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ABSTRACT To address the problems of low space utilization and weak overload capacity of traditional
dual-stator permanent magnet motors with equal-length cores, a kind of inner boost permanent magnet
motor (IBPMM) with unequal-length cores is proposed. First, the topological structure and inner stator
start-stop control method of the IBPMM are introduced. Then, aiming at the problem that finite element
model (FEM) is difficult to analyze the variation law of the outer stator torque when the rotor yoke is
saturated caused by the high inner stator current, a new quasi-3D equivalent magnetic network (EMN)
model with invariable air-gap permeance and accounting for saturation and flux leakage is proposed by
using superposition method. The model is used to analyze air-gap flux density, flux linkage and no-load
EMF of the IBPMM under different working conditions, and further separates the inner stator torque and
outer stator torque, so as to analyze the change of the outer stator torque under different high-density inner
stator currents. According to the quasi-3D EMN results, the proposed IBPMM has 3 times short-term
overload capacity, and the outer stator torque decreases by only approximately 0.5% at the maximum inner
boost current. Finally, the performance of the proposed IBPMM and the accuracy of the quasi-3D EMN are
verified by 3D FEM and prototype experiments.

INDEX TERMS dual-stator permanent magnet motor, equivalent magnetic network, inner boost permanent
magnet motor, short-term high overload, unequal-length cores.

I. INTRODUCTION
Owing to its high torque density and reliability, permanent
magnet synchronous motor (PMSM) is often used in low-
speed and high-torque direct-drive systems, such as coal
mining, ship propulsion, wind power generation and other
occasions [1-5]. With the gradual maturity of the PMSM
theory, dual-stator permanent magnet motors (DSPMMs)
with various topologies have been proposed to obtain
higher torque density. Meanwhile, rapid and accurate
analysis methods for PMSM with complex structures have
been widely concerned.

Scholars have carried out a lot of in-depth research on
DSPMM with high torque density, and obtained many
valuable conclusions. In [6], a DSPMM with a permanent
magnet and reluctance hybrid rotor was proposed, in which
the inner reluctance rotor can improve the stability of the
motor, but leads to a low power density of the inner stator,
and it’s MTPA control mode was further studied in [7].

Literature [8] proposed a low-speed and high-torque
DSPMM structure, and compared it with single-stator
PMSM under the condition of equal-length cores, the
results showed that the torque density of DSPMM is 1.54
and 1.52 times that of spoke and surface mounted single-
stator PMSM, respectively, however, the end space of outer
stator core is wasted due to the structure of equal-length
cores. Literature [9] proposed a dual-stator spoke array
vernier permanent magnet motor with high power factor
and high torque density, and combined analytical method
with the finite element method (FEM) to make the design
process simpler and the results more reliable. Literature [10]
proposed a DSPMM with radially magnetized cylindrical
permanent magnet, compared with the traditional pole-arc
PMSM, the proposed motor has lower cogging torque,
however, the structural strength of the rotor cannot meet the
high-torque load.
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Much attention has also been paid to magnetic field
analysis methods for complex topological motors. The
lumped magnetic circuit model can quickly analyze the
parameters of the motor, however, it cannot obtain high-
precision results because of its rough regional division,
moreover, it also cannot obtain parameters such as the air-
gap flux density waveform [11]. 3D FEM has higher
accuracy in motor parameter analysis, but it is difficult to
separate the torque of DSPMSM, and for large-volume
motors, a large number of mesh elements are required to
obtain satisfactory accuracy, resulting in a long calculation
time, which limits its practicability in the initial design and
optimization process of such motors [12]. EMN model can
accurately separate the electromagnetic torque of the
DSPMSM, at the same time, it has a moderate amount of
computation and high accuracy, therefore, it can be an
alternative to the lumped parameter model and FEM [13-
16]. To solve the problem of low calculation accuracy of
traditional EMN in the complex area of flux distribution,
pentagonal and hexagonal mesh elements are often used to
model the area near the air-gap. Although this modeling
method can improve the calculation accuracy of complex
area of flux distribution, these two mesh elements have
strict requirements on the shape and size of the element, so
the universality is poor [17.18]. The hybrid cruciform mesh
modeling method avoids the calculation of dynamic
permeance, however, there are complex mesh elements
containing two kinds of materials in the model, and the
approximate solution of the element permeance will affect
the accuracy in high saturation regions[19]. Literature [20]
proposed a 3D EMN to model and solve the hub motor with
hybrid excitation, and the solution accuracy is in good
agreement with the 3D FEM results, howecer, this model is
more complicated when dealing with the relative motion of
the stator and rotor.

