkSin(ka)rt-'-kaO) (7)
Mack :_Makgn(ka)rt-'-kao) (8)
M g =M, cos(kat +Ka,) 9)
For radial magnetization:
o
rk:ﬁsm P k/p=1 3,5, (10)
K7, 2p
M, =0 k/p=1 35, (11)

For parallel magnetization:



Mrk:(Br/ﬂO)ap(Aik+Azk) k/p:L 315:"' (12)
Mak:(Br/in)ap(Alk_AZk) k/p:lr 3151"' (13)
where
_sin[(k+1)a, (/2] p)]
= (k+1)a (n12/ p) 9
_sin[(k—l)ap(ﬂ/Z/ p)] 15

“ (k-Y)a,(7/ 2/ p)
where B; is the residua flux density of magnet and «j, is the

pole arc to pitch ratio, w, isthe rotor rotationa speed, agisthe
rotor initial position, p isthe number of pole pairs.
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Fig. 3. Current density function of non-overlapping winding.
The current density J as shown in Fig. 3 can be expressed

by:

J :‘JiO+Z‘Jin COSI:En(a+b9/2_a'):| (16)

for ai-ba/2<< a<<a;+bs/2, where ¢; isthe slot position, by, is
the slot width angle as shown in Fig. 2(b),

Jo=(J,+3,)d /b, (17)
J., :%(Juh]izcosnn)sin(nnd/boa) (18)
E, =nm/b, (19)

Considering the boundary condition along the rotor yoke,
the vector potential in the magnets can be expressed by:

All = Z(ClkAL +CZkMack _C3kMrsk)COS(k[])
k

+Z(C1kcl +C2kMask +C3kMrck)Sin(ka) (20)
where
Cu=[(1/R,) +G(r/R)"] (21)
- M -k
Co =g | RK(r/R) " +r] (22)
- _H -k
csk_kz_l[a(r/a) +he | (23)
G =(R/R,) (24)
The general solution of vector fidld inthe air-gap is:
Alz:Z[Az(rl&)k+Bz(r/Rm)'k]cos(ka)
25)

+;[c2 (r/R) +D,(r/R,) ™" |sin(ka)

where R; isthe radius of stator bore.
Considering the boundary condition aong the bottom and
both sides of the dot, the vector potentia distribution in the

slot of the non-overlapping winding machine can be derived as:

Ay =A+DY Acos[E (a+b,/2-a)] ()

where

A = o (2R, Inr =12) 1 4+Q, 27)
A =D, [Gs(r/be)E" +(r/R)_E“}
(28)
+uo—En‘3i"_4{r2 -Ein Ry*(r/ &b)ﬂ

where Ry and R, are the radii of the bottom and top of dot,
respectively, and

G, =(R/R,)" (29)

For overlapping winding machine, the vector potentia
distribution in the slot can be given by:

As= A+ D A0S E (a+b./2-a))] (30

for the bottom part of tnhe slot and
As=Ae+ ) A8 E (a+b,/2-a)] (a1

for the top part of the srl]ot, where
Auo = Hodp (2R, INT =12) 1 4+Q,, (32)

Aio = tody (R Inr =1212) 12
(33)
+,uOJi2(I1b2—&mz)ln(r)/2+Q3ﬁ

A=A, =D [Gy(T/R)T+(r/R)™ ] (39)

Satisfying the boundary condition on both sides of the slot
opening, the general solution of vector field in the ith dot
opening can be given by:

A, =DInr+Q, +

slog] oo i) oo

where by, is the slot opening width angle as shown in Fig.
1(b), D is constant, and
F,=mmr/b, (36)

The unknown coefficients A,, B,, C,, D,, Cs, D3, Qsi, Cyi
D4, Q4 and D in the expressions of vector potentials can be
determined by applying the interface conditions between
subdomains, viz. the continuations of normal flux density and
tangential vector potentia across the interface. The detail
calculation method is given in the appendix.
2) Flux Density

The radia and circumferential components of flux density
can be obtained from the vector potentia distribution by:

B, :Ea—A‘ and B, :—ai (37)
r oa or
The magnetic intensity can be obtained by:
B=top H + 1M (38)
in the magnet and
B=y,H (39)

in the air-gap, slot opening and slot.

