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Abstract: A hub motor is integrated into an electric wheel. The external excitation is complex
and the heat dissipation conditions are poor. The working temperature of the hub motor easily
becomes too high, resulting in large fluctuations in the output torque, which affect its service life.
Taking a four-wheel hub-driven electric vehicle as the research object and aiming to resolve the issue
of inaccurate prediction of the output torque of the hub motor in the real operating environment
of the vehicle, a method for analyzing the temperature rise and torque characteristics of the hub
motor considering multisource excitation and magnetic-thermal bidirectional coupling is proposed.
First, the multisource excitation transmission path of the hub motor and the coupling principle
of the road-electric wheel-vehicle body suspension system are analyzed from three aspects: the
electromagnetic effect of the hub motor itself, the tire-ground effect, and the interaction between
suspension (body) and electric wheel. We concluded that the load torque and air gap change in
the motor are the key factors of its torque characteristics. On this basis, a dynamic model of the
road-electric wheel-suspension-vehicle body system, an electromagnetic field model of the hub motor,
and a temperature field model are established, and the influence of load torque and air gap change
on the loss of in-wheel motor under multisource excitation is analyzed. Furthermore, based on
the magnetic-thermal bidirectional coupling method, the motor loss under the combined action
of load torque and air gap change is introduced into the temperature field model, and combined
with the electromagnetic field model of the hub motor, the temperature distribution law and torque
characteristics of the hub motor are accurately predicted. Finally, the accuracy and effectiveness of
the calculation results of the temperature and torque characteristics of the hub motor are verified via
an electric wheel bench test.

Keywords: hub motor; multisource excitation; magnetic—thermal bidirectional coupling; temperature
distribution; torque characteristics

1. Introduction

Distributed drives, especially hub drives, are regarded as some of the most promising
drive carriers for the next generation of new energy vehicles, intelligent driving vehicles,
and driverless vehicles due to their high degree of electrification, controllability, and
intelligence. As the core component of distributed drive vehicles, hub motors must have a
high power density, a large starting torque, and a strong overload capacity [1,2]. Under
complex road conditions and variable operating conditions, and due to the narrow space
of the hub motor of the distributed drive vehicle, circulation of the surrounding air is
difficult, making the working temperature of the hub motor too high and aggravating
the magnetic loss [3,4]. This will not only greatly affect the working life of the hub motor
but also cause output torque fluctuations in such a way that the vehicle power output is
unstable and uncontrollable, which can easily lead to safety accidents [5-8]. Therefore, it is
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very important to study the coupling mechanism of the multisource excitation of the hub
motor and its influence on the temperature rise and torque output characteristics of the
hub motor under the actual operating conditions of distributed drive vehicles.

Domestic and foreign scholars have performed much research on the temperature rise
characteristics and torque characteristics of hub motors [9]. In [10], the thermal conductivity
of the winding, stator core, and air gap of the direct drive hub motor and the heat dissipation
coefficient of the inner and outer surfaces of the casing were studied. The authors in [11-13]
studied the distribution of and variation in the electromagnetic loss and temperature
characteristics of hub motors under different load conditions. The authors in [14] studied
the loss and temperature rise distribution characteristics of each component of the hub
motor under different air gap lengths. The authors in [15-17] studied the temperature rise
characteristics caused by heat loss due to internal factors such as the iron core, winding, and
permanent magnet in the hub motor. The authors in [18] noted that under the influence of
external factors such as ambient temperature, altitude, and road excitation, the temperature
of the iron core, winding, and permanent magnet inside the hub motor will further increase.
The authors in [19] proposed a transient thermal model of the in-wheel motor, ignoring
the influence of the leakage magnetic field and the leakage electric field. The internal
temperature is constantly changing, the winding resistance value is also changing, and
the ohmic loss increases. The work in [20] is based on the Bertotti theory; the iron loss is
divided into hysteresis loss, eddy current loss, and additional loss according to the thermal
mechanism. The time-stepping finite element analysis of each component is carried out to
obtain the variation law of magnetic flux density. The classical eddy current loss is only
related to the change rate of magnetic flux density. The authors in [21] analyzed the iron loss
of the motor by combining the harmonic analysis method and the finite element method.
Despite the machining accuracy and magnetic flux density difference of the yoke teeth, the
magnetic flux density wave at any given point of the in-wheel motor was decomposed
into a series of elliptical harmonic magnetic flux density vectors, and the voltage harmonic
frequency that maximizes the stator iron loss was obtained. According to [22], through
the JMAG built-in function block, the eddy current loss of the iron core is calculated by
the fast Fourier transform (FFT), and the hysteresis loss is calculated by the loop analysis
method. The authors in [23] show that due to the rotating magnetic field generated by the
energization of the stator excitation winding, eddy current-like electromotive force and
current will be induced in the permanent magnet. The magnitude is inversely proportional
to the axial length and resistivity of the permanent magnet and is proportional to the
volume of the permanent magnet, the alternating frequency of the magnetic field, the
proportional constant of the electromotive force, and the maximum magnetic flux density.
The eddy current loss and hysteresis loss are generated by the time-varying magnetic
field at the working point of the magnet. The slot effect of the motor leads to a change in
the air gap reluctance and causes additional changes in the magnetic field of the magnet,
even under no-load conditions. Most of the above scholars’ research on the temperature
rise characteristics of in-wheel motors analyze the variation law of the temperature rise
of in-wheel motors from the internal factors such as material properties and structural
parameters that affect the temperature rise of the motor and rarely consider the external
complex factors that affect the temperature characteristics of the motor.

