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ABSTRACT Thermal analysis calculation is an indispensable checking process in the design of the
high-speed permanent magnet synchronous machine (HSPMSM) with the active magnetic bearings, due to
its high loss density and non-contact support mode. The finite element method (FEM) is applied for visual
global temperature distribution. Because the thermal analysis is a complex problem reflected the interaction
among the electromagnetic field, temperature field, and fluid field, so it cannot be solved independently,
and a multi-physical field simulation based on magneto-thermal-fluid coupled iterative solution is proposed.
An electromagnetism (EM) model is established to solve electromagnetic loss and the computational fluid
dynamics (CFD) software is used to simulate convective condition, both the results are applied to the thermal
analysis of motor. The data interaction is bidirectional and transfers in the form of a field, and the interaction
during the EM model, the CFD model, and thermal analysis is fully considered to guarantee high accuracy.
Finally, two prototypes of 30-kW 60000 r/min magnetically suspended HSPMSMs have been developed.
The experimental results of back-to-back towing test validate the accuracy of the proposed multi-physical
field simulation.

INDEX TERMS Back-to-back motor towing experiment, cooling design, electromagnetic-thermal-fluid
coupling analysis, high-speed permanent magnet motor, magnetic bearings, multi-physics analysis, thermal
analysis.

I. INTRODUCTION
High-speed permanent magnet synchronous machines
(HSPMSMs) have attracted much attention due to their
compact size for direct-drive applications. The applica-
tion of the active magnetic bearings (AMBs) overcomes
the speed limitation of the mechanical bearings, which
makes it possible for the motor to achieve a higher speed
[1]–[3]. Because of the advantages of the HSPMSMs with
the AMBs, such as high efficiency, high power density and no
lubrication, magnetically suspended HSPMSMs have drawn
lots of attention in the research of high-speed motor, and
been widely used in the field of industrial high-speed rotation
equipment [4]–[6]. However, with the increase of the power
density of the high-speed PM motor, the loss density is
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increased significantly, and compact size means less heat
dissipation area. High speed and high frequency will lead to
high wind friction loss and high eddy current loss on the rotor,
and the rotor is supported by AMBs with non-contact, hard
to dissipate heat through heat conduction [7], [8]. If there is
no additional cooling measures implemented, the operating
temperature of the motor will rise sharply, which leads to a
series of malfunctions including the demagnetization of the
PMs, the strength reduction of the rotor, and the coil short
circuit. Hence heat dissipation is a major technical challenge
and before entering to the fabrication stage, an accurate
thermal simulating model can satisfactorily reveal many of
practical considerations [9].

Accurate simulation method of the temperature field is
related to the accurate electromagnetic loss estimation and
cooling medium characteristic analysis. In recent years,
lots of research was reported in motor thermal analysis.
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The lumped-parameter thermal network (LPTN) was first
used to approximate the motor temperature field. In the ther-
mal network, the parts with similar temperatures are seen as
nodes, which are connected by heat conduction and convec-
tion. The electromagnetic loss and convection heat transfer
coefficient (CHTC) are obtained by simplified mathematical
models with empirical formulas and are assigned to these
nodes as uniform values [10], [11]. The temperature value
of these nodes can be obtained, but that is not enough to
represent the details of the temperature distribution. Then
3-D finite element method (FEM) was developed to analyze
electromagnetic model and thermal model [12]–[14]. Loss
distributions and detailed temperature fields are acquired by
dividing the solution domain into thousands of elements.
In particular, the loss distribution applied to solve the temper-
ature field, make the results close to the truth [15]–[17]. But
the most limitation of the FEM solution is that the software
uses empirical-based algorithms for convection boundaries,
exactly as in the lumped circuit analysis [18]. As a conse-
quence, the result accuracy is dependent on the same factors
previously described for the thermal network. To replace
the empirical method, computational fluid dynamics (CFD)
analysis is regarded as an accurate method to solve the
convection conditions [19]–[21]. The main strength of the
numerical CFD approach is can be used to predict the flow
in complex regions, such as around the end windings [22].
Currently, most CFD software has integrated the thermal
solver and realizes the fluid-solid coupling technique to solve
the temperature field of motor. In which the CHTC is not
as a uniform value, but a data field to be submitted to the
thermal calculation, the interaction between fluid temperature
and motor temperature is also considered [23]–[25].

