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ABSTRACT Direct current motor of permanent magnet (PMDCM) is widely used at present. To optimize
its operating performance and vibration characteristics, a new PMDCM of rectangular magnetic steel was
developed. The co-simulation was conducted based on RMxprt and MAXWELL. The simulation results
verify that the output power and torque meet the design requirements. Then the cogging torque of the
designed motor was analyzed and optimized by using response surface method. The influence degree of each
factor on cogging torque was analyzed. When factor A, the factor B, and factor C are 33.51mm, 2.42mm,
and 1.50mm, the root-mean-square (RMS) value and the maximum value of the cogging torque are smallest.
The fitting accuracy of the two regression equations of RMS and maximum cogging torque is 94.30% and
97.26%. To further verify the correctness of analysis results, the optimized motor and reference motor were
manufactured and the vibration velocity data at different positions were measured. The measured data shows
that the maximum and average data of vibration velocity at measuring point 1 are decreased by 18.99% and
19.03% and the maximum and average vibration velocity at measuring point 2 are decreased by 9.73%
and 4.70%. The method of vibration reduction is effective. The proposed optimization scheme and method
may be extended to other motor for reducing vibration.

INDEX TERMS Co-simulation, cogging torque, PMDCM, response surface method, vibration optimization.

I. INTRODUCTION
A. RESEARCH BACKGROUND
The direct current motor of permanent magnet (PMDCM) not
only has the linear regulation characteristics and wide speed
range, but also has the advantages of small size, high effi-
ciency, simple structure and reliable [1]–[3]. If the PMDCM
is equipped with a speed stabilizer, it can also be applied
to the occasions where the rotation speed needs to be stable
even if the voltage fluctuates. Therefore, PMDCM has been
extensively employed in household appliances, machinery,
power tools, medical equipment and so on [4]–[7].

There are various shapes of magnetic steel for PMDCM.
In the past, the permanent magnetic steel shape was
always cylindrical. However, the manufacturing processing
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of cylindrical magnetic steel is difficult, and the manufac-
turing cost is even higher than the cost of the permanent
magnet [8]. In addition, the cylindrical magnetic steel of
PMDCM is often pasted on the rotor surface. Due to the large
centrifugal force of high-speed motor and the low structural
strength of the pasted magnetic steel, it is necessary to install
permanent magnet sheaths on the medium and high-speed
motors [9]–[12]. In order to avoid the above problems, perma-
nent magnets have been processed into rectangular structures
asmuch as possible in recent years, and installed in an embed-
ded manner. The design and optimization of the PMDCM
with inner rectangular permanentmagnet have attractedmany
attentions.

At the same time, vibration analysis and optimization of
PMDCM have been become another hot topic in this research
field. Previous literature studies show that the vibration of
PMDCM is mainly divided into mechanical vibration and
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electromagnetic vibration [13]–[16]. Mechanical vibration
mainly comes from brush, bearing and eccentric motion of
rotor, and the suppression techniques of mechanical vibration
have been adequately developed. Electromagnetic vibration
is primarily caused by the electromagnetic force operating
on the stator. It not only affects the accuracy of torque
control, but also aggravates the vibration and noise of the
motor [17], [18].