Moreover, when considering external factors, the existing research usually assumes
external conditions and often ignores the various excitation effects of the hub motor in
the actual operating environment of the vehicle. The authors in [24] reported that the hub
motor will be excited by the vibration of the road through the tire and the vibration of the
body through the suspension, indicating that the air gap between the stator and rotor of
the hub motor will change under various excitations, and then, the magnetic pull of the
motor will change. The authors in [25,26] studied the variation in the unbalanced magnetic
pull under the influence of road excitation and motor torque fluctuation excitation. The
authors in [27] characterized the force between the stator and rotor (that is, unbalanced
magnetic pull) by simulating the radial magnetic pull of the hub motor under different
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air gap spacings and studied the relative offset of the stator and rotor of the hub motor in
the actual operating environment of the vehicle with the help of a dynamic model of the
hub drive suspension. The authors in [28,29] explained that when the vehicle is traveling
at a constant speed on the road, it must overcome the rolling resistance from the ground,
the air resistance from the air, and the slope resistance. At the same time, the vehicle
speed changes, and the rolling resistance is also different. This is an essential factor for
studying the actual power and cruising range of a vehicle. An increase in the temperature
of the motor is unavoidable, and this temperature rise will lead to changes in the thermally
sensitive materials in the motor, such as in the winding resistance and permanent magnet
properties; that is, an increase in the temperature will increase the winding resistance,
weaken the magnetic properties of the permanent magnet and even cause demagnetization,
which will affect the actual output torque of the motor. In [30], a dynamic loss model of the
electric drive system considering the change in the temperature rise characteristics of the
motor was established; combined with the dynamic characteristics of the battery voltage, a
torque distribution strategy with minimum loss of the electric drive system was proposed,
but the influence of temperature on the torque was not considered. The authors in [31,32]
studied the influence of motor temperature changes on the output torque of the hub motor
through finite element simulation. When the motor temperature rises, the back EMF, air
gap flux density, and output torque of the motor decrease, but these studies all ignored the
various excitations experienced by the hub motor in the actual operating environment of
the vehicle also affect its actual output torque. The authors in [33] studied the influence
of road excitation, extracted the vibration velocity response curves of the stator and rotor
from a vehicle dynamics model, loaded them into a thermal—fluid coupling analysis model
of the hub motor as the excitation load, and analyzed the temperature change but did not
consider the influence of the unbalanced magnetic pull of the motor on its vibration, the
influence of the actual load torque of the vehicle on the temperature rise of the motor, or
the relationship between the output torque and the temperature rise.

According to the research literature that has been consulted at present, most scholars’
research on the temperature rise characteristics of hub motors mainly focuses on various
electromagnetic characteristics and temperature changes under steady-state conditions.
Regarding the internal temperature change in the motor caused by ‘magnetic—thermal
coupling’ under transient conditions, they do not consider the influence from the external
environment. At the same time, the research on the torque of the hub motor focuses on the
influence of temperature rise caused by its internal factors, and the influence of external
excitation on the torque characteristics of the in-wheel motor under temperature rise during
the actual operation of the vehicle remains to be further studied.

In view of the shortcomings of the above research on the temperature rise characteris-
tics and torque characteristics of hub motors, this paper proposes a method for analyzing
the temperature rise and torque characteristics of hub motors, given multisource excitation
and magnetic-thermal bidirectional coupling. This method considers the excitation of the
radial electromagnetic force generated by the rotor eccentricity of the hub motor transmit-
ted to the suspension system, the excitation of the road surface and the body transmitted to
the hub motor stator and rotor, and the rolling resistance torque excitation with the change
in vehicle speed. The load torque changes in the hub motor caused by the rolling resistance
torque at different motor speeds, and the air gap changes caused by the excitation of the
road surface transmitted to the hub motor stator and rotor through the tire and of the body
transmitted through the suspension, are studied. The two change results are fed back into
the electromagnetic field model of the hub motor to analyze the loss distribution law of
each component of the motor. The magnetic-thermal bidirectional coupling method is
used to introduce the motor loss into the temperature field model to analyze the spatial
distribution of the temperature rise characteristics in the magnetic—thermal coupling of the
hub motor, and the output torque variation law caused by the temperature rise of the hub
motor is obtained. The accuracy and effectiveness of the temperature rise characteristics of



Electronics 2024, 13, 2019

4 0of 30

the hub motor calculated by the proposed method are verified by a temperature rise test of
a prototype.

This article is arranged as follows: The second section presents an analysis of the mul-
tisource excitation of the hub motor. The purpose is to explain the sources of multisource
excitation and the influencing factors (output torque change and air gap deformation) that
affect the temperature rise of the motor and the torque change caused by the temperature
rise. The third section introduces the model. The purpose is to analyze the temperature
rise of the motor and the torque change caused by the temperature rise. The fourth section
presents the result analysis. The purpose is to analyze the influence of the output torque
and air gap deformation on the motor loss, the law of the motor temperature rise, and
the law of the torque change caused by a temperature rise. The fifth section describes the
experimental verification, and the simulation results are verified and compared. The sixth
section presents the conclusion, which summarizes the full text.

2. Multisource Excitation Analysis of the Hub Motor

The hub motor is highly integrated with the tire and complements and interacts
with the vehicle suspension system. In the process of uniform flat motion of the vehicle,
the hub motor is subjected to multisource excitation from itself and from the outside
world (mainly from four aspects: first, the electromagnetic force excitation caused by the
relative eccentricity of the internal stator and rotor; second, the excitation of transverse and
longitudinal forces of the road surface (uneven road excitation) acting on the rotor of the
hub motor; third, the excitation of the body transmitted through the suspension acting on
the hub motor stator; and fourth, the excitation of the rolling resistance moment transmitted
to the rotor of the hub motor with the change in the vehicle speed), as shown in Figure 1.
From the multisource transmission path diagram, it can be seen that the road excitation
will be transmitted to the hub motor rotor through the tire, the body excitation will be
transmitted to the hub motor stator through the suspension, the radial electromagnetic force
generated by the eccentricity of the hub motor rotor will act on the stator and rotor, and the
rolling resistance torque excitation under the influence of different speeds will act on the
hub motor rotor through the tire. Under the combined action of various excitations, the
vibration will affect the ride comfort of the vehicle through the suspension. Additionally, it
will cause vibration of the hub motor itself and accelerate the damage of the hub motor;
due to the change in the rolling resistance torque, the torque control of the motor will be
unstable, which will affect the dynamic performance of the vehicle. The influence of various
excitations on the hub motor is mainly reflected in the change in the air gap deformation and
load torque. Through the above analysis, the coupling principle of the road surface-electric
wheel-suspension system is obtained, as shown in Figure 2. To obtain the changes in the air
gap deformation and load torque of the stator and rotor during motor operation, the rolling
resistance torque T), of the vehicle in the actual operating environment must be calculated,
and then the load torque T; of the motor can be determined. Then, the component F, of
the unbalanced magnetic pull force in the Y direction under different eccentricity e values
of the stator and rotor of the hub motor must be calculated. The relationship between
the eccentricity e and the component F, of the unbalanced magnetic pull force in the Y
direction is obtained, that is, the air gap magnetic field stiffness Kymp, . Finally, the air gap
deformation e; of the hub motor and the influence of the air gap magnetic field stiffness
Kump, are calculated. Through the above method, the important factors affecting the
temperature rise of the hub motor (the change in the air gap deformation of the stator and
rotor and the change in the output torque) can be obtained, and the temperature rise law of
the motor can be obtained under the combined action of the two influencing factors. With
increasing motor temperature, the variation law of the output torque T, of the motor can
be found.
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Figure 1. Multisource excitation transmission path of a hub-drive vehicle.
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Figure 2. Coupling principle of the road-electric wheel-suspension system.

