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Abstract

High loss density, small volume and difficulty heat dissipation become impor-
tant factors restricting the development of high-speed motor. In this paper, a
new type of high-speed magnetic suspension amorphous motor was studied
and its loss and temperature rise were analysed. The influence of cooling
fan on air friction loss and cooling effect under different working conditions
was studied through fluid analysis. The advantages of magnetic suspension
amorphous motor were verified by analysing temperature distribution and
efficiency under different conditions. The accuracy of the simulation results
was verified by building an experimental platform to test the temperature of
the prototype. It is showed that the application of new materials and new
technologies is of great significance to improve the efficiency and stability of
traditional motors.
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1 Introduction

Permanent magnet synchronous motor (PMSM) is widely used because it
eliminates intermediate growth links such as gear boxes and can realize direct
drive, which greatly improves working efficiency [1]. However, the temper-
ature rise generated under high loss density will seriously affect the stable
operation of the motor due to its high power density. Therefore, the problem
of PMSM loss and temperature rise has become the research hotspot of the
majority of scholars in recent years.

The electromagnetic loss generated during the operation of the motor
is transformed into heat energy and diffuses outwards, becoming the main
heat source of the motor. The flux density of silicon steel (SS) stator core is
characterized by high frequency, so the iron loss (Pi) will be very obvious
at high speed and high working frequency [2]. So, amorphous alloy (AA)
materials have attracted extensive attention because of their excellent soft
magnetic properties. The stator core of motor is compared with AA and SS
respectively, including loss and thermal performance under no-load and no-
load conditions [3–5]. Rotor eddy current losses (Pe) are mainly caused by
space harmonics, time harmonics of winding armature magnetic field and air
gap reluctance changes caused by stator slotting [6]. For high-speed magnetic
suspension motors, the rotor does not contact the rest of the machine, and the
heat generated by the losses will accumulate inside the motor, which will
lead to irreversible demagnetization of permanent magnets. In addition to
electromagnetic loss, air friction loss (Pa) is also an important part of the
high-speed motor, becoming an important factor affecting the temperature
rise of the motor [8]. Therefore, accurate calculation of loss is the basis of
motor temperature rise analysis.

In this paper, a 35 kW, 30 krpm magnetic suspension amorphous motor
developed in the laboratory was studied, and its loss and temperature rise
were analysed by electromagnetic-thermal-fluid (ETF) coupling method. The
research of electromagnetic field includes Pi, copper loss (Pc) and Pe, which
mainly analysed the influence factors of stator Pi and permanent magnet
Pe. Through the flow field analysis, the influence of different cooling air
speed and rotation speed on Pa was studied, so that a reasonable method
was taken to effectively cool the motor. Finally, an experimental platform
was built to test the temperature rise of the prototype. The accuracy of the
ETF coupling analysis method and the high efficiency of high-speed magnetic
suspension amorphous motor were verified. This was of great significance for
the loss reduction, accurate prediction of high-speed PMSM temperature rise
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during the design stage and the development of high efficiency and energy
saving motor.

2 Motor Structure Model

In this paper, a bearingless magnetic suspension amorphous motor was
designed. The active suspension control was realized by stator winding
and permanent magnet rotation, and no additional magnetic bearings were
required. Therefore, a smaller rotor size and a higher critical speed were
achieved. The rotor adopts sleeve structure to ensure that the permanent
magnet was not damaged under high speed working intensity. The use of
amorphous alloy as stator core material, can significantly reduced the loss of
motor at high speed and high frequency. In addition, due to the large air gap
width of magnetic suspension motor, forced air cooling was carried out on it,
and a circle of cooling holes was set on the outer surface of the shell to avoid
the complex structure brought by water cooling. The structure of magnetic
suspension amorphous PMSM used in this paper is shown in Figure 1, and
the basic design parameters are shown in Table 1.

Figure 1 Motor structure model.
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Table 1 Motor structure parameters
Parameters Value Parameters Value
Rated power/kW 37.5 Stator outer diameter/mm 139
Rated speed/rpm 30000 Stator inter diameter/mm 58.85
Rated voltage/V 380 Rotor outer diameter/mm 53
Winding layer single Rotor inter diameter/mm 22
Slot number 24 Poles number 2

Figure 2 (a) Magnetization curve and (b) Loss density.

