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Abstract: To solve the problem of temperature rise caused by the high power density of high-speed permanent magnet synchronous traction motors, the temperature rise of various components in the motor is analyzed by coupling the
equivalent thermal circuit method and computational ﬂuid dynamics. Also, a
cooling strategy is proposed to solve the problem of temperature rise, which is
expected to prolong the service life of these devices. First, the theoretical bases
of the approaches used to study heat transfer and ﬂuid mechanics are discussed,
then the ﬂuid ﬂow for the considered motor is analyzed, and the equivalent
thermal circuit method is introduced for the calculation of the temperature rise.
Finally, the stator, rotor loss, motor temperature rise, and the proposed cooling
method are also explored through experiments. According to the results, the stator
temperature at 50,000 r/min and 60,000 r/min at no-load operation is 68°C and
76°C, respectively. By monitoring the temperature of the air outlets inside and
outside the motor at different speeds, it is also found that the motor reaches a
stable temperature rise after 65 min of operation. Coupling of the thermal circuit
method and computational ﬂuid dynamics is a strategy that can provide the
average temperature rise of each component and can also comprehensively
calculate the temperature of each local point. We conclude that a hybrid cooling
strategy based on axial air cooling of the inner air duct of the motor and water
cooling of the stator can meet the design requirements for the ventilation and
cooling of this type of motors.
Keywords: Thermal circuit method; computational ﬂuid dynamics; high-speed
permanent magnet synchronous traction motor; rotor temperature rise; stator
temperature rise