Therefore, the flux density in the magnet can be given by:
Blr = _(1/r);k(C1kA1+C2kMgck —C3k|\/|,sk)sin(ka)
40
+(1/1) D K(CyC, +CyM g +Cy M, ) cos(kar) (40)
k

rek



for theradia component and

Bla = _(l/r)Z(C4kA +C5kMack
K
—(1/r)Zk:(C4kC1 +Cy M,y +C M )sin(ka)

-CyM 4 )cos(ka)
(41)

for the circumferential component, where

w =K[(r/R) ~Gi(r/R)™] (42)
C, = kf’O_l[—kza (r/R)™ +r] (43)
_ Mok -k
ek—kz—_l[‘R(f/R) +f} (44)
The flux density in the air-gap can be given by:

=Y B,sin(ka)+> B, cos(ka) (45)

for theradia component and
B,, =)_B, cos(ka)+> B, sin(ka) (46)

where

=—k[A(T/R) +B,(r/R,) " |/r (47)
B, =k[C,(r/R) +D,(r/R,) " |/r (48)
B, = K[ A (T/R) ~B,(r/R,) ]/ (49)
B,, = k[ C,(r/R) =D, (r/R,) ™ |/r (50)

As for the non-overlapping winding, the flux density in the
ith dlot can be expressed as:

B, =Y 222 {6, (1/R,)"

n

+(r/R) "]

Sn[E,(a+b,/2-a) |-ty (51)

DEr -2R,(r/R,)" " Jsin[E, (a+b, /2-a,)]
for the radia component and
By, :_/fo‘]io(&:2 —rz)/(Zr)

E D

> == 3'[ L (r/R,)™ (r/R()_E”}cos{En[a+b?9—aiH

)
(52)

for the circumferential component.
As for the overlapping winding, the radial component flux
density in the slot can be given as:

By, = _Z@[Ga(r / FQJ)E“

Sn[E,(a+b,/2-a))]
and the circumferential component flux density in the ot can
be expressed by:

_ E.D; " , -E,
By =X = [ Gu(1/R)™ ~(r/R) ™ | i
Gos| E, (a+b, /2-a;) ]| -t (Re2 = 1%) / (2r)

+(r/R)™ ]

(53)

in the bottom part of slot and
B,, :—,uO[Jil(Rsnz -r2)+ 3, (Ry? —&ﬂZ)J/(Zr)
—(1/r);En03i[G3(r/R5b)E"—(r/R)‘E"} (55)
[¢os[ E,(a+b, /2-a;)]

in the top part of dot.
The flux density in the ith slot opening can be expressed as:

B ==(U/T) 2F, [Ca(r/R)™+D, (r/R)™ ]

(56)
sin[ F, ( a+boa/2—ai)]
for theradia component and
B ==(1/1) L, [Ci(r/R)™ =D, (r/R)™ ]
(57)

[Gos| (@ +h, /2-a)]|-D/r
for the circumferential component.

II. ELECTROMAGNETIC PERFORMANCE
1) Back-EMF and Torque

A For Non-Overlapping Winding

The flux linkage with one coil side as shown in Fig. 2(a)
can be calculated from the vector potentia distribution [32]:

I _J- J~0 ://22+d
:Ia(NC/A){ZOd £ (2,1 En)sin(End)}

where |, isthe active length, N, is the number of turns per coil,
A isthe area of one coil side, d isthe circumferentia width of
the coail side, and

Z,= '[:i Agrdr

rdrda
(58)

=Q, (&bz - |%2)/2'|':uo‘]io (59)
4R, INR, ~4R,R?InR -3R,* +2R,?R* +R*) /16
Z, :J.Rd]Aqrdr

e (R R (R R) 0
1 ,UO in 4_p4a 2:uo‘]inRsbz 2 R 2
+71En2—4(&’ Fe‘)JrEn(Ef—“)(EﬁZ)(RG3 %)

Similarly, the flux linkage with another coil side in the slot
is:

W, :Ia(NC/A){ZOd ->(z,/E,)sin(n- End)} (61)

B. For Overlapping Winding

The flux linkage with one coil side as shown in Fig. 2(a)
can be calculated from the vector potential distribution [32]:

L=l —I _[a :/ZZA&Jdrda

- a(Nc/A:)ZtObw

(62)



where

Zy :_[:S'" Aordr

=Q, (R -R?)/2+

tod, (R -R2)[R,2(2InR, -1)-R?(2InR -1) ]/8+

Hods (4R, INR, —4R ’R’INR -3R,* +2R,*R* +R*) /16

(63)

