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Abstract: When the in-wheel motor is working, it will be affected by gravity, centrifugal
force and electromagnetic force. These three kinds of mechanical loads will affect the
mechanical stress characteristics of the in-wheel motor, and then affect the reliability of the
in-wheel motor structure. In order to understand the influence of the above loads on the
mechanical stress of the in-wheel motor, this paper takes a 15-kW built-in permanent magnet
in-wheel motor as the research object. Based on the establishment of the electromagnetic
field and structure field coupling analysis model of the in-wheel motor, the mechanical stress
of the in-wheel motor under different mechanical loads under rated and peak conditions are
calculated and analyzed, and the influence of different mechanical loads on the stress and
deformation of the in-wheel motor are studied. The research results show that, regardless
of the rated operating condition or the peak operating condition, the in-wheel motor has
the largest mechanical stress and deformation under the combined action of centrifugal
force and electromagnetic force, and the smallest mechanical stress and deformation under
the action of gravity only; under the same load (except for the case of gravity only), the
stress and deformation of the in-wheel motor under the peak operating condition are larger
than those under the rated operating condition; and the maximum stress and deformation
of the in-wheel motor appear at the rotor magnetic bridge and the inner edge of the rotor,
respectively, so the rotor is an easily damaged part of the in-wheel motor.
Key words: deformation, in-wheel motor, mechanical loads, mechanical stress

1. Introduction
The in-wheel motor drive is a technology that integrates in-wheel motors, brakes, and deceleration mechanisms into the wheels [1], and electric vehicles driven by in-wheel motors are
currently one of the development directions of automobiles [2–4]. When the in-wheel motor
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drives the electric vehicle to work, the in-wheel motor is usually subjected to the load of gravity and centrifugal force. Based on the action of the two loads, the three-phase winding in the
stator of the permanent magnet synchronous in-wheel motor generates a rotating magnetic field
due to the passing of current. The magnetic field and the excitation magnetic field generated by
the permanent magnet will interact, and the resulting electromagnetic force will also act on the
in-wheel motor. These three kinds of mechanical loads act on the structure of the in-wheel motor,
which will have a certain impact on the mechanical stress and deformation of the in-wheel motor.
Therefore, the accurate analysis of mechanical stress is very important to the research on the
reliability of the in-wheel motor structure.
For the mechanical stress characteristics in the structural field of the in-wheel motor, scholars
at home and abroad have done certain research. Taking the built-in rotor core of permanent
magnets as the research object, references [5, 6] studied the influence of centrifugal force on
rotor mechanical stress by an analytical method, and obtained the influence law of different
operating states and interference on rotor mechanical stress. Reference [7] took the permanent
magnet synchronous motor as the research object, used Hooke’s law to change the motor speed
to study the influence of different centrifugal forces on the mechanical stress of the magnetic
bridge. References [8–11] used finite element and analytical methods to study the mechanical
stress of a variety of permanent magnet synchronous motors, only considered the impact of
centrifugal force on the mechanical stress of the rotor, calculated the stress concentration factor, and determined the trend of the maximum mechanical stress on the rotor magnetic bridge
with the change of geometric parameters. Reference [12] only considered the influence of centrifugal force on the built-in permanent magnet synchronous motors, used the finite element
method to calculate the mechanical stress, and determined that the magnetic bridge is the weak
area in the motor. Reference [13] used the virtual displacement method to calculate the electromagnetic force in the electromagnetic field, and then loaded the electromagnetic force to
the structure field. The mechanical stress distribution at the winding end was obtained in accordance with the actual situation, and the position of the maximum stress at the winding end
was determined. Reference [14] calculated the mechanical stress of the rotor under the action
of electromagnetic force through the finite element method, and determined that the maximum
stress of the rotor would decrease with the increase of the width of the magnetic bridge and
the magnetic rib. Reference [15] used finite element and analytical methods to compare the
stator deformation distribution with and without electromagnetic force, and concluded that the
electromagnetic force has a significant effect on the stator deformation. Reference [16] used
the finite element method to study the influence of electromagnetic force and centrifugal force
on the rotor stress, and determined that the rotor would not generate friction with the stator part during operation. Both the obtained maximum rotor stress and maximum deformation
met the mechanical strength requirements of the motor. Reference [17] took the rotor of a
low-speed and high-torque permanent magnet synchronous motor as the research object, used
the finite element method to analyze the deformation distribution of the rotor under the action of gravity, centrifugal force and electromagnetic force, optimized the structure to make
the rotor deformation smaller, and found the influence law between rotor structure strength
and structural parameters. To sum up, there have been certain studies on the mechanical stress
of in-wheel motors at home and abroad, but most of the current researches only analyze the
mechanical stress of the rotor, stator and other parts during the operation of the in-wheel mo-
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tor, and mechanical loads are not considered comprehensively in the research, which leads to
the unclear mechanism of the mechanical stress of the in-wheel motor. In fact, the in-wheel
motor bears multiple loads such as gravity, centrifugal force and electromagnetic force at the
same time during the operating process. Different loads have different effects on the stress
and deformation of the motor, and further affect the reliability of the motor structure. Therefore, the calculation of the mechanical stress of the in-wheel motor under different mechanical loads is of great significance to the research on the structural reliability of the in-wheel
motor.
Based on this, this paper takes a 15-kW built-in permanent magnet in-wheel motor as the
research object. After establishing the electromagnetic field and structure field coupling model
of the in-wheel motor, the mechanical stress characteristics of the in-wheel motor under different
operating conditions and mechanical loads are systematically analyzed. Furthermore, the influence
law of different mechanical loads on the stress and deformation of the in-wheel motor is obtained.
The research results of this paper can lay a certain foundation for the subsequent reliability
research of the in-wheel motor structure.