In addition, more attention has been paid to the interaction
between electromagnetic field and thermal field [26]–[29].
It is believed that the thermal analysis is a global solution
problem reflected the interaction among the electromagnetic
field, temperature field and fluid field. Hence, the multi-
physical field coupling analysis become necessary to get an
accurate temperature field result [30], [31]. In the thermal
analysis presented later, both the coupling electromagnetic–
thermal analysis based on two-way multiple iterations and
the coupling thermal–fluid analysis based on conjugate heat
transfer are incorporated to guarantee high accuracy. The
whole visible temperature field of the motor is obtained,
which can clearly indicate the position and value of the
highest temperature rise. The experimental data are com-
pared with simulation results to verify the correctness of the
proposed method.

II. METHODOLOGY
In electromagnetic loss analysis, the winding loss can be
described briefly by

Pphase = KI2Rphase(1+ αTcoil) (1)

where Pphase is the winding loss for one phase, I is cur-
rent, Rphase is resistance, and K is the growth factor of the

resistance related to high frequency effect, α is the inherent
temperature coefficient of copper indicating the change of
resistance with temperature and Tcoil is the operating temper-
ature of the coil. That means accurate loss analysis depends
on known temperature field.

In FEM thermal analysis, the element with heat source
needs to solve the partial differential equation as

ρc
∂T
∂t
= λ

(
∂2T
∂x2
+
∂2T
∂y2
+
∂2T
∂z2

)
+ ρq (2)

where ρ is density, c is specific heat, T= T(x, y, z, t) is element
temperature function, t means time, λ is thermal conductivity,
and q is heat generation rate which needs to be provided by
the results of electromagnetic loss analysis. Correspondingly,
in the elements on the interface with the cooling medium,
the partial differential equation to be solved as

λ

(
∂T
∂x

nx +
∂T
∂y

ny +
∂T
∂z
nz

)
= h(Tw − Tf ) (3)

where nx , ny and nz are normal vectors, h is the CHTC on the
interface, Tw is the temperature on the solid side, and Tf is
the temperature of the fluid. Reliable CHTC and Tf require
CFD analysis of the fluid field. Conversely, for CFD analysis,
the Tw obtained from thermal analysis is also needed as a
boundary condition for CFD fluid energy equation.

In conclusion, the thermal analysis requires the loss infor-
mation of electromagnetic analysis and convection bound-
ary conditions from CFD analysis. Electromagnetic analysis
and CFD analysis are also affected by temperature field.
They are coupled with each other and cannot be solved
independently, must be solved step by step through iteration
based on data interaction. In this paper, a multi-physical
field coupling simulation based on magneto-thermal-fluid
coupled iterative solution is established, which is applied to
the temperature field analysis of a high-speed magnetically
suspended PM motor with rated power of 30-kW and rated
speed of 60000r/min. The coupling simulation accuracy was
detected by the final back-to-back motor towing experiment.

III. CONFIGURATION
The configuration of the HSPMSMswith the AMBs is shown
in Fig. 1. The component consisted of the integral structure
contains motor stator, rotor, a radial AMB, a combined radial-
axial magnetic bearing (CRAMB), backup bearings, water
jacket, and circuit box. Some of the major parts are shown
in Fig. 2. The main structure parameters are listed in Table 1.

Because the total heat loss of the motor is large, the temper-
ature of themotor will rise sharply, if the heat cannot dissipate
rapidly, which will cause the damage of the motor due to
the insulation failure. Therefore, a stator jacket with water
cooling was designed for a high heat dissipation efficiency
as shown in Fig. 1. The cold water was supplied by an
external refrigerator with 0.1MPa inlet pressure and 30◦C
initial temperature. Moreover, the high-speed rotation will
cause the high air friction loss and the high eddy current
loss on the rotor surface. Due to the non-contact support
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FIGURE 1. Overall configuration of the HSPMSM with the AMBs.

FIGURE 2. The HSPMSM and the major parts, such as stator, rotor and the
CRAMB.

TABLE 1. Main motor parameters.

byAMB, the heat cannot dissipate by contact heat conduction
as usual. The high temperature can cause the demagnetization
of the PM in the rotor. Therefore, the forced air cooling sys-
tem be adopted to enhance the air convection heat dissipation
of the rotor. The cooling air inlet is arranged at the front of
the prototype in Fig.1, and is cooled by an external blower
of 2kPa.