Similarly, the flux linkage with another coil side in the slot
is:

(/liz :la(Nc/'%)ZbObm (64)
where
Zy = J.: Ajordr
=Q, (Rt)z_&mz)lz*'ﬂo‘]iz (65)

(4R, INR, —4R,’R,*INR,, ~3R,* +2R,’R,* +R,*) /16

It should be noted that Jio, Jin, Ji1, and J;» are included in
(59), (60), (63) and (65) for the calculation of inductance in
the next section, but are zero for the calculation of open-circuit
flux linkage.

The total flux linkage of each phase can be obtained by
summing the flux linkages associated with all coil sides of the
corresponding phase. Then, the back-EMF is calculated by the
derivative of the flux linkage with respect to time when the
winding is open-circuit.

The e ectromagnetic torque can be obtained from the back-
EMF by:

Ton = (BEal A +Eglg +Eclc) /@ (66)

As for the cogging torque, the caculation should be based
on the open-circuit field. Many methods were proposed, such
as the energy [33, 34], latera force [35], and complex
permeance [7, 8]. However, benefiting from the excellent
accuracy in the airgap field prediction by the subdomain
model accounting for tooth-tips, the Maxwell stress tensor is
employed in this paper to calculate the cogging torque based
on the open-circuit field distribution [5]:

T.=(1.r* 1) [, "B, B, dar
= (marZ/ﬂO)Z(BrckBack + BrskBask)

k

Equation (67) can aso be used for predicting the total
torque including both cogging and e ectromagnetic torques if
the open-circuit flux density is substituted by the on-load flux
density.
2) Inductances

The self- and mutual-inductances can be cal culated from the
energy [23, 27]:

(67)

L=2W, /1, (68)
M = (W =W, =W, )/ (1l5) (69)
where Wy, Wg, and Wjg are the magnetic energies when the
magnets are not magnetized and the machine is fed with I,
only, Ig only, and both 1, and g, respectively.
The energy can be obtained by [23, 27]:

_ Ry @ +bgy/2
WE (|a/2)ZjR L‘_bglz AJrdadr (70)
For the non-overlapping winding:
W:IameZOJiO/ZHabMZZZnJm/4 (71)
and for the overl apping winding:
w :IabsazzboJiz/2+Iabsazzt0Ji1/2 (72)
3) Evaluation of Demagnetization Withstand Capability

One of advantages of the developed model is that it can be
used to evaluate the demagnetization withstand capability
accounting for the stator dotting effect. To assess the risk of
the partia irreversible demagnetization, the flux density
distribution along the magnet surface needs to be evaluated for
every rotor positions.

For uniform distributed magnets, it is enough eval uate only

one magnet. The criterion to avoid partiad irreversible
demagnetization iswithin an electrical period:
Dmg [B1r|raRm>Bd (73)

for the radial magnetization, and

Doy [Blr cos(a—amg)— Bmsm(a‘am)]rmm > B, (74)
for the parallel magnetization, where Dy is equal to 1 or -1
for the outward and inward magnetization, respectively, oy is
the position of the magnet to be evaluated and By is the
minimum flux density of magnet for safe operation at a
specific temperature.

V. FINITE ELEMENT VALIDATION AND INVESTIGATION

The finite dement analysis is carried out to vaidate the
analytical prediction on three machines. Their main
parameters are shown in Table | and the equa potentia
distributions when the machines are either open-circuit or fed
withonly |, are shown in Fig. 4 and Fig. 5, respectively.

Tablel
MAIN PARAMETERS OF MACHINES (Default Unit: mm)

Machine 1111 Machine | Il 11
Pole number/slot | 8p/12s, | Pole number/slot
number 8p/92/ Ap/24s|number 8p/12s| 8p/9s| 4p/24s
Rated speed 400 (rpm) |Tooth tip edge 1 1 1
S_tator outer 100 Stator inner diameter| 55.7 | 53 48
diameter
Air-gap length 1 Rotor outer diameter | 53.7 | 51 46
Axial length 50 Stator yoke height 32 | 44| 81
Magnet thickness 3 Winding turng/phase | 136 | 132 | 104
Magnet p, 1.05 Coil pitch 1 1 5
Remanence 12(T) |Rated current 10 (Apesd
Slot-opening to 03 S_lot—wid_th to dot- 06

pitch ratio

slot-pitch ratio




(c) 4-pole/24-slot
Fig. 4. Open-circuit equal potential distributions.