2. The structure of the in-wheel motor
The built-in permanent magnet in-wheel motor in this article has an inner rotor and outer
stator structure. Figure 1 below shows the in-wheel motor structure. Table 1 shows the specific
performance parameters of the in-wheel motor.

Fig. 1. Structure of in-wheel motor
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Table 1. Basic performance parameters of in-wheel motor
Name

Value

Name

Value

Rated power

15 kW

Peak power

54 kW

Rated speed

1000 r/min

Peak speed

1100 r/min

Rated torque

143.25 N·m

Peak torque

468.82 N·m

3. Establishment of electromagnetic field and structure field coupling
model of in-wheel motor
In this paper, research on the mechanical stress of the in-wheel motor involves the coupling
of the electromagnetic field and structure field. Therefore, the finite element method is used to
establish the electromagnetic field and structure field coupling model of the in-wheel motor [18],
and the mechanical stress analysis of the in-wheel motor under different operating conditions and
loads is carried out.
3.1. Basic assumptions
Before establishing the electromagnetic field and structure field coupling model, the following
basic assumptions need to be made [19]:
1. Does not consider the influence of temperature;
2. In order to simplify the calculation of the finite element method, the mechanical stress
analysis of the two-dimensional in-wheel motor is carried out, and the axial stress of the
in-wheel motor is not counted;
3. The centrifugal effect at a constant speed is constant in time.
3.2. Determination of material properties
In the in-wheel motor, the material of the stator iron and rotor is DW465-50, the material
of the permanent magnet is NdFeB 33UH, the material of the chassis is structural steel, and the
material of the coil is copper. In addition, the specific parameters of the materials used in the key
parts of the in-wheel motor are shown in Table 2.
3.3. Boundary conditions and loads of model
Since this research involves the coupling of the electromagnetic field and the structural field of
the in-wheel motor, the boundary conditions and loads of the model include the electromagnetic
part and structural part.
In the electromagnetic field of the in-wheel motor, the initial values of the two components
of the vector magnetic potential and the scalar magnetic potential are all 0, and this initial value
is used as the initial condition for solving the transient magnetic field. The normal component 𝐵𝑛
of the magnetic flux density at the outermost boundary of the chassis is also 0 [20]. In the field of
the in-wheel motor structure, first of all, in the setting of constraints, in order to realize that the
stator and rotor bracket are stationary relative to the rotor, respectively, the boundary condition
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Table 2. Material properties
Conductivity
Relative
(S/m)
permittivity

