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Abstract
The torque output fluctuation of the permanent magnet DC motor of the window will
cause the window to shake during the lifting process, and cause the window to make
abnormal noise, which damage the structure of the window, and affect the life of the
window. The electromagnetic field model of the window motor is established by the
finite element method, and analyze its electromagnetic characteristics. Observe the
change of the magnetic field by changing the pole arc coefficient of the permanent
magnet motor, and summarize the relationship between the torque fluctuation and the
pole arc coefficient. Designing a permanent magnet motor based on the best parameters
can effectively suppress torque fluctuations, reduce the torque output fluctuations of the
motor under normal operating conditions by 30%, and achieve stable control of the
motor.
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1. Introduction
The output stability of the DC permanent magnet motors is one of the key parameters of the motor
selection.When the motor structure design is unreasonable,the magnetic field of the motor will be
severely distorted, causing the motor to fail. A company once conducted to design analysis of this
type of motor and disclosed some technical parameters, one of which was to change the pole arcs
coefficient to optimize the motor structure and improve the performance of the motor. Literature [1]
and Literature [2] realize the suppression of the motor's output torque fluctuation from the motor
stator structure parameters and the way of increasing the imaginary number slot. The advantage of
this method is that it can improve the performance parameters of the motor, but the disadvantage is
that the adjustment range is limited and belongs to the fine-tuning method. Literature [3] can
effectively weaken the cogging torque by changing the parameters such as the longest air gap and the
offset positions angle air gap between the non-uniform air gap . The disadvantage of this method is
that it has a direct impact on other performance parameters of the motor and will affect the overall
size and structure of the motor. Literature [4] optimizes the design of the motor performance by
optimizing the rotor poles. Literature [5] summarized the best magnetic pole arc parameters by
changing the pole arc parameters of the permanent magnets, which improved the output power of the
motor and reduced the cogging torque. Literature [6] uses the extremely wide modulation method to
weaken the cogging torque of the permanent magnet motor. The advantage of this method is that it
can quickly achieve optimized motor output performance and achieve stable magnetic field
performance. The disadvantage is that the size of the magnetic pole structure changes, which
increases the difficulty of magnetic pole processing. Literature [7] suppresses torque fluctuations by
changing the pole arc coefficient and magnetic pole eccentricity of the motor. The disadvantage of
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this method is that changing the eccentricity of the magnetic pole shape will increase the difficulty of
the magnetic pole production process and increase the motor design cost.
Generally, methods to suppress the fluctuation of torque output of permanent magnet motors include
optimizing rotor pole arc coefficient, optimizing rotor pole eccentricity, optimizing air gap size,
optimizing stator slot opening width and depth, optimizing motor stator and rotor pole slot matching
number, etc., various methods Each has its advantages and disadvantages.

2. Working Principle of Window Motor
2.1 Window System Structure
The window system is composed of glass, window, lifting controller assembly and motor, as shown
in Figure 1. Drivers and passengers can realize the lifting of the windows by operating the control
buttons of the window lift controller. The signal is transmitted to the controller as input through the
operation of the passenger’s manual buttons or remote control commands. The controller drives the
window motor to make the lift controller assembly move its slider. Under the action of the
transmission system, the window glass reaches the lift and The purpose of the drop[8].
The structure of the window motor mainly includes a stator, a rotor, a brush, a commutator, a driving
rod, etc. The structure diagram is shown in Figure 2. Windings are tightly distributed among the
armature of the motor.
The windings are in contact with the changer, and the brushes change the direction of contact with
the inverter to make the windings move continuously when energized[9].

Window
motor

Figure 1. Structure Drawing of Car Window Assembly

Figure 2. Window Motor Structure Diagram
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2.2 Permanent Magnet DC Motor Characteristic Equation
The equivalent circuit of a permanent magnet DC motor is shown in Figure 3:

Figure 3. Permanent Magnet DC Motor Equivalent Circuit
According to the working principle of the permanent magnet DC motor, the armature winding of the
DC motor through which current flows is forced in the magnetic field to generate electromagnetic
torque, that is, the motor shaft drive torque. Its size is:
𝑀𝑎 = 𝐶𝑡 ⋅ 𝑖𝑎

(1)

In the above formula, the value Ma is the motor electromagnetic torque, Ct is the moment constant,
ia is the armature current.
According to the principle of electrical engineering, The relationship between the back-EMF
coefficient Ce and the moment constant Cm is:
(2)

𝐶𝑡 = 𝐶𝑒 ⋅

As shown in Figure 3, According to Kirchhoff laws, the voltage relationship of motor operation can
be obtained:
𝑈 = 𝑖𝑎 ⋅ 𝑅𝑎 + 𝐿𝑎 ⋅

+ 𝐸𝑎

(3)