1 Introduction
In recent years, the industry of power and electronic devices has developed rapidly. Meanwhile, the
research and development of high-speed motors have also received widespread attention. Compared with
traditional ordinary motors, high-speed motors have smaller power losses and less noises, and can also be
directly connected to high-speed loads, eliminating the need for complex variable-speed gearing devices
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in ordinary motors, which helps in improving the overall efﬁciency of the system in which the motor is
located [1]. With the continuous improvement of the performance of permanent magnetic materials, the
development of high-speed permanent magnet synchronous motors is growing rapidly. The advantages of
permanent magnet synchronous motors are their simple structures and high power quality. They do not
require ﬁeld windings and direct circuit (DC) excitation power sources and can directly eliminate faultprone devices, such as slip rings and brushes [2]. At present, high-speed permanent magnet synchronous
motors are vital in high-demand ﬁelds, such as aerospace, ships, and industrial and agricultural productions.
High-speed permanent magnet motors have the characteristics of small size and high power density. At
the same time, the loss density also increases accordingly, which affects the temperature rise of the motor.
Especially for a fully-enclosed permanent magnet traction motor, if the temperature rise is too high, the
magnetic density of the permanent magnet will be reduced due to the inﬂuence of the high-temperature
environment, which may even lead to irreversible demagnetization [3]. This does great harm to the
performance of any system and seriously affects its safety and stability. When the temperature rise of the
motor weakens the performance of the magnet, the stator winding insulation of the motor may be
damaged, and the motor parameters may be changed, which will eventually cause the motor to run
steadily. Therefore, the research on the temperature rise of the motor is of great signiﬁcance to the
permanent magnet synchronous traction motor. It is directly related to the performance of the motor and
affects the life and reliability of the motor [4].
Computational ﬂuid dynamics (CFD) is an independent discipline based on a computer server that
applies classical ﬂuid mechanics theory and numerical discrete methods to explore the laws of ﬂuid
motion [5]. CFD is applied to the analysis of the temperature rise in permanent magnet synchronous
motors. Real physical quantities are simulated by a set of discrete and ﬁnite variables. Based on certain
principles, a set of equations describing the relationship between ﬁeld variables at discrete points is
established. Thus, an approximate solution to the ﬁeld variables is obtained [6].
In this study, a thermal circuit model of a high-speed synchronous permanent magnet step motor will be
used to solve the transient and steady-state temperature rise of the motor during long-term operation,
providing a reference for the temperature rise of the motor during overload operation. In addition, the
high-speed permanent magnet traction motor is analyzed by CFD, and the temperatures at local points are
comprehensively calculated, which provides a reference for the location of the thermocouple in the
experiment. Finally, a zigzag ventilation duct is designed, and the optimal parameters are determined
based on the method of CFD with the thermal circuit method, hoping to improve the thermal
performance of the motor.
2 Methods
2.1 Basics of Heat Transfer and Fluid Mechanics
Heat transfer is a subject that investigates the laws that heat transfers; it has been widely used in
chemical, power electronics, aerospace, and other ﬁelds [7]. French scholar Fourier proposed the method
of separating variables for solving partial differential equations in 1807, and then successfully constructed
the theory of heat conduction. According to heat transfer theory, heat is transferred from high-temperature
objects to low-temperature objects through three ways, i.e., heat conduction, heat convection, and heat
radiation [8]. Heat conduction refers to the phenomenon of energy transfer through the thermal movement
of molecules, atoms, and free electrons inside the object when there is no relative displacement between
various parts of the object. Heat convection refers to the heat transfer process of relative displacement of
internal particles when the ﬂuid ﬂows. Heat radiation refers to the transfer of energy by an object through
electromagnetic waves. Applied heat transfer can be achieved through experiments, analysis, and
numerical calculations when studying practical problems. Among the various methods, the numerical
method is based on computer application technology. It uses various discretization methods to establish a
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numerical model and ﬁnally obtains a set of numbers in time and space, thereby getting a numerical solution
for the quantitative description of the ﬂow ﬁeld [9]. The study of ﬂuid mechanics focuses on the basic laws of
ﬂowing objects. The basic idea of computational ﬂuid mechanics: replace the original continuous physical
quantity ﬁelds in the time domain and the space domain, such as the velocity ﬁeld and the pressure ﬁeld,
with a series of ﬁnite discrete points of variable value sets. Through some principles and methods, the
algebraic equations about the relations among the ﬁeld variables at these discrete points are established,
and the approximate solution of the ﬁeld variables is obtained by solving the algebraic equations.
Since the motion of ﬂuid has the characteristics of continuous deformation, it is more complicated to
analyze the velocity, pressure, energy, and interaction between the ﬂuid and solid during ﬂuid movement.
When solving the problems of ﬂuid mechanics, it is necessary to follow the universal ﬂow laws,
including conservation of mass, conservation of energy, and laws of thermodynamics. If the ﬂuid is in a
turbulent state, the ﬂuid mechanics problem needs to be solved by the equation of motion. If the ﬂow
contains a mixture or interaction of different components (components), the system must also observe the
law of conservation of components. If the ﬂow is in a turbulent state, the system must also follow the
additional turbulent transport equation. The law of conservation of mass equations can be expressed as:
the increase in mass in the ﬂuid micro-units per unit time is equal to the net mass ﬂowing into the microunits in the same time interval. The mass conservation equation (continuity equation), momentum
conservation equation (motion equation), and energy conservation equation (energy equation) are
respectively expressed as:
rv¼0

(1)

1
l
ðr  vÞv ¼ F  rp þ r2 v
q
q

(2)

cp qðr  vÞT ¼ r2 T þ ST

(3)

where: l is the hydrodynamic viscosity,  is the thermal conductivity of the ﬂuid, and ST is the viscous
dissipation term. In electrical engineering, the ﬂuid inside and outside the motor is mostly in a state of
turbulent motion. Most of the turbulence models are built from the conservation of mass equation to the
conservation of momentum equation. Based on reasonable assumptions, the turbulence model is suitable
for a certain range. Among them, the Reynolds averaged Navier stokes (RANS) equations are the most
widely used equations. The energy equation is independent of the mass equation and momentum
equation. Under the proper deﬁnite solution conditions, after the correct velocity ﬁeld and pressure ﬁeld
are solved, the temperature distribution can be obtained independently from the energy equation.
Therefore, the focus is on the simultaneous solution of the continuity equation and the momentum
equation. In fact, due to a strong coupling relation between the mass equation and the momentum
equation, in addition to a nonlinear convection term in the momentum equation, it is very difﬁcult to
solve the equation directly. The common method is separation solution, whose basic idea is to have the
pressure ﬁeld and velocity ﬁeld approach the true solution through an iterative method at the same time.
From the perspective of simpliﬁed programming, each ﬁeld control equation in the ﬂuid ﬁeld can be
written a general transport equation of the form:
divðqvfÞ ¼ divð gradfÞ þ S