FIGURE 3. The thermal analysis model, the EM model, and the CFD
models.

FIGURE 4. The schematic diagram of data exchange during the EM model,
the thermal analysis model and the CFD models.

IV. MULTI-PHYSICS COUPLING SIMULATION
In multi-physical coupling simulation, EM model, CFD
model and thermal analysis model are established by using
different analysis software, and be solved iteratively by mul-
tiple analysis steps. Between iterations, the data exchange
between the models is implemented by the software MPCCI
(Mesh-based parallel Code Coupling Interface), so as to real-
ize the weak coupling solution until all three models con-
verge. Fig. 3 shows the EM model, CFD models and thermal
analysis model of the prototype. First, ABAQUS is used to
build the 3-D FEM thermal analysis models, including the
entire motor structure. JMAG is used in the EM model of
the motor to solve the iron loss in the stator and the eddy
current loss in the rotor. Because the same parts of the EM
model and the thermal model have the same position relative
to the space coordinate system. The data exchange is easily
established between the same coordinate points so that heat
generation rate and temperature can be exchanged between
two models. Then, two CFD models have been developed
by FLUENT for the simulations of the cooling water and the
cooling air system respectively. At the interface between the
CFDmodel and thermal analysis model, a surface coupling is
established to exchange convection boundary conditions and
temperature. The schematic diagram of data exchange during
themodels is shown in Fig. 4. At the beginning, the EMmodel
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FIGURE 5. The flow chart of multi-physics coupling simulation analysis
process.

FIGURE 6. The components of the EM model.

and two CFD models are solved with an initial temperature.
The EM loss and the convection conditions including CHTC
and fluid temperature are obtained, which are substituted into
the thermal analysis model as initial condition to solve the
motor temperature field. Then the obtained temperature fields
at the corresponding positions are turned back to the EM
model and CFD models for next step. And so on, the multi-
physics coupling simulation is iterative calculated, as illus-
trated in Fig. 5 until the convergence of the temperature field.

A. EM SIMULATION
As shown in Fig. 6, the EM model includes iron core, coils,
and rotor. The rotor includes solid PM and sleeve, the sleeve
is used to protect the permanent magnet under centrifugal
load and connect other components of the rotor. The main
characteristic and parameters of the EM model are shown
in Table 2. The coils are connected to a three-phase sinusoidal
alternating voltage source, and the amplitude is assumed to be
constant. The PM rotation is defined and the initial phase of
the current matches the magnetic field direction of the PM.
The change of electrical conductivity with temperature is
considered, whereas the change of magnetic permeability
with temperature is neglected. The 3-D transient analysis is
established, and the core and rotor made a volume coupled

TABLE 2. Characteristic and parameters of the EM model.

FIGURE 7. The iron loss density of core in the simulation results.

FIGURE 8. The rotor eddy current loss density of sleeve in the simulation
results.

relationship with the same parts in the thermal analysis
model. After each current cycle solution, the iron loss and
rotor eddy current loss will be sent to the thermal analy-
sis model. The iron loss and rotor eddy current loss in the
simulation results are shown in Fig. 7and Fig. 8.

B. CFD MODEL
As shown in Fig. 3, by using Boolean operation from the
thermal analysis model, two CFD models are established to
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TABLE 3. Material parameters used in the CFD models.

FIGURE 9. The contours of CHTC obtained at the interface between
cooling air and the motor.

simulate cooling air and cooling water respectively. In the
water CFD model, the laminar flow model is used, and the
pressure of 0.1MPa is defined at the entrance. In the air CFD
model, k-ε turbulence model is used, 2kPa entrance pressure
is defined. Because air is considered as an incompressible
ideal gas, so its density varies with temperature and the
other properties are independent of temperature. The material
parameter used in the models are briefly shown in Table 3.
Rotation is defined in the interface between the cooling air
and the rotor, and near air is stirred, its viscous heating is
solved and used in the solution of fluid temperature field. This
viscous heating is the rotor wind friction loss, can be seen as
the power did by the rotor to the air. Its value can be seen from
the CFD software by surface integral of the total heat transfer
rate between the outlet and the inlet.