Although there are many studies on DSPMM, these
studies are based on equal-length cores structure, which
results in underutilization of the outer stator end space, it is
worth noting that this problem is more obvious for low-
speed direct-drive motor. Meanwhile, both the inner and
outer stators are designed according to the long-term duty
type, which limits the short-term overload capacity of the
motor. To solve the above problems, an IBPMM with
unequal-length cores is proposed in this paper. Firstly, the
topological structure and working principle of the motor are
introduced. Then, aiming at the problem that FEM is
difficult to separate the inner and outer stator torque and
has low solving efficiency, while the traditional EMN has
difficulty in modeling the dynamic air-gap mesh and there
are large errors in high-saturation regions, a quasi-3D EMN
with invariable air-gap permeance and accounting for
saturation and flux leakage is established by using
superposition method to analyze the electromagnetic
performance of the IBPMM under different working
conditions and the influence of high inner stator current

density on outer stator torque, meanwhile the solving
efficiency of the IBPMM is improved. Finally, the results
of quasi-3D EMN are compared with the results of 3D
FEM and the experimental data of the prototype, which
verifies the performance of the proposed IBPMM,
meanwhile, the rapidity and accuracy of the quasi-3D EMN
model are also verified.

II. STRUCTURE AND WORKING PRINCIPLE OF IBPMM

A. STRUCTURE OF IBPMM
The basic structure of the IBPMM is shown in Fig. 1. In
order to ensure mechanical strength, the rotor adopts a closed
structure, the rotor yoke is supported by the front and back
end-plates, and the entire rotor is fixed on the support shaft
by two bearings. The output shaft is connected to the front
end-plate of the rotor and is connected to the load through the
bearing in the front cover of the housing. The inner and outer
surfaces of the rotor yoke are equipped with surface-mounted
PMs.

Compared with the traditional DSPMM with equal-length
cores shown in Fig. 2, in order to make full use of the inner
space of the motor to obtain a higher torque density, two
stator cores of different lengths are arranged on the inner and
outer sides of the rotor in the proposed IBPMM, and the axial
length of the outer stator core is greater than that of the inner
stator core. The inner stator is fixed by a support shaft with
water path, and the outer stator is fixed to the housing with
water path. In order to weaken the magnetic coupling
between the inner and outer stators to make the control more
stable, a parallel magnetic circuit structure is adopted
between the inner and outer stators. In order to prevent the
displacement of the PMs along the circumference, non-
magnetized stainless steel press plates as shown in the Fig. 3.
are used to press the PMs on rotor yoke.

Unequal-length parts of outer stator

Shaft

Unequal-length 
inner and outer stators

Unequal-length 
inner and outer PMs

Support shaft

FIGURE 1. The structure of proposed IBPMM with unequal-length cores

Equal-length 
inner and outer stators

Equal-length 
inner and outer PMs

FIGURE 2. The structure of traditional DSPMM with equal-length cores
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FIGURE 3. Stainless steel press plate

B. WORKING PRINCIPLE OF IBPMM
Due to the parallel magnetic circuit is used between the inner
and outer stators of the IBPMM, they can be designed
separately according to the operating characteristics. In order
to meet the efficiency requirements of the S1 duty type, the
outer stator is designed as a high-efficiency low-speed high-
torque motor. While, in order to meet the torque density
requirements of short-term high overload, the inner stator is
designed to be a torque motor of short-term boost operation,
which allows a large current in a short time to produce a high
output torque. The inner stator cannot run for a long time due
to its large current density, so when the IBPMM is in light-
load operation, only the outer stator runs alone. When the
load is large, the inner stator is started, so that the inner and
outer stators generate torque to drive the load simultaneously.
The two stators are driven by separate inverters. The control
principle of the IBPMM is illustrated in Fig. 4. The torque
distributor is used to control the operating state of the inner
stator inverter and provide a reference torque for the inner
and outer stators.