Elasticity Allowable
modulus
stress
(MPa)
(MPa)

Density
(kg/m3 )

Poisson’s
ratio

1

7700

0.26

1.96 · 105

92

6.25 · 105

1

7800

0.23

1.5 · 105

24

Copper

6 · 107

1

8900

0.324

1.1 · 105

72

Chassis

Structural
steel

1

1

7850

0.3

2 · 105

142

Insulation

Insulation
materials

1

1

1300

0.34

2.25 · 105

24

Part

Material

Stator iron/
Rotor

DW46550

2.63 · 106

Permanent
magnets

NdFeB
33UH

Coil

with fixed constrain is used for the area where the stator and rotor bracket are located, that is,
to constrain its 2 degrees of freedom in the translation direction and 1 degree of freedom in the
rotation direction. Then, in the setting of the contact, the stator and the insulating, the insulating
and the coil, the rotor and the permanent magnets are all bonded and contacted by glue. There is
an interference fit between the chassis and the stator, the rotor and the rotor bracket, the end cap
and the support shaft. The boundary between the rotor bracket and the end cap in contact with
each other can be connected in the normal direction and can slide freely in the tangential direction.
Finally, in the load setting, add gravity to the in-wheel motor, add centrifugal force to the rotor,
permanent magnets and other parts, and couple the electromagnetic force in the electromagnetic
field to the structure field through the grid nodes.
3.4. Establishment of finite element model
According to the determined structure, basic assumptions, material properties, boundary
conditions and loads, a finite element model of the in-wheel motor is established. In the finite
element model, the types of finite elements used are plane magnetic field elements and plane stress
elements, and the solver is a direct solver. In addition, for the grid division of the electromagnetic
field model, the air gap is divided into two, and the air gap grid near the rotor side is more refined
than the grid near the stator side. In the grid division of the structural field model, since the stress
at the magnetic bridge is very susceptible to the influence of the grid density [21], the grid density
at the magnetic bridge must be increased. Figure 2 shows the quarter finite element model in the
structure field, including grids, partial loads and constraints.
3.5. Verification of the validity of the model
In order to ensure the validity of the structural field model, the grid independence is tested [22].
Since this paper calculates the mechanical stress of the in-wheel motor, the relative change rate
of the average value of the in-wheel motor deformation is used as a reference for testing the
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(a)

(b)

Fig. 2. 1/4 finite element model: (a) grids; (b) partial loads and constraints

independence of the grid. In this paper, it is assumed that when the relative change rate of the
average deformation is less than 0.05%, the grid is independent. Next, if the average deformation
of the finite element model of the in-wheel motor is 𝑑 𝑚 and 𝑑 𝑛 when the number of grids is 𝑚
and 𝑛, then Eq. (1) can be used to calculate the relative change rate (𝜂) of the average deformation
of the in-wheel motor.
|𝑑 𝑚 − 𝑑 𝑛 |
𝜂=
· 100%,
(1)
𝑑𝑚
where: 𝜂 is the relative change rate of the average deformation, 𝑑 𝑚 and 𝑑 𝑛 are the average
deformations when the grid is 𝑚 and 𝑛, respectively.
Figure 3 shows the change of the relative change rate of the average value of the deformation of
the in-wheel motor under the simultaneous action of gravity, centrifugal force and electromagnetic
force with the number of grids. It can be seen from the figure that as the number of grids increases,
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the relative change rate of the average deformation gradually stabilizes, and finally is less than
0.05%, which meets the requirements of grid independence. In addition, considering that the
number of grids will also affect the calculation time of the model, finally, the number of grids in
the structure field is determined to be 43 000.