The CFD models solve independently for a fixed number
steps, and then the aforementioned data exchanges are imple-
mented at fluid-solid interfaces. Fig. 9 and Fig. 11 show the
contours of CHTC obtained at the interfaces of cooling air
and water. Fig. 10 shows the pressure decreases along the
pathlines of cooling air. Fig. 12 shows the result of cooling
water flow velocity.

C. THERMAL ANALYSIS MODEL
The main heat loss of the motor includes iron loss, rotor
eddy current loss, winding loss, wind friction loss and the
loss of AMBs. As mentioned above, the wind friction loss
is integrated in the air CFD model, and its influence through
the convection at the interface to the thermal analysis model.
The iron loss and rotor eddy current loss can be mapped
to the thermal analysis model by volume coupling, but the
winding loss cannot be mapped directly due to the different

FIGURE 10. The pathlines of cooling air colored by static pressure.

FIGURE 11. The contours of CHTC obtained at the interface between
cooling water and the water jacket.

FIGURE 12. The result of cooling water flow velocity.

coils shapes in two models, as shown in Fig. 13. If the
thermal analysis model use the coils shape in EM model,
through Boolean operation, the air CFD model will be too
fragmented to simulation. And the coils shape in the ther-
mal analysis model is more close to its real situation as
Fig. 2 shown. So finally, the winding loss is assumed to be
uniformly distributed, and solved by empirical formulas (1)
using the average coils temperature result in the last thermal
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FIGURE 13. The difference in the shape of coils between the ME model
and thermal analysis model.

FIGURE 14. The thermal conductivity of the materials depends on
temperature.

analysis step. Then the winding loss result is used to update
the heat generation rate of coils for the next iteration step.
Due to the current frequency is 1kHz, the resistance factor K
is assigned as 1.01 to consider the influence of skin effect.

Coils are complex combinations of copper wire, insulating
skin and paint, its heat conductivity can be calculated by
empirical formula (4) as

λcoil=0.165(1+ 0.007Tcoil)×[1−0.32d1(1−9.2k1+ 5.2k21 )

+0.81d21 ]×(2.1k
1.5
2 − 0.32)(

λ1

0.162
)1/3(

λ2

0.143
)0.25 (4)

where λcoil is the equivalent heat conductivity of coils,
Tcoil is the coils average temperature, d1 is the diameter of
copper wire, k1 is the winding paint coefficient, k2 is the fill
factor, λ1 is the heat conductivity coefficient of the paint,
and λ2 is the heat conductivity of the insulating skin [31].
The calculation result is shown in Fig. 14 (a). Some other
materials thermal conductivity depends on temperature is also
taken into account and shown in Fig. 14, such as sleeve
material (GH4169), shaft material (1Cr18Ni9Ti), AMB

FIGURE 15. The simulation result of motor temperature field.

TABLE 4. The result of multi-physics coupling simulation.

material (40CrNiMoA) and chassis material (aluminum
alloy). Otherwise, the thermal conductivity of PM (SmCo)
is set to 12W/(m·◦C ), the thermal conductivity of iron cores
is 18W/(m·◦C) in parallel direction and it is 0.55W/(m·◦C) in
vertical direction, their temperature dependence is neglected.

The heat loss of AMBs also includes iron loss and
winding loss. However, compared with the loss of motor
stator, the loss of AMBs is small. Actually, in the subsequent
experiments, the total power consumption of AMBs in stable
operation is 36W and the total loss of motor is more than
1.3kW. Because of its relatively large volume, the influence
of AMBs loss on the temperature field of motor is neglected.

In this thermal analysis model, the following assumptions
have also been made.

1) The PM eddy-current loss is considered to be negligible
because the sleeve is thick and plays a good shielding role.

2) Radiation effect between the rotor and the stator is
neglected because it has little effect on heat transfer in
relatively low temperatures.

3) Define natural convection on the outer surface of the
motor, with convection coefficient 5W/(m2

·
◦C) and constant

ambient temperature 300K.
4) The contact thermal resistance between iron core and

chassis is neglected because they are interference fit.
After iterative solution, the final temperature field

nephogram of the motor is shown in Fig. 15. By integrating
the output, we can get the loss results and temperature rise
results as listed in Table 4.
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FIGURE 16. The back-to-back towing experiment of two motors.