(4)

where: q is ﬂuid density, v is ﬂuid velocity vector, f, , and S are respectively generalized variable,
generalized diffusion coefﬁcient, and generalized source term.
According to the law of conservation of mass, by using the ﬁnite volume control analysis method, a
continuity equation in integral form can be obtained [10], which is expressed as:
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qðV  nÞdA ¼ 0

qdsþ
s

(5)

A

where q denotes the density of the control body s in the ﬂow ﬁeld, V denotes the speed, and A denotes the
surface area of the control body. The continuity equation is irrelevant to the force; therefore, it is suitable for
viscous ﬂuid motion as well as ﬂuid motion that ignores viscosity.
In conformity with the law of conservation of momentum, for a certain ﬂuid, the time rate of the
total momentum should be equal to the sum of the volume force and the surface force acting on it. The
integral form of the following equation of motion is obtained by using the equation of the volume
integral material derivative:
I
Z
I
Z
@
qdsþ qðV  nÞdA ¼ qdsþ pn dA
(6)
@t
r

r

A

A

In the process of studying ﬂuid motion, thermal efﬁciency is also a problem to be considered. Based on
satisfying the motion equation and the continuity equation, the energy equation should also be satisﬁed. It
makes sure that the time change rate of the total energy of the ﬂuid is equal to the sum of the work done
by the external force and the heat transferred to the system per unit time, which can be expressed as:
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where e represents the thermodynamic internal energy, represents the kinetic energy, n is a unit vector in
2
the direction of the outer normal of the surface A, k represents
the thermal conductivity of the ﬂuid, f and pn
represent the volume and surface forces of the ﬂuid, respectively.
2.2 Fluid Field Analysis of High-Speed Permanent Magnet Synchronous Traction Motor
The analysis of the temperature rise in high-speed permanent magnet synchronous motors is inseparable
from the ventilation and cooling system of the motors. The high-speed permanent magnet synchronous
traction motors are axially forced air-cooled. The heat dissipation is mainly achieved by the cooling air
through the internal and external air ducts of the stator [11]. The stator of a permanent magnet motor uses
toroidal windings. While reducing the length of the motor’s end, it can also increase the cooling area of
the stator windings so that the stator windings are directly cooled by the airﬂow, improving the cooling
efﬁciency [12]. The ventilation cooling system structure of the high-speed permanent magnet
synchronous traction motor discussed in this study is shown in Fig. 1.
The ﬂow state of a ﬂuid can be divided into two types, i.e., laminar and turbulent, which are mainly
distinguished according to the nature of the ﬂuid, the speed of the ﬂow rate, and the ﬂow path. The
Reynolds number is a parameter that determines the ﬂow characteristics of viscous ﬂuids. The rotor
surface speed of high-speed permanent magnet motors is very high, and the Reynolds number of the ﬂuid
in the air gap is large, which is a turbulent state. Under the conditions of the turbulent ﬂow ﬁeld,
according to the theory of viscous ﬂuid mechanics and the law of physical conservation, the expressions
and general forms of general control equations of the ﬂow ﬁeld inside high-speed permanent magnet
motors can be obtained, as shown in Eqs. (4) and (5):
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Figure 1: Schematic diagram of the ventilation and cooling system of high-speed permanent magnet
synchronous traction motor
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The above equations are integrated by using the ﬁnite volume method, and the following expression is
obtained:
ZZZ
ZZ
ZZ
ZZZ
@
(10)
v qfdV þ  A qfundA ¼  A rf ndA þ
v Sf dV
@t
where f represents a universal variable, r is a diffusion coefﬁcient, while S and Sf are generalized source
terms of f.
The ﬁnite element method (FEM) is a modern computing method that has developed rapidly with the
development of electronic computers [13]. It is an effective numerical analysis method that was ﬁrst
applied in the ﬁeld of continuum mechanics-analysis of static and dynamic characteristics of aircraft
structures, and was soon widely used to solve continuity problems such as heat conduction,
electromagnetic ﬁelds, and ﬂuid mechanics. The ﬁnite element model can model a solid of any shape,
that is, it can simulate the heat conduction phenomenon in a solid of any shape. In the ﬁnite element
analysis, the concept of equivalent air gap thickness in the thermal circuit method cannot be used to
simulate contact thermal resistance. The reason is that the equivalent air gap thickness is very small
compared to the motor size parameter, which cannot be modeled. In Ansys, the concept of “contact unit”
can be used to simulate the heat conduction phenomenon of the contact surface. In Ansys, the contact
heat transfer is deﬁned as:
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q ¼ TCC  ðTt  Tc Þ