In Figure 2, T), is the rolling resistance moment of the vehicle, T; is the load torque of
the hub motor, T, is the output torsion of the hub motor, W is the vertical load of the tire, e
is the eccentricity of the stator and rotor, ¢, is the air gap deformation, Fy and F, are the
components of the radial magnetic pull in the X and Y directions, F, and F; are the radial
magnetic pull and tangential magnetic pull, ¢ is the mechanical rotation angle, Ky P, is
the stiffness of the air gap magnetic field in the Y direction, Fz is the normal reaction force
of the ground on the tire, and F,; is the tangential reaction force of the ground on the tire
(the value is the driving force minus the rolling resistance of the wheel).

The vehicle must overcome the rolling resistance from the ground, the air resistance
from the air, and the gravity component along the ramp (slope resistance). If the air
resistance and slope resistance are not considered, then only the rolling resistance from the
ground needs to be calculated. When the vehicle is running at a constant speed, the rolling
resistance torque T), received by the tire will act as the load torque T; on the hub motor, and
the rolling resistance torque is related to the vertical load W received by the tire. As shown
in Figure 3, the rolling resistance is equal to the product of the rolling resistance coefficient
and the vertical load W [34], i.e.,

Fr=Wf 1
It can also be expressed as follows:
Fr = (Ws +Wa) f 2

where F f is the rolling resistance; f is the rolling resistance coefficient; W; is the vehicle
static load; and Wj is the tire dynamic load.
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Figure 3. Force analysis of the electric wheel during rolling.
The rolling resistance moment is the following:
T, = FfR 3

where R is the rolling radius of the tire.
The following empirical formula is used to calculate the tire rolling resistance coeffi-
cient f:

u Uy \4
£ =+ Al5o5) * £ (30) @
where u, is the vehicle speed, km/h, and fy, f1, and f3 are fitting parameters; in this paper,

fo=0.012, f; =0.0034, and f3 = 0.001.
From Figure 3, the wheel rotation dynamics equation can be obtained [35] as follows:

dw;
Ta_FfR:inR:]widitl (5)

where [,,; is the moment of inertia of the wheel around the wheel center and w; is the wheel
angular velocity.

The tangential reaction torque F;R of the ground acting on the tire is the combined
torque that truly drives the vehicle, and its value equals the motor output torque T, minus
the rolling resistance torque FyR. When the vehicle is traveling at a constant speed, the

wheel angular acceleration % is zero, and the combined torque driving the vehicle is
zero; that is, the motor output torque is completely used to overcome the rolling resistance
torque with T, = F¢R = T). Therefore, the actual output torque of the hub motor is related
to the rolling resistance torque, and the rolling resistance torque acts on the hub motor in
the form of a load torque, that is, T, = T;.

To determine the actual load torque of the hub motor, the component F, of the unbal-
anced magnetic pull force in the Y direction under different air gap spacing, e values of
the hub motor are calculated. Usually, the air gap magnetic field distribution is uniform,
and the rotor does not bear an unbalanced magnetic pull. However, when the rotor static
eccentricity leads to distortion of the radial air gap magnetic field, an unbalanced magnetic
pull will be generated, which makes the rotor force uneven. After the finite element model
of the hub motor is established and solved, the air gap flux density can be extracted, and



Electronics 2024, 13, 2019 7 of 30

then the component Fy of the unbalanced magnetic pull in the Y direction is obtained from
the following formula [36-39]:

_ ZLP/M{(BZ — B?,))sin ¢ 4 2B,,B; COSGO}M’ (©)
Y7 2u0 Jo e pp

Brp = Bycos ¢ + By sin ¢ (7)

Bip = By cos ¢ — Bysing ®

where [ is the axial length of the silicon steel sheet of the rotor; r, is the integral radius of
the unbalanced magnetic pull; By, and By, are the radial magnetic density and tangential
magnetic density, respectively; and By and B, are the X and Y components of the magnetic
induction intensity, respectively.

Through the relationship between the air gap spacing ¢ and the component F of the
unbalanced magnetic pull in the Y direction, the force between the stator and the rotor
is obtained, that is, the air gap magnetic field stiffness Kymp,, and Kump, is added to
the hub-driven suspension dynamics model. The force and relative offset between the
stator and the rotor during actual operation are simulated, and the relative offset ¢; of the
stator and the rotor is extracted. By setting the maximum dynamic eccentricity e;,,,,, of the
rotor, the displacement changes in the rotor of the hub motor relative to the stator in the
Y direction (as shown in Figure 4) are used to simulate the displacement change law of
the motor under the influence of various excitations in the actual operation process. From
Equation (9), the maximum dynamic eccentricity e4,,,, and the relative offset e; of the stator
and rotor can be obtained.

y y y
Alr gap
RCQ’ /’ =~ ~ /"—'\\ /"'—'\\
/ / 7
\ \ \
/ \ / \ €dmax / \
{ : i | { o
\ 1o \ gt = \ i
A // N\ // \ // —€dmax
Stator \-._.—’ \-__./ \\__./
Original state The positive maximum of eccentricity The positive minimum of eccentricity

Figure 4. Change rule of dynamic eccentricity ey.

) n
€4 = €max SIN (271@1}) )

where ¢, is the maximum displacement of the relative offset ¢;, mm; n is the hub motor
speed, rpm; and ¢ is time, s.

3. Model Introduction

To obtain the temperature rise characteristics and output torque characteristics of the
hub motor under the magnetic-thermal coupling, it is necessary to establish a suspension
dynamics model under the action of the road surface and the hub motor and calculate the
driving resistance torque in the vehicle operating environment, that is, the load torque of
the motor. An electromagnetic field model of the hub motor is established, the variation
law of the unbalanced magnetic pull is analyzed, and the stiffness of the air gap magnetic
field is then obtained. The air gap deformation of the hub motor and the loss of each
component of the motor are analyzed by combining the electromagnetic field model and
the suspension dynamics model. On this basis, a temperature field model of the hub motor
is established, and the temperature rise variation law under changes in the air gap and
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load torque is analyzed. Finally, the temperature calculated by the temperature field model
is fed back into the electromagnetic field model to further analyze the change law of the
output torque caused by the temperature rise of the motor, as shown in Figure 5.

suspension dynamic system Electromagnetic field model Temperature field model
Air gap magnetic field Temperature
stiffness KUMPy feedback

Load torque T; and Air
gap deformation ey

Various losses of motor

The final output torque The final temperature

Figure 5. Relationships between various models.

3.1. Suspension Dynamics Model Considering the Hub Motor

The hub motor is installed in the wheel, and the radial force generated by the hub
motor directly acts on the stator and rotor. At the same time, the road excitation directly
acts on the rotor of the hub motor through the wheel, and the body vibration excitation also
acts on the stator through the suspension, making the air gap change. During the operation
of the hub motor, the driving resistance torque of the vehicle is used as the load input of the
hub motor and affects the output torque of the motor. Therefore, the suspension dynamics
model under the action of the road surface and hub motor must be analyzed.

