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Abstract

The auxiliary magnetic barrier permanent magnet synchronous motor
(AMBPMSG) has not only the advantages of high power density and high
efficiency of permanent magnet synchronous generator, but also the advan-
tages of high temperature non-demagnetization and low cost of the reluctance
motor. It has a broad application prospect in the field of wind power gen-
eration. Statement is presented in this paper, on the basis of structure and
operation principle of the motor, the magnetic barrier surrounding the shape,
shape of magnetic bridge, magnetic barrier layer and a permanent magnet is
optimized, by means of two-dimensional finite element simulation software
analysis of air-gap magnetic field, the counter electromotive force, reduce no-
load back electromotive force harmonic content, in order to obtain the optimal
electromagnetic performance, and develop the visual design and simulation
platform software. The research of this paper has a certain reference value for
the popularization and application of AMBPMSG.

Keywords: Permanent magnet wind turbine, auxiliary magnetic barrier,
back electromotive force, parameter optimization.

Distributed Generation & Alternative Energy Journal, Vol. 37_3, 501–524.
doi: 10.13052/dgaej2156-3306.3736
© 2021 River Publishers



502 C. Qu et al.

Introduction

Wind power generation is a widely used power generation technology nowa-
days [1–4]. It is a power generation method that converts the kinetic energy
contained in the wind into electric energy. As the heart of wind power
generation, wind turbine takes on the task of converting mechanical energy
into electric energy, which directly affects the energy efficiency and power
supply quality in the process of energy conversion [5–10]. Wind turbines
are mainly composed of blades, generators, mechanical parts and electrical
parts. At present, wind turbines mainly use ordinary three-phase synchronous
generators (TSG) and permanent magnet synchronous generators (PMSG).
The stator side of TSG is connected with the power grid through a frequency
converter. The rotor side adjusts the excitation current of the generator
through an excitation controller to control the output voltage amplitude of the
stator side of the generator, which forms a variable speed constant frequency
synchronous wind power generation system. The PMSG rotor is directly
coupled with the wind turbine, and the output voltage and frequency of the
generator change with the change of wind speed. PMSG is widely used in
wind power generation due to its high efficiency, high power factor, low
maintenance cost and mature power generation technology. However, PMSG
still has the following problems [11–20]:

(1) It is difficult to maintain the full power converter.
(2) The amount of permanent magnetic materials is large, and the price of

rare earth permanent magnetic materials is expensive.
(3) Permanent magnet is prone to demagnetization at high temperature and

vibration, and irreversible demagnetization occurs under the impact of
overcurrent, which may cause the motor to be scrapped.

Therefore, this paper introduces an auxiliary magnetic barrier permanent
magnet synchronous generator (AMBPMSG). The stator part of the machine
adopts the stator structure of asynchronous machine, and the rotor part
combines the characteristics of permanent magnet machine and reluctance
machine. It has the advantages of high efficiency while saving permanent
magnet material. In the past 20 years, with the continuous progress of wind
power technology, the capacity of wind power unit is also increasing, and the
technology has gradually matured. Many scholars have a certain research on
permanent magnet wind generator.

Literature [21] proposed a new scheme of double-stator permanent mag-
net integrated starting generator and established its mathematical model,
which improved the performance of integrated starting and generating
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machine applied to hybrid electric vehicles. Literature [22] put forward a
series double hybrid direct drive machine stator magnetic circuit structure,
the double stator structure used in the hybrid variable reluctance machine, and
study of the magnetic circuit structure, this new type of machine are calcu-
lated and analyzed under different working condition of machine parameters
and operation features, for the stator permanent magnet machine design and
optimization provides certain experience. Literature [23] takes the permanent
magnet wind turbine in 4.8 MW as the research object, and carries out
simulation analysis and calculation on the generator’s no-load, rated load
and short-circuit conditions. Finally, based on the loss in the electromagnetic
design scheme, using the theory of engineering heat transfer, the heat transfer
characteristics and temperature rise inside the generator are analyzed, which
provides a theoretical basis for the electromagnetic design and structure
optimization of the generator.

