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Subdomain Model for Predicting Armature
Reaction Field of Dual-Stator Consequent-Pole
PM Machines Accounting for Tooth-Tips

Minchen Zhu, Lijian Wu, Youtong Fang, and Thierry Lubin
(Invited)

Abstract—This paper presents an exact analytical subdomain
model of dual-stator consequent-pole permanent-magnet
(DSCPPM) machines accounting for tooth-tips, which can
accurately predict the armature reaction field distribution in
DSCPPM machines. In the proposed subdomain model, the field
domain is composed of four types of sub-regions, viz. magnets,
outer/inner air gaps, slots and slot openings. The analytical
expressions of vector potential in each sub-region are determined
by boundary and interface conditions. In comparison to the
analytically predicted results, the corresponding flux density field
distributions computed by finite element (FE) method are
analyzed, which confirms the excellent accuracy of the developed
subdomain model.

Index  Terms—Analytical
consequent-pole, dual-stator,
subdomain model.

model, armature
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I. INTRODUCTION

UE to increasing focus of attention on environmental and

energy issues, renewable energy has attracted
considerable concerns. As one of the promising new energy
resources, the wind power has the advantages of reproducible
and abundant resources, which has been widely investigated in
academia.

The basic characteristics of direct-drive machines applied in
wind power generation can be generalized as low-speed and
high-torque. As the single-stator permanent magnet (PM)
machine for the requirement of low-speed and high-torque
usually leads to bulky volume and low power density, the
dual-stator PM machines are increasingly investigated aiming
at the weakness of single-stator PM machines, for reasons of
preferable space utilization and higher torque/power density. A
dual-stator cup-rotor PM machine was designed and analyzed
in [1], which confirmed the high torque/power density of
dual-stator PM machine. In [2]-[4], the vernier PM machine
structure is applied in dual-stator PM machine, which further
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improves the torque density and reduce the cogging torque.
Very recently, a dual-stator consequent-pole PM vernier
machine was proposed in [5] and it realized higher torque
density with decreased consumption of PM material, which can
be suitable for low-speed and high-torque direct-drive
applications.

With the development of finite element method (FEM), great
convenience has contributed to the design and optimization
processes of PM machines, which can predict the flux density
field distributions of various kinds of topologies with excellent
accuracy [6]-[8]. However, due to the independent structures of
inner/outer stator, more flexible design configurations of
dual-stator PM machines are possible compared with
single-stator PM machines. Thus, multiple variables need to be
considered and optimized during the process of optimization
for dual-stator PM machines, which makes the FEM quite
time-consuming. Therefore, efforts should be made to
investigate models which can present quick and accurate flux
density predictions for complex structured machines like
dual-stator PM machines. The analytical modeling is preferred
for its fast calculation speed and the advantage of giving
physical insights, which receives continuous attention during
the development of PM machines. Thus, the target of this paper
is to analytically predict the armature reaction field
distributions for DSCPPM machines by subdomain model
accounting for tooth-tips.

The subdomain model has been widely investigated for PM
machines due to its excellent calculation accuracy, especially
for the cogging torque prediction in [9]. The open-circuit
subdomain model for general surfaced-mounted PM machines
was studied in [10] and [11], the subdomain model for
predicting the armature reaction field of general
surfaced-mounted PM machines accounting for tooth-tips can
be found in [12]. In addition, many other references proposed
subdomain models for specific machines. An accurate
subdomain model for predicting the armature reaction field of
ironless brushless direct current (DC) machine was presented in
[13]. An analytical method based on subdomain model using
2-D Cartesian coordinate system for calculating the armature
reaction field distributions of PM linear synchronous machine
was proposed in [14], which was compared and verified by 3-D
FEM and experimental measured data. A subdomain model of
magnetic gears with consequent-pole magnet rotors was
precisely established in [15]. Besides, a subdomain model for
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predicting field distribution in PM vernier machine was
established in [16], an exact subdomain model for single-stator
consequent-pole PM machine was proposed in [17] and a
dual-rotor PM machine was investigated by subdomain model
in [18], which showed its efficiency for quick electromagnetic
analysis.