B. LITERATURE REVIEW
Only permanent magnet motors have cogging torque which
is generated by the interaction between the armature wind-
ing core and the permanent magnetic steel when the wind-
ings are not energized. The cogging torque is complicated
which is affected by various factors such as magnetic steel
structure, pole slot coordination, inclined groove, inclined
pole, pole arc coefficient, etc. Therefore there is no mature
theory to optimize the cogging torque. Jiajie Zou proposed
a method to optimize the cogging torque and the distortion
rate of electromotive force based on genetic algorithm [19].
A new optimization method for vibration and noise of motor
by optimizing arc coefficient was put forward Wan [20].
Zhiyu Chen deduced the cogging torque of permanentmagnet
synchronous motors with different integer slot and pointed
out that the different integer slots have different cogging
torque amplitude and different effects on the low-speed oper-
ating performance [21]. But the research is unable to encom-
pass how to reduce cogging torque by optimized relevant
parameters. Tarczewski T and Grzesiak L M have proved
that electromagnetic noise is not only related to the radial
electromagnetic force, but also to the stator mode [22].
Giirkan Zenginobuz analyzed the mechanism of torque gen-
eration of permanent magnet motor and proposed two control
strategies to reduce torque fluctuation. The first strategy is
based on the finite element method to calculate the modulat-
ing current, and the second strategy is the on-line torque esti-
mation [23]. Colamartino F and Jian achieved the minimum
transient current parameters by optimizing the motor current
waveform and finally obtained a better transient cogging
torque [24], [25]. The literature studies show that a large num-
ber of researches have been carried out on the cogging torque
in previous studies, but the influence degree of magnetic steel
parameters of PMDCM on the cogging torque and vibration
characteristics has not been clarified. Previous studies also
have failed to consider the influence of cogging torque on
vibration characteristics of motor at different positions.

C. PAPER ORGANIZATION
The remaining parts of the paper are organized as fol-
lows: The main parameters of the new PMDCM with rect-
angular magnetic steel were designed in Section 1. The
co-simulation was conducted based on RMxprt and
MAXWELL in Section II. The analysis and optimization
of cogging torque by using response surface method was
expounded in Section III. And the vibration measuring exper-
iment of optimizedmotor and referencemotor was carried out

TABLE 1. Main design parameters of the motor.

in Section IV. At last, the concluding remarks of this study
were described in Section V.

II. DESIGN OF PMDCM OF RECTANGULAR
MAGNETIC STEEL
The PMDCM of rectangular magnetic steel with rated power
of 300W and rated speed of 1800rpm was developed.
After referring to the Motor Design Manual and empirical
Formula 1, the main dimensions of the motor were deter-
mined. The main design parameters of the motor are listed
in Table 1.

4T

πD2
RL
= 2σ (1)

T is denoted as the rated output torque and DR presents the
outer diameter of the rotor. The length of the motor core is
denoted as L. σ is the shear stress on the rotor surface, and its
value range is 2-5 lbf/in2.

III. CO-SIMULATION OF RMxprt AND MAXWELL
A. SIMULATION MODEL ESTABLISMENT
The dimensional parameters, control mode, winding type,
magnetic steel size, etc. were defined in the RMxprt software.
The silicon steel sheet and magnetic steel were chosen as
M19_24G and XG196/96 respectively. And then the perfor-
mance parameters of the designed motor were calculated in
RMxprt, and themotor power and torque curves are presented
in Fig.1. At the rated speed of 1800rpm, the output power
is 302.8W and the output torque is 1.61N·m. The simulation
results show that the motor parameters are correct.

To further research the distribution of magnetic field,
the model established in RMxprt was imported into
MAXWELL for co-simulation. The 1/4 motor model was
adopted for improving the calculation efficiency. Two kinds
of boundary conditions of master-slave and vector-potential
were employed. The master-slave boundary aims to simplify
the geometric model by calculating only one pole or a pair of
poles. The vector-potential boundary is imposed on the edge
of the solution domain or the calculation model. Then the
motor model was meshed. In order to obtain higher calcula-
tion accuracy and smooth magnetic induction intensity (MII)
curves, the meshing size of stator and other rotating parts is
set to 2mm and 0.5mm respectively. The finite element model
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FIGURE 1. The output power and torque at different rotation speed.

FIGURE 2. The finite element model.

in MAXWELL is shown in the Fig.2. The total numbers
of meshes are 18105. The power excitation of the motor
is driven by the external circuit which was designed in the
Simploer software. And the field-circuit coupling analysis
of the magnetic field was carried out. The designed external
circuit is shown in Fig.3.

B. TRANSIENT MAGNETIC FIELD SIMULATION
The motor operates at the rated rotation speed and the
mechanical characteristics of the load are simplified in
MAXWELL simulation. The total simulation time is 40ms.
The maps of MII at 10ms, 20ms, 30ms and 40ms are shown
in Fig.4 respectively.