In the above formula, U is the armature input voltage, Ra is the resistance of the armature winding,La
is the inductance of armature winding.
According to Newton's second law, when the motor is no-load, the torque balance relationship is[10]:
𝑀𝑎 = 𝐽𝑎 ⋅

+ 𝑓𝑎 ⋅ 𝑤𝑎 + 𝑇0

(4)

In the above formula, 𝐽𝑎 is the moment of inertia of motor shaft, 𝑤𝑎 is the angular speed of motor
shaft, 𝑓𝑎 is the coefficient of viscous friction, T0 is the no-load torque.
2.3 Torque Output Fluctuation Analysis
When the stator and rotor are in relative motion, the permanent magnet generates an alternating
magnetic field, which becomes a time or motion period distribution function. It can be seen from the
above analysis that the torque output of the motor is the result of the combined action of the fixed
parameters of the motor and the period parameters[11].
The internal magnetic field energy W of the motor can be approximately expressed as:
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𝑊=

(5)

∫ 𝐵 𝑑𝑣

For any relative rotor position 𝛼, The air gap flux density along the armature surface can be expressed
as:
𝐵(𝜃, 𝑎) = 𝐵 (𝜃)

(6)

( , )

In the above formula, 𝐵 (𝜃) is the permanent magnet remanence distribution along the
circumferential direction, 𝑔(𝜃, 𝛼) is the effective air gap length of the tooth center and the center
line of the permanent magnet at an angle of 𝛼 is distributed along the circumferential direction. ℎ
is the permanent magnet thickness.
According to the motor formula, the following torque formula can be obtained:
∫ 𝐵 (𝜃)

𝑇=

( , )

𝑑𝑣

(7)

This formula combines the output torque of the motor with magnetic density and dimensional
performance, and performs Fourier decomposition through formula (8) and formula (9).
Fourier decomposition of 𝐵 (𝜃)and

( , )

:

𝐵 (𝜃) = 𝛼 𝐵 + ∑

𝐵 (𝜃) 𝑠𝑖𝑛 𝑛𝛼 𝜋 𝑐𝑜𝑠(2𝑛𝑝𝜃)

(8)

In the above formula, 𝐵 is the remanence, 𝛼 is the polar arc coefficient, p is the number of poles,
z is the number of slots.

( , )

= 𝐺0 + ∑

𝐺 𝑐𝑜𝑠[𝑛𝑧(𝜃 + 𝛼)]

(9)

Put the above Fourier into the torque formula:
𝑇=

(𝑅 − 𝑅 ) ∑

𝑛𝐺 𝐵

𝑠𝑖𝑛( 𝑛𝑧𝑎)

(10)

In the above formula, R1 is the armature outer diameter, R2 is the inner diameter of armature, LFe is
the Armature core length, 𝜇 is the relative permeability. The constant n makes nz/2p an integer
value,sin(𝑛𝑧𝑎) is the air gap sine wave, a is the number of parallel branches.
Through theoretical analysis, when the armature size is determined, the torque fluctuation is with the
fluctuation of 𝐵 , so changing the pole arc coefficient can effectively change the distribution of
𝐵
and thus the torque output fluctuation.

3. Finite Element Simulation Analysis of Window Motor
3.1 The Main Parameters of the Window Motor
The window motor adopts a permanent magnet brushed DC motor. Table 1 is a parameter list of a 2pole 12-slot permanent magnet brushed DC motor. The allowable range of torque is 0.4-0.6Nm.
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When the window is rising or falling, the allowable fluctuation range is less than 5%; when the
window is anti-pinch, the allowable torque fluctuation range is less than 8%.
Table 1. Main parameters of window motor
Name

Value

Unit

Rated voltage

12

V

Rated torque

0.5

Nm

Peak voltage

14

V

Rated speed

2400

rpm

Magnetic steel material

XG196/96

Magnet thickness

9

Polar arc coefficient

0.75

Motor power

125

W

Eccentricity

0

mm

Number of stator poles

2

Number of rotor slots

12

Rotor outer diameter

55

mm

Outer diameter of stator

79

mm

mm

In this thesis, simulations and experiments are carried out under the conditions of a motor with a rated
voltage of 12V, a rated torque of 0.5Nm and a speed of 2400rpm.
3.2 Modeling and Analysis of the Magnetic Field of the Window Motor

Figure 4. Simulation Process of Window Motor
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The design simulation process of the window motor body is shown in Figure 4, First , perform
theoretical analysis and data screening based on the basic physical characteristics of the motor's
geometric dimensions , raw material characteristics , and winding to design . Then quickly design
motor prototypes based on various motor modules, and input them into the finite element twodimensional simulation module for simulation. Optimize the motor through finite element solution
and analysis, and finally output the result.
The simulation of permanent magnet brushed DC motor includes the setting of stator parameters,
magnet settings, rotor parameters, commutator parameters, and brush parameters. In view of the
above analysis, it is necessary to improve the performance of the motor by adjusting the pole arc
coefficient. Figure 5 is a simulation diagram of the motor pole arc coefficient setting.