The structure of this paper is shown as follows. Section II
explains the processes of analytical field modelling, including
the governing function of vector potentials and derivation of
magnetic field solution. Section III presents the analytically
predicted results in the investigated DSCPPM machine, which
are compared and validated by FEM. The corresponding
conclusion is drawn in Section IV and detailed derivation of
boundary conditions is presented in appendix.

II. ANALYTICAL FIELD MODELING

The subdomain model for the DSCPPM machine with
tooth-tips is shown in Fig. 1. It should be noted that the magnets
are not taken into account and considered as air (B,=0) for
region 1i in Fig. 1.

For simplicity of calculation, the following assumptions are
considered: (1) infinite permeable materials for stator/rotor
laminations; (2) end effects are insignificant; (3) unity relative
permeability of magnet; (4) only z-direction component of
magnetic vector potentials; (5) uniform current density in slot
area and (6) simplified slots with radial sides as shown in Fig. 1.

Region 20 ~o

Region 1i - T~ SN

Region2i  |Rs
_1_ iy

Region 4i N
/| Rsi

/A il N

o ormitial
Positiﬂn

Stator
tooth

T
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1

Fig. 1. Subdomain model for the DSCPPM machine with tooth-tips.

For magnetic field due to armature reaction, the magnetic
vector potential 4 satisfies the governing function as:

V4=
{O, in magnet / airgap / slot opening (1)
_ﬂ()‘]a

where o is the permeability of vacuum and J is the current
density in the slot.

in slot

A. Field solutions in magnets
Since the vector potential in sub-region of magnets satisfies

the Laplacian function, the general solution of vector potential
in the 7th magnet 4,,; can be derived and expanded into Fourier
series as:

4, =Y [Cu(r/R,) 4D, (r1R,) ™ |

)
cos [F‘, (a — 0, T, /2)J+Dm Inr

F,=w/a, (3)

Ay =7 P 4)

a,, =0, +(i —1)-272' I p+ot %)

where a, is the pole-arc to pole-pitch ratio, a, is the initial
position of rotor, @, is the mechanical angular speed, v is the
number of spatial harmonics considered in the magnet and

Rui/Rno are the inner/outer radii of magnet surfaces,
respectively.
As the radial/circumferential flux densities can be given by
1 ¢4 04
B=——— B =-— 6
r oa or ©)
the following analytical solutions can be obtained:
mu - Z (F / r) [ mi r / Rmo )F‘ mi (r / R ) }
(7

sin [Fv (a -, ta,, /2)}
B, = Z(F/r)[ Co(rIR,) =D, (r /R, ]

cos[FV (a —a, + 0, /2)}—Dm Ir

®)

where Bui/Bami are the radial/circumferential flux densities in
the ith magnet region.

B. Field solutions in outer/inner air-gaps and slot openings

By solving the Laplacian function shown in (1), the vector
potentials in air-gaps and slot openings can be deduced as

Ay =3[ 4, (r/R,) + B,y (rIR,)
ko (9)
«cos(k, a)+2[ o (71 R 4Dy, () R, )™ Jisin(k,e)

Ay =3[ 4 (r/ R, + By (/R ]

ki (10)

«cos(k, a)+2[ (r/R,)" + 2‘.(r/R,m.)%]-sin(kioz)
A 40i = 4oi /R 401 /R
o = 2| Cun (7 R)™ D (/)™ | -

-cos[an a+b, /12—« ]+Dﬂ Inr

Ay =2 Coa(r/ R ™ +Dy (r/ R,Y™ ]

i (12)
-cos[Fmi (a+b,,/2-¢, )] +D Inr
an :maﬂ'/boao Fmi (13)
where A4:2,/A:»; are the vector potentials in regions of outer/inner
air-gaps, A-4.i/A-4ii are the vector potentials in regions of the ith
outer/inner slot opening, R/Rs, Ri/Ri; are the radii of
outer/inner stator bore and slot top, boas/bosi are the outer/inner
slot opening angles, k,/k; and m./m; denote the spatial harmonic
order analyzed in outer/inner air-gaps and slot openings,
respectively.
Consequently, the flux density distribution can be given as