All the above literatures have analyzed the electromagnetic and structural
characteristics of PMSM with different structures, which has made a certain
contribution to the promotion of the machine. However, a comprehensive
and complete structural optimization is still needed for AMBPMSG, and an
electromagnetic calculation and simulation platform is developed to further
improve the operation performance and accelerate the pace of its application.
This paper optimizes the new auxiliary magnetic barrier permanent magnet
synchronous motor, and designs the design software platform, which is
innovative.

1 Equivalent Magnetic Circuit and Operating Principle of
AMBPMSG

The Equivalent Magnetic Circuit of AMBPMSG

With the development of industrial technology and the popularization of
computers, the magnetic circuit solving method of permanent magnet syn-
chronous machine has changed from graphic method to perfect method
which corrects various coefficients obtained by electromagnetic calculation
and experimental verification. In order to simplify the calculation, the fol-
lowing assumptions are required to establish the equivalent magnetic circuit
model [24]:

(1) All air parts are vacuum;
(2) The permeability of permanent magnet is equal to the permeability of

vacuum;
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Figure 1 Equivalent magnetic circuit model of the D-axis and Q-axis of AMBPMSG.

       

Figure 2 Equivalent magnetic circuit diagrams of the D-axis and Q-axis of AMBPMSG.

(3) The magnetomotive force generated by the permanent magnet is
ignored;

(4) Ignore the stator core reluctance.

The three-layer auxiliary magnetic barrier structure model is taken as an
example to analyze the equivalent magnetic circuit of D-axis and Q-axis. The
magnetic force lines of D-axis and Q-axis of AMBPMSM start from the stator
yoke and successively pass through the air gap, the magnetic conductive layer
between adjacent magnetic barriers, the air gap, the stator tooth and the stator
yoke [8]. As shown in Figures 1 and 2, according to the trend of magnetic
force lines, the equivalent magnetic circuit model of D-axis and Q-axis and
the equivalent magnetic circuit are obtained.

Among them, the Re is the stator yoke magnetic resistance; Rc is the
stator tooth magnetic resistance; Rcd is the sum of the reluctance of the air
magnetic barrier and the magnetic conductive block; Fds is the magnetomo-
tive force generated by the stator winding coil; ϕd is the magnetic flux of
the D-axis; Rd is the reluctance of the rotor magnetic channel; Fqs is the
magnetomotive force generated by the stator winding coil; ϕq is the sum of
magnetic flux in the direction of Q-axis, and the expressions of N, M, W, X,
Y and Z are:

N = Re3 +Rair3 +Rc3 +Rcd3 (1)
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M = Rair2 +Rc2 (2)

W = Rc1 +Rc2 (3)

X = Rd3 +Rair3 +Rc3 +Re3 (4)

Y = Rd2 +Rair2 +Rc2 (5)

Z = Rd1 +Rair1 +Rc1 (6)

Based on KCL and KVL laws, the equation can be written as follows:

φ2 =
Fds3 − Zφ1 − (X + Z)φ3

Z
(7)

φ3 =
a

b
(8)

φq = φ1 + φ2 + φ3 (9)

Rc1φq = Fqs1 − Zφ1 (10)

Fqs3 −Xφ3 = Fqs2 − Y φ2 (11)

Rc2(φ3 + φ2) + Fqs − Y φ2 = Fqs1 − Zφ1 (12)

Among them:

a = Fds3 − Fds2 + Y φ1 +
(Rcd2 + Y )(Fds3 − Zφ1)

Z
(13)

b = X +
(Rcd2 + Y )(X + Z)

Z
(14)

φd = φ2 + φ3 + φb (15)

φ2 =

{
Fqs2 − Rc1

Z+Rc1

[
Fqs1 − Rc1

X (Fqs3 − Fqs2)
]
− Rc1+Rc2

X (Fqs3 − Fqs2)
}

[
Y +Rc1 +Rc2 +

Rc1+Rc2
X Y − R2

c1
Z+Rc1

(
X+Y
X

)]
(16)

φ1 =
1

Z +Rc1

[
Fqs1 −

Rc1

X
(Fqs3 − Fqs2)−Rc1

X + Y

X
φ2

]
(17)

φ3 =
(Fqs3 − Fqs2) + Y φ2

X
(18)

According to Equations (7), (8), (13), (14) and (15), the magnetic flux of
D-axis can be obtained, and then the inductance of D-axis can be obtained



506 C. Qu et al.

according to the winding turns and current. According to Equations (9), (16),
(17) and (18), the magnetic flux in the direction of Q-axis can be obtained,
and then the inductance of Q-axis can be obtained according to the number
of turns and current of the stator winding.