Invertor1ejθTorque
controller

e-jθ

*
em1T

Tem1=pΨfiq1

Invertor2ejθ
*
em2T

Torque 
distributor

Speed
controller

Invertor switch

Rotor position detect

Torque
controller

e-jθ

Tem2=pΨfiq2

*
emT

*
q1i

*
q2i

0i*
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0i*
d2 

n

n*

FIGURE 4. Control schematic diagram of IBPMM

The operating logic of the torque distributor is illustrated
in Fig. 5. To make full use of the overload capacity of the
outer stator, Ton is set as the maximum overload torque of the
outer stator Toutmax. When the reference torque T *

em >Ton, the
inverter2 of the inner motor is started, and a constant
reference torque Tem1IB is provided to the outer stator. To

reduce the start-stop frequency of the inner stator near the
starting point, both Tem1IB and Toff are set as 0.95Toutmax.
When T*

em<Toff, inverter2 of the inner stator is turned off, and
only the outer stator works alone.
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FIGURE 5. Torque distributor operation logic

The main parameters of the IBPMM prototype are shown
in Table 1.

TABLE Ⅰ
Main Parameters of the prototype
Parameter Unit Value

Rated power of outer stator kW 90
Overload multiples of outer stator - 1.8
Maximum power of inner stator kW 120
Maximum overload multiples - 3

Rated speed r/min 60
Rated frequency Hz 20
Rated Voltage V 1140

Number of slots - 48
Number of poles - 40

Inner/outer diameter of inner stator mm 330/492.4
Inner/outer diameter of outer stator mm 620/770

Inner/outer stator core length mm 500/650
PM remanent flux density Br_20℃ T 1.36

III. QUASI-3D EMN MODELING FOR IBPMM

A. BASIC MESH ELEMENTS OF EMN
The EMN model of motor often involves three commonly
used cruciform basic mesh elements: rectangle, trapezoid and
sector. Their shape and permeance calculation formulas are
shown in Fig. 6.

u0 is the magnetic potential of the middle node of the
element, and u1-u4 is the magnetic potential of the boundary.
They are connected to the surrounding elements. The
corresponding branch equation can be expressed as (1):
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0( ) ( 1,2,3,4)b b bG u u F Φ b    (1)

where, Gb is the equivalent permeance in the branch; F is the
magnetomotive force source in the branch.
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FIGURE 6. The basic mesh elements

B. MODELING OF STATOR EMN
The cross-sections of the inner and outer stator teeth and
yokes remain unchanged, and the flux is evenly distributed.
To reduce the number of nodes and computation, these two
parts are represented by lumped parameters, and the flux
leakage in the slot is also represented by lumped parameters.
The stator tooth-tips have a high degree of saturation and
complex distribution of flux, and the slot opening parts have
a non-negligible flux leakage, so the cruciform mesh
elements are used to model the tooth-tips and the slot
opening parts. The EMN model of the stator part is shown in
Fig. 7.

The stator teeth, stator tips and slot opening regions are
modeled using rectangular permeance, the stator yoke is
modeled using sectorial permeance, and the stator slot
leakage is modeled using trapezoidal permeance. Solid
element represents the nonlinear permeability element of
ferromagnetic materials, and the hollow element represents
the linear permeability element of the air material.

Since the IBPMM model adopts concentrated winding, the
expression of the magnetomotive force Fcoil generated by the
coil is shown in (2), and the direction of the magnetomotive
force is determined by the left-hand spiral rule.

coilF Hdl NI  (2)

where, H is the magnetic field intensity; l is the loop
circumference; N is the number of coil turns; I is the current
in each coil.

AirStator Core

FIGURE 7. The stator EMNmodel

C. MODELING OF ROTOR EMN
The distribution of the flux inside the PM is regular, however,
to consider the leakage flux between the adjacent PMs, the
PMs and the air parts between them are modeled with
cruciform mesh elements. The IBPMM adopts a parallel
magnetic circuit, resulting in two parallel magnetic field lines
in the rotor yoke, thus, double layers of cruciform mesh are
used to model the rotor yoke. The PM, air region between
PMs and the rotor yoke are all modeled by sectorial
permeance. The EMN model of the rotor is shown in Fig. 8.