As shown in the 1/4 suspension model principle of the hub-driven suspension in
Figure 6a, the tire and the hub motor rotor are connected by the sidewall, and the sidewall is
equivalent to the torsional stiffness, longitudinal translation stiffness, and vertical stiffness.
The stator and rotor of the hub motor are connected by bearing m5, where the stiffness Kj is
the bearing stiffness; body 7 is connected to unsprung masses m, and m3 through springs
and shock absorbers.

21

t

22

243

(a) (b)
Figure 6. (a) 1/4 suspension model principle. (b) 1/4 suspension dynamics model.

According to the dynamic model established in Figure 6, the following vertical dy-
namic equation is obtained:

mZy = —Ki(Zy — Z3) — G (21 - Zz) (10)

myZy = —Ki(Zo — Z1) — G (Zz _ Zl) — Ko (Z — Z5) 11)
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msZs = —Ka(Zs — Z2) —K3(Z3s —q) — C3 (23 - ii) (12)

where m; is the body mass; 1, is the mass of the stator, bearing, and swing arm of the hub
motor; m3 is the mass of the hub motor rotor and tire carcass; K1, Ky and K3 are the spring
stiffness, bearing stiffness, and tire vertical stiffness, respectively; and C; and Cj are the
shock absorber damping coefficient and tire vertical damping coefficient, respectively.

Based on the above analysis, a multibody dynamics model is established, as shown in
Figure 6b, and the parameters are shown in Table 1.

Table 1. Wheel drive suspension parameters.

Parameter Value Parameter Value
Body mass m; (kg) 181.90 Tire longitudinal stiffness K; (N-m~1) 371,800
Bearing, swing arm and other mass m; (kg) 28.37 Tire torsional stiffness Ky (N-rad ') 55,634
Hub motor rotor and tire carcass mass m3 (kg) 73.16 Tire vertical stiffness K3 (N-rrf1 ) 220,000
Tire rolling radius (m) 0.35 Shock absorber damping coefficient (N~m-sf1) 4000
Spring stiffness K; (N-m~1) 33,700 Tire vertical damping coefficient (N-m-s~1) 50
Bearing stiffness K3 (N-rrf1 ) 6.2 x 10° Tire longitudinal damping coefficient (N~m~s*1) 50
3.2. Finite Element Model of the Electromagnetic Field of the Hub Motor
In this paper, a 3 kW hub motor for pure electric vehicles is taken as the research object,
and its structure consists of an outer rotor permanent magnet synchronous motor. Table 2
shows the main parameters of the hub motor. Figure 7 shows the finite element model of
the hub motor established by Ansys/Maxwell, in which the total grid number is 89,300, the
box is the grid detail at the air gap.
Table 2. Main parameters of the hub motor.
Parameter Value Parameter Value
Motors’ rated speed 600 rpm Coil diameter 0.04 mm
Motor rated power 3000 W Permanent magnet thickness 3.1mm
Motor rated voltage 72V Motor length 60.5 mm
Rotor inner diameter 200 mm Ferrite magnetic materials NdFe35
Rotor outer diameter 222 mm Rotor and stator materials DW310
Stator inner diameter 134 mm Winding material Copper
Stator outer diameter 198.4 mm Hs0: 0.7 mm
Average air gap length of motor 0.8 mm Hs2: 3.25 mm
Number of pole-pairs 16 Groove parameter Bs0: 3.25 mm
Number of stator slots 36 Bsl: 8 mm
Number of turns per phase coil 280 Bs2: 5 mm

On the basis of the above, the relationship between the speed and the output torque is
obtained by setting the voltage to 72 V and setting different speeds. The electromagnetic
field model of the hub motor is verified. As shown in Figure 8, when the speed is low, the
hub motor can provide a larger output torque. In contrast, when the speed is high, the
output torque it can provide rapidly decreases. The simulation and test have errors to a
certain extent, and the maximum error does not exceed 10.9%. The trends of the two are
the same, which indicates the applicability of the theory for trend research. This paper will
focus on the research and analysis of the hub motor under the three speed conditions of
200 rpm, 400 rpm, and 600 rpm (that is, speeds of 26 km/h, 52 km/h, and 78 km/h).
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Figure 8. Relationship between the speed and output torque of the hub motor.

The finite element model of the electromagnetic field is established mainly to analyze
the loss of each component of the motor, and the temperature rise of the motor is caused
by various internal losses. The internal losses of the motor mainly include the core loss,
winding loss, and permanent magnet loss. The loss calculation of the electromagnetic field
is input into the finite element analysis of the temperature field in the form of a thermal
load or input into the thermal network analysis of the temperature field in the form of a
heat source.

The hub motor losses [40] can be expressed as follows:

P = Ppe + Pcy + Pe (13)
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I(T)=(f)f{

They can also be written as follows:

. 2
P = KyTB% + K, 2B + Koy (TBw)? + 312R + / Vm% (14)

where P is the total loss of the motor; Pf, is the core loss of the hub motor; K}, K,, and K,y
are the core hysteresis loss coefficient, the core eddy current loss coefficient, and the core
additional loss coefficient, respectively; T is the alternating frequency; B, is the magnetic
flux density; P, is the winding loss; I is the phase current of the motor winding; R is the
motor winding resistance; P, is the eddy current loss of the permanent magnet of the hub
motor; Vj, is the volume of the permanent magnet; | is the current density; and o is the
conductivity of the permanent magnet.

3.3. Finite Element Model of the Hub Motor Temperature Field

Due to the need for thermal analysis of the loss calculated by the finite element model
of the electromagnetic field as a heat source, a finite element model of the temperature
field of the hub motor must be established to determine its temperature rise characteristics.
According to the basic law of heat conduction, in the rectangular coordinate system, the
transient temperature field in a certain calculation area of the motor is solved as follows [41]:

T 2T 21 2T
c'y%—t:/\@?—l—g?—i-%?)—Fp
T|s1 =T

JaT JaT JaT (15)
A(@”x + Wﬂy + yﬂz)

s — 4
s3 — —IZ(T— T())

JaT JaT aT
)\(an + Wﬂy + Eﬂz)

where c is the specific heat capacity; v is the density; ¢ is the time; T is the temperature
that changes with time; A is the thermal conductivity; p is the heat source density; Tj is
the known temperature distribution on the boundary; g is the boundary heat dissipation
caused by heat conduction; a is the heat dissipation coefficient; ny, n,, and n, are the
cosines of the angle between the normal direction of the boundary and the x, y, and z axes,
respectively; and sq, s and s3 are the first to third types of heat transfer boundary surfaces.