=mw / boai
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= k (r/R,)" +B,,(r/R,,)" |sink,a)
5 { 2l [ ’ ] (14)
+Zk [
B, :{—ZkO[AZO(r/RSO)kO By, (r/R,,) " |costk,a)

= (15)
D, (r/R,, )" Jsin(koa)}/r

b (7R, )ko +D,,(r/R,, )7/“)Jcos(koa)}/r

s0

% (16)
(r/R,) +D,(r/R,)™" ]cos(ka)}/r

Bz,_,.:{—Zk[ 4, (r/ R, + By, (r/ R,) " Jsin(ker)
[

BZai = {_ kz |: (r / le )kl 2[ (r / R.vi )Jd :| COS(kia)
ki (17)

) =Dy (r/ R ] sin(kia)} /r
r4m - (1 / r)z mo C401 r/ Rm )F"’” +
o (18)
D, (r/R,)"™ Jsm[F (ct+bouw/2-ai)

B, =—(D, /1)~ (1/r)z [ Cu 7/ R)™ -

(19)
D, (r/R,)"™ }cos[ (ot +bowo/ 2—ai) |
B = (l/r)z [ Cu(r/ R
(20)
D, (r/R;) :|s1n[ a+bnm~/2—ai)]
B ==,/ =N, [Cu (/R ™+ on

D, (r/R, ) Jcos[Fm,. (a+boail 2 —af)]

C. Field solutions in outer/inner slots

For armature reaction field distribution, the vector potential
in slots satisfy the Possion function shown in (1). Fig. 2 shows
the winding configuration and current density function in slots,
respectively. The current density can be written as

J=J, +ZJM cos[E, (a+b,, 12—a,)] (22)
Jo=(J, +J,)2 (23)
J,=Q2/nx)J, —J,)sin(nx/2) (24)
" J
bsa ith slot Jil
| il |/i2 | Ji2
| | |
I T T s
[e——— o | R.vt Rsp Rtl aj | "
o a O ith slot a

Fig. 2. Winding configuration and current density function.
Thus, the corresponding general solutions for vector
potentials A4.3,i/Az3;; in outer/inner slots can be deduced as:

Ay = o100 (2R, *Inr—r )/4+Z{ D, [G, (r/Rybo)Em

" 4 o, [ = 2R, (r/ Ry, 1 E,, 1 (25)

+(r/R,) o
IE, —4)}cos[ E,, (a+bu/2—a)]

no

Ay = Moo @R, Inr =) 14+ 3 (DG, (r/ Ry, )™
+(r/ R 1+ g il + 2R, (r /R, ™ 1 E, 1 (260)
IE,’ - 4)} cos[ E,, (a+bwi/2-ai)]
Enu = nuﬂ'/bsao Em. = niﬂ'/bsai (27)
G3 = (Rtv /Rsbo )E”D G3i = (Rsbi / Rti )EW (28)

where Rgp./Rsp; are the radii of outer/inner slot bottoms and #,/n;
denote the spatial harmonic order analyzed in outer/inner slots.

Therefore, the radial/circumferential flux densities in
outer/inner slots can be deduced as

Br}oi :_Z{ no 301[G (r/R\bo) " +(}”/R ) m]/r+/u() ino
no (29)
B, =2Ry, (1) Ry, )™V (B, = 4)|sin[ E,, (@ +buo 2~ at)]

B}'Sii = _Z{Eni DSii [G3i (I" / R.s‘bi )7E”i + (I" / Rti )E' ] / r+ /uO ini

ni (30)
[E,r+2R, (r/R,) "™ "1/(E2 —4)} sin| E,, (@ +bu/2-ai)
By = —HoJ 0o (R, /r—r)/2—2{ 1o D3G5 (1 Ry,