It can be illustrated from Fig.4 that the MII of each part
is reasonable. The MII of the stator tooth and yoke ranges

FIGURE 3. The external circuit.

from 0.9T to 1.6T. TheMII of the magnetic isolation bridge is
larger. This means that most magnetic energy enters the stator
from the rotor through the air gap and only a small amount
of magnetic energy passes from the N pole to the adjacent
S pole through the magnetically isolated bridge. The MII of
each position at different time is not more than 2.35T which
is less than the saturation value of MG19_24 material.

In order to further explore the internal magnetic field of the
motor, the MII at three points was observed. The positions
of the three points are shown in Fig.5, and the MII of each
point is given in Fig.6. The MII of the three points change
periodically and the cycle time is 8.33ms. The change of
MII in the first cycle is slightly different from that in the
subsequent cycles, because the motor has not yet reached
a stable state. Point 1 is placed at the outer circle of the
stator, and its MII is relatively small. Its maximum value
does not exceed 1.5T. Point 2 is located in the stator teeth,
and its maximum MII is about 1.85T. Point 3 is located at
the magnetic isolation bridge of the rotor, and its MII value
fluctuates greatly. The maximum value of MII at point 3 is
about 2.1T.

IV. VIBRATION OPTIMIZATION
A. COGGING TORQUE ANALYSIS
Cogging torque is a unique phenomenon of permanent mag-
net motors, and it is defined as the torque generated by the
interaction between the armature winding core and the per-
manent magnet when the winding is not energized. Cogging
torque is one of the main factors causing vibration.

Cogging torque can be calculated by

Tcog = −
∂W
∂α

(2)

Tcog is denoted as cogging torque.W is the field energy when
the motor is not energized and α is the relative angle between
stator and rotor.

If the core permeability is infinite, the energy of the motor
can be calculated approximately by

W =
1

2µ0

∫
v
B2r (θ )

[
hm(θ )

hm(θ )+ δ(θ, α)

]2
dv (3)
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FIGURE 4. The MII maps at different time.

The air gap permeability, air gap volume, torque angle
and permanent magnet remanence are µ0, V, θ and B2r (θ )
respectively. The hm (θ) is the magnetizing length of the
magnetic steel in the circumferential direction and δ(θ, α) is
effective air gap length.

Fourier operations on B2r (θ ) and
[

hm(θ )
hm(θ )+δ(θ,α)

]2
are carried

out. The calculation results are shown as follows.

B2r (θ) = Br0 +
∑∞

n=1
Brn cos (2npθ) (4)[

hm(θ )
hm(θ )+δ(θ, α)

]2
=G0+

∑∞

n=1
Gn cos (nZ (θ + α)) (5)

In these equations, the Br0, Brn, G0, Gn are corresponding
Fourier coefficients. The specific forms of G0 and Gn are
related to the distribution function of the air gap. The numbers
of slots and poles are denoted as Z and p.

The Formula 6 can be deduced by integrating Formula 2,
Formula 4 and Formula 5.

Tcog =
πZLef
4µ0

(
R2out − R

2
in

)∑∞

n=1
nGnBr nZ2p

sin(nZα) (6)

Rout and Rin are outer radius of the stator and inner radius
of the rotor respectively. Lef is axial length of the motor
armature and n is an integer. The value of n should ensure
that nZ2p is an integer.

It can be illustrated from above analysis that the cogging
torque of the permanent magnet motor is closely related to
the geometric parameters of the motor and the magnetic
steel. Therefore the relevant parameters can be optimized to
decrease the cogging torque and reduce the vibration.

B. OPTIMIZATION FACTORS
The cogging torque optimization was performed under
the premise that the rated power of the motor is
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FIGURE 5. The positions of the selected three points.