PM Rotor yoke Air

FIGURE 8. The rotor EMN model

Each magnetomotive force source inside PM can be
expressed as (3)[21]:

r PM
PM

PM 02

B h
F

 
 (3)

where, Br is remanent flux density; hPM is the thickness in the
magnetizing direction; μ0 is the vacuum permeability; μPM is
the relative permeability of the PM.

D. MODELING OF AIR-GAP EMN
The modeling of air-gap region is very important for EMN
model, because it affects not only the solving accuracy, but
also the relative motion simulation between stator and rotor.
Although the equivalent magnetic circuit method can save
calculation time by generating fewer mesh elements, the air-
gap magnetic circuit element is a unidirectional equivalent
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flux tube, therefore, it is difficult to accurately simulate the
region with irregular geometry and complex flux distribution,
especially in the region around the air-gap, and the tangential
flux cannot be considered. In addition, using the equivalent
magnetic circuit method to model the air-gap region requires
adjusting the permeance according to the flux distribution,
which will cause the corresponding permeance to change
with the change of the flux path, which complicates the
relative motion simulation. In order to solve the above
problems, a double layers cruciform mesh is used to model
the air-gap region, and the circumferential width of each
mesh element in the air-gap region is consistent with the
rotation step angle. A smaller rotation step angle and more
radial layers will lead to more accurate calculation results,
however, an excessive number of radial layers has a limited
effect on the accuracy of the calculation results, and more air-
gap meshes will be generated, resulting in longer calculation
time [22]. Therefore, this paper divides the air gap mesh into
two layers along the radial direction, and the layer near the
stator forms a fixed connection with the stator tooth-tips
mesh elements, and the layer near the rotor forms a fixed
connection with the PMs and moves along with the rotor.
Every mesh element divided in this manner contains only one
material, and does not produce a complex mesh containing
two materials, which simplifies the calculation of element
permeance and ensures the calculation accuracy. The EMN
model of the air-gap region is shown in Fig. 9.

n
m

n+1
m+1

n+2
m+2

n+3
m+3

n+4
m+4

n+5
m+5

n+6
m+6

n+7
m+7

n+8
m+8

n+9
m+9

PM AirStator tooth
FIGURE 9. The air-gap EMN model

When simulating rotor rotation, suppose that the element n
in the first layer air-gap is connected with the element m in
the second layer air-gap at a certain moment. Then the
element n in the first layer air-gap is connected with the
element m+1 in the second layer air-gap at the next moment,
and so on for subsequent movements. In this way, the
rotation of the rotor can be simulated only by changing the
connection between the two layers of air-gap elements, thus
avoiding the re-modelling of the air-gap at different rotor
positions and the composite mesh elements containing
multiple materials. It should be noted that for the readability
of the figure, the circumferential angle of each air-gap mesh
element in Fig. 9. is 1.5°, however, to achieve sufficient
calculational accuracy, the circumferential angle of each air-
gap mesh element is set to 0.25° during the actual modeling.

E. QUASI-3D EMN MODEL OF IBPMM
The cross-section of the IBPMM is different along the axis,
but its axial flux density is very small, in order to quickly
analyze the IBPMM, the axial flux density is ignored. In this
paper, the IBPMM is segmented into two parts along the axis,
the single-stator part and dual-stator part, as shown in Fig. 10.

Single-stator part Dual-stator part

FIGURE 10. The segmentation diagram of IBPMM

2D EMN models of these two parts are established
respectively, and then the two 2D models are constructed a
quasi-3D EMN model by the superposition method, so as to
analyze the performance of the IBPMM. In addition, due to
the large axial length and thickness of the PMs of low-speed
and high-torque PMSM, the leakage flux ratio at the end is
small, therefore, the influence of leakage flux at the end is
ignored in the proposed model.

The 2D EMN model of each part includes the stator, rotor
and air-gap parts mentioned above, as shown in Fig. 11,
where Fig. 11(a). is the EMN model of the dual-stator part in
the middle of the IBPMM, and Fig. 11(b). is the EMN model
of the part with only the outer stator on one side of the
IBPMM.