]/V+2/JO mo[ 3bo (r/Rxbo)Ew*]] (31)
HE! 4)}005[ " a+bsao/2—ai):|

no

By =ty o (R}, /rfr)/sz{Em Dy, [(r/R)™

—(r/ Rm)’

BV e 2pdlr =Ry, (11 Ry )T B2)

NEL — 4)}cos|:Em a+bsai/2—ai):'

The undermined coefficients Cui/Dmi, A20-D2o/A2i-Doi,
Ciu0i/Caiiy, D30i/D3ii, Daoi/Daii, Dm, Do/D; are calculated by
applying the boundary conditions between sub-regions. The
detailed computation processes of the boundary conditions are
given in the appendix.

Gy, (r/Ry,,)

III. RESULTS AND VALIDATION

In this section, the proposed 2-D subdomain model is applied
to predict the flux density distribution in all sub-regions. An
example of 12-stator-slot/5-rotor-iron piece DSCPPM machine
is investigated, its main design parameters are listed in Table 1.
Besides, the FE model is established for validation.

Fig. 3-5 show the comparisons of flux density distributions
computed using FE and analytical methods in outer air-gap,
slots and slot openings, respectively. The results show that the
analytically predicted flux densities in outer part of the machine
have excellent agreement with FE results in both
circumferential and radial directions.

TABLE I
DESIGN PARAMETERS OF DUAL-STATOR MACHINE

Parameter Dual-stator machine

Stator outer radius (mm) 100
Stator inner radius (mm) 28

Air-gap length outer/inner(mm) 1.5 1.5

Magnet thickness (mm) 5

Stator bore (mm) 65 57

Tooth-tip height outer/inner(mm) 4 4
Active length (mm) 50

Slot width angle outer/inner(deg.) 20 20
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Slot opening angle outer/inner(deg.) 10 5
Initial position of rotor(deg.) 15
Pole arc to pitch ratio 1
Number of turns/coil 50
Rated speed (rpm) 600
Number of pole pairs/slots 5/12
Rated current(A) 10 (Apeak)
0.5
——FE + Analytical
0.4
~ 03
e
z 02
£ o0l
<
» 0
=
= 0.1
-0.2
03 L L L L L
0 30 60 90 120 150 180
Position (Mech. Deg.)
(a)
0.1
——FE +  Analytical
E 0.05
£
E 0
<
»
=
005
0.1 1 1 1 1 1
0 30 60 90 120 150 180
Position (Mech. Deg.)
(b)
Fig. 3. Flux density predictions for (a) radial and (b) circumferential
components at mid outer air-gap using FE and analytical approaches.
0.12
——FE +  Analytical
0.08
e
e 0.04 +
E o
<
5
g 004 |
-0.08
-0.12 L L L L L L L L L
-0 8 6 4 2 0 2 4 6 8 10
Position with respect to slot centre (Mech. Deg.)
(a)
0.1
——FE + Analytical

Flux density (T)

Fig. 4.

-0 -8 6 4 -2 0 2 4 6 8 10
Position with respect to slot centre (Mech. Deg.)
(b)

Flux density predictions for (a) radial and (b) circumferential

components at the 1* slot at ¥=R,,+1 mm using FE and analytical approaches.
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Fig. 5. Flux density predictions for (a) radial and (b) circumferential
components at the 1% mid outer slot opening using FE and analytical
approaches.

