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Characteristic Research on Double Rotor Permanent Magnet Motor
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Abstract—Dual-rotor permanent magnet motor has the characteristics of high torque density and high
efficiency and has a wide range of application prospects in many fields. However, the double air-gap
structure also makes the internal magnetic field distribution more complicated and torque fluctuation
more serious. To improve the double-layer air-gap magnetic field distribution and reduced torque
pulsation, based on the Halbach array magnetization, the inner and outer irregular Halbach array dual-
rotor permanent magnet motor model was established to obtain the ideal one-sided magnetic field. By
comparing the magnetic field distribution of the inner and outer layers, the no-load back-EMF, and
the cogging torque, it is proved that the motor with the proposed structure can optimize the air-gap
magnetic density and no-load back-EMF and reduce the cogging torque; at the same time, the torque
ripple is also significantly reduced to ensure the stability of the motor operation.

1. INTRODUCTION

Dual-rotor permanent magnet motor has two independent stator and rotor structures; inner and outer
structures can operate and output independently. It has the advantages of light weight, small size,
high efficiency, and long life. Now it is often used in various high-end technologies, such as new energy
vehicles, aerospace, wind power generation, and other fields [1,2]. However, the operation characteristics
of the permanent magnet motor determine that it will produce cogging torque and non-ideal air-gap
flux density waveform when it is running. The air-gap flux density of the permanent magnet motor
largely determines the performance of the back electromotive force and output torque. The dual-rotor
permanent magnet motor has two air gaps inside and outside. Therefore, the quality of the air-gap
flux density and the fluctuation of the cogging torque have a great impact on the performance of the
motor [3-5].

For surface-mounted permanent magnet motors, parallel or radial magnetization is generally used.
However for air-gap flux density, whether parallel or radial magnetization, there are always problems
such as low sine and high harmonic. In the early stage, Professor Klaus Halbach proposed a special
arrangement of magnets — Halbach permanent magnet array. This magnet array can make the magnetic
field distribution more sinusoidal, and the magnetic field intensity has a unilateral effect. It also has the
characteristics of reducing the cogging torque of the motor and improving stability. Halbach array makes
the permanent magnet be used better and greatly improves the utilization rate of the permanent magnet,
which has attracted wide attention from the academic community. To make more breakthroughs in this
method, domestic and foreign researchers have applied Halbach permanent magnet array to motor
design. In [6], the magnetic pole segmentation was proposed. For the single-layer Halbach array, the
influence of different block numbers of each pole on the air-gap flux density was compared, and it
was concluded that the sinusoidal of Halbach permanent magnet array was affected by the number of
magnetic poles blocks. Reference [7] explored the influence of a four-block Halbach array structure of
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the permanent magnet on the unilateral magnetic concentration of the inner and outer double air gaps.
Reference [8] studied three inhomogeneous permanent magnets using Halbach array. In [9], a T-type
and claw-type Halbach permanent magnet array was proposed to improve the motor’s air-gap flux and
power output efficiency.

In recent years, researchers have shifted from single-layer structure to double-layer structure on
Halbach permanent magnet array and made a series of studies. In [10], a double-layer Halbach
permanent magnet array was used to design a high-speed slotless permanent magnet synchronous motor,
and the sinusoidal degree of air-gap flux density was improved by improving the shape and size of the
magnet. Reference [11] designed and optimized the magnetization direction of a double-layer Halbach
array permanent magnet and compared the sinusoidal degrees of the air-gap flux densities of the single-
layer and double-layer Halbach arrays in detail, but there was no discussion and analysis on the size of
the permanent magnet. In [12], a permanent magnet motor with a double-layer Halbach array inside and
outside was studied. This method made the motor structure more complex and dramatically increased
the difficulty of permanent magnet magnetization and machine manufacturing.

In this paper, the shape, arrangement, and combination of permanent magnets of Halbach
permanent magnet array are improved based on previous studies. Compared with the traditional
double-rotor motor, the parameters of permanent magnet and motor size are the same. A double-rotor
permanent magnet motor with irregular topology is designed. The cogging torque, air-gap flux density,
back electromotive force, and output torque are simulated by the finite element method. The harmonic
analysis of the magnetic field waveform is carried out by Matlab. Compared with the traditional dual-
rotor motor, the optimization effect of the irregular topology is verified, namely, the reduction of air-gap
harmonics, the improvement of waveform sine, the decline of the cogging torque, the decline of back
electromotive force harmonics, and the advancement of waveform sine.