定子域

转子轭

永磁体

空气域

Stator Core

PM

Rotor yoke

Air

(a) (b)
FIGURE 11. Segmentation EMN model of IBPMM (a) Dual-stator section
(b) Single-stator section
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F. NONLINEAR EMN MODEL SOLVING
Once the EMN model proposed in this paper is established,
the number of nodes and branches remained unchanged. The
basic equations for solving the EMN model by using the
nodal voltage method can be expressed as (4)-(7):

Φ FG (4)

    T
1Φ Φ n   Φ  (5)

    T
1F F n   F  (6)

     
     

     

1,1 1, 2 1,

2,1 2,2 2,

,1 , 2 ,

G G G n

G G G n

G n G n G n n

 
 
   
 
  

G




  


(7)

where, n is the number of nodes of the EMN model; each
element of Φ(i) represents the flux through node i; each
element F(i) represents the magnetomotive force of node i;
each element G(i, j) is the permeance between node i and
node j, and G(i,i) is the sum of all the permeances connected
to node i.

The permeance and permeability in the model are satisfied
(8).
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The permeance matrix is a sparse matrix, but due to the
large number of nodes of the EMN model, in order to speed
up matrix solving, the overrelaxation iterative algorithm (9)
is used to solve the matrix.
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(9)

where, ω is the relaxation factor, and 0<ω<2, ω=1.3 is finally
determined as the best by step search method with step size
of 0.1.

When the node satisfies (10), the iteration process ends.
( ) ( 1) 510k kF F    (10)

After solving the magnetomotive force of each node
according to the above formulas, the flux density B between
node i and node j can be solved using (11).

( ) ( ) ( , )s

ij

F i F j F G i j
B

S

 
 (11)

where, F(i) and F(j) are the magnetomotive forces at node i
and j, respectively. Fs is the magnetomotive force generated
between node i and j by winding or PM. Sij is the cross
sectional area of the permeance element perpendicular to the
direction of the flux between nodes i and j.

For nonlinear materials such as iron core and rotor yoke,
after obtaining flux density B, the relative permeability is
obtained by interpolating B-H characteristic curve of the
material. To consider the effect of saturation, the
permeability of these meshes must be calculated iteratively,
and (12) is adopted to accelerate the iteration speed.

1 2
up 1

p p
k k    (12)

where, p1=0.95, p2=0.05; μup is the updated permeability of
the nonlinear element.

The iteration is terminated when the errors of the flux
density of all nonlinear elements are less than 0.001 after
iterations, that is:

( ) ( 1)max ( , ) ( , ) 0.001k kB i j B i j  (13)

The overall solving process of nonlinear EMN model is
shown in Fig. 12.

Start

Set the initial rotor position θ=θ0

Air-gap model Rotor modelStator model

Rotor position estimate θ>θmax

Air-gap nodes connection Winding magnetomotive forceInitial permeability

Establish permeance matrix G、magnetomotive force matrix F and flux matrix Φ 

Solve flux density B

Update μ B-H curve

Error<0.001

Result log

Update rotor position θ=θ+Δθ

End

Yes

No

Yes

No

FIGURE 12. Solving process of nonlinear EMNmodel

IV. QUASI-3D EMN MODELING FOR IBPMM
To verify the correctness of the torque output capability of
the proposed IBPMM and the analytical results of the quasi-
3D EMN model, the results of the quasi-3D EMN are
compared with 3D FEM results, including air-gap flux
density, winding flux linkage, EMF and output torque under
different excitations. The meshing result of the 3D FEM
model is shown in Fig. 13.
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FIGURE 13. 3D FEM meshing result of IBPMM

A. PERFORMANCE COMPARISON UNDER NO-LOAD
OPERATION
Since the quasi-3D EMN model is superimposed by two 2D
EMN models, in order to verify its accuracy, the no-load
radial air-gap flux density calculation results of the two EMN
models are compared with the results obtained in the middle
of each section of the 3D FEM model respectively, viz. at the
axial 125mm and 287.5mm. The comparison results are
shown in Fig. 14.
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FIGURE 14. Comparison of no-load air-gap radial flux density (a) Dual-

stator part (b) Single-stator part

Fig. 14(a) and 14(b) show the radial flux density
comparison results of the inner and outer air-gaps in the dual-
stator part and the radial flux density comparison results of
the the air-gap only in the outer stator part. Because the
proposed EMN model uses a detailed air-gap meshing and
the saturation degree of the cores is low under no-load
operation, the two calculation results have a good agreement,

and there are some errors only in the slot opening regions,
which are caused by the EMN model's less precise meshing
of the flux leakage path near the slot opening than the FEM.
(14) is used to compare the error between EMN and FEM
results [23].