(11)

where: q is the heat transfer amount per unit area, TCC is the thermal contact conduction coefﬁcient, and T
and Tc are the temperature of the two contact surfaces.
When using the contact setting of Ansys, it is necessary to set the surface elements of the two contact
surfaces as a group of target surface and contact surface elements, and assign the same real constant TCC.
Among them, the derivation process of TCC is:
q¼

1 1
  ðTt  Tc Þ
A R

(12)

where: A is the contact area, R is the contact thermal resistance.
In summary, in addition to the FEM that can accurately model the heat conduction of solid components,
the setting of key parameters still depends on empirical data.
The theoretical study of the ﬁnite formula method (FFM) mainly focuses on the construction of the
symmetric positive deﬁnite constitutive matrix and the discrete format of the FFM [14]. For the coupling
ﬁeld calculation problem based on the FEM, due to the highly nonlinear coupling ﬁeld problem, the
corresponding conditional variation principle does not exist, or the corresponding weak form structure is
too complicated. In addition, due to the differences in the requirements of each physical ﬁeld for the
mesh and the complicated pre-processing, its calculation scale is too huge and has practical difﬁculties.
The FFM directly derives the ﬁeld governing equations in the form of algebraic equations based on the
laws of physical ﬁelds, and its coupling terms are easy to be constructed. It skips the process of the FEM
that requires the construction of conditional variational principles or weak forms, and only needs to
reconstruct the constitutive matrix.
2.3 Calculation of Temperature Rise in High-Speed Permanent Magnet Synchronous Traction Motor
Based on Equivalent Thermal Circuit Method
The equivalent thermal circuit method is a common method for calculating the temperature rise in a
motor. The similarity between heat transfer and circuit theory is used to reduce the temperature ﬁeld to a
thermal circuit with centralized parameters for the calculation. The distributed real heat source and
thermal resistance are replaced with the concentrated heat source and thermal resistance, forming an
equivalent thermal circuit [15]. The accurate calculation of the equivalent thermal circuit method mainly
depends on parameters such as thermal resistance and heat dissipation coefﬁcient, which needs to be
obtained by solving the velocity ﬁeld of the motor ﬂuid.
Before analyzing the thermal circuit, it is necessary to consider whether there is heat exchange between
the stator and the rotor. Due to the large axial airﬂow of the high-speed permanent magnet synchronous
traction motor, the heat exchange between the stator and the rotor can be ignored. Therefore, the stator
and rotor of the motor can form their thermal paths [16]. The core and windings of the stator are the heat
source of the stator thermal circuit, while the permanent magnet and the sheath are the heat source of the
rotor thermal circuit. Fig. 2 is an axial sectional view of a high-speed permanent magnet motor.
The calculation of the temperature rise in high-speed motors is mainly the temperature rise in the
speciﬁed sub-core and windings, as well as the temperature rise in the rotor sheath and permanent
magnets. Meanwhile, the temperature rises in these components change in space according to a certain
law. Although the heating of the motor is based on the highest temperature rise, due to the certain
relationship between the highest temperature rise and the average temperature rise, the average
temperature rise in the heating components can be calculated to evaluate the heat generation of the motor.
The heat of high-speed motors is transmitted to the cooling air from the rotor and stator windings through
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conductive and thermal resistances. The conductive and thermal resistances inside the motor can be
expressed as Eqs. (13) and (14), respectively:
R ¼