The essence of solving the temperature field by the finite element method is to trans-
form the temperature problem into the extreme value problem of the universal function.
According to the variational principle, Equation (15) is transformed into energy functional
I, as shown below [42,43]:

2 2 2
[(35) + (%) + (%—z) ] +9Td - pT}dQ —quTdsz —Sf(%T2 —aTyT)dss 16)
2 3

T|s, = To

Equation (16) can be discretized into algebraic equations, and the temperature distribu-
tion problem is transformed into a problem involving a finite number of node temperatures.
The temperature at each node can be obtained via this equation. After the overall synthesis,
the transient temperature field in the solution domain () is obtained.

The loss generated by the motor in actual operation will become heat, which will
increase the temperature of each part of the motor. The heat transfer process is a compre-
hensive process of heat conduction and heat convection, which is related to the thermal
conductivity and heat dissipation coefficient of the dielectric surface. The equivalent ther-
mal conductivity of stator, rotor, and winding, and the heat dissipation coefficient of the
stator end face, outer surface of rotor yoke, and winding end are very important to the
calculation accuracy of motor temperature rise.

When establishing the magnetic-thermal coupling model of the hub motor, the stator
winding model is simplified as follows: the winding copper wire is equivalent to a conduc-
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tor with the same volume, and the wire insulation layer and the coating between the wires
are equivalent to a heat conduction layer evenly distributed around the equivalent winding.
The equivalent thermal conductivity of the stator, rotor, and winding [44] is as follows:

Ok +0p+9

Sl Y 17)
193 L%) Ky

where & and «y, are the thickness and thermal conductivity of the conductor insulation in

the direction of heat flow, respectively; y and « are the thickness and thermal conductivity

of air and the insulating paint between wires, respectively; and 6, and ay are the thickness

and thermal conductivity of the conductor insulation layer, respectively.

The heat dissipation coefficient of the stator end face is [45] the following:

hg, = 15+ 007 (18)

where v, is the linear velocity of the rotor surface, m/s.
The heat dissipation coefficient of the outer surface of the rotor yoke is [46] the following:

hy = 7.68w%78 (19)

air

where w;, is the air velocity of the rotor accessory, which can be taken as 75% of the speed.
The winding end heat dissipation coefficient is [47] the following:

hy = el (20)

e
Nye = 0.103Re266 (21)
Re, — pnﬁ(;:dEt 22)
Ao = M (23)

where Ny is the Nusselt number at the end of the stator winding; d.; is the equivalent
diameter of the winding end, m; A, is the thermal conductivity of air, W-(m-K) -1 ; Rec is
the air gap Reynolds number at the end of the winding; Rsg and R, are the diameter of the
groove bottom and the inner diameter of the rotor, m; n is the motor speed, r/s; p is the air
density, kg/m?; and u is the dynamic viscosity of air, Pa-s.

The air gap heat dissipation coefficient is [48] the following:

0.386Re2°PP27) Ay
hairgﬂlﬂ = ( ecg - ) = (24)
HCp
p. =" 25
Ay (25)

where P, is the Prandtl number and cy, is the specific heat at constant pressure.

Through the above empirical formula and experience, the thermal parameters of the
materials in the model are obtained, as shown in Table 3.

Based on the above analysis results and the parameters required for modeling, a finite
element model of the temperature field of a prototype, including the stator core, the stator
winding, the rotor, and the air gap, is established. As shown in Figure 9, the model does not
have any special cooling devices and relies on the natural circulation of the surrounding air
to dissipate heat, ignoring axial heat transfer.
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Table 3. Thermal parameters of the hub motor materials.
Specific Heat Capacit Thermal Coefficient of
Unit Material Density (kg/m?3) P (kg - ° C)P y Conductivity Heat Emission
& (W/m - °C) (W/m? - °C)
Stator Silicon steel 7700 426 40 17.72
Rotor 10# steel 7800 448 49.8 25.55
Winding Copper 8954 383.1 386 69.67
Permanent magnet Nd-Fe-Boron 7500 420 9 26

Equivalent air gap Air 1.164 1008 0.027 76.52

B: Transient Thermal
Transient Thermal
Time: 5000, =
20244220 1118

[A] =t: 30, °C, 17.72 Wfm2C
ror 30, %G, 2555 Wfm
[€] co: 30 °C, 69,67 Wom2C
[D] ye: 30. °C, 26 Wirm2C

[E] ai: 30. °C. 7652 Wrm2C
. Imported Heat Generation

Figure 9. Finite element model of the hub motor temperature field.

4. Results

According to the analysis of multisource excitation of the hub motor in Section 2, the
influence of the load torque and air gap changes on the motor loss must be analyzed. The
loss calculation results are imported into the motor temperature field model for temperature
field analysis. Finally, the variation law of the motor output torque caused by the temper-
ature rise is analyzed. A simulation comparison analysis is carried out under a working
environment of 30 °C, a simulation time of 3000 s, natural air cooling, and uniform speeds
of 200 rpm, 400 rpm, and 600 rpm. Two-way coupling simulations of the two-dimensional
electromagnetic field and temperature field are carried out, and the temperature rise of the
hub motor and the torque output changes in the hub motor are simulated and analyzed, as
shown in Figure 10.

4.1. Analysis of Influencing Factors of the Motor Loss
4.1.1. Relationship between the Load Torque and Motor Loss

To obtain the load torque of the hub motor, it is necessary to calculate the rolling
resistance torque during the actual operation of the vehicle, obtain the relationship between
the load torque of the hub motor and its output torque, and then analyze the influence of
the load torque on the motor loss. In the case of road grade A, in the simulation, the output
torque of the hub motor is loaded at the wheel center through the suspension dynamics
model to make the wheel speed reach 200 rpm, 400 rpm, or 600 rpm and then remain at
the left and right of the wheel speed. The relationship between the output torque of the
hub motor and the wheel speed is shown in Figure 11a, and the dynamic load W; of the
tire is obtained via suspension dynamics calculations, as shown in Figure 11b. The rolling
resistance moment of the vehicle at a uniform speed is calculated by theoretical Formula
(3) and compared with the output torque of the hub motor loaded at the center of the
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wheel. As shown in Table 4, the rolling resistance moment calculated by the formula is
compared with the output torque loaded at the center of the wheel obtained by simulation.
The accuracy is above 87%, indicating that the output torque of the hub motor loaded at
the center of the wheel under the support of the theoretical formula is correct.
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Figure 10. Magnetic-thermal two-way coupling process.
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Figure 11. (a) Relationship between the output torque of the hub motor and the wheel speed under
different working conditions. (b) Tire dynamic load under different working conditions.
Table 4. Comparison of the rolling resistance torque theoretical and simulation values under different
working conditions.
Motor Tire Dynamic Rolling Resistance Torque Rolling Resistance Torque Precision
Speed/rpm Load/N (Theoretical Calculation)/N - m  (Simulation Calculation)/N - m
200 165.59 13.54 15.50 87.35%
400 238.08 14.92 16.50 90.42%
600 313.40 16.64 18.10 91.93%
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Stranded loss R (W)