Fig. 6-8 show the comparisons of flux density distributions
computed using FE and analytical methods in the inner stator
part. Equally, the analytically predicted flux densities for the
inner part match perfectly with the FE results.
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Fig. 6. Flux density predictions for (a) radial and (b) circumferential
components at mid inner air-gap using FE and analytical approaches.
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IV. CONCLUSION

An exact analytical subdomain model considering tooth-tip

effect for predicting armature reaction field in DSCPPM
machine has been presented in this paper. Based on the
proposed subdomain model, the flux density distributions in
magnets, outer/inner air-gaps, slots and slot openings can be
calculated quickly, which can be beneficial in the process of
initial design and optimization for DSCPPM machines. In
comparison with the analytical predictions, the 2-D FE model
has been established and analyzed. The proposed subdomain
model shows its excellent accuracy in predicting the armature
field distributions in all sub-regions, which is valuable for
predicting other electromagnetic properties, such as
electromagnetic torque, winding inductance, risk of irreversible
demagnetization and unbalanced magnetic force, etc., which
will be discussed and published in another paper.

V. APPENDIX

On the boundary between sub-regions I and II, the continuity
of magnetic intensity and vector potential can be expressed as
H, =H, and A4 =4, (33)
Thus, the boundary conditions between different subdomains
are deduced and analyzed in this section.
A. Boundary between outer/inner slots and slot openings

The boundary conditions between outer slot openings and
slots at ¥=R,, are investigated, it can be deduced from (19) that

B ilww=Biono + ZBWW cos [Fmo (0 +boao/ 2— (Zi):|

mo 34
=B, + Y B, cos|[ E,, (a+buw/2-ai)] 9

where

Biyuo =—D,/ R, By, =—F,, [C4oi _D4oiG4]/Rta (35)
B, = B4aa0boao /bsao B, =B, +ZB4oam7/o (36)
where "
Vo(n, )=4cos(n,x/2)sin(E b, /2)/(n,r) 37)
7,(m,.n,) ==2E, Jsin[E,, (b, +b,,)/2]-cos(m,)
=SnlE,, (b, =01 2]/ b (Fo” =BT 3y

The circumferential flux density Bas.i at ¥=Ry, can also be
acquired as

B s= Brogo + D Bson €OS| E, (@ +buao/ 2—ai) | (39)
where

Bypuo =~ (Rshoz - Rmz ) /2R, (40)

B}oan = _[EnnD3ni (GSZ - 1) + zluOJino (Rlo2 - R:/)02G3 ) / (Enoz - 4)] / Rta (4 1)

According to the continuity of flux density, the relational
formulas can be given as

B}o[zO = B4oa0boao /bsao (42)
B}aam = B40a070 + 23400(”1}/0 (43)
D, =ty 0,00y (R, = Ry) 1 (2D,,,) (44)

Based on (25), the vector potential 4.3, in the ith outer slot at
=Ry, can be obtained and reformed as
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At = Az}m’ ‘r':Rm
= As00+ Y A30n COS[E,, (@ +buao | 2= a11)] (45)
= As0+ Y Asm COS[F,, (& +boao / 2= a11)]

where
Asoo=p1yJ s(2R,*In R, —R,) /4 (46)
Ason =Dy, (G +1)+ ], (R, =2R,, G, I E,)/(E,’ ~4)  (47)
As0=) " Asony+14,J (2R, IR, —R,7)/ 4 (48)
Astm=ZA3nn§U 49)

where
é’O (}’lo ):(bmn / 2b0ao)]/0 (}’lo ) (50)
é’o(mo,no)z(bxao/bnaa)yn(mo,no) (51)

Meanwhile, it can be derived by (11) as
Az40i |r:Rm= Do ln R[o +

(52)

> [Cypi +D,,,G, Jcos[ F,, (a+boww ! 2—axi) |

Thus, the following relational formulas can be obtained
according to the continuity of vector potential as

C4oi + D40iG4:zA3(mé/0

Equally, the boundary conditions between inner slot and slot
opening are investigated and rearranged as

(33)

Bsian = BuigoVio + ZB4iam7i (54)
¢, +D,,G, :ZAamé’i (55)
where

By, =-1E, Dy, (1-G;") + 244 J (R =R, 'G,) | (E," =4/ R, (56)
Bywo ==D; /R, By, =—F, [D4iiG4i - C4ii]/Rti (57)
D, = ptyJ b0 (Rszbi - Rﬁ) /(2b,,) (58)
Vio(n; ) =4cos(n,z/2)sin(Eb,, /2)/ (nr) (59)