FIGURE 6. The MII of selected three points.

basically unchanged. That means the dimensions of the stator,
rotor and permanent magnets should not be modified. The
air gap length (factor A), the distance between the magnetic
isolation bridge and the outer circle of the rotor (factor B),
and the distance between two magnetic isolation bridges
(factor C) were chosen as the optimization factors. The
3 factors are presented in Fig.7. The root-mean-square (RMS)
value and maximum value of the cogging torque is confirmed
as the optimization target parameters. The RMS of cogging
torque can be calculated by

RMScog =

√∑n
i=1 T

2
cog−i

n
(7)

FIGURE 7. Schematic diagram of 3 factors.

RMScog is the RMS of cogging torque. Tcog−i is the cog-
ging torque value at point i and n is the total number of points
in a cycle.

C. RESPONSE SURFACE OPTIMIZATION
The mathematical relationship between the optimization
objective and the influencing factors is unknown. The basic
theory of response surface optimization is to build a math-
ematical model to estimate the total number with a lim-
ited number of experiments. The system model can be
expressed by

y = f (x1, x2, x3 . . . xn) (8)

y is the dependent variable and xn is the n independent
variable.

Then Formula 9 can be obtained by performing Taylor
expansion on Formula 8.

y ≈ f (0)+
f ′ (0)
1!

x+
f
′′

(0)
2!

x2 + . . .+
f n (0)
n!

xn (9)

It can be indicated from Formula 9 that dependent vari-
ables can be fitted by different order regression equations.
This is the basic theory of response surface optimization.
Box-behnken model is adopted for response surface analysis
in this paper. Response surface experiment design and calcu-
lation results are shown in Table 2.

It is apparent from Table 2 that the cogging torque is
the smallest in the second group (Factor A, factor B, and
factor C are 33.5mm, 2.50mm, and 2.00mm.). The RMS
value and maximum value of cogging torque is 93.76mN·m
and 165.63mN·m respectively. The regression equations of
RMS value and maximum value of cogging torque shown
in Formulas 10 and 11 are fitted by the quadratic regression
analysis method. The fitting accuracy of the two regression
equations is 94.30% and 97.26%.

Tcog−RMS = −42965.21842+ 2514.71421A+136.11289B

− 17.5C− 6.36AB+ 10BC− 36.58947A2

+ 8.97053B2 (10)

Tcog−max = −116746+ 6837.09855A+ 302.93697B

− 17.5C− 12.25AB+ 10BC− 99.75737A2

+ 11.90263B2 (11)

126610 VOLUME 8, 2020



K. Hu, G. Zhang: Design and Vibration Optimization of PMDCM of Rectangular Magnetic Steel

TABLE 2. Response surface experiment design and calculation results.

FIGURE 8. Response surface of RMS value of cogging torque.

In order to further explore the influence degree of each
parameter on the objective function, the mean square error
(MSE) and P value analysis were carried out. According to

the statistical theory, if the P value is less than 0.05, the factor
has significant influence on the target parameter. If the P
value is less than 0.01, the factor has extremely significant
influence on the target parameter. The MSE and P value
of each factor are displayed in Table 3. The response sur-
face analysis results of 2 targeting parameters are shown
in Fig. 8 and Fig.9.

It can be recognized from Fig.8 and Fig.9 that the RMS
value increases first and then decreases with the increase
of factor A. It reaches the maximum when the factor A
is 34.2mm. When the factor A increases from 33.5mm to
34.2mm, the RMS value increases rapidly and when the
factor A increases from 34.2mm to 34.5mm, the RMS value
decreases slowly. The RMS value decreases linearly with the
increase of factor B. In overall, the RMSvalue changes slowly
along the direction of factor A, and decreases dramatically
along the direction of factor B. This means factor B has a
greater effect on the RMS value of cogging torque. As factor
C increases, the RMS value increases slowly. The variation
trend of the maximum cogging torque with each factor is
basically consistent with the RMS of cogging torque, but it
has a more widely variation range.

D. OPTIMAL SCHEME ANALYSIS
Based on the regression equations fitted by the response
surface analysis, the RMS value and maximum value of
cogging torque are taken as objective functions. The range of
each factor is takenmanufacturing process, operational safety
and design experience into account. As results, the objec-
tive function and constraint conditions can be expressed as
follows.

objective functions{
minTcog−rms (factorA, factorB, factorC)
minTcog−max (factorA, factorB, factorC)

(12)
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TABLE 3. Statistical analysis of response surface experiment results.