1.1 The Structure and Operating Principles of AMBPMSG

As shown in Figure 3, AMBPMSG is composed of a fixed stator and a
rotating rotor. The stator is the same as the traditional asynchronous machine,
and the rotor is combined with the features of a built-in permanent mag-
net synchronous machine and a synchronous reluctance machine. During
the operation of the generator, relative motion is generated between stator
windings and permanent magnet magnetic field, and regular alternating three-
phase sinusoidal electromotive force is induced in the windings, which can
be used as a power supply to connect the load or upload to the grid. The
mechanical speed of the rotor of the machine is consistent with the speed of
the rotating magnetic field. In the structure of the actual generator, the part
of the excitation magnetic field can be rotated, and the part of the armature
winding used for induction can be rotated, as long as the two can generate
relative motion. Synchronous generator is widely used in nuclear power,
thermal power, hydropower and current wind power. When its magnetic pole
logarithm is p and rotor speed is n, the output current frequency f = np/60.

Traditional generators used in hydropower, thermal power and other
places usually use electric excitation winding to establish magnetic field. But
in wind turbines synchronous generators using permanent magnets to estab-
lish magnetic field have been widely used. The magnetic field of permanent
magnet is constant, so it is difficult to adjust the main magnetic field from
the outside, but nowadays, with the rapid development of power electronics
technology, relevant adjustment can be made from the stator electric quantity.

Figure 3 Schematic diagram of permanent magnet synchronous generator.
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2 Electromagnetic Solutions of AMBPMSG

Based on the machine design theory and combined with the index parameters,
the main parameters of the machine are determined by the magnetic circuit
calculation method as shown in Table 1.

2.1 Magnetic Barrier Structure Design

AMBPMSG rotor stamping is formed in the same way as synchronous
reluctance machines, mainly consisting of axial laminated rotor structure
(ALA) and ramming laminated rotor structure (TLA), as shown in Figure 4.
ALA alternately superimposes magnetic materials and non-magnetic mate-
rials along the axial direction according to a certain thickness ratio. The
highly anisotropic laminated magnetic permeability improves the convex pole
ratio, resulting in high torque density and power factor. However, due to
the complex processing technology and low mechanical strength, it cannot
be applied in the industrial field on a large scale [9]. TLA further improves

Table 1 Main parameters of machine
Parameter Value Parameter Value
Stator outer diameter 260 mm Pole-pairs 3
Stator Bore 180 mm Number of slots 36
Rotor outer diameter 179 mm Core length 110 mm
Rotor inner diameter 60 mm Thickness of permanent magnet 7.85 mm
Rated power 7.5 kW Magnetization direction length 2.41 mm
Rated speed 1000 rpm Air gap length 0.5 mm
Rated phase voltage 220 V Polar arc coefficient 0.7
Rated phase current 14 A Silicon steel sheet material DW460-50
Rated torque 71.63 Nm Permanent magnet material NdFe36
Rated frequency 50 Hz Stator resistance 0.53 Ω

(a)ALA                    (b)TLA 
Figure 4 AMBPMSG rotor punching structure.
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(a) U-shaped barrier structure        (b) C-shaped barrier structure 

Figure 5 Common magnetic barrier structures.

                 
(a) Angular magnetic bridge structure   (b) Circular arc magnetic bridge structure 

Figure 6 Common magnetic bridge structures.

the power factor and efficiency of the machine by stamping the air magnetic
barrier in the silicon steel sheet to increase the inductance difference between
D and Q axes. However, since ALA rotor structure is not suitable for mass
production [10], TLA rotor structure is adopted in this design.

(1) Determine the shape of the magnetic barrier

AMBPMSG commonly used magnetic barrier shapes are mainly U-shaped
and C-shaped, as shown in Figure 5. As the magnetic density distribution in
the U-shaped magnetic barrier structure varies greatly, local saturation may
occur, leading to the increase of machine magnetic flux leakage, the reduction
of salient pole ratio, and the reduction of torque at load, so this design adopts
the C-shaped magnetic barrier structure. At the same time, the part near the
air gap at both ends of the magnetic barrier is thinner, and the middle part
of the magnetic barrier is thicker. In this way, the thickness of the magnetic
barrier is not only sufficient to isolate the magnetic field, but also can reduce
the cogging torque ripple caused by the slotting of the stator rotor [11].