Fig. 3. Diagram of relative rate of change

After verifying the validity of the structural field model, it is also necessary to verify the
validity of the electromagnetic field model. By comparing the motor torque calculated by the
finite element method with the design torque, the relative error of the torque is obtained, as shown
in Table 3. It can be seen from Table 3 that under the same operating condition, the relative error
of the torque value is less than 5%. Therefore, the electromagnetic field model is effective.
Table 3. Torque and relative error
Finite Element Method
(N·m)

Design value
(N·m)

Relative error
(%)

Rated operating condition

146.02

143.25

1.93

Peak operating condition

487.62

468.82

4.01

4. Result analysis
After the electromagnetic field and structure field coupling model of the in-wheel motor
is established, the mechanical stress of the in-wheel motor under the action of a single load,
two loads and combination of 3 loads (gravity, centrifugal force and electromagnetic force) is
calculated separately by the application of changed mechanical loads. In addition, the influence
of different mechanical loads on the stress and deformation of the in-wheel motor are studied.
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4.1. The influence of mechanical loads on the mechanical stress of in-wheel motor
Under the rated operating condition of the in-wheel motor, the mechanical stress distribution
of the in-wheel motor under different loads is obtained by calculating the coupling model. When
considering the influence of electromagnetic force on mechanical stress, the electromagnetic force
at 0.06 s, when the electromagnetic field is in a stable state, is used as the load for the steady-state
structural field analysis of the in-wheel motor. Since gravity acts uniformly on the in-wheel motor
in the Cartesian coordinate system, and centrifugal force acts uniformly on the in-wheel motor in
the cylindrical coordinate system. But the electromagnetic force acts on the motor unevenly in the
Cartesian coordinate system. So, the mechanical stress (von Mises) distribution at 0.06 s under the
action of gravity and centrifugal force, electromagnetic force only and the combination of three
loads are shown in Fig. 4. It can be seen from Fig. 4 that under the influence of different loads,

(a)

(b)

(c)

Fig. 4. Mechanical stress (von Mises) distribution under rated condition: (a) gravity and centrifugal force;
(b) electromagnetic force only; (c) combination of 3 loads
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the mechanical stress on the rotor is obviously greater than that on other parts. Moreover, the
maximum mechanical stress of the in-wheel motor is in the magnetic bridge of the rotor, thus the
rotor is an easily damaged part of the in-wheel motor. In addition, under the same load condition,
comparing the mechanical stress distribution under the rated condition and peak condition, the
law of mechanical stress distribution of the in-wheel motor under the peak condition is the same
as that under the rated condition, and the only difference is that the mechanical stress values are
different. In order to simplify the content of the article, the mechanical stress distribution under
the peak condition is no longer displayed.
Table 4 shows the maximum mechanical stress of the in-wheel motor under different operating
conditions and loads. Table 5 shows the average values of the mechanical stress of the in-wheel
motor under different operating conditions and loads. It can be seen from Tables 4 and 5, that under
the same operating condition, the influence of a single load on the maximum mechanical stress

Table 4. Maximum mechanical stress of in-wheel motor (MPa)

Single load

Two loads

Three loads

Rated operating
condition

Peak operating
condition

Gravity only

40

40

Centrifugal force only

40.59

40.71

Electromagnetic force only

40.86

41.18

Gravity and centrifugal force

40.58

40.70

Gravity and electromagnetic force

40.85

40.17

Centrifugal force and
electromagnetic force

41.41

41.87

Combination of 3 loads

41.40

41.86

Table 5. Average values of mechanical stress of in-wheel motor (MPa)