d
S

(13)

Ra ¼

1
aS

(14)

where  indicates the thermal conductivity of the material, d refers to the length of the heat path, a refers to
the heat dissipation coefﬁcient, and S refers to the heat dissipation area.
The concentrated parameter equivalent thermal circuit diagrams of the high-speed permanent magnet
motor stator and rotor are shown in Figs. 3 and 4, respectively.

Figure 2: The axial sectional view of the high-speed permanent magnet motor
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Figure 3: Equivalent thermal circuit diagram of concentrated parameters of high-speed permanent magnet
motor stator
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Figure 4: Equivalent thermal circuit diagram of concentrated parameters of high-speed permanent magnet
motor rotor
The heat dissipation thermal resistance in the equivalent thermal resistance refers to the thermal
resistance between the core and the winding and the ambient air and is jointly determined by the heat
dissipation coefﬁcient a and the heat dissipation area S. It can be divided into the thermal resistance RFea
of the stator core’s external ventilation channel environment, the axial thermal resistance Rwa of the
thermal resistance of the winding’s external ventilation environment, and the environmental thermal
resistance Rea of the winding end.
2.4 Thermal Circuit Model of High-speed Permanent Magnet Synchronous Traction Motor
The composition of high-speed permanent magnet synchronous traction motor includes end cover,
mounting plate, casing, stator core (yoke, the tooth), stator winding (slot winding, end winding), rotor
core, rotating shaft, bearing, air gap, and air inside the machine. The motor is an axisymmetric structure;
therefore, all the temperature changes in the circumferential direction are ignored except the temperature
difference between the windings in the slot and the teeth of the stator core [17]. The motor is divided into
a plurality of hollow cylindrical units with a rotating shaft as the center, and the conductive thermal
resistance of each cylindrical component can be calculated by the equation. The size of each tooth of the
motor is the same. Therefore, the motor can be modeled by the equivalent thermal resistance of the iron
cores connected in parallel. Similarly, this method is also applicable to the stator windings of the motor.
Since most permanent magnet synchronous motors use the B35 end-face mounting type, the mounting
surface signiﬁcantly increases the heat dissipation area of the motor and has a greater impact on the
temperature rise in the motor [18]. The convective heat conduction in the motor mainly occurs between
the outside air and the motor’s casing, end cover, and mounting plate, and between the air inside the
machine and the stator core, rotor core and end cover. The thermal circuit model includes these two types
of convection heat resistance.
2.5 Common Cooling Methods for High-speed Permanent Magnet Synchronous Traction Motors
To ensure the effective operation of the motor, the motor windings and cores must be cooled, and the
temperature of each part must be controlled.
Within the allowable range, the current common cooling methods include air cooling, evaporative
cooling, water cooling, and oil cooling.
(1) Air cooling uses ﬂowing air as a cooling medium, and the ﬂowing air takes away the heat generated
by the motor itself. The air-cooling system has a simple structure and is widely used. It can be used
from micro-hydrogen generators to giant hydro-generators [19]. However, the disadvantage of air
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cooling is that the low thermal conductivity of the air will cause the temperature of the stator
windings and the core to rise too high, affecting the insulation life. In addition, with the increase
of the motor capacity, more heat will be generated at the same time as the electromagnetic loss
increases. Intelligently reducing the temperature rise by increasing the wind speed or increasing
the air volume will increase the wind wear of the motor.
(2) Water cooling is a cooling method based on air cooling and meets more motor heat dissipation
requirements. It is often used in turbo-generators. However, its reliability is lower than air
cooling. The water cooling causes the heat generated by the stator winding losses in the
generator to no longer pass through the core, and the temperature rise in the core will be greatly