(c) 4-pole/24-slot
Fig. 5. Equal potential distributions of armature reaction fields, 1,=10A,
Ib:IC:O-
A Back-EMF and Torque

Fig. 6 and Fig. 7 show the comparison between anaytically
and FE predicted back-EMF and electromagnetic torque
waveforms of the 8-pole/12-slot and 8-pole/9-slot machines,
respectively. All analytical models show a good agreement
with FE. The difference between the predictions based on the
subdomain models with/without accounting for tooth-tips is
negligible for back-EMF and electromagnetic torque, since the
influence of tooth-tips on the air-gap flux density distribution
issmall [12, 13]. But as the cogging torque is more sensitive,
the neglect of tooth-tips shows relative large error in the
cogging torque of the 8-pole/9-slot machine.
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6. Analytically and FE predicted back-EMF, cogging and electromagnetic
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Fig. 7. Analytically and FE predicted back-EMF, cogging and electromagnetic
torque waveforms of 8-pole/9-slot machine.

Fig. 8 shows the analytically predicted variation of average
torque with the winding coil width d in the 8-pole/12-dot
machine when all other parameters are kept same. But
generally, the influence of coil width on the average torque is
small. The influence can be noticeable only for the large slot-
opening to slot-depth ratio.
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Fig. 8. Analytically predicted variation of average torque with coil width.

B. Inductances

The anadyticd and FE predicted sdf- and mutual-
inductances are compared in Table I1. The excellent agreement
between the predictions of both self- and mutual-inductances
by FE and the analytical model considering the tooth-tips
shows its much better accuracy than the mode neglecting the
tooth-tips.

Tablell
SELF- AND MUTUAL -INDUCTANCES

M achine (Pole number/slot number) 8p/12s | 8p/9s | 4p/24s
Self- IAnalytical, no tooth-tips 1.53 2.80 2.04
inductance, |Analytical, with tooth-tips|  1.31 2.49 1.72
mH FE 1.29 2.51 1.69
Mutual-  |Analytical, no tooth-tips | -0.75 | -0.19 | -0.62
inductance, |Analytical, with tooth-tips| -0.62 | -0.15 | -0.58
mH FE -0.6 -0.15 -0.57

The variation of sdlf- and mutual inductances with the slot
opening width is studied by the andyticd models
consi dering/negl ecting tooth-tips and the results are shown in
Fig. 9. The difference between them increases with the
difference between the slot opening width b, and slot width b,
Both sdf- and mutua-inductances can be significantly
overestimated by the model neglecting tooth-tips for the
machine having a relative small slot opening width b, with
respect to its slot width bs.
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(b) Mutual-inductance
Fig. 9. Analytically predicted variation of inductances with slot-opening of 8-
pole/12-slot machine.

C. Demagnetization Withstand Capability

The demagnetization withstand capability of the 8-pole/12-
slot machine is evaluated under 60°C and 80°C. By way of
example, B,=1.14T and B;=0.3T at 60°C and B,=1.11T and
B4=0.46T at 80°C, for a moderate cost N35 magnet material.

Fig. 10 shows the comparison between the on-load flux
density predictions on the surface of magnets by the analytical
model and FE. The excellent agreement verifies the capability
of the analyticd model as an assessment tool of the
irreversible demagnetization risk.
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Fig. 10. Analytically and FE predicted flux density waveforms in magnets of
8-pole/12-slot machine, B,=1.11T, r=R0.1mm.

Fig. 11 shows the minimum flux densities in the direction
of magnetization at different positions on the magnet surface
during the whole operation cycle. It shows that it is safe when
the machine is operated at 60°C, but the partia irreversible
demagnetization occurs at the tailing edge of the magnet if
magnet temperature is 80°C.

0.8

c
o
g 06
B
-
D ~—
©
c
Ecos A
=0
2 o o 00000000
» ©
g ——80Deg. C
s 02 ——60Deg. C
E —_Bd, 80 Deg.C
—— Bd, 60 Deg. C

0

0 5 10 15 20 25 30 35 40 45
Position within one magnet (Mech. Deg.)