Single load

Two loads

Three loads

Rated operating
condition

Peak operating
condition

Gravity only

7.68

7.68

Centrifugal force only

7.74

7.75

Electromagnetic force only

7.78

7.85

Gravity and centrifugal force

7.74

7.75

Gravity and electromagnetic force

7.78

7.85

Centrifugal force and
electromagnetic force

7.83

7.92

Combination of 3 loads

7.83

7.92
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and the average value of mechanical stress is sorted from small to large, in order of gravity only,
centrifugal force only, and electromagnetic force only. This is because the greater the load, the
greater the mechanical stress. Similarly, the influence of two loads on the maximum mechanical
stress and the average value of mechanical stress is sorted from small to large, followed by gravity
and centrifugal force, gravity and electromagnetic force, centrifugal force and electromagnetic
force. However, due to the different loading directions, there is an offset effect. The maximum
mechanical stress under the combined action of three loads is smaller than the value under the
action of centrifugal force and electromagnetic force. After calculating the average stress value,
the offset effect among three loads is weakened, so that the average stress under the combination of
three loads is as large as that under the action of centrifugal force and electromagnetic force. On the
other hand, under the same load (except for the case of gravity only), the maximum values and the
average values of the mechanical stress of the in-wheel motor under the peak condition are greater
than the corresponding values under the rated condition. This is because the electromagnetic force
and centrifugal force under the peak condition are greater than the corresponding values under
the rated condition, and the magnitude of the load affects the mechanical stress. The size of the
centrifugal force is determined by the rotational speed of the in-wheel motor. Because the peak
rotational speed is greater than the rated rotational speed, the centrifugal force of the rotor and
permanent magnets under the peak condition is greater than the centrifugal force under the rated
condition. In addition, the coil current excitation value under the peak operating condition is larger
than the value under the rated operating condition, causing the rotating magnetic field under the
peak operating condition to be larger than the magnetic field under the rated operating condition,
which further makes the electromagnetic force under the peak operating condition higher than
that under the rated operating condition.
4.2. The influence of mechanical loads on the deformation of in-wheel motor
When the in-wheel motor is in the rated operating condition, the deformation distribution of
the in-wheel motor under different loads is obtained by calculating the finite element model, as
shown in Fig. 5. It should be noted that in the paper, deformation is the instantaneous value of
the modulus of the displacement vector. Similar to showing the reasons for the mechanical stress
distribution, Fig. 5 shows the deformation distribution of the in-wheel motor at 0.06 s under the
action of gravity and centrifugal force, electromagnetic force only and the combination of three
loads. It can be seen from Fig. 5(a) that the maximum deformation is located on the inner edge
of the rotor. Since areas with greater mechanical stress appear on the rotor, areas with greater
deformation also appear on the rotor correspondingly. By comparing Fig. 5(a) and Fig. 5(b), the
deformation of the outer edge of the rotor under the action of electromagnetic force is larger than
that under the action of no electromagnetic force. The uneven effect of electromagnetic force also
makes the stator deformation distribution no longer uniform. There are 16 large deformation areas
on the stator. On the other hand, different from the action of electromagnetic force, gravity and
centrifugal force act evenly on the in-wheel motor. Therefore, the deformation distribution law of
Fig. 5(b) and Fig. 5(c) are the same, but the difference is the maximum deformation. Finally, under
the action of the same load, since the law of deformation distribution under the peak condition
is consistent with that under the rated condition, the deformation distribution under the peak
condition is no longer displayed.
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(a)

(b)

(c)

Fig. 5. Deformation distribution under rated condition: (a) gravity and centrifugal force; (b) electromagnetic
force only; (c) combination of 3 loads

Table 6 shows the maximum deformation of the in-wheel motor under different operating
conditions and loads. Table 7 shows the average values of deformation of the in-wheel motor
under different operating conditions and loads. It can be seen from Table 6 that when the in-wheel
motor is in the rated operating condition, the maximum deformation under centrifugal force
only and electromagnetic force only load is 1.4% and 3.8% larger than the value under gravity
only, respectively. Moreover, the maximum deformation under gravity and electromagnetic force,
centrifugal force and electromagnetic force are 2.4% and 4.0% larger than the values under
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Table 6. Maximum deformation of in-wheel motor (μm)

Single load

Two loads

Three loads

Rated operating
condition

Peak operating
condition

Gravity only

10.68

10.68

Centrifugal force only

10.83

10.86

Electromagnetic force only

11.09

12.35

Gravity and centrifugal force

10.82

10.85

Gravity and electromagnetic force

11.08

12.34

Centrifugal force and
electromagnetic force

11.25

12.54

Combination of 3 loads

11.24

12.53

Table 7. Average values of deformation of in-wheel motor (μm)