reduced [20]. However, in the application process of water-cooling technology, a pure water
treatment system needs to be set. If the system does not purify the water sufﬁciently, it will cause
water blocking and affect the cooling effect.
(3) The commonly used oil cooling medium is hydraulic engine oil. Since the cooling channels of the
inner slots of the stator are oil-cooled, it is necessary to isolate the internal cooling channels from the
air gap and the rotor.
(4) In the evaporative cooling technology, the stator windings of generators combine hollow copper
wires and solid copper wires with each other and use the latent heat of vaporization during ﬂuid
boiling for heat dissipation [21]. Since the latent heat of vaporization of the ﬂuid is much larger
than the speciﬁc heat of the ﬂuid, the cooling effect of evaporative cooling is more signiﬁcant.
When the motor adopts the evaporative cooling method, the cooling effect of the evaporative
cooling is signiﬁcant so that the temperature rise in the entire motor is reduced, the temperature
distribution of the motor is uniform, and the operation stability is improved.
2.6 Cooling Effect of High-Speed Permanent Magnet Synchronous Traction Motor
When a high-speed permanent magnet motor is running, a variety of losses will occur inside; these
losses will be converted into heat and spread to the surroundings, which will eventually increase the
temperature of each part of the motor. If the temperature inside the motor exceeds the temperature
allowed by the insulation, it will cause the motor to lose magnetism or even be damaged, which directly
affects the rated power and service life of the motor. Therefore, it is particularly important to solve the
problem of motor temperature rise. It is necessary to start from reducing losses and heat generation, and
at the same time, to improve the cooling and heat dissipation capacity of the motor. This study
investigates the cooling method of the same 24-slot high-speed permanent magnet motor used in the
previous experiments. Based on the theory of ﬂuid mechanics, a three-dimensional ﬂuid ﬁeld model of oil
cooling, air cooling, water cooling, and mixed cooling is established. Boundary conditions and ﬂuid-solid
coupled temperature ﬁeld calculations verify the effectiveness of the analysis method and the feasibility
of the cooling structure.
When the high-speed permanent magnet motor is running at 15,000 r/min at no load, the internal cooling
channel of the stator inner slot uses oil cooling, and the temperature of the stator winding is basically the
same as the temperature of the cooling medium. Therefore, the temperature of the motor will increase as
the temperature of the cooling oil increases. In this study, the high-speed permanent magnet synchronous
traction motor uses an oil suspension bearing to support the motor system. The oil tile and the motor
cooling oil share a cooling system. When the motor speed increases, the losses caused by the oil tiles will
increase rapidly, which will cause the cooling oil temperature of the motor to rise rapidly. When the oil
temperature of the cooling system exceeds 50°C, the oil pressure will drop too fast, which will reduce the
efﬁciency of the oil circulation system. This requires the oil supply pressure to be kept constant, and the
working pressure control device of the lubrication system to have high accuracy, so as to avoid causing
insufﬁcient lubrication of the local lubrication system and the wear and sintering of oil ﬁlm bearings.
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3 Results and Discussion
3.1 Calculation Results and Analysis of Temperature Field in High-Speed Permanent Magnet Motor
The temperature ﬁeld in the motor can be calculated only after the losses in each part of the motor are
accurately calculated. In the solution domain, the unit where each part of the motor is located can be used as a
heat source for loss. The loss of high-speed permanent magnet synchronous traction motor mainly includes
iron loss, mechanical loss, copper loss of stator winding, rotor eddy current loss, and other losses. In this
experiment, by analyzing the losses of the 24-slot high-speed permanent magnet synchronous traction
motor, the losses of each part of the motor can be calculated. The speciﬁc results are shown in Tab. 1.
Table 1: Loss of each component of high-speed induction motor (kW)
Loss of each component