2. MOTOR TOPOLOGY AND OPERATION PRINCIPLE

Figure 1 shows the motor two-dimensional profile. It can be seen that the inner rotor and middle stator
constitute the ‘inner motor part’; the outer rotor and middle stator constitute the ‘outer motor part’;
and the double rotor motor is composed of the inner and outer motors.
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Figure 1. Motor structure.
The two sides of the stator are slotted respectively, and the armature winding is connected to

two motor units through the stator. Due to the magnetic isolation ring, the inner rotor and outer
rotor constitute the inner motor unit and outer motor unit respectively with the middle stator. Under
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the action of three-phase alternating current, the magnetic field of stator winding interacts with the
magnetic field generated by the permanent magnet of the inner and outer rotors, and the electromagnetic
torque drives the output mechanical energy of the inner and outer rotors [13, 14].

2.1. Traditional Halbach Array

In Halbach magnet magnetization, the magnetic field similar to sinusoidal distribution is the most
ideal [15-17], but it is difficult to achieve in engineering manufacturing. In order to obtain the
sinusoidal magnetic field, the permanent magnet is usually segmented, and then each segment of the
permanent magnet is changed to the appropriate magnetization direction. The magnetization direction
of permanent magnet is shown in Fig. 2. The permanent magnet installation of the motor is generally
circular. Fig. 3 shows the magnetization direction of the Halbach array with three blocks per pole. The
direction of magnetization and the number of magnet blocks are as follows [18]:

0= (1+p)x6 (1)
where 6 is the magnetization angle of the i-block permanent magnet. 6; is the angle between the

geometric centerline of the i-block permanent magnet and the transverse coordinate. ‘+’ represents the
‘outer rotor’, and ‘—’ represents the ‘inner rotor’. p represents the pole number of the motor.
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Figure 2. Magnetization direction of Halbach Figure 3. Magnetization direction of three
array magnets. Halbach arrays per pole.

2.2. Advanced Halbach Array

In this paper, a new Halbach array structure is used, and the whole permanent magnet is divided into
three pieces as shown in Fig. 4.

This part of the Halbach array has the same number of permanent magnets as the ordinary Halbach
array. However, the number of permanent magnets used by the former is significantly reduced compared
with that of the latter, and the structure has also been changed. The main magnetic pole is a convex
permanent magnet, and the vice magnet poles on both sides are two permanent magnets for magnetic
gathering [19]. Each part of the permanent magnet is magnetized in a specific direction to achieve
magnetic gathering to the stator slot side.

3. FINITE ELEMENT ANALYSIS

In this paper, a dual-rotor permanent magnet motor with an inner rotor of 12 slots and 8 poles and an
outer rotor of 18 slots and 16 poles is selected as an example, and Table 1 shows the main parameters
of the motor.

In order to compare the performances of each parameter between the Halbach magnetization of
the new structure and the traditional radial magnetization. The permanent magnet materials are
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Figure 4. Magnetic direction of Halbach array.

Table 1. Parameters of double rotor motor.

Value
Parameter
Inner rotor | Outer rotor

Umber of pole-pairs 4 8
Slot number 12 18
Groove angle (°) 8 4
Stator inner radius (mm) 32 44
Stator outer radius (mm) 45 59
Rotor inner radius (mm) 13 63
Rotor outer radius (mm) 28 80
Permanent magnet inner radius (mm) 28 61
Permanent magnet outer radius (mm) 30 63
Motor length (mm) 65 65

Pole-arc factor 0.889 0.889
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NdFeB; the shape, size, and style are consistent; and the thickness is 2mm. However, the amount of
new structure Halbach magnet is less than the traditional magnet, which reduces the cost of motor
manufacturing. Each pole is divided into three small blocks, and Halbach magnetic field is used. At the
stator slot, the rectangular slot of the traditional motor is changed to the arc slot, as shown in Fig. 5.

The low saturation of the magnetic circuit can not only improve the power density of the motor,
but also greatly reduce the iron loss of the motor during operation. As shown in Fig. 6, the magnetic
flux densities of each part of the motor before and after improvement are roughly the same, and the
inner magnetic field meets the allowable range of the core material used. It is obvious that the magnetic
flux density of the arc slot is lower than that of the rectangular slot, which is beneficial to improve the

operational stability and control accuracy of the motor.

