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Abstract: In this paper, a permanent magnet synchronous motor (PMSM) with sleeves on the rotor
outer surface is investigated. The purpose of sleeves is to fix the permanent magnets and protect
them from being destroyed by the large centrifugal force. However, the sleeve material characteristics
have a great influence on the PMSM, and therewith, most of the rotor eddy-current losses are
generated in the rotor sleeve, which could increase the device temperature and even cause thermal
demagnetization of the magnets. Thus, a sleeve scheme design with low eddy-current losses is
necessary, and a method suppressing the local temperature peak of permanent magnets is presented.
The 3-D electromagnetic finite element model of a 12.5 kW, 2000 r/min PMSM with a segmented
sleeve is established, and the electromagnetic field is calculated by using the finite element method.
The results show the effectiveness of the presented method in reducing the eddy current losses in
the rotor. Using the thermal method, it can be found that the maximum temperature position and
zone of permanent magnet will change. Thus, some strategies are comparatively analyzed in order
to obtain the change rule of the position and zone. The obtained conclusions may provide a useful
reference for the design and research of PMSMs.

Keywords: permanent magnet synchronous motor (PMSM); eddy-current losses; local temperature
peak; segmented sleeve; electromagnetic field; the maximum temperature position and zone

1. Introduction

The permanent magnet synchronous motor (PMSM), which integrates the advantages of
high-power density, high efficiency, light weight, easy maintenance, and good reliability, has been
widely used in commerce, industry, transportation, and so on [1,2], thus it attracts the interest of many
researchers from the international electrotechnical field [3–5].

Generally, because the tensile capability of permanent magnets is poor, they can be destroyed by
a large centrifugal force. A rotor sleeve could provide a suitable pre-pressure and reduce the influence
of the centrifugal force on the permanent magnets. Therefore, a rotor sleeve often has been coated on
the rotor outer surface to fix the magnets. However, eddy-current losses, caused by harmonic magnetic
field, will appear in the rotor sleeve. This may increase the temperature of the PMSM and even cause
the magnets to be demagnetized, which could not only decrease the PMSM performance, but also
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shorten the working life of the machine [6–8]. Thus, it is very significant to seek measures for reducing
the eddy-current losses in the rotor sleeve and permanent magnets.

There are many possible measures for reducing the eddy-current losses in the rotor. It is well
known that carbon fiber has advantages of high strength, low conductivity, good performance,
and simple processing. A machine with a carbon fiber sleeve has been researched [9–11], and the
influence of carbon fiber on the electromagnetic and temperature fields of the machine was calculated.
Kirtley, and Lovelace, and Zhu et al, have tested prototypes with an alloy rotor sleeve [12,13]. Copper
plating, has high conductivity, and the advantages of copper sleeves in reducing eddy-current losses
was presented [14,15], and the influence of copper layer thickness on rotor eddy-current losses and
temperature distribution was analyzed. In [16], the electromagnetic and temperature fields of machine
with different sleeve materials were researched.

In this paper, taking a 12.5 kW, 2000 r/min PMSM with a 0.2 mm stainless steel sleeve as the
study object, a method suppressing the local temperature peak of permanent magnets to solve the
problem of the high temperature in the rotor is presented. Firstly, 3-D transient electromagnetic field
mathematical and physical models are established, and then the electromagnetic field in the PMSM
is calculated under rated-load conditions by using the time-stepping finite element method. Next,
the losses in different part of PMSM are applied to the thermal field as heat sources, combined with the
3-D temperature field model, and the influence of the presented method on temperature distribution
is studied. The calculated results show the effectiveness of the presented method in reducing the
eddy-current losses and temperature in the rotor. In this process, it can be found that the position and
zone of permanent magnet maximum temperature can change. Thus, in order to obtain the change rule
of the maximum temperature position and zone, three designs are presented based on Multi- Physical
Field. The obtained conclusions may provide a theoretical basis for the design and optimization of
PMSMs, and in addition, they can also provide a useful reference for thermal studies on permanent
magnet motors.