(2) Peripheral magnetic bridge shape selection

AMBPMSG commonly used angular magnetic bridge structure and circu-
lar arc magnetic bridge structure, as shown in Figure 6. If the number of
magnetic barrier layers is small (nb ≤ 2) and the thickness of each layer
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is large, when the magnetic barrier is aligned with the stator teeth, a large
magnetoresistance will be generated. The torque ripple caused by this non-
uniform reluctance is dominant. In this case, the use of arc-shaped magnetic
bridge can weaken the torque ripple. When magnetic barrier layer is more
nb (nb > 3 or higher), each layer of magnetic barrier thickness is small,
the stator tooth thickness is often greater than the thickness of the magnetic
barrier, when a layer of magnetic barrier with the stator tooth alignment, the
field lines will not be cut off completely, this caused by the torque ripple of
cross coupling effect dominates, the angle type magnetic bridge is adopted
can reduce the torque ripple [12].

In this design, in order to increase the inductance difference between
D-axis and Q-axis, and improve the salient pole rate, the rotor adopts a
multi-layer magnetic barrier structure. Therefore this design uses the angular
magnetic bridge structure.

(3) Selection of barrier layers

In order to reduce the complexity of the design of magnetic barrier parameters
and reduce the number of magnetic barrier parameters to be optimized, the
air magnetic barrier can be regarded as the uniform slotting effect of the rotor,
and the distance between the two adjacent ends of the rotor is controlled to be
consistent. By restricting the relationship between magnetic barrier parame-
ters, the number of parameters to be optimized for the machine is greatly
reduced, so as to realize the rapid design of the machine. The traditional
uniformly distributed magnetic barrier parameter design adopts the magnetic
barrier Angle constraint mode [13], and the constraint relation is:(

nb +
1

2

)
γ + θ =

π

2p
(19)

Wherein is the distance Angle between the two adjacent magnetic barri-
ers, is the Angle of the first layer of magnetic barriers, both of which satisfy
the above equation. “nb” is the number of magnetic barrier layers, and “p”
is the polar logarithm. Therefore, the number nb of magnetic barrier layer is
selected below. The finite element models when nb = 1, nb = 2, nb = 3,
nb = 4 and nb = 5 were established respectively. When there was only air
in the magnetic barrier, the three-phase sinusoidal alternating current with an
effective value of 14A was introduced. The finite element models in various
cases were shown in Table 2.

For permanent magnet generators, the back electromotive force harmon-
ics will generate additional losses in the stator windings, the rotor loop and
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Table 2 Finite element models of different magnetic barrier layersg y
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Figure 7 Inverse back electromotive force harmonic bar diagram.

the iron core, which will reduce the overall energy conversion efficiency of
the machine. Therefore, it is very necessary to analyze the back electromotive
force harmonics of permanent magnet generators. As shown in Figure 7, the
column diagram of load back electromotive force harmonic decomposition is
shown.

It can be seen that when the number of magnetic barrier layers increases,
the odd harmonics of the machine are reduced to some extent. If the pilot runs
under the state of serious third and fifth harmonics for a long time, vibration
noise, local overheating and temperature rise will be generated, which will
lead to accelerated aging of the insulation layer and greatly reduce the service
life of the machine [14]. It can be seen that the third and fifth harmonics
are relatively small when the number of magnetic barrier layer nb = 4. To
sum up, from the point of increasing the load torque and reducing the odd
harmonic of the load reverse electromotive force, the number of magnetic
barrier layer nb = 4 is selected. At this point, the parameters of each part of
the magnetic barrier are shown in Figure 8.
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Figure 8 Magnetic barrier Angle constraint parameter.

2.2 Determination of Permanent Magnet Proportion K and
Magnetizing Direction

The proportion of permanent magnet K(%) is defined as the proportion of
permanent magnet in the air magnetic barrier. As shown in Figure 9, when
K = 0%, the permanent magnet is gradually filled with 12.5% in the air
magnetic barrier until K = 100%.