The magnetic flux density of the motor is shown in Fig. 7. Fig. 7(a) shows the traditional motor
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Figure 5. Comparison of slot improvement.
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Figure 6. Magnetic flux density nephogram of motor. (a) Traditional; (b) Proposed.
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Figure 7. Motor profile. (a) Traditional; (b) Proposed.

model, and Fig. 7(b) shows the new partial Halbach magnetization model. It can be seen that due to
the existence of the magnetic isolation ring, the internal and external magnetic circuits of the motor
are independent of each other, and they are coupled with each other in the circuit. The magnetic line
of the new structure is smoother and not dense, which reduces the heat production of the motor [20].
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3.1. Analysis of Radial Magnetic Density

For a permanent magnet motor, the air-gap flux density waveform directly affects the magnetic flux
per pole of the motor, and then affects the noise and working characteristics of the motor. Therefore,
the higher the sine degree of the air-gap flux density waveform of the inner and outer motor is, the
better the effect is. The radial air-gap flux density waveforms of traditional and proposed structures
are compared below.

As shown in Fig. 8(a), the sinusoidal waveform of air-gap flux density generated by the new partial
Halbach array is relatively better. As shown in Fig. 8(b), due to the relative reduction of the amount
of the proposed permanent magnet, the fundamental amplitude is slightly reduced to normal, and the
12th and 20th harmonics are significantly reduced.
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Figure 8. Comparison of inner layer radial flux density. (a) Flux density waveform; (b) Harmonic
spectra.

As shown in Fig. 9(a), the proposed Halbach array structure has a unilateral magnetic concentration
effect, which produces a higher amplitude of the air-gap flux density basis wave and a better sine. As
shown in Fig. 9(b), the fundamental amplitude is slightly reduced to normal due to the relative reduction
in the amount of the proposed permanent magnet, and the 12th and 20th harmonics are significantly
reduced.

Harmonic is difficult to eliminate in the actual operation of the motor, so the sine of the air-gap flux
density waveform before and after the improvement is reflected by the size of the harmonic distortion
rate and expressed by THD, that is:

o
> Bi
k=2

By
where By, is the kth harmonic amplitude, and B is the fundamental amplitude.
It can be seen from the above equation that the harmonic distortion rate directly affects the high-
order harmonic content of air-gap flux density. The higher the harmonic distortion rate is, the higher
the high-order harmonic content is, and the lower the fundamental wave content is. The harmonic

distortion rate before and after the improvement can be obtained as the data in Table 2. The improved
part of the Halbach array magnetized motor has low THD value and less harmonic content.

THD = x 100% (2)
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Figure 9. Comparison of outer layer radial flux density. (a) Flux density waveform; (b) Harmonic
spectra.

Table 2. Comparison of harmonic distortion rate of air-gap flux density.

Structure THD (%)

Inner rotor | Outer rotor
Traditional 34.63 32.51
Advanced 21.60 24.46

3.2. Analysis of Cogging Torque

Due to the structure of the permanent magnet motor itself, there is always cogging torque. The cogging
torque will make the motor produce not only noise, but also vibration, which will directly affect the
overall control accuracy of the motor. Therefore, it is particularly important to study the generation
and optimization of the cogging torque in the design of a permanent magnet motor. The attraction
between the permanent magnet and the cogging generates cogging torque. The cogging torque in the
permanent magnet motor changes periodically with the change of the relative position of the magnet
pole and the tooth.
The motor cogging torque formula is as follows:
W (o
Tcog =P 8(a ) (3)

where « is the rotor angle (electric angle). W is the total energy of air-gap magnetic field. p is the
polar logarithm. W may indicate:

1 2
W(@) = Wagla) = 5 / B2V (4)
The parameters of the dual-rotor permanent magnet motor given above are used as the model for
analysis. The specific method is to ensure that the inner and outer rotors of the motor rotate in opposite
directions. In order to simulate the open circuit of the winding, the winding current amplitude in the
middle stator slot is set to zero, and then other conditions are kept unchanged. The magnetization
direction of the permanent magnet is changed from radial magnetization to partial Halbach array
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Figure 10. Comparison of the cogging torque waveform. (a) Inner rotor; (b) Outer rotor.

magnetization, and then the cogging torque under two magnetization modes is calculated by finite
element model in Maxwell simulation software for comparison. Fig. 10(a) and Fig. 10(b) show the
comparison of the cogging torque waveform between the traditional motor and the new partial Halbach.