3 Electromagnetic Analysis

3.1 Iron Loss

The classical iron loss theory of Bertotti clearly introduces the mechanism of
Pi, which can be divided into hysteresis loss (Ph), eddy current loss (Pe) and
additional loss (Pa) [9]. The specific calculation formula can be expressed as:

Pi = khfB
n + kef

2B2 + kaf
1.5B1.5 (1)

Where Kh, Ke and Ka is hysteresis loss factor, eddy current loss factor
and additional eddy current loss factor, respectively. f is the magnetic field
frequency, and B is flux density.

Due to the characteristics of small coercivity, low remanence and low
resistivity of AA, the Ph and Pe are much smaller than those of SS stator [3].
The magnetization curve and loss density of the AA stator used in this
paper at different frequencies are shown in Figure 2. The material properties
are imported into Maxwell to obtain the loss of stator core under different
working conditions. Figure 3 shows that the Pi of the SS stator is much higher
than that of AA stator. Under load, the average iron loss of the SS stator is
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Figure 3 Loss comparison between AA stator and SS stator: (a) Stator iron loss at no-load;
(b) Stator iron loss at on-load.

580 W, while that of AA stator is 190 W. The loss of the AA as the motor
stator core is reduced by nearly 70% at high frequency.

3.2 Copper Loss

The size of winding Pc directly affects the performance of the motor and
temperature rise because it is one of the main losses of motor. With the
increase of frequency, the skin effect and proximity effect of stator wind-
ings became obvious, and the alternating current Pc of stator windings also
increased. Without considering the change of resistance, the Pc is calculated
by analytical method [10]:

Pc = mI2R (2)

where m is the number of phases, I is the current through the winding and R
is the resistance.

In order to improve the efficiency of thermal analysis and simplify the
winding equivalently, the results of electromagnetic field analysis had some
errors, so the empirical formula was used to calculate Pc. Pc distribution at
different speeds is shown in Figure 4.

3.3 Eddy Current Loss

Pe of permanent magnet is affected by spatial harmonics of magnetic field,
which can be reflected by the change of air gap length [11]. In this paper, the
thickness of the permanent magnet was adjusted accordingly while the length
of the air gap was changed to ensure that the magnetic field intensity in the
middle of the air gap basically unchanged. Figure 5 shows the changes of
rotor Pe under different air gap lengths. The results show that the Pe decreased
significantly with the increase of air gap length. The air gap length increased
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Figure 4 Copper loss distribution at different speeds.

Figure 5 Effect of different air gap lengths on eddy current losses.

from 1.9 mm to 4.4 mm, and the Pe decreased by about 68%. However, when
the air gap length was larger than 3.92 mm, the amount of permanent magnets
increased significantly, but the Pe did not decrease effectively. When the air
gap width was 4.4 mm, the sleeve must be completely filled with permanent
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magnets to ensure the constant magnetic field intensity. Therefore, various
factors should be integrated when determining the length of the motor air
gap, rather than the larger the more appropriate.

The sleeve not only plays the role of protecting rotor permanent magnet,
but also contributes greatly to Pe of permanent magnet [12]. Figure 6 shows
that different sleeve materials have different shielding effects on permanent
magnets. Among them, carbon fiber sleeve had the worst shielding effect
on permanent magnet Pe, while titanium alloy sleeve and copper shield can
almost shield most Pe. The electrical conductivity of each part of the material
corresponds to Figure 6. With the increase of the conductivity of the sleeve,
the Pe in the permanent magnet body decreased all the time, while the Pe in
the sleeve approached normal distribution with the change of conductivity.
When the conductivity was less than 38× 105, the induced current decreased
and Pe decreased gradually. When the electrical conductivity is reduced to
close to the insulation material, there is almost no Pe in the sleeve, and
the harmonic field will directly act on the permanent magnet. The eddy
current in the permanent magnet is very obvious, resulting in great loss.