7, (m;,n,) ==2E, [sin[E, (b, +b,,)/ 2]-cos(m)

o _ 2 g2
SIn[En[ (bsm' boa[) / 2]] / [bsm‘ (F:m' Eru' )] (60)

where
4, = D}ii(G3i2 +1) +/‘lOJini(R112 _ZR.vbi2G3i 1E,)/ (Em‘z -4) (61)
é’i (ml- SN ):(bsai / buai)yi (ml» . ni) (62)

B. Boundary between outer/inner slot openings and air-gaps

The boundary between outer/inner slot openings and air-gaps
can be applied in a similar way. As the circumferential flux
density is continuous at r=Ry,, the following expressions can be
acquired from (19)

Baoi |r:Rso:Bia0 + Biam COS[FW) (a+boao/2—ai)]
= Z[Cs cos(k,a)+ D, cos(k,cx)]
ko
where
Bia() = _Do /Rsv (64)
Biam:_Fma [C4iG4 _D4i]/Rso (65)
Cs :zz Biamnio +zBiot077[00 (66)

i mo

Ds :ZZ Biam 61’0 +ZBia077ia() (67)
where
m, (m,.k,) ==k, sin(k,a, +k,b,, / 2)ecos(m,)
a _ 2 _ 2
sin(k,at, —k,b,,, /2)]/[7(F,,> —k,})] 68)
&, (m,.k,) =k, cos(k,a, +k,b,, / 2)-cos(m,) ()
—cos(k,a, —k,b,, /2)]/[x(F,,’ —k)]
Mo (k,) =2cos(k,e, )sin(k,b,,, / 2)/ (k,7) (70)
&oo(k,) =2sin(k,a, )sin(k,b,,, /2)/ (k,7) (71)

In the same manner, it can be given from (15) as
BZao |r:Rso = _(I/Rso )Zko (A20 - BZOGZ )COS (koa)

“ 72
_(I/Rso)zko (C20 _DZOGZ)Sin(koa) ( )

Combining (63) and (72), the relational formulas are
obtained as

ka (AZo - BZUGZ) = zszo[CAm'G4 _D4ai]77io + zniOODo (73)
ka (C20 _DZGGZ) = ZZF;M[C40[G4 - D40[]§io + zé:[o()Do (74)

The vector potential 4., at 7=Ry, can be given as
A, = A0, = [ 4, cos(k,a) + 4, sin(k,a) |
" (75)

=>4, cos| F,, (a+bouo/2—ai) |+ 4,

where

AQ’C = AZo + BZOGZ AZYS = CZO + D20G2 (76)
Am' = Z (AZY( O-io +A;s Tiu ) Am'() :Z ( A;co-io() +A;\ Tio() ) (77)

ko ko

where
O-ia = 27[77[0 / baaa z-io = 2”5[0 / boao

Tioﬂ = ﬂgft}O /b

o0ao

(78)
(79)

The vector potential A.4,; in the ith outer slot opening at
r=Ry, can be calculated as

As = Az4ai |r:R.m: Do ln Rso + Z[C4oiG4 + D4oi]

O-iof) = 72771‘00 /buau

(80)
cos| F,, (a+boo/2-ai) ]

According to the continuity of vector potential, the following
relational formulas can be derived as

Z':A;caiDO +A;sri00:| = Do ln Rso (81)
ko
C40iG4 + D4oz' = z( ;cgio +Aésri0) (82)

ko
Similarly, the boundary conditions between inner slot
openings and air-gaps are deduced, which can be rearranged as
k, (AZiGZi - BZi) = zszi[DMi —-Cu Gyl + Z’h‘oDi (83)

ki (CZiGZi _DZi) = ZZFmi[D4ii - C4iiG4i]§ii + v §ii0Di (84)
C4iiG4i + D4ii = Z(

ki

Z [A;ciaiio +A;5i Tiio :| =D, InR,

ki

L o.+A .T.)