After the rolling resistance moment in the actual running process of the vehicle is
calculated with the suspension dynamics model, it is input into the electromagnetic field
model of the hub motor as the load torque to obtain the output torque of the motor and the
loss of each component without considering the temperature rise. Figure 11a shows that
when obtaining the output torque of the hub motor in the actual operating environment,
the actual operating conditions of the vehicle need to be considered. It is not necessarily
how much torque is output according to the corresponding speed shown in Figure 8 that is
of interest but how much torque is output according to the actual load torque of the vehicle.

Figure 12 shows the calculation results of the loss and output torque of the hub motor
under different working conditions. Table 5 shows that when the rolling resistance torque
at different speeds is applied to the electromagnetic field finite element model of the hub
motor, the calculated output torque is greater than the rolling resistance torque. This may
be due to the reluctance torque and cogging torque of the motor. With increasing speed,
the rolling resistance torque of the car increases; that is, the load torque of the hub motor
increases, the corresponding output torque also increases, and the loss of its components
accordingly increases. Therefore, the variation in the loss of the hub motor in combination
with the load torque of the car must be analyzed.
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Figure 12. (a) Core loss of the hub motor; (b) eddy current loss of the hub motor; (c) winding loss of
the hub motor; (d) output torque of the hub motors.
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Table 5. The loss and output torque of the hub motor under various working conditions.
Parameter 200rpmand15.5N-m 400 rpmand16.5N-m 600 rpm and 18.1N - m
Output torque/N - m 16.94 17.89 19.48
Core loss/W 18.88 41.97 71.58
Eddy current loss/W 2.84 10.09 23.26
Winding loss/W 3719.25 4335.94 4777.27

4.1.2. Relationship between the Air Gap and Motor Loss

To obtain the air gap variation law of the hub motor, it is necessary to calculate the
variation law of the unbalanced magnetic pull F, under different air gap spacings in the
electromagnetic field model, obtain the air gap magnetic field stiffness Kiymp, between the
stator and the rotor, and then add it to the suspension dynamics model to simulate the
relative offset of the stator and the rotor under the influence of various excitations in the
actual operation process, which is the air gap deformation. Finally, the influence of air gap
changes on the motor loss is analyzed. According to the analysis results of the load torque
in Section 4.1.1, the rolling resistance torque at different speeds is added to the hub motor
as the load torque, and the corresponding speed is set. With a non-eccentricity value of
0 mm and a dynamic eccentricity of 0.6 mm as examples, the radial air gap flux density is
extracted, as shown in Figure 13a (see Figures Ala and A2a for the 200 rpm and 400 rpm
conditions). With increasing speed, the radial air gap flux density does not significantly
change, but with increasing dynamic eccentricity, the radial air gap flux density gradually
increases, which also indicates that the unbalanced magnetic pull has a similar change
rule. Therefore, the unbalanced magnetic pull under different air gaps must be studied
and analyzed.
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Figure 13. (a) Change in the radial magnetic density at 600 rpm; (b) Change in the unbalanced
magnetic pull F, at 600 rpm.

Using Equation (4), the radial magnetic density is calculated to obtain the component
of the unbalanced magnetic pull force in the Y direction, and the relationship between the
unbalanced magnetic pull force F, and time at different speeds is obtained, as shown in
Figure 13b; see Figures Alb and A2b for the 200 rpm and 400 rpm conditions. As shown in
Table 6, there is a common change rule: when there is no eccentricity, F, fluctuates around
zero; however, as the degree of dynamic eccentricity increases, F, also increases. Through
the relationship between the eccentricity e and unbalanced magnetic pull force Fy, the air
gap magnetic field stiffness Kypp,, which is used to characterize the unbalanced magnetic
pull force in the Y direction, can be obtained. As shown in Figure 14, the air gap magnetic
field stiffness Kyjpm p, curves of the motor at different speeds show that Ky, MP, has a certain
linearity, and then the Ky; MP, of the motor at different speeds can be obtained. As shown
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in Table 7, as the motor speed exponentially increases, Kimp, increases by no more than
1%. It can be considered that the motor speed is independent of Ky P, when the other
working conditions are constant, so the same air gap magnetic field stiffness can be used at
any speed.

Table 6. Relationship between the unbalanced magnetic pull F, and dynamic eccentricity under
different working conditions.

200 rpm 400 rpm 600 rpm
Eccentricity e/mm - -
Unbalanced Magnetic Pull F,/N  Unbalanced Magnetic Pull F,/N  Unbalanced Magnetic Pull F,/N
0 0.09 0.08 0.08
0.1 27.36 27.64 27.90
0.2 59.50 60.14 60.74
0.3 87.44 88.42 89.26
04 112.53 113.79 114.88
0.5 138.59 140.10 141.42
0.6 166.58 168.43 169.96
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~ 100 - B
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Figure 14. Equivalent stiffness Kijmp, curves of the motor at different speeds.

Table 7. Equivalent stiffness KUMpy of the motor at different speeds.

Parameter 200 rpm 400 rpm 600 rpm
Linear Kypp, value (N/m) 277,633.33 280,716.67 283,266.67

According to Table 7, the average value of the air gap magnetic field stiffness Kump,
under the three motor speed conditions is set in the hub-driven suspension dynamics
model. Through simulation analysis, the force between the stator and rotor F; and the
relative offset of the stator and rotor ¢, (Figure 15a,b) are obtained. The root mean square
values are shown in Table 8, which are used to characterize the air gap deformation of the
hub motor under the coupling of the suspension and the hub motor.

Table 8. Air gap deformation simulation values.

Motor Speed/rpm Rms Fs/N Rms e;/mm e dmax/mm
200 2231.824 0.023 0.033
400 2265.646 0.028 0.040

600 2296.414 0.033 0.047
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Figure 15. (a) Force between the stator and rotor; (b) relative offset of the stator and rotor.

Through Equation (9), the rms value of the relative offset e; of the stator and rotor can
be obtained as %edmux mm; thus, the maximum displacement of the dynamic eccentricity

egmax = V2e4 mm, and the maximum dynamic eccentricity e4,,,, at different speeds is
calculated, as shown in Table 8. Under the load torque corresponding to different speeds,
the influence of the air gap deformation of the hub motor on the output torque and loss
of the hub motor is studied by setting the eccentricity in the finite element model of the
electromagnetic field to the non-eccentricity value and the maximum dynamic eccentricity
of the motor rotor at the corresponding speed, as shown in Figure 16 (see Figures A3 and A4
for the 200 rpm and 400 rpm conditions).