FEM EMN

1 FEM 100%

n
i i

i i

B B

B

n
 



 


(14)

where, δ is the calculation error; BEMNi is the flux density of
the air-gap at the node i of the EMN model; BFEMi is the FEM
flux density result at the same position as the node i of the
EMN model; n is the total number of air-gap elements in the
EMN model.

Through error analysis, the errors of the inner and outer
air-gap flux density in the dual-stator part are 2.2% and 2.0%
respectively, and the error of the single stator part is 1.9%.

The calculation formulas for the phase flux linkage and
EMF are shown in (15) - (17) :

1

n
i

j
i

NΦ
Ψ

a

 (15)

j
j

dΨ
E

dt
  (16)

where, j=U, V, W represents the three phases U, V, W; n is
the number of teeth surrounded by each phase winding; N is
the number of coil turns; a is the number of parallel branches
per phase.

Since the EMN model of the outer stator winding is
composed of two parts, its flux linkage is obtained by
superposition of the two EMN results:

out out1 out2j j jΨ Ψ Ψ  (17)

where, Ψjout is the total flux linkage of the outer stator j phase;
Ψjout1 is the EMN calculated result of dual-stator part; Ψjout2 is
the EMN calculated result of the single-stator part.

The comparison of calculation results of U-phase flux
linkage and phase EMF of inner and outer stator windings
are shown in Fig. 15. and Fig. 16. respectively.
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FIGURE 15. Comparison of no-load flux linkage

Because the saturation degree of stator teeth is low under
no-load operation and the winding flux linkage is the sum of
flux data of multiple teeth, the EMN results are highly
consistent with the 3D FEM results. The EMN results of the
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flux linkage amplitude of the inner and outer stator windings
are 4.81Wb and 6.05Wb respectively.
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FIGURE 16. Comparison of no-load EMF

Since the EMF is related to the derivative of the flux
linkage with respect to time, a highly consistent flux linkage
results in the same highly consistent EMF results. The EMN
and FEM results of the EMF effective value of the inner
stator winding are 428.4V and 426.8V, respectively. The
results of the outer stator winding are 531.6V and 528.6V
respectively.

It is worth noting that the maximum input current and limit
output torque of the surface-mounted motor under id=0
control are shown in (18) and (19), in order to ensure that the
inner stator outputs the required torque within the voltage
limit, so the number of turns and EMF effective value are
designed to be low[24].

 2 2 2 2 2
lim 0 0

max 2 2

s s s s

s
s s

v R X X e e R
i

R X

  



(18)

 2 2 2 2 2 2
0 lim 0 0

lim 2 2

3

2

s s s s

em
m s s

e v R X X e e R
T

R X

  



(19)

where, vlim is the limiting terminal voltage of the motor; Rs is
the winding phase resistance; Xs is the synchronous reactance;
e0 is the no-load EMF.

B. PERFORMANCE COMPARISON UNDER NO-BOOST
OPERATION

When the IBPMM is running under no-boost operation,
the current of the inner stator winding is zero, and only the
outer stator winding is fed with current to generate torque.
When 59A rated current is passed into the outer stator, the
radial air-gap flux density and flux linkage of the IBPMM
are shown in Fig. 17. and Fig. 18. respectively. Because the
current is small, the saturation degree of the common rotor
yoke changes little, therefore, the radial air-gap flux density
and flux linkage of the inner stator are consistent with that of
the no-load operation. The EMN results of the outer stator
air-gap flux density are in good agreement with the FEM
results, and the errors of the dual-stator and the single-stator
parts are 2.8% and 3.1%, respectively.
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FIGURE 17. Comparison of air-gap radial flux density under no-boost

operation (a) Dual-stator part (b) Single-stator part

The current of the outer stator winding increases the
saturation degree of the core, resulting in a larger slot flux
leakage error between the EMN model and the FEM. As a
result, the EMN calculation results of the outer stator flux
linkage are slightly higher than the FEM results, and their
amplitudes are 6.39Wb and 6.31Wb respectively.
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FIGURE 18. Comparison of flux linkage under no-boost operation