Meanwhile, the magnetizing direction of the permanent magnet was
changed to the positive X-axis and the positive Y-axis respectively. The
changes of efficiency in the process were analyzed, as shown in Figure 10.

It can be seen that the permanent magnet is not fully utilized when the
Y-axis is in positive magnetization. When the X-axis is in positive magne-
tization, the eat a better pie increases with the increase of K, while when
K = 75%, Tr is smaller and higher. Therefore, the magnetization direction is
in the positive direction of X-axis, and the proportion of permanent magnet
K = 75%. The magnetic field lines and local amplification of magnetic
density are shown in Figure 11. It can be seen that the magnetic field lines
of AMBPMSG are trending correctly, and the magnetic density is slightly
saturated locally but has little impact.

AMBPMSG’s counter electromotive force is shown in Figure 12.
AMBPMSG’s inverse electromotive force presented sinusoidal distribution
and its effective value was close to 220V. Due to the tooth groove effect
between the stator opening slot and permanent magnets, the waveform of
no-load back electromotive force is not standard sine, but all show saw
tooth depression at the crest [15]. Meanwhile, the distortion degree of
AMBPMSG’s waveform is slightly lower than that of the other two structures,
which improves the stability of machine operation and the utilization rate of
permanent magnet materials.
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a K=0% b K=12.5% c K=25% 

d K=37.5% e K=50% f K=62.5% 

g K=75% h K=87.5% i K=100% 

Figure 9 Different structure diagrams of K.
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Figure 10 The efficiency with different magnetizing direction and K.
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(a) Result of magnetic field line             (b) Result of magnetic field density 

Figure 11 AMBPMSG finite element model.
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Figure 12 AMBPMSG counter electromotive force.

3 Rotor Structure Optimization of AMBPMSG

3.1 Helical Rotor Pole

Cogging torque refers to the torque produced by the interaction between the
armature winding core and the permanent magnet of the rotor, which is an
inherent phenomenon of permanent magnet machines [16]. The presence
of cogging torque will make the machine produce vibration and noise and
increase the load torque ripple, while the no-load back electromotive force
affects the running stability of the machine. If measures can be taken to
reduce the effective value of cogging torque and the distortion rate of no-load
back electromotive force, the running stability of the machine under load will
be improved.

Due to the complex processing technology of continuous inclined pole,
it is difficult to realize, so the piecewise inclined pole method is adopted in
this paper. The relationship between the optimal inclined pole Angle and the
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Figure 13 Harmonic bar diagram of no-load back electromotive force.
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Figure 14 No-load back electromotive force before and after inclined pole.

number of sections n is as follows [17]:

β =
2π

LCM(Q1, 2p)n
(20)

Where LCM (Q1, 2p) represents the minimum common multiple of the
number of slots for the stator and the number of poles for the rotor. When the
number of segments n = 1, 3, 5 and 7, the tooth torque waveform and no-load
back electromotive force harmonic decomposition are shown in Figure 13.

It can be seen that when n = 3, the tooth torque is small and the high-
order harmonic of no-load back electromotive force is small. When n = 3,
the harmonic reduction of space-time loaded back electromotive force is
no longer significant. Therefore, when the number of segments of the rotor
oblique pole is n = 3, the machine performance and processing complexity
are the most reasonable. At this time, the changes of tooth torque and no-load
back electromotive force before and after the oblique pole are compared, as
shown in Figure 14.
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It can be seen that the bevel of rotor can effectively reduce the harmonic
wave of tooth torque and no-load reverse electromotive force in no-load
condition. In practical application, considering the convenience of mass
production and processing, fewer segments are often selected for the rotor
inclined pole.

3.2 The Thickness of the Magnetic Barrier

The thickness of the magnetic barrier b0 affects the amount of permanent
magnet. The thicker the magnetic barrier is, the more the amount of per-
manent magnet material is, the higher the output torque is [14]. In order to
make rational use of permanent magnet materials, the influence of magnetic
barrier thickness on load torque and efficiency is analyzed below, as shown
in Figure 15.