V. EXPERIMENTAL VALIDATION
Two identical prototypes are manufactured, and the
performance of the motor is tested by back-to-back towing
experiments. During the experiment, one motor was used
as an electric machine to drive the other motor which was
used as a generator, until the motor is running stably at
the rated speed 60000r/min. A flexible coupling is used
to connect two shafts of them just as shown in Fig. 16.
Fig. 17 illustrates the layout of the towing experiment. The
motor is driven by an insulated gate bipolar transistor (IGBT)
based voltage-source-inverter adjustable speed drive, and the
generator is connected with a three-phase power resistance
box to dissipate the energy generated. Power analyzer is
used to record energy input and output. Each machine has
a AMBs controller responsible for the suspension of the
rotor, which controls the current and force of the AMBs
according to the signal of the displacement sensor. So that
the rotor shaft can be suspended in a certain range to achieve
dynamic balance and an oscilloscopes is used to monitor
the radial position of rotor. Due to the residual unbalanced
mass of rotor, when the rotor rotates, the axis trajectory
is an approximate circle. So the rotor displacement signal
detected by the radial displacement sensor is an approximate
sinusoidal signal, and its frequency is the same as that of
rotor rotation. Actually, due to the influence of AMBs active
control, there are still some clutter and interference in the
sensor signal. The signal of the radial displacement sensor
with the frequency of 1000 Hz is shown in Fig. 18, which
means that the rotor reached the rated speed 60000r/min. The
four curves on the oscilloscope represent the displacement of
the rotor at the AMBs on both sides, along x-axis and y-axis
respectively. And the amplitudes express the vibration range
of the rotor shaft, by conversion, the maximum amplitude of
vibration shown on oscilloscope is 32 µm.

FIGURE 17. The layout of the back-to-back towing experiment.

FIGURE 18. The signal of radial displacement sensor.

An external water-cooled unit with heat exchanger is used
to supply constant 20◦C water with 0.1MPa, and a blower
is used to provide the pressure 2kPa required to force air
cooling. Temperature values were measured by the thermis-
tors (PT100) embedded in the motor stator. The positions of
the thermistors embedded are marked in Fig. 19 and their
positions are described below.

1) Mark 1 is in the outlet of the core slot.
2) Mark 2 is in the midpoint of the core slot.
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FIGURE 19. The temperature field of stator and the positions of the
thermistors embedded.

FIGURE 20. The temperature rise of the thermistors before thermal
steady-state.

FIGURE 21. Comparison between experimental results and calculated
results.

3) Mark 3 is on the end face of iron core.
4) Mark 4 is at the center of the end windings.
Fig. 19 also shows the simulation result of the motor stator

temperature field. The temperature rise of the thermistors
after starting is recorded by a temperature inspection instru-
ment until thermal steady-state, and the results are shown
in Fig. 20. By comparing the thermal steady-state temperature
rise with the simulation result, the accuracy of the calculation
method is determined as Fig. 21 shown. The results of the
multi-physical field coupling simulation reach a well agree-
ment with the experimental results, which demonstrated the
accuracy of the simulation method, and this method can be
applied in the subsequent design.

VI. CONCLUSIONS
The prototypes of HSPMSM supported by AMBs have
been designed and fabricated. Because of its characteristics,

such as high loss density, high rotational speed, non-contact
support, heat dissipation become a great challenge in consid-
erations. Therefore, it is necessary to estimate the temperature
field before entering to the fabrication stage, so as to avoid the
temperature accumulation leading to excessive temperature
rise and failure. An accurate temperature field calculation
method based on the multi-physics field coupling solution
was presented, in which the main heat loss and convective
conditions were solved by FEM and CFD method with less
empirical formula. The effect of temperature on material
electro conductibility and the temperature gradient of the
fluid were taken into account. Finally, a temperature field
visualization of the entire motor is obtained, it is clearly
revealed that the position and value of the highest temperature
rise. Compared with the experimental results from back-to-
back towing experiment, the maximum error of simulation
results is less than 15%, which proved the effectiveness of
the multi-physics field coupling simulation. The simulation
model does not depend on empirical formulas, can adapt to
the changes of different structural shapes, and can be used as
a reference for the further motor design.
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