Fig. 11. Analytically predicted minimum flux density on the magnet surface
during operation of 8-pole/12-slot machine at 60°C and 80°C.

V. CONCLUSIONS

The developed subdomain model accounting for tooth-tips
can accurately predict the open-circuit, armature reaction and
on-load field distributions in surface-mounted permanent
magnet machines. Based on this field modd, the
electromagnetic performances of the machine, such as the
cogging torque, back-EMF, electromagnetic torque, and
inductances, can be accurately calculated. The model can aso

be used for the evaluation of demagnetization withstand
capability. The FE analysis confirms the excellent accuracy of
the analytical model.

APPENDIX
The flux density and vector potential along the interface
between Regions | and Il should satisfy:

Bla = BIIa and A = AI (75)

C. Interface between Permanent Magnet and Air-gap

Because the norma flux density is continuous between
magnet and air-gap, the following expressions can be

obtained:
AG,+B, = A(1+G/) |
(76
4 [(RKG+R )M 1 ~(RG +KR )M, J1 (k2 -1)'
C,G,+D,=C, (1+G/?)
(77)
[ (RKG+R,) Mg +(RG +KR, )M o ]/ (K* -1)
where
:(Rm/&)k (78)

The circumferentiadl magnetic field intensity is continuous
between magnet and air-gap, and hence the following
equations can be obtai ned:

4 (AG,-B,) = A(1-G?)

+4[K(R, =R G )M =(R, =R G )M, ]/ (K* )79)
H; (C262 - Dz) =G (1_6‘.1 ) (80)
+1[K(R, =R )My +(R, =R G M, ]/ (k" -1)

D. I nterface between Sot Opening and Sot

The circumferential component of the flux density along the
interface between dot and slot opening can be obtained as:

B4i17/ r= = B4|a0 + Z B4iam COSI: Fm (O’ + boa / 2_ ai ):l (81)
where i

4|a0 D/ R[ (82)

Byam = ~Fn(C4 ~DyG,)/ R (83)

=(R/R)™ (84)

The circumferential component of the flux density in the
slot along the radius R, outside the slot opening region is zero
since the stator core material is infinitely permeable. The
circumferential component of the flux density along the radius
R; can be expanded into Fourier series over [a;-bs/2, 0i+bs/2]:

B4ia|r=R =B,+) B,cos| E, (a+h,/2-a)] (85)
where )
BO = 4|00ya (86)
B, = Byaolo * 2, BuanV (87)
where i
V. =b, /b, (88)



¥ (n) = 4cos(nmr/ 2)sin(E,b,, / 2)/(nn) (89)
y(m n)_ i 2En 2
b, F.°—E,

(90)

EECOS(m”)Sin[En e ;b"aj—sin[En b, ;boaﬂ

The circumferential component of the flux density along the
interface between slot and slot opening can also be given as.

B Biizo z 3ian COS[ E, (0’ +b, /12-a ):| (91)

where for the non- overlapp| ng winding:

r=R

Byoo = ~#oJio (Re’ =R?)/(2 (92)
1 ) 24, 3,
o ———ED; |G -1 G,
BSlan R( n 3|( 3 ) R[ E2 (R &) )(93)

and for the overlapping winding:
Byoo =~ | I (R’ ~R?) =3, (Rs* ~R.7) [/ (2R ) (94)

B3ian = _En D3i (GBZ _l)/ R (95)
Applying the interface condition Bgi,|=r=Baisk=r, the
following equations can be obtained:

Biao = BuiaoVa (96)
Bion = Buisoho + z BiiomV (97)

According to (96), for the non-ovTerIappi ng winding:
D = 44,30 (ba /b ) (Re? = R?) /2 (%)

and for the overlapping winding:
D =t (b /0 )| 3 (R’ =R?) + 3 (Rs* ~R.2) ]/2(99)

The vector potential distribution in Region 3i aong the
radius R, can be given by:

A=Ayl

:&i0+z%in|:En(a+bm/2_ai):| (100)
where for the non-overl apping winding:
Aso :/JO‘]iO(ZRstInR _RZ)/4+Q3i (101)

A =D, (67 +1) 432 (RT-2R6, ;) (102)

-4
and for the overlapping winding:
Ajo =Qy t+
#o| 3 (Ra’INR =R?/2)+3, (R, ~R,)InR /2
Ayp =Dy (632 +1) (104)