Data

Stator core loss
Copper consumption of stator winding
Eddy current loss of rotor
Mechanical loss
Additional loss

6.16
6.58
39.55
12.98
7.54

In this study, by analyzing the ﬂuid-solid coupled temperature ﬁeld of the motor, it can be obtained that
the high-speed permanent magnet synchronous traction motor has a stator temperature of 68°C and 76°C at
the no-load operation of 50,000 r/min and 60,000 r/min, respectively. The temperature of the air outlet side of
the inner air duct is the highest, which is 100°C at the rated speed. Fig. 5 is the inﬂuence curve of the stator
axial wind speed change of the high-speed permanent magnet synchronous traction motor on the stator
winding temperature, as well as the inﬂuence curve of the motor axial wind speed on the rotor
temperature rise. It can be seen from the ﬁgure that the temperature rise in the stator winding and the
rotor decreases with the increase of the axial ventilation speed.
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Figure 5: The inﬂuence of the axial wind speed of the motor on the temperature rise in the stator and rotor
To verify the correctness of the motor temperature rise calculation by thermal circuit method and ﬂuidsolid coupling analysis, a temperature rise test is performed on a 24-slot high-speed permanent magnet motor
prototype. The thermistor is used to measure the respective temperature rise in the stator winding and core of
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the motor and place them in the inner and outer tanks, respectively. By monitoring the temperature of the air
outlets inside and outside the motor at different speeds, it is found that the motor reached a stable temperature
rise after 65 min of operation. The temperature change curves of the internal and external vents and the stator
when the motor is at 50,000 r/min and 60,000 r/min are shown in Figs. 6 and 7.
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Figure 6: Wind temperature change curve of the air duct inside and outside the motor
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Figure 7: Motor stator temperature change curve at different speeds
3.2 Three-Dimensional Temperature Field Analysis of Permanent Magnet Motor
In the process of ﬁnite element analysis, for many practical engineering problems, some regions of the
model will produce large strain, which will cause the element distortion, so that the solution cannot be carried
out or the solution result is incorrect. Therefore, the mesh must be automatically re-divided. Under certain
conditions, the smaller the mesh is, the more the nodes are, and the higher the accuracy is. Under the
same grid, solution degrees of freedom, and iterative algorithms, when the memory occupation is the
same, the FFM calculation time and iteration times are less than those of the FEM, and the convergence
speed of the former is faster. In terms of time, the calculation time of the FFM is 50%, 85.5%, 84.8%,
and 86.5% of the FEM. Fig. 8 shows the corresponding relation curve. The reason is that the coefﬁcient
matrix obtained by the FFM dispersion under the same grid has a smaller spectral radius and condition
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number than the FEM. Its calculation stability and convergence are superior to the FEM. Besides, with the
reﬁnement of the grid, the spectral radius of the coefﬁcient matrix obtained by the two dispersions shows a
decreasing trend. FFM1~FFM5 are the calculated values of the FFM when the grid number is 150, 522,
3032, 18934, and 419034, as shown in Fig. 9.
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Figure 8: Relations among FFM, FEM calculation iterations, and solution degrees of freedom
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Figure 9: Calculated values of FFM under different grid numbers
3.3 Research Results of Cooling Methods for High-Speed Permanent Magnet Motors
This study ﬁrst uses separate air cooling for a 24-slot motor. It is found that the temperature rise in the
permanent magnet at the rated speed has exceeded the limit temperature requirement of the permanent
magnet, which is prone to overheating and demagnetization. Therefore, this study proposes an improved
water-air cooling method. Considering the requirements of the rotor cooling of the sample motor, as well
as the characteristics of air cooling and water cooling, a mixed cooling method of ventilation cooling in
the inner air duct and water cooling of the rotor and the stator casing is proposed. When keeping the
wind speed of the inner air duct constant for no-load operation, the cooling water volume corresponding
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to the water speed of the cooling channel of the casing is shown in Tab. 2. When the water velocity of the
cooling channel of the casing is 0.05 m/s, the cooling water volume is 6 × 10−5 m3/s. When the water velocity
of the cooling channel of the casing is 0.1 m/s, the cooling water volume is 1.3 × 10−4 m3/s. When the water
velocity of the cooling channel of the casing is 0.2 m/s, the cooling water volume is 2.7 × 10−4 m3/s. When
the water velocity of the cooling channel of the casing is 0.4 m/s, the cooling water volume is 5.3 × 10−4 m3/s.
When the water velocity of the cooling channel of the casing is 0.8 m/s, the cooling water volume is 1.1 ×
10−3 m3/s. When the water velocity of the cooling channel of the casing is 1.0 m/s, the cooling water volume
is 1.34 × 10−3 m3/s. By analyzing the temperature rise in a 24-slot mixed-cooling high-speed permanent
magnet motor under no-load conditions, it can be known that the introduction of water cooling and air
cooling at the casing can reduce the temperature rise in the motor rotor. The hybrid cooling structure of
axial air cooling for the inner air duct of the motor and water cooling for the stator casing used in this
study can meet the design requirements of high-speed permanent magnet motors for ventilation and
cooling of permanent magnets.
Table 2: Volume of cooling water of 24-slot permanent magnet motor at different water speeds
Cooling channel water speed (m/s)
0.05
0.1
0.2
0.4
0.8
1.0