The change of b0 is increased from 1 mm to 4.5 mm at an interval of
0.5 mm, and the changes of load torque, torque ripple and efficiency are
shown in Figure 16. It shows that when the thickness of magnetic barrier

 
Figure 15 Schematic diagram of magnetic barrier thickness.

b0 (mm) 

 (
%

) 

Figure 16 Efficiency changes with the thickness of the magnetic barrier.
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b0 = 3 mm, the efficiency is high. When b0 = 3 mm, the increase in
efficiency is no longer significant, and material waste will be caused. The
thickness of the magnetic barrier b0 = 3 mm was selected comprehensively.
AMBPMSG efficiency can be further improved by optimizing the magnetic
barrier thickness. The research results show that the load torque and efficiency
are the highest when the magnetic barrier thickness is b0 = 3 mm, that is, the
amount of permanent magnet materials can be reduced to a certain extent
when the same power is output.

4 Software Common Platform

To design the structure of a new type of machine or to analyze its charac-
teristics, it is necessary to write an electromagnetic calculation program to
calculate the electromagnetic characteristics, and then analyze the character-
istics of the machine according to the electromagnetic calculation results. For
wind turbines with permanent magnet machine, the characteristic analysis
of the target are racing back electromotive force waveform and harmonic,
the cogging torque and harmonic etc., due to the manual electromagnetic
calculation requires a lot of time, so this section in view of the wind turbine
with permanent magnet machine to develop a fast electromagnetic calculation
simulation platform.

The electromagnetic computing software common platform with a
friendly, convenient machine interactive interface, and more than just have
a MATLAB2017b and version of the computer operation can be realized,
for complex simulation and parameter calculation can be invoked in the
background, do not appear on the visual interface, so the software can supply
electrical designers use to magneto electromagnetic calculation, the result can
be used for reference on the practical application.

The general platform for performance simulation of permanent magnet
machine requires the following functions to be realized [18]:

(1) Strong versatility. The user is allowed to input different technical param-
eters and structural parameters of the permanent magnet machine, so
as to calculate the electromagnetic characteristics of different structural
parameters.

(2) Strong intuitiveness. After the user clicks to start the calculation, the
electromagnetic calculation results can be obtained directly in the
window of the visual interface.
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(3) Easy to reduce. Users are allowed to input parameters according to the
actual situation and modify, add and delete the parameters to ensure the
correctness of the input parameters.

(4) Portability. This software emulates the general platform which does not
depend on the hardware equipment of the feature and does not need to be
backed up in the registry. Users only need to install MATLAB2017b or
above version on the PC side to ensure the universality of the program.

The interface of the general software platform for electromagnetic calcu-
lation of permanent magnet machine is shown from Figures 17 to 20.

 
Figure 17 Launch the welcome screen.

Figure 18 Technical index input interface.
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Figure 19 Stator punching parameters input interface.

Figure 20 Electromagnetic parameter calculation input interface.

Figure 21 Counter back electromotive force waveform interface.
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5 Conclusion

In this paper, starting from the shortcomings of wind turbines with permanent
magnet machine, this paper introduces a kind of auxiliary magnetic barrier,
permanent magnet generator based on magnetic circuit calculation method
to determine electromagnetic design, finite element simulation software to
establish the two-dimensional model of AMBPMSG, comparative study on
the torque ripple, efficiency, the cogging torque and back electromotive force,
and the AMBPMSG rotor structure optimization design. The research results
show that:

(1) Compared with built-in permanent magnet wind turbines, AMBPMSG
maintains high efficiency while reducing the use of permanent mag-
net materials, and greatly reduces the occurrence of high temperature
demagnetization of permanent magnet materials.

(2) The piecewise inclined pole of the rotor can reduce AMBPMSG inverse
back electromotive force harmonic content and slot torque effective
value. The research results show that the effect is the best when the
number of segments n = 3, thus improving the stability of no-load
operation and the utilization ratio of permanent magnet materials.

(3) By optimizing the magnetic barrier thickness b0, AMBPMSG load
torque and efficiency can be further improved. The research results
show that when the magnetic barrier thickness b0 = 3 mm, the torque
ripple is the lowest, the efficiency is higher, and the stability of machine
operation is improved, which has certain reference value for engineering
application.

(4) Finally, according to the operation characteristics and technical require-
ments of the permanent magnet machine used in wind turbines and the
M file of the electromagnetic calculation program, a general electromag-
netic calculation platform was developed by using MATLAB software,
which realized the fast and convenient electromagnetic calculation of the
permanent magnet machine and avoided the tedious manual calculation
process.
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