Figure 5. Polar arc coefficient parameter setting
3.3 The Influence of Pole Arc Coefficient on Air Gap Magnetic Field
Fig. 6 and Fig. 7 are the structure diagrams of the magnetic poles of the motor under different pole
arc coefficients.

Figure 6. Polar arc coefficient = 0.85

Figure 7. Polar arc coefficient = 0.5
The pole arc coefficient refers to the ratio of the length of the pole arc to the pole pitch, which is
expressed as the ratio of the number of slots covered by the magnetic pole to the entire slot. Generally
speaking, the lower limit does not exceed 0.5, and the upper limit does not exceed 0.9.
The pole arc coefficient in Figure 6 is 0.85, which means that the number of slots covered by the
magnetic poles accounts for 85% of the entire slot. The pole arc coefficient in Figure 7 is 0.5, which
means that the number of slots covered by the magnetic poles occupies 50% of the entire slot.
Changing the pole arc coefficient of the motor will change the air gap magnetic field accordingly.
The air gap magnetic flux density is a key parameter that affects the output of the motor, and it is
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necessary to analyze it during design. Figure 8 is a broken line diagram of the air gap magnetic field
under different pole arc coefficients.

Figure 8. The influence of the pole arc coefficient on the air gap magnetic density
The pole arc coefficient is different, resulting in a different proportion of the magnetic steel, and the
arc length is different. In the figure, the abscissa is the pole arc coefficient, and the ordinate is the air
gap magnetic density value. It can be seen from the figure that the value of the air gap magnetic field
first decreases and then increases with the increase of the pole arc coefficient, and the corresponding
torque output fluctuation is small when it reaches a smaller value.

4. Output Torque Optimization
According to the analysis of the above formula, the motor model is designed and simulated, and the
preliminary design pole arc coefficient value is 0.75, as shown in Figure 9. The torque ripple is
300mN∙m, and the output torque meets the design requirements but the ripple rate is very large, which
does not meet the motor design requirements.

Figure 9. Torque output under initial conditions
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Use Maxwell's own OPT parameter scanning function to scan the motor pole arc coefficient from 0.7
to 0.9, and the result is shown in Figure 10.

Figure 10. Polar arc coefficient scanning
In the figure, the abscissa is time, and the ordinate is torque output. The displayed parameters have
maximum, minimum, and peak-to-peak values. It can be seen that when the pole arc coefficient is
0.85, the range of torque fluctuation is 400-600mN∙m, the fluctuation range is the smallest, and the
time of each fluctuation is about 2ms.
Therefore, when the pole arc coefficient is 0.85, the torque output fluctuation is the smallest, and the
magnetic field fluctuation is also the smallest.
According to the above scanning parameter result graph, the motor model parameters are adjusted,
and the comparison before and after optimization is shown in Fig. 11.The comparison shows that the
motor torque output fluctuation dropped from 31.6% to 4.6%. It can be seen that the pole arc
coefficient plays a key role in the motor torque output, which is consistent with the analysis of the
previous formula.

Figure 11. Comparison of before and after optimization
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5. Prototype Test and Experiment
Based on the above analysis and simulation, the appropriate pole arc coefficient of the permanent
magnet DC brushed motor was obtained, and prototype 1 and prototype 2 were trial-produced, as
shown in Figure 12 and Figure 13. The prototype is tested, and the test results are shown in Figure
13.

Figure 12. Test prototype 1

Figure 13. Test prototype 2

The polar arc coefficient structure diagrams of test prototype 1 and prototype 2 are shown in Figure
14 and Figure 15.

Figure 14. Structure diagram of prototype 2

Figure 15. Structure drawing of prototype 1

The pole arc coefficient refers to the angle ratio of the magnetic steel under each pole, so the pole arc
coefficient in Figure 14 is 135/180=0.75, the polar arc coefficient in Figure 15 is 153/180=0.85.
Two prototypes were tested, and the test results are shown in Figures 16 and 17.

Figure 16. Test data of prototype 1
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Figure 17. Test data of prototype 2
It can be seen from Figures 16 and 17, that after selecting a reasonable pole arc coefficient, the torque
ripple has been significantly improved, and the motor runs smoothly and well.

6. Conclusion
This paper studies the influence of the motor magnetic field on the torque ripple of the permanent
magnet DC motor. By deriving the torque analytical expression, the appropriate pole arc coefficient
is selected to reduce the torque ripple and the finite element calculation is used to verify the validity
of the formula. The results show that optimizing the pole arc coefficient can greatly reduce the output
torque ripple of the motor, which verifies the effectiveness of optimizing the pole arc coefficient for
reducing the torque ripple of the motor.
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