After calculating the load flux linkage , the average
electromagnetic torque of the motor can be obtained
according to (20) [24] :

 em d q q d

3

2
T p Ψ i Ψ i  (20)

where, p is the number of pole pairs; The q- and d-axis flux
linkage Ψq, Ψd and the q and d axis current iq, id can be
obtained by the coordinate transformation of (21) - (23) :
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The total electromagnetic torque Tem of the IBPMM is the
sum of the electromagnetic torque of the inner and outer
stators [25]:

em em1 em2T T T  (24)

where, Tem1 is the electromagnetic torque generated by the
outer stator; Tem2 is the electromagnetic torque generated by
the inner stator. When the IBPMM is running under the no-
boost operation, Tem2=0.

The variation trend of the average electromagnetic torque
of the motor at different outer stator currents is shown in Fig.
19. The additional electromagnetic torque provided by the
unequal-length outer stator core part is 30% of that provided
by the equal-length part. With the increase of the current, the
saturation degree of the outer stator increased, and the error
between the EMN result and the FMN results become larger.
The result of EMN calculation at the maximum current is
1.2% higher than that of FEM.
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FIGURE 19. Comparison of torque under no-boost operation

C. PERFORMANCE COMPARISON UNDER INNER
BOOST OPERATION
When the IBPMM is running under inner boost operation,
both the inner and outer stator windings are fed with current
to generate torque, but the current of the outer stator
windings remains unchanged at 105A. The air-gap flux
density and flux linkage of the IBPMM under maximum
inner boost operation are shown in Fig. 20. and Fig. 21.

Due to the higher degree of saturation, the errors between
the EMN results and the FEM results of the inner stator are
larger than that of the outer stator. The inner and outer air-

gap flux density errors of the dual-stator part are 4.9% and
3.8%, respectively, and the error of single-stator part is 3.6%.
The EMN and FEM results of the outer stator flux linkage
amplitudes are 7.0Wb and 6.88Wb, respectively, and the
inner stator flux linkage amplitudes are 6.12Wb and 5.94Wb.
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FIGURE 20. Comparison of air-gap radial flux density under inner boost

operation (a) Dual-stator part (b) Single-stator part
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FIGURE 21. Comparison of flux linkage under inner boost operation

Under the premise of satisfying the mechanical strength, a
thinner rotor yoke can improve the torque density of the inner
stator. However, because the saturation flux density of the
rotor yoke material is low and the saturation degree is greatly
affected by the large inner stator current, too thin rotor yoke
will cause the output torque of the outer stator to decrease
due to saturation. The rotor yoke flux density distribution of
the prototype is shown in Fig. 22. under no-boost and
maximum inner boost operations, the maximum flux density

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3522279

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



10
VOLUME XX, 2017

of the rotor yoke center under the two operations are 1.42 T
and 1.61T, respectively.

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7

B/T

(a) (b)
FIGURE 22. Flux density distribution of rotor yoke under different boost
currents(a) No-boost current (b) Maximum inner boost current

The output torque generated by the inner stator and the
outer stator can be separated using the proposed EMN model.
The output torque of the IBPMM at different inner boost
currents is shown in Fig. 23. With the increase of the inner
boost current, the saturation degree of the inner stator core
increases, resulting in a nonlinear increase in the output
torque of the inner stator, and the error between the EMN
result and the FEM result becomes larger. The EMN result of
the total electromagnetic torque at the maximum inner boost
current is 2.1% higher than the FEM result. In addition, when
the current of the inner stator reaches 110A, the flux density
of the rotor yoke enters the nonlinear range, resulting in a
slight decrease in the output torque of the outer stator.
Compared to the no-boost operation, the output torque of the
outer stator decreased by approximately 0.5% when the
maximum inner boost current is applied. The FEM is
difficult to separate the torque, so it is useful to use the
proposed EMN model to optimize the rotor yoke thickness.
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FIGURE 23. Comparison of torque under boost operation

D. COMPARISON OF COMPUTING EFFICIENCY
Table ⅠⅠ shows the number of computing elements,
computing time and memory consumption by quasi-3D
EMN and 3D FEM when solving one electrical cycle for teh
1/8 model IBPMM. From the comparison results, it can be
seen that the quasi-3D EMN method can obtain satisfactory
calculation accuracy through fewer elements, greatly reduce
the computing time, and reduce the requirements of the
computer hardware.

