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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 model, armature reaction, 
consequent-pole, dual-stator, permanent-magnet machines, 
subdomain model. 

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

For magnetic field due to armature reaction, the magnetic 
vector potential A satisfies the governing function as: 
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where μ0 is the permeability of vacuum and J is the current 
density in the 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 ith magnet Ami can be derived and expanded into Fourier 
series as: 
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where αr is the pole-arc to pole-pitch ratio, αo is the initial 
position of rotor, ωr is the mechanical angular speed, v is the 
number of spatial harmonics considered in the magnet and 
Rmi/Rmo are the inner/outer radii of magnet surfaces, 
respectively. 

As the radial/circumferential flux densities can be given by 
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the following analytical solutions can be obtained: 
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where Brmi/Bαmi 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 
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        / /mo o mi ioao oaiF m F mb bπ π= =   (13) 
where Az2o/Az2i are the vector potentials in regions of outer/inner 
air-gaps, Az4oi/Az4ii are the vector potentials in regions of the ith 
outer/inner slot opening, Rso/Rsi, Rto/Rti are the radii of 
outer/inner stator bore and slot top, boao/boai are the outer/inner 
slot opening angles, ko/ki and mo/mi denote the spatial harmonic 
order analyzed in outer/inner air-gaps and slot openings, 
respectively. 

Consequently, the flux density distribution can be given as 
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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 
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Fig. 2. Winding configuration and current density function. 

Thus, the corresponding general solutions for vector 
potentials Az3oi/Az3ii in outer/inner slots can be deduced as: 

( ){
( ) ( )

} ( )

2 2
3 0 0 3

2 2
0

3

2

(2 ln ) / 4 [

         ] [ 2 / ]

                      /( 4)

/

/ /

/cos 2

no

no no

sbo
no

to sbo

E
z oi io sbo oi

E E
ino sbo no

no n oo sa i

G r RA J R r r D

J r R E

E E

r R r R

b

µ

α

µ

α

−

= − +

+ + −

− + −  

∑
 (25) 

( ){
( ) ( )

} ( )

2 2
3 0 0 3

2 2
0

3

2

(2 ln ) / 4 [

         ] [ 2 / ]

              

/

        /( 4) cos

/ /

/ 2

ni

ni ni

i sbi
ni

ti sbi

E
z ii ii sbi ii

E E
ini sbi ni

ni n ii sa i

G r RA J R r r D

J r R E

E

r R r

bE

R

µ

µ

α α

−

−

= −

+

+

+ + +

−−   

∑
 (26) 

            / /no o ni isao saiE n E nb bπ π= =   (27) 

 ( ) ( )33      = /no ni

i sbi t
E E

to isboG R R G R R=   (28) 
where Rsbo/Rsbi are the radii of outer/inner slot bottoms and no/ni 
denote the spatial harmonic order analyzed in outer/inner slots. 

Therefore, the radial/circumferential flux densities in 
outer/inner slots can be deduced as 
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The undermined coefficients Cmi/Dmi, A2o-D2o/A2i-D2i, 
C4oi/C4ii, D3oi/D3ii, D4oi/D4ii, Dm, Do/Di are calculated by 
applying the boundary conditions between sub-regions. The 
detailed computation processes of the boundary conditions are 
given in the appendix. 

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 I. 
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) 
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Fig. 3.  Flux density predictions for (a) radial and (b) circumferential 
components at mid outer air-gap using FE and analytical approaches. 
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Fig. 4.  Flux density predictions for (a) radial and (b) circumferential 
components at the 1st slot at r=Rto+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 1st 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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Fig. 7.  Flux density predictions for (a) radial and (b) circumferential 
components at the 1st slot at r=Rti-1 mm using FE and analytical approaches. 
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Fig. 8.  Flux density predictions for (a) radial and (b) circumferential 
components at the 1st mid inner slot opening region using FE and analytical 
approaches. 

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 
 I II I IIH H     and    A Aα α= =   (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=Rto are investigated, it can be deduced from (19) that 
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where 
 [ ]4 44 0 4 4/ /o o to o m oi oim to oB D C D G RR    B Fα α= − = − −  (35) 
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o
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where 
 0 ( 4cos( / 2)sin( / 2) / ( )o o no oao on ) n E b nγ π π=  (37) 
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 (38) 
The circumferential flux density Bα3oi at r=Rto can also be 

acquired as 
 ( )3 3 0 3| os /c 2r Rtooi o o sao in

no
nB B bB Eα α α α α= += −+   ∑  (39) 

where 
 ( )2 2

3 0 0 0 / 2o i sbo to toB J R R Rα µ= − −   (40) 
2 2 2

3 3 0 3
2

3[ ( 1) 2 ( ) / ( 4)] /o n no oi ino to sb to oo nB E D J R R G EG Rα µ= − − + − −  (41) 
According to the continuity of flux density, the relational 

formulas can be given as 

 3 0 4 0 /o o oao saoB B b bα α=   (42) 
 3 4 0 0 4

mo
o n o o m oB B Bα α αγ γ= + ∑   (43) 

 2 2
0 0 ( ) / (2 )o i o sao sbo to oaoD J b R R bµ= −   (44) 

Based on (25), the vector potential Az3oi in the ith outer slot at 
r=Rto can be obtained and reformed as 
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where 
 2 2
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Meanwhile, it can be derived by (11) as 

 [ ] ( )4 4 4

4 |

cos /

ln

   2        
r Rto

oao ioi oi
mo

z oi o to

moC D

A R

FG b

D

α α
=

+ + − 

= +

 ∑  (52) 

Thus, the following relational formulas can be obtained 
according to the continuity of vector potential as 
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n
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o
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Equally, the boundary conditions between inner slot and slot 
opening are investigated and rearranged as 
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where 
 3 3 3 0

2 2 2 2
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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=Rso, the following expressions can be 
acquired from (19) 
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where 
 0 /i o soB D Rα = −   (64) 
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In the same manner, it can be given from (15) as 
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Combining (63) and (72), the relational formulas are 
obtained as 
 ( ) 4 42 2 2 4 0[ ]oo o o mo i oi io io o
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The vector potential Az2o at r=Rso can be given as 
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where 
 2 2 2 2      c 2o 2o s 2o 2oA A B G A C D G= + = +’ ’   (76) 
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The vector potential Az4oi in the ith outer slot opening at 
r=Rso can be calculated as 
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According to the continuity of vector potential, the following 
relational formulas can be derived as 
 2 2+ lnc io0 s io0
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o soRA A Dσ τ =  ∑ ’ ’  (81) 
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Similarly, the boundary conditions between inner slot 
openings and air-gaps are deduced, which can be rearranged as 
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where 
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 ( ) ( )0  =2cos sin / 2 / ( )( )i i i i oaiii ik k k b kα πη   (90) 

 ( ) ( )0  =2sin sin / 2 / ( )( )i i i i oaiii ik k k b kα πξ   (91) 
where 
 2 2 2 2   ci 2i i 2i si 2i i 2iA A G B A C G D= + = +’ ’   (92) 
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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=Rmo, which can be represented as: 
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Based on the magnetic field solution in the former section, it 
can be obtained from (8) as 
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According to the continuity of magnetic intensity shown as 
(33), the following expressions can be obtained as 
 0mD =   (103) 
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The vector potential at outer magnet surface can be obtained 

as 
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where 
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Equally, it can be deduced from (2) as 
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According to the continuity of vector potential, it can be 
arranged as 
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Similarly, the boundary conditions between PM and inner 
air-gap are analyzed, which can be rearranged as 
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