FIGURE 9. Response surface of maximum value of cogging torque.

constraint conditions
factor A ∈ [33.50mm, 34.50mm]
factor B ∈ [1.50mm, 2.50mm]
factor C ∈ [1.50mm, 2.50mm]

(13)

After calculation, when the factor A, factor B, and factor C
are 33.51mm, 2.42mm, and 1.50mm, the RMS value and the
maximum value of the cogging torque are the smallest.

V. VIBRATION MEASUREMENT EXPERIMENT
The vibration experiment was carried out to verify the cor-
rectness of the above theoretical analysis. A PMDCM with
rectangular magnetic steel was manufactured depending on
the optimal solution parameters. In addition, a reference
motor was likewise manufactured. The factor A, factor B, and

FIGURE 10. Measurement positions.

FIGURE 11. Vibration velocity of measuring point 1 of two motors.

factor C of the reference motor are 34.00mm, 1.50mm, and
2.00mm respectively. The other parameters of the two motors
are same absolutely. Two positions of the motor displayed
in Fig.10 are chosen for vibration testing.

The data acquisition cardwas used tomeasure the vibration
velocity of two motors at the rated speed, and its measuring
frequency is 500Hz. The numbers of channels are 16. The
measuring range of velocity sensor is 0-20mm/s. The vibra-
tion velocity data of measurement point 1 and point 2 of the
two motors are shown in Fig.11 and Fig.12 respectively. The
maximum and average vibration velocity of two measuring
points of two motors is displayed in Fig. 13.
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FIGURE 12. Vibration velocity of measuring point 2 of two motors.

FIGURE 13. Maximum and average vibration velocity of two measuring
points of two motors.

It can be known from Fig.11 and Fig.12 that the vibra-
tion velocity of the optimized motor is reduced obviously at
point 1, but the vibration velocity reduction is smaller at mea-
suring point 2. These results suggest that the cogging torque
mainly affects the radial force and has little effect on the
axial force. As is shown in Fig.13, the maximum and average
data of vibration velocity of measuring point 1 are decreased
by 18.99% and 19.03% respectively and the maximum and
average vibration velocity of measuring point 2 are decreased
by 9.73% and 4.70% respectively.

VI. CONCLUSION
A new PMDCM of rectangular magnetic steel was designed
and its vibration performance was optimized in this paper.
The co-simulation of the designed motor was carried out
based on RMxprt andMAXWELL. The output power, torque
and transient magnetic field parameters were simulated and
analyzed. The simulation results verify that the motor meets

the design requirements. Then the cogging torque of the
designed motor was optimized by using response surface
method. The influence degree of each factor on RMS value
and maximum value of cogging torque was analyzed, and the
optimal solution was calculated. When the factor A, factor B,
and factor C are 33.51mm, 2.42mm, and 1.50mm respec-
tively, the cogging torque is smallest. The fitting accuracy
of the two regression equations is 94.30% and 97.26%. The
influence degree of various factors on the cogging torque
was clarified. At last, to verify the correctness of the anal-
ysis results, the optimized motor and reference motor were
manufactured. And then the vibration velocity data of the two
motors were measured. The measured data shows that the
maximum and average data of vibration velocity at measuring
point 1 are decreased by 18.99% and 19.03% and the maxi-
mum and average vibration velocity at measuring point 2 are
decreased by 9.73% and 4.70%. That indicates that the cog-
ging torque mainly affects the radial force and has little effect
on the axial force. The radial vibration can be effectively
reduced by optimizing the cogging torque. The method of
vibration reduction in this paper is effective. Although the DC
motor is taken as the research object, the researchmethod also
can be extended to AC motors. Therefore, this study makes
a major contribution to research on vibration optimization by
reducing cogging torque. The research methods and results in
this paper have positive significance for the design of other
permanent magnet motor.
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