TABLE ⅠⅠ
Comparison of computational efficiency

Parameter Quasi-3D EMN 3D FEM
Number of computing

elements
1294 2252573

Computing time 0.4h 11.9h
Consume memory 1.2GB 67.3GB

V. PROTORYPE EXPERIMENT
The experimental platform of IBPMM prototype is shown in
Fig. 24.

High voltage probe

Oscilloscope

Power analyzer

Load motor

Torque analyzer

Prototype

FIGURE 24. Prototype experimental platform

The prototype is dragged to the rated speed by the test
machine, the comparison between the measured EMF and the
calculated results of EMN are shown in Fig. 25.
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FIGURE 25. Experimental results of no-load EMF

The experimental results are highly consistent with that of
the quasi-3D EMN model, however, owing to the cutting
angle of PMs, the experimental waveforms and values are
slightly different from the EMN results. The effective values
of the EMN experimental results of the inner and outer stator
windings are 424.6V and 526.9V respectively.

During the loading experiment, because the rotor adopts
the surface-mounted structure, the id=0 control is adopted for
both the inner and outer stators. The output torque of the
IBPMM at different currents are obtained by gradually
increasing the power of the test machine. The comparison
between experimental results and EMN calculation results
are shown in Fig. 26.
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When the IBPMM is under inner boost operation, with the
increase of the current of the inner stator winding, the error
between the two results gradually becomes larger, this is
because the saturation degree of the inner stator core
increases with the increase of the current of the inner stator
winding, which affects the calculation accuracy of EMN
model, at the same time, the output torque of the
experimental motor decreases with the increase of iron loss
and PMs temperature. When the inner motor is running at the
maximum current, the EMN result is 3.2% higher than the
experimental result, this error is within the acceptable range
of engineering.

VI. CONCLUSION
In order to improve the space utilization rate and short-term
overload capacity of the DSPMM, an IBPMM with unequal-
length cores is proposed in this paper. Aiming at the
characteristic of the IBPMM with different sections along the
axis, a quasi-3D EMN model is established to separate the
inner stator torque and outer stator torque, and further
analyze the influence of the large inner stator current on the
outer stator torque, which provides a basis for the
optimization of the rotor yoke thickness. Meanwhile, the
computing efficiency is improved. Through the analysis,
research of the quasi-3D EMN model and prototype
experiments, the following conclusions can be obtained:

1) The unequal-length cores structure of the IBPMM
can make full use of the inner space of the motor to
increase the output torque of the outer stator by 30%.
At the same time, the short-term boost running inner
stator can make the IBPMM reach 3 times short-time
overload under the id=0 control.

2) The high current density of the inner stator winding
will increases the saturation of the rotor yoke and
thus affects the output torque of the outer stator. The
output torque of the outer stator at the maximum
inner boost current is only 0.5% lower than that of
the no-boost operation under the condition of the
rotor yoke thickness of the prototype.

3) The results of the proposed quasi-3D EMN are in
good agreement with those of the 3D FEM under no-
load operation. The torque calculation results of the
quasi-3D EMN are 1.2% and 2.1% higher than those

of 3D FEM under no-boost and maximum inner
boost operations, respectively. In addition, the
solving time of the quasi-3D EMN model is only
3.4% of that of the 3D FEM, which significantly
improves the solving speed of IBPMM and reduces
the requirements for computer configuration.

4) The torque results of the quasi-3D EMN are 1.8%
and 3.2% higher than the experimental results under
no-boost and maximum inner boost operations,
respectively, the errors meet the engineering
requirements. The performance of the IBPMM and
the accuracy of the quasi-3D EMN model can be
proved.
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