It can be seen from Fig. 10 that in the inner rotor motor, the cogging torques of the traditional radial
magnetization and partial Halbach array magnetization are 572 mN-m and 246 mN-m, respectively, and
the cogging torque is reduced by about 57%. In the outer rotor motor, the cogging torques of traditional
radial magnetization and partial Halbach array magnetization are 3.3 N-m and 777 mN-m, respectively,
and the cogging torque is reduced by about 77%. Therefore, the new partial Halbach array can effectively
reduce the cogging torque of the permanent magnet motor.

3.3. Analysis of Back-EMF

Figures 11 and 12 are the back-EMF waveform and harmonic comparison diagrams before and after
improvement. From the figures, it can be seen that the motor with the new partial Halbach array has
a more sinusoidal back-EMF waveform. In the back-EMF fundamental amplitude, the fundamental
amplitude of the proposed structure is slightly reduced. However, due to the reduction of the use of the
permanent magnet, it is normal here, and the high-order harmonics are significantly lower than before,
so the overall performance is better than before.

3.4. Analysis of Torque

In this paper, the torque fluctuation coefficient k7 is calculated by the stall method, which is defined
as follows:

Tmax - Trnm
kr = —————— x 100% )
"™ Thnax + Tuin ’ )

where 1. and Ty, are the maximum torque and minimum torque in the output torque.

The inner and outer rotors rotate in opposite directions, and the output torque of the permanent
magnet radial magnetization and partial Halbach magnetization is shown in Fig. 13.

The torque ripple coefficient is 40.85%, and the average output torque is —1.241 N-m under the
radial magnetization of the inner rotor. In the case of partial Halbach array magnetization, the inner
rotor torque ripple coefficient is 19.05%, and the average output torque is —1.209 N-m. The torque
ripple coefficient is 73.26%, and the average output torque is 4.528 N-m. In the case of partial Halbach
array magnetization, the outer rotor torque ripple coefficient is 16.89%, and the average output torque is
4.485 N-m. The calculation results show that the torque ripple of the improved motor, whether the inner
rotor or the outer rotor, is significantly improved, and the stability of the motor is greatly improved.
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Figure 11. Comparison of inner back electromotive force. (a) Phase back-EMF; (b) Harmonic spectra.
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Figure 12. Comparison of outer back electromotive force. (a) Phase back-EMF; (b) Harmonic spectra.

3.5. Analysis of Loss

The electromagnetic loss of the motor is divided into copper loss and core loss. Since the stator winding
is the same before and after improvement, the copper loss before and after improvement is 36.3 W.
Fig. 14 shows the no-load core loss curve of the motor. It can be seen from the figure that the core
loss of the improved motor is less than that before the improvement, so the operation efficiency of the

motor is improved.
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4. CONCLUSION

In this paper, a two-dimensional finite element model of dual-rotor permanent magnet motor is
established, and the effects of radial magnetization and irregular Halbach array magnetization on the
structure of dual-rotor permanent magnet motor are compared in detail. The air-gap flux density,
cogging torque, back-EMF, and output torque ripple of the motor model are used as the basis for the
optimization design, and the finite element simulation of the motors with two structures is carried out.
The results are as follows:

(1) The Halbach array with suitable angle is used to magnetize the inner and outer permanent
magnets of the double-rotor motor by single-side focusing method, so that the inner and outer air-gap
flux density of the motor has a more perfect sine, and the improved structure has been greatly optimized
on the harmonic component of the radial flux density.

(2) The cogging torque of the inner rotor was optimized from 572.3 mN-m to 246.9 mN-m, which was
reduced by 56.9%. The cogging torque of the outer rotor was optimized from 3.31 N-m to 777.02 mN-m,
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which was reduced by 76.5%. And the improved inner and outer back-EMF waveform has better sine
than radial magnetization, and better weakens the high harmonic content.

(3) The torque ripple coefficient of the inner rotor was optimized from 40.85% to 19.05%. The
torque ripple coefficient of the outer rotor was optimized from 73.26% to 16.89%. The reduction of the
torque ripple will greatly improve the operation characteristics of the motor, and the reduction of loss
also improves the efficiency of the motor. After improvement, the reduction of the amount of inner and
outer permanent magnets is also a significant advantage, which effectively reduces the manufacturing
cost while ensuring its operational requirements.
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