A can be expanded into Fourier series over the dot opening,
Viz. [0i-boa/2, ai+bea/2):

A = AR)IO +ZA3thOS|:Fm(a+b0a/2_ai):|
for a;- boalz\a\a.+boalz where
Auo = 2 Aunlo oo (2R INR =R?) 14+Q; (106)

for the non-overlapping winding and

(103)

(105)

Ao :zAzinZo +Qy +
to] 31 (R2INR =R?12)+ 3, (R,* ~R,’)InR ]/ 2

for the overlapping winding, and

(107)

= Z Al (108)

where
{o(n)=(bg /by /2)y,(n) (109)
¢(mn)=(b,/b,)y(mn) (110)

The vector potential distribution aong the radius R, within

the slot opening can also be expressed by:
Ay |r:R =DInR +Q,
+>(C, +D,G,)cos| F, (a+b, /2-a;)] (111)

According to vector potential continuation:
Aulir =A for a-b,/2<as<a +b,/2 (112)
it can be obtained that:
Q =Q, +DINR 4,3, (2R,’INR ~R?)/4-% A0, (113)
for the non-overlapping winding and '

Qy =Q,; +DINR _ZAﬁnZO
to| 31 (R2INR =R?12)+3,(R,*~R,?)InR |/ 2

for the overlapping winding, and

C; +D,G, = z Al

(114)

(115)

E. Interface between Sot Opening and Air-gap

The circumferential component of the flux density along the
stator bore within the slot opening can be obtained from (57)
as

B4io/ r= = | Z iam COSI:Fm (a+b0a/2_ai):| (116)
where

|aO D / & (117)

Bam = ~Fa (C4iG4 -D, )/ R (118)

The circumferential component of the flux density along the
stator bore outside the dot opening is zero since the stator core
material is infinitely permeable. The circumferential
component flux density along the stator bore can be expanded
into Fourier series:

=>"[C.cos(ka)+D,sin(ka)] (119)
k
where
G ZZ ) Z aoTio (120)
D, ZZ Bandi + ZB.aofo (121)
where
- k)=-k/ml(F?-K
n (mk)=—k/ i ) 122)

(Mcos(mir)sin(ka; +Kkb,, / 2) —sin(ka; ~kb,, /2)]



& (mk)=k/ml(F,2-k?)

(cos(mvz) cos(ka, +kb,, / 2) - cos(ka; ~kb,, /2) ] (123
11, (K) = 2sin(kby,, / 2) cos(ka; )/ (k) (124)
&o(K) =2sin(Kb,, / 2)sin(ka; )/ (k) (125)

The circumferential component of the flux density along the

stator bore can also be given as:
Bsa = BZa |r:Rs
126
= ‘éZk[(% - BZGZ)COS(ka') +(C2 - DZGZ)sin(ka')] 129
k
According to (119) and (126), it can be obtained that:
—kA, +kG,B, = RC,
-kC, +kG,D, =R D,
The vector potential distribution along the stator bore can
be given as:

A=A,

(127)

= Z[AZC cos(ka)+ A, sin (ka)] (128)

where
A.=A tBG, (129)
A, =C,+D,G, (130)

The above expression can be expanded into Fourier series
over slot opening:

A =2 A o8| Fy(a+he/2-a) |+ As (131)

for o;-be/2<a<a;+b./2, where
Ajo = Zk:(Aan'io +AT,) (132)
A = ;(AZCOW +AT) (133)

where

To (k) = (77/b) 10 (K) (134)
7o (K) = (7/ b ) &6 (K) (135)
o, (mk)=(27/b,)n (mKk) (136)
7, (mk) =(27/b,) & (mK) (137)

The vector potentia distribution along the stator bore within
the slot opening can a so be expressed by:

Au|i-r =DINR +Q,

+>(C,4G, +D, )cos[ F, (a+b, /2-a)] (138)

According to vector potential continuation:
Aulin =A for a-b,/2<as<a +b,/2 (139)

it can be obtained that:
Q, = Z(AZcho + A&srio) -DInR

k

C,G,+D, = E(AM +AT) (141)

Combining (76)-(77), (79)-(80), (97), (115), (127) and (141),
the unknowns in the vector potentia expressions can be
predicted.

(140)
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