Table 9 shows that during vehicle operation, as the motor speed increases, the loss
of each component of the hub motor also increases, and the output torque also increases.
At the same speed, based on a comparison of the results when considering the air gap
deformation and not considering the air gap deformation, this deformation has little effect
on the output torque of the hub motor, but it has a great influence on the loss of each
component of the hub motor, among which the strongest influence is on the winding
loss, whereas the other losses are slightly increased. From the above analysis results, it
can be concluded that at different speeds, the deformation of the air gap differs, which
greatly influences the change in the loss of each component. Therefore, the temperature
characteristics of the hub motor must be analyzed in combination with the deformation of
the air gap.
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Figure 16. (a) Output torque of the hub motor caused by changes in the air gap at 600 rpm; (b) core
loss of the hub motor caused by air gap changes at 600 rpm; (c) eddy current loss of the hub motor
caused by air gap changes at 600 rpm; (d) winding loss of the hub motor caused by air gap changes
at 600 rpm.

Table 9. Changes in the torque and loss of the hub motor caused by changes in the air gap under
different working conditions.

200 rpm 400 rpm 600 rpm
Parameter
0mm 0.033 mm Rate of 0 mm 0.040 mm Rate of 0 mm 0.047 mm Rate of
Change Change Change
Output torque/N-m 16.71 16.75 0.24% 17.66 17.62 —0.23% 19.16 19.17 0.05%
Core loss/w 18.88 19.16 1.48% 41.30 4271 3.41% 71.58 73.00 1.98%
Eddy current loss/w 2.84 2.90 2.11% 10.05 10.32 2.69% 23.26 23.83 2.45%
Winding loss/w 3719.25 3890.49 4.60% 4353.00 4665.00 7.17% 4777.27 5248.85 9.87%

4.2. Temperature Field Analysis of the Hub Motor

According to the actual operating environment of the vehicle, the rolling resistance
torque in the actual operation of the vehicle under different motor speeds and the influence
of the air gap deformation of the hub motor caused by various excitations on the tem-
perature characteristics of the hub motor are considered. By comparing the temperature
cloud diagrams of the magnetic-thermal coupling of the hub motor at different speeds,
as shown in Figure 17, the high-temperature area inside the hub motor is found to be
mainly concentrated on the stator and winding, and the lowest temperature appears in the
permanent magnet and rotor. With increasing motor speed, the corresponding temperature
also accordingly increases. The high-temperature area is mainly concentrated in the stator
and winding, and the highest temperature of the stator appears in the stator yoke. This is
mainly due to the small heat dissipation area of the stator yoke, which results in a poor heat
dissipation capacity. In the radial direction of the stator, from the stator yoke to the tooth,
the temperature gradually decreases, and the temperature in the stator air gap suddenly
decreases. This is mainly because only the permanent magnet in the air gap area produces
a small amount of heat, while the winding and stator of the stator yoke tooth produce more
heat. The low-temperature area is mainly concentrated on the permanent magnet and the
rotor. The reason for this phenomenon is that the outermost heat dissipation condition of
the rotor is better, so the temperatures of the rotor and the permanent magnet are relatively
low, and the lowest temperature of the motor only appears on the outer side of the rotor.

Figure 18 and Table 10 show that the temperature of each component of the hub motor
gradually increases with time during vehicle operation. The temperature rises faster before
1000 s. Between 1000 s and 2000 s, the temperature rise trend of the motor gradually
decreases. At different speeds, the temperature of the motor winding gradually stabilizes
at 85.43 °C, 95.67 °C and 101.56 °C. After running for 2000 s, the temperature curve of each
component of the hub motor gradually stabilizes, the temperatures of the motor winding
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and the stator gradually approach each other, and the temperatures of the permanent
magnet and the rotor gradually approach each other.
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Figure 17. Overall temperature cloud diagrams of the hub motor at 200 rpm, 400 rpm, and 600 rpm.
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Figure 18. (a) Temperature variation curves of the hub motor stator. (b) Temperature variation curves
of the hub motor rotor. (c) Temperature variation curves of the hub motor winding. (d) Temperature
variation curves of the hub motor permanent magnet.
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Table 10. Temperature of each component of the hub motor under different working conditions.

Working Condition Maximum Stator Rotor Maximum Maximum Winding Maximum Temperature of
8 Temperature/°C Temperature/°C Temperature/°C Permanent Magnet/°C
200 rpm 84.48 39.61 85.43 39.79
400 rpm 94.61 47.02 95.67 47.26
600 rpm 100.47 58.84 101.56 59.23

4.3. Torque Output Analysis of Hub Motor

According to the actual operating environment of the vehicle, the influences of the
actual operating load torque of the vehicle at different motor speeds and the air gap defor-
mation of the hub motor caused by various excitations on the temperature characteristics of
the hub motor are considered. By comparing the output torque of the hub motor at different
speeds under the influence of the motor temperature rise (the maximum temperature of
the motor winding), as shown in Figure 19 (see Figure A5 for the 200 rpm and 400 rpm
conditions) and Table 11, as the internal temperature rise of the hub motor reaches a steady
state, its output torque is found to be reduced to a certain extent, by 4-8% compared with
the output torque at room temperature. This phenomenon occurs because, with increasing
temperature, the copper wire resistance of the winding also increases, which affects the
magnetic field strength inside the hub motor and consequently affects the actual output
capacity of the motor. Due to the decrease in the output torque caused by the increase
in the internal temperature of the hub motor, there may be problems such as insufficient
power and weakness during the operation of the vehicle, and the accuracy of motor torque
control will also be reduced. Therefore, the influence of the temperature rise on the output
torque of the hub motor should be considered in the actual analysis process.
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Figure 19. Changes in the output torque of the hub motor at 600 rpm.

Table 11. Changes in the output torque of the hub motor under different working conditions.