Figure 6 Pe distribution of different sleeve materials: (a) Carbon fiber sleeve; (b) Titanium
alloy sleeve; (c) Zinc alloy sleeve and (d) Titanium alloy sleeve and copper shield.
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Figure 7 Effect of sleeve conductivity on eddy current loss of rotor.

When the resistivity is greater than 38×105, as the conductivity increased, the
resistance became very small and approached the superconducting material.
The diamagnetic shield ring current was generated to isolate the rotor from
the air gap magnetic field and played the role of magnetic shield. As a result,
the Pe of both the sleeve and the permanent magnet are reduced. So, if the
sleeve is an ideal superconductor, the magnetic shielding effect can counteract
the vortices in the sheath and permanent magnet.

4 Flow Analysis

The Pa generated by the motor at high speed cannot be ignored. The internal
cooling channel of the motor is shown in Figure 8. While cooling the rotor, the
air flow will also produce Pa. Pa was commonly calculated by the following
analytical formula [13]:

Pa = kCfπρaω
3r4La (3)

where Cf is the friction coefficient and it is related to the surface structure of
the stator and rotor; ρa is the air density; ω is the rotor angular velocity; r is
the rotor radius and La is the rotor axial length.

When the cooling fan rotates with the motor, it can be seen from Figure 9
that the speed increases from 3000 rpm to 30000 rpm, the maximum speed
of the cooling air in the air gap increases from 10 m/s to 70 m/s, with almost
exponential growth.
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Figure 8 Cooling channels inside the motor.

Figure 9 Cooling air speed at different speeds.

Pa in the cooling process is analysed in Figure 10. In the case of the
same cooling air speed, with the increase of motor speed, the Pa in the
machine increased gradually, and the increase gradient became larger and
larger. At the same speed, when the air speed was below 40 m/s, the Pa was
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Figure 10 Air friction loss at different speed and cooling speed.

small, but the Pa increased by more than 3 times at high speed when the
cooling air speed increases from 40 m/s to 70 m/s.

5 Coupled Temperature Field Analysis

5.1 Coupling Conditions and Process

In this paper, ANSYS-Fluent was used to analyse the temperature field, which
solved the problem of non-uniform distribution of the loss, and improved
the accuracy of motor temperature rise analysis through several coupling
iterations. The specific realization process is shown in Figure 11. Based on
the analysis of electromagnetic field and fluid field, the boundary conditions
of temperature field are as follows:

(1) The cooling air inlet is set as the velocity-inlet boundary condition,
and the air speed at the inlet is assumed to be 70 m/s. Outlet is
set as pressure-outlet boundary conditions, outlet pressure is standard
atmospheric pressure, environmental temperature is set as 25◦C.

(2) The amorphous stator core, winding, permanent magnet and rotor are all
heat sources, wherein electromagnetic losses are directly mapped to the
temperature field through Fluent.
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Figure 11 Coupled iterative process.

Table 2 Motor material parameters
Density Specific Heat Thermal

Parameters Materials (kg/m3) Capacity J/(kg·K) Conductivity (W/m/K)
Stator Amorphous 7180 430 18
Magnet Ti-alloy 4500 612 8
Rotor sleeve Sm-Co 8300 500 23
Winding Copper 8930 386 400
Housing Steel 7850 500 15

(3) The stator and rotor air gap interface is set as the motion boundary, and
the speed at the interface is the motor speed.

(4) Due to the relatively low temperature of the housing surface of the
motor, the influence of radiation heat transfer is ignored. The specific
parameters of materials for each motor component are shown in Table 2.
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Figure 12 Rotor temperature distribution with different air gap lengths: (a) 1.925 mm;
(b) 2.425 mm; (c) 2.925 mm and (d) 3.425 mm.