Cooling water volume (m3/s)
6 × 10−5
1.3 × 10−4
2.7 × 10−4
5.3 × 10−4
1.1 × 10−3
1.34 × 10−3

4 Discussion
Due to its high-speed and high winding current frequency, the high-speed permanent magnet
synchronous traction motor has a signiﬁcantly higher loss than a normal motor of the same power level.
Considering that the problem of motor temperature rise is related to the increase of power density and the
reduction of overall heat dissipation area, in the design of high-speed permanent magnet synchronous
traction motors, the effective heat dissipation and cooling methods are essential. First, the theoretical
basis of heat transfer and ﬂuid mechanics is discussed, the ﬂuid ﬁeld of a high-speed permanent magnet
synchronous traction motor is analyzed, and the equivalent thermal circuit method is introduced into the
calculation of the temperature rise of the motor. Finally, the problems of stator, rotor loss, motor
temperature rise, and cooling method of the high-speed permanent magnet synchronous motor are
explored through experiments.
In this study, by analyzing the ﬂuid-solid coupling temperature ﬁeld of a 24-slot high speed permanent
magnet synchronous traction motor, it can be obtained that the stator temperature of the high-speed
permanent magnet synchronous traction motor at 50,000 r/min and 60,000 r/min at no-load operation is
68°C and 76°C, respectively. The thermal circuit coupling computational ﬂuid dynamics is a method that
can calculate the average temperature rise of each component and can also comprehensively calculate the
temperature of each local point. Then, this study conducts a temperature rise test on the prototype of the
motor. By monitoring the temperature of the air outlets inside and outside the motor at different speeds, it
is found that the motor reached a stable temperature rise after 65 min of operation.
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5 Conclusions
To solve the problem of temperature rise of the motor, this study explores the cooling method of the
motor. The temperature rise of the 24-slot mixed-cooled high-speed permanent magnet motor is analyzed
under no-load conditions. The results show that the introduction of water cooling and air cooling at the
casing can reduce the motor rotor temperature rise. In this study, the hybrid cooling structure of axial air
cooling of the motor inner air duct and water cooling of the stator casing can meet the design
requirements of high-speed permanent magnet motors for ventilation and cooling of permanent magnets.
However, this study only introduces the no-load experiments of high-speed motors. Most of the motors
are in the load state during the operation. Therefore, the motor towing process needs to be investigated to
verify the temperature rise of the motors under loads.
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