Single load

Two loads

Three loads

Rated operating
condition

Peak operating
condition

Gravity only

10.19

10.19

Centrifugal force only

10.23

10.24

Electromagnetic force only

10.34

11.36

Gravity and centrifugal force

10.23

10.24

Gravity and electromagnetic force

10.34

11.36

Centrifugal force and
electromagnetic force

10.38

11.40

Combination of 3 loads

10.38

11.40

centrifugal force and gravity, respectively. This is because the greater the load, the greater the
deformation. Similarly, under the peak operating condition, the maximum values of deformation
under centrifugal force only and electromagnetic force only loads are, respectively, 1.7% and
15.6% larger than that under the gravity only load. The maximum values of deformation under
gravity and electromagnetic force, centrifugal force and electromagnetic force are 13.7% and
15.6% larger than that under centrifugal force and gravity, respectively. Obviously, it can be
seen from Table 7 that for a single load, the influence of gravity only, centrifugal force only
and electromagnetic force only on the average value of deformation is from small to large. For
the two loads, the influence of centrifugal force and gravity, gravity and electromagnetic force,
centrifugal force and electromagnetic force on the average value of deformation is from small to
large. In addition, similar to the effect of load on mechanical stress, the maximum deformation
under the combination of three loads is smaller than the corresponding value under the action
of centrifugal force and electromagnetic force, and the average value of the deformation under
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the combination of three loads is as large as the value under the action of centrifugal force and
electromagnetic force.
On the other hand, under the same load (except for the case of gravity only), since the
mechanical stress under the peak condition is greater than the value under the rated condition,
the value of deformation under the peak condition is also greater than the value under the rated
condition correspondingly.

5. Conclusions
In this paper, a 15-kW built-in permanent magnet in-wheel motor is taken as the research
object. In order to consider the influence of electromagnetic force in the electromagnetic field
on the structural field, the electromagnetic-structural field coupling model of the in-wheel motor
is established. Based on the coupling model, the mechanical stress characteristics of the inwheel motor under different operating conditions and mechanical loads are analyzed by the finite
element method. Then, the influence laws of different mechanical loads on the mechanical stress
and deformation of the in-wheel motor are obtained. The specific conclusions are as follows:
1. The results of the influence of mechanical loads on the mechanical stress of the in-wheel
motor show that after the in-wheel motor is assembled, the law of mechanical stress
distribution of the in-wheel motor under any load composed of gravity, electromagnetic
force and centrifugal force is consistent. The rotor is the part with large mechanical stress
among the parts of the in-wheel motor, and the rotor magnetic bridge is the position where
the maximum mechanical stress occurs, so the rotor is easily damaged. The greater the load,
the greater the mechanical stress of the in-wheel motor under the rated operating condition
or peak operating condition. Therefore, the influence of gravity only, centrifugal force only
and electromagnetic force only on the mechanical stress of the in-wheel motor is from
small to large. At the same time, the influence of centrifugal force and gravity, gravity and
electromagnetic force, centrifugal force and electromagnetic force on mechanical stress is
also from small to large. Then, due to the load offset, the combined effect of three loads has
a smaller effect on the mechanical stress than that happens when the centrifugal force and
electromagnetic force act together. In addition, under the same load (except for the case
of gravity only), the centrifugal force and electromagnetic force under the peak operating
condition are greater than those under the rated operating condition, so the mechanical
stress under the peak operating condition is greater than that under the rated operating
condition.
2. The results of the influence of mechanical loads on the deformation of the in-wheel motor
show that after the in-wheel motor is assembled, the main difference between the deformation of the in-wheel motor without electromagnetic force and with electromagnetic force
lies in the deformation distribution of the rotor and stator, and the common point is that
the maximum deformation is located at the inner edge of the rotor. Therefore, the rotor
is easy to be damaged. Similar to the influence of loads on mechanical stress, the greater
the loads, the greater the deformation. Therefore, regardless of the rated condition or peak
condition, the influence of gravity only, centrifugal force only and electromagnetic force
only on the deformation of the in-wheel motor is from small to large. Moreover, the influ-
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ence of centrifugal force and gravity, gravity and electromagnetic force, centrifugal force
and electromagnetic force on deformation is also from small to large. Then, under different
loads, the combined action of centrifugal force and electromagnetic force has the greatest
impact on deformation. In addition, under the same load (except for the case of gravity
only), the load value under the peak operating condition is greater than that under the rated
operating condition, so the deformation under the peak operating condition is greater than
that under the rated operating condition.
The research work in this paper provides a theoretical basis for the subsequent reliability
research of the in-wheel motor structure.
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