Output Torque at Room Output Torque under

Working Condition Temperature/N - m Temperature Rise/N - m Rate of Change
200 rpm 16.75 1591 5.01%
400 rpm 17.62 16.19 8.12%

600 rpm 19.17 18.22 4.96%
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5. Experimental Verification

A temperature rise test of the hub motor is carried out, and the results are compared
with the temperature rise simulation results. As shown in Figure 20, the temperature rise
test system of the hub motor of the 1/4 suspension driven by the hub mainly includes
the 1/4 suspension, a torque sensor, an infrared thermometer, and a temperature sensor.
The torque sensor is used to measure the torque applied by the hub motor on the drum
(i.e., the output torque of the hub motor). The temperature sensor is installed in the motor
winding to measure the temperature of the internal winding of the motor, and the infrared
thermometer is used to measure the surface temperature of the rotor. In the temperature
rise test of the hub motor, the temperature of the measuring point is read by the temperature
sensor and the infrared thermometer, as shown in Figure 21 (see Figure A6 for the 200 rpm
and 400 rpm conditions) and Table 12. The calculated temperature and test temperature
change curves of the winding and rotor shell can be well fitted, indicating the accuracy of
the calculation results, but there are some differences. The maximum error of the winding
and rotor temperatures is not more than 2%. The reasons for the discrepancy may be that,
on the one hand, the motor model system is simplified to a certain extent, and the calculated
thermal conductivity and heat dissipation coefficient deviate from the actual values. On
the other hand, there are errors in the accuracy of the test methods, means, and sensors,
but the results are within a controllable range.
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Figure 21. Rotor and winding test temperature and calculated temperature curves at 600 rpm.
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Table 12. Comparison of the test temperatures and calculated temperatures of the rotor and winding
under different working conditions.

Working
Condition

Rotor Winding

Simulated Measured Simulated Measured

Error Error

Temperature/°C  Temperature/°C Temperature/°C  Temperature/°C

200 rpm
400 rpm
600 rpm

39.61
47.02
58.84

39.96 0.88% 85.43 86.50 1.24%
46.50 1.12% 95.67 94.00 1.78%
57.80 1.80% 101.56 99.80 1.76%

The curve of the motor test torque with time at 600 rpm is shown in Figure 22
(Figures A7 and A8 for the 200 rpm and 400 rpm conditions.). The two yellow dotted
lines in the figure represent the motor output torque at room temperature and the steady-
state temperature, respectively. The output torque of the motor gradually increases with
increasing motor speed. Over time, the output torque decreases with the increase in tem-
perature, and the amplitude of the decrease is in the range of 0.82~1.25 N-m. As shown in
Table 13, by comparing the variations in the simulation and test output torques at room
temperature and under a temperature rise, it can be seen that at the same speed, the test
output torque values of the hub motor at room temperature and under the temperature
rise are greater than the simulated values. A possible reason is that there is a bearing
friction resistance inside the motor, dynamometer, and drum in practice, which increases
the output torque of the hub motor. The variation trends of the simulation and test output
torques of the motor are similar, and the change rate can be well matched. By comparing
the temperatures and output torques from the simulation and test, it is proven that the
research method for determining the temperature rise characteristics of a hub motor under
multisource excitation coupling proposed in this paper is reasonable and effective.
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Figure 22. Motor test torque with time at 600 rpm.

Table 13. Comparison of simulated and tested motor torques under different working conditions.

Working
Condition

Simulation Test

Output Torque at Room
Temperature/N - m

Output Torque Output Torque
under a Temperature under a Temperature

Rise/N - m Rise/N - m

Rate of
Change

Rate of Output Torque at Room
Change Temperature/N - m

200 rpm
400 rpm
600 rpm

16.75
17.62
19.17

1591 5.01% 17.28 16.03 7.23%
16.19 8.12% 19.88 18.71 5.89%
18.22 4.96% 21.79 20.97 3.76%




Electronics 2024, 13, 2019

24 of 30

6. Conclusions

In this paper, the hub motor of an electric vehicle is taken as the research object, and
the change in the load torque of the hub motor caused by the rolling resistance torque in
the actual operating environment of the vehicle and the change in the air gap deformation
caused by the excitation of the hub motor stator and rotor transmitted from the road surface
through the tire and by the excitation of the body transmitted through the suspension
are considered. The temperature rise characteristics and output torque characteristics of
the hub motor under the combined action of the two changes at different motor speeds
are studied and analyzed. First, with the support of theoretical calculations, the rolling
resistance torque in the actual operating environment of the vehicle is obtained through
simulation analysis of the dynamic model of the hub drive suspension, which is added to
the electromagnetic field model of the hub motor as the actual load torque to analyze its
influence on the loss of each component of the motor. Then, on the basis of the actual load
torque of the hub motor, the change in the unbalanced magnetic pull under different air
gap spacings is simulated and analyzed by the electromagnetic field model. Second, the
relationship between the unbalanced magnetic pull and the air gap spacing is input into
the dynamic model of the hub-driven suspension as the air gap magnetic field stiffness.
The air gap change caused by the vibration excitation of the road surface transmitted to
the stator and rotor of the hub motor through the tire and by the excitation of the body
transmitted through the suspension in the actual operating environment is simulated, and
the influence of air gap deformation on the loss of each component of the motor is analyzed.
Next, through the magnetic-thermal two-way coupling method, the variation law of the
temperature rise characteristics of the hub motor and the variation law of the motor output
torque caused by the temperature rise under the combined action of the two factors of
the load torque change and air gap change are analyzed. The validity and accuracy of
the method adopted in this paper are verified by the temperature rise test of a prototype.
The method for analyzing the temperature rise and torque characteristics of a hub motor,
considering multisource excitation magnetic—thermal bidirectional coupling proposed in
this paper, is reasonable and effective. It provides a theoretical basis for the precise control
of the output torque of the distributed drive vehicle hub drive motor and produces greater
economic benefits.

Due to the limitation of research conditions, the comprehensiveness of vehicle driving
cycle selection, model simplification methods, and principles need to be further studied in
this paper. Specifically, further improvement and in-depth research can be carried out from
the following aspects:

1.  The influence of load torque and air gap changes in the hub motor on the temperature
rise characteristics and torque characteristics of hub motor under multiple driving
conditions (turning, braking, acceleration, different road grades, different body mass,
and composite conditions) is carried out.

2. The finite element model of the electromagnetic field and temperature field of the hub
motor is improved, and the 3D finite element model is established to improve the
accuracy of the simulation.

3. Through the research of this paper, it is found that the load torque and air gap change
in the hub motor will have a certain impact on its temperature rise characteristics and
torque characteristics. On the basis of this research, the rolling resistance torque and
vertical vibration of the vehicle can be reduced from the suspension control so as to
reduce the load torque and air gap change in the motor, reduce the temperature rise
and output torque fluctuation of the motor; at the same time, it also provides some
research support for the torque control of the hub motor.

4. The calculation method proposed in this paper has a certain reliability. However, due
to the combination of dynamics and finite element analysis methods, the calculation
process of the temperature rise and torque of in-wheel motors may be more com-
plicated than in conventional methods. However, as long as the analysis steps are
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correct, the torque change characteristics caused by the temperature rise of the hub
motor under actual operating conditions can still be calculated efficiently.
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