5.2 Influence of Air Gap Length on Rotor Temperature

The length of air gap plays a key role in the cooling of magnetic suspension
rotor. Figure 12 shows the temperature distribution of the rotor under different
air gap lengths. It can be seen that with the increase of the air gap length,
the surface temperature of the rotor decreased significantly. As the air gap
length increases, the Pe of the rotor can be effectively reduced and the heat
generation reduced. In addition, it can increase the flow of cooling air and
improve the heat dissipation efficiency of the rotor. Therefore, the reasonable
selection of air gap length of magnetic suspension motor can significantly
improve the cooling efficiency of the motor, which is of great significance
to the design of rotor cooling structure of high-speed magnetic suspension
motor.

5.3 Overall Temperature Distribution of the Motor

The heat source and boundary conditions of the motor are different under
different working conditions. Figure 13 shows the loss distribution at different
speeds. It can be seen from Figure 14 that with the increase of speeds, the
temperature rise gradient of each part gradually increases. It can be seen
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Figure 13 Loss distribution at different speeds.

Figure 14 Temperature and efficiency distribution at different speeds.

from Figure 15 that the main temperature rise of the motor occurs in the
motor winding, and the maximum temperature of the motor is less than
115◦C. The highest temperature of the stator core was mainly concentrated
in the stator slot, which had a high loss density and heat transfer from the
winding, therefore the temperature was high. The maximum temperature of
the permanent magnet was about 92◦C. The overall temperature was below
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Figure 15 Temperature distribution of each part of the motor at 30 krpm.

120◦C, and the temperature law of each part is within a reasonable range.
The results show that it is better to use amorphous alloy as stator core and
magnetic suspension rotor. Therefore, due to the reduction of loss, air cooling
can be used to meet the requirements of magnetic suspension amorphous
motor, without the need of complex water cooling structure.

According to the efficiency analysis in Figure 14, the overall efficiency
of the motor is 96.3% at 30 krpm. The development of permanent magnet
synchronous motor combining amorphous stator and bearingless magnetic
suspension technology is of great significance to the development of high
efficiency motor and provides a reference direction for the research and
development of low loss, high efficiency and energy saving motor.

6 Temperature Rise Test

Combined with the simulation results, an experimental platform for motor
temperature rise was built. During prototype manufacturing, thermal resis-
tance temperature sensors were embedded in the winding end, stator and rotor
positions for easy measurement. The test platform is shown in Figure 16.
The specific test points are shown in Figure 17, mainly including winding,
stator, outer surface of rotor, and housing measurement.
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Figure 16 Temperature rise experiment platform.

Figure 17 Motor temperature rise process at 30 krpm.
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Figure 18 Comparison of simulation and experimental results.

It can be seen from Figure 17 that the temperature rise of the motor is basi-
cally stable after running 96 minutes at 30 krpm. The winding temperature
was 120◦C, the stator temperature was 111◦C, the rotor surface temperature
is 90◦C, and the housing temperature is 38◦C.

As can be seen from Figure 18, there are errors between the experimental
results and the simulation results. Since the temperature of the internal
permanent magnet cannot be measured, only the outer surface of the rotor
can be measured. The use of magnetic bearing increased the difficulty of
measuring the rotor, so the rotor error became large. The winding error mainly
came from the equivalent of the winding. The actual winding structure was
more complex, so the measured temperature was greater than the simulation
temperature. However, the above errors were within the allowed range, and
the error between the overall experimental results and the simulation results
was less than 10◦C.

7 Conclusion

In high-speed PMSM, loss and temperature rise are the key factors that affect
the efficiency and stable operation of the motor. In this paper, the loss and
temperature rise of magnetic suspension amorphous motor were analysed by
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ETF coupling method. The results show that the Pi can be reduced by 70%
when AA was used as motor stator core at high speed. Proper selection of
air gap length and sleeve material can effectively reduce Pe of permanent
magnet. In addition, the increase of air gap length can improve the flow
of cooling air, thus improving the heat dissipation efficiency of the motor.
The experimental results were in good agreement with the simulation results.
The analysis in this paper proved that the application of AA and magnetic
bearing in high speed and high power PMSM can reduce the loss, and
the motor efficiency can reach 96.3%. This provided a reference for the
further improvement of motor efficiency and was of great significance to the
development of high efficiency and energy saving motor.
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