ci i 2si 7 ii

(85)

(86)

where
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G=(R,/R)" G,=(R,/R)™ (87)
m, (m.k,) ==k sin(ka, +kb,, / 2)+cos(mx)
—sin(ka, —kb,, 12)]/[x(F,’ - k)] 8)
&, (m,,k,) =k, cos(k,a, +kb,, | 2)ecos(mx) (59)
—cos(ka, —kb,, /2)]/[x(F,’ - k)]
M40 (k) =2cos (k. )sin(kb,, /2)/ (k) (90)
Eo(k) =2sin (ke )sin(kb,, /2)/ (k) 91)
where
A, = 4,G,, +B, A, =C,G, +D, (92)
o, =2mn, b, t,=275 /b (93)
o =o' by Tip = 7640 1 b, (94)

C. Boundary between PM and inner/outer air-gaps

For boundary between PM and outer air-gap, the
circumferential component of magnetic intensity is continuous
at ¥=R.,, which can be represented as:

H =By |
H

Based on the magnetic field solution in the former section, it
can be obtained from (8) as
=) B cos[Fv(a 0+, 2)] -D, /R,

96
= z[ mo COS(koa) + Dma Sin(kaa)] - Dm /Rma ( )

95)

2ao 2010 / /u()

r=R

am 'mo

where
FV
Biazv == R .[Cmi - DmiGl ] (97)
In the same way, it can be obtained from (15) as
BZaa r= Rma 1/Rmo Zk AZ G )'COS(koa)
ko (98)
-(I/R,, )Zko (C,,G, —D,, )ssin(k,a)
ko
where
G=(R,/R,)" G=(R,/R,)" (99)
C,=22 B, D=2 B.&,  (100)
Mo (Vsk,) ==k, [sm(koalm +k,0t,,, | 2)scos(vrr)
(101)
=sin(k,t,, —k,@,, /2) |/ [7(F, =k,")]
& (V,K,) =k, [cos (k a,, +k,a,, /2)- cos(vz)
(102)

—cos(k a —ka

0 im 0“mag

12) |/ 1n(E = kD))
According to the continuity of magnetic intensity shown as
(33), the following expressions can be obtained as

., =0 (103)
k (AzoG BZo ZZF ( _DmiGl )77mia (104)
k,(C,,G, - D,, ZZF «C,. -D,,G)E,,  (105)

The vector potential at outer magnet surface can be obtained

as
AzZo r=R,, Z[AZC COS(k a) + A2r SIn(k a)]
(106)
- ZZ(AZC m!o +A2sz-mto)cos|:Fv (a - aim + amag / 2):|
where
4,,=4,,G,+B,, A4,=C,,G,+D,, (107)
Equally, it can be deduced from (2) as
Ailer, = Z(sz +D,,G, )cos[F,(a—a,, Ha,, 12)] (108)

According to the continuity of vector potential, it can be
arranged as

z (AZCGmm +A2s mio ) = Cm[ + DmiGl (109)

where
mzo (277'- / CZmag )77:7110 Tmio = (27[ / amag )émiu (1 10)

Similarly, the boundary conditions between PM and inner
air-gap are analyzed, which can be rearranged as

k. (4, - B,G,,) ZZF «(C,.G -D,)y,, (111)
k. (C, - D, 2,,):ZZFV-(CW.G, -D, ), (112
Z(AZU% +4,,7,,)=C,.G +D,, (113)
where

A,, = A, +B,G, A, =C,+D,G, (114)
G,=(R,/R,,)" (115)

M (V.K,) ==k, [srn(klalm +kat,,, /2)-cos(v7r)
—sin(kat,, ~ka,, /2) |/ [7(F, =] (e

£y (v2,) =k ] cos(kar,, + et /2)-cos(vr)

~cos(ka, —k,.amag /2)]/[7r(Fv2 —k)] )
i = T Ay Wi T =70 @)y (118)
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