2. Electromagnetic Field and Thermal Analysis

2.1. Parameters and Structure of PMSM

Figure 1 shows the prototype PMSM experimental platform and test results operating at rated
speed (2000 r/min) and rated load (R = 0.32 Ω and cos ϕ = 0.79). The PMSM studied in this paper was
a SPMSM driven by a STM32F103C6T6 controller.
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Figure 1. The experimental platform, results of calculation and experiment results, and rotor actual
structure. (a) The experimental system; (b) The thermistor position in the winding; (c) Experiment
results of phase current and voltage; (d) Rotor actual structure.
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The frequency of the CPU of the STM32F103C6T6 was 72 MHz. The IGBT-inverter with double
closed loop control system was applied to the test PMSM. In the process, the proportional parameters
of speed loop and current loop of the STM32F103C6T6 controller were chosen as 3, 2, and their
integral parameters were chosen as 0.3, 0.8 in the tests, respectively. While the tests were being
carried out, the reference DC-link voltage was 500 V, and the sample frequency of the signal carrier
was 10 kHz. The rotor magnetic field was excited by a PM (N33SH), whose remanence (Br) and
coercivity (Hc) is 1.1 T, 838 kA/m, respectively, and the limited working temperature is 150 ◦C.
Meanwhile, the conductivity is 6.25 × 105 S/m, and it is divided into three segments in the axial
direction. To prevent damage to the rotor’s permanent magnets due to the large rotational centrifugal
forces, the sleeves, which are coated on the outer surface of permanent magnets, adopt a stainless
steel material and are divided into six segments in the axial direction, moreover, the number of each
segment sleeve is shown in Figure 1d. The conductivity and thermal conductivity of the stainless steel
sleeve are 1.1 × 106 S/m and 59 W/m·K, respectively. The basic parameters of the PMSM are listed in
Table 1.

Table 1. Parameters of the permanent magnet synchronous motor (PMSM).

Items Value

Rated power 12.5 kW
Rated voltage 364 V
Rated current 26.2 A
Rated torque 60 N·m
Rated speed 2000 r/min

Pole pairs 4
Frequency 133.33 Hz

Inertia 0.008 kg·m2

Inductance 0.0053 H
End leakage inductance 0.00022 H

Resistance 0.32 Ω
Stator outer diameter 180 mm
Stator inner diameter 103 mm

Stator core length 107 mm
Sleeve thickness 0.2 mm

Permanent magnet thickness 3 mm
Rotor type PM

A thermistor (NTC) was buried in the end winding, which is shown in Figure 1b. The resistance
value of the thermistor (NTC) could be obtained by a multimeter, then, according to the converted
ration between the thermistor (NTC) and the temperature, the maximum temperature of the winding
was measured.

Generally, the hysteresis loss is much larger than the eddy- current loss below the base speed,
and the eddy-current loss in the stator can be ignored [17]. Therefore, in this paper, the stator core loss
is obtained according to (1): 

PFe = Ph + Pa

Ph =
N
∑

k=1
Pek =

N
∑

k=1
Kh(Bk fk)

2

Pa =
N
∑

k=1
Pak =

N
∑

k=1
Ka(Bk fk)

3
2

(1)

where, Ph is the hysteresis loss, Pa is the additional loss, Kh is hysteresis loss coefficient, Ka is the
additional loss, Bk is the amplitude of k harmonic magnetic density in stator core, fk is the frequency of
k harmonic magnetic density, N is the harmonics times. In this paper, through a least squares fitting
method, Kh = 200, Ka = 0.865. The eddy-current losses in the rotor surface can be calculated in a cycle
as follows:
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Pi =
1
Ti

∫ k

∑
i=1

J2
i ∆iσ

−1
r ltdt (2)

where, Pi denotes the rotor eddy-current losses in permanent magnet or sleeve (in watts), Ji is the
current density in each element (in amperes per square meter), ∆i is the element area (in square meters),
σr is the conductivity of the eddy current zone (in Siemens per meter), lt is the rotor axial length (in
meters), Ti is the cycle of time.

In order to simplify the analysis during the electromagnetic research, the following assumptions
are proposed:

(1) The variation of the permeability and conductivity for the materials with temperature is ignored.
(2) The skin effect of the stator winding is ignored.
(3) The influence of the displacement current is ignored.

Based on the above assumptions, according to Maxwell equations, the equations of the magnetic
vector in the solution domain can be derived, as follows:

Ω :


∂

∂y

{
1
µ

(
∂Ay
∂x −

∂Ax
∂y

)}
− ∂

∂z

{
1
µ

(
∂Ax
∂z −

∂Az
∂x

)}
= Jx − σ dAx

dt
∂
∂z

{
1
µ

(
∂Az
∂y −

∂Ay
∂z

)}
− ∂

∂x

{
1
µ

(
∂Ay
∂x −

∂Ax
∂y

)}
= Jy − σ

dAy
dt

∂
∂x

{
1
µ

(
∂Ax
∂z −

∂Az
∂x

)}
− ∂

∂y

{
1
µ

(
∂Az
∂y −

∂Ay
∂z

)}
= Jz − σ dAz

dt

S : A = 0

(3)

where, A is magnetic vector potential, A = [Ax Ay Az]T, J is the source current density, J = [Jx Jy Jz]T,
Ω is the calculation region, S is the Dirichlet boundary condition, µ is magnetic permeability, σ is
electrical conductivity.

Based on the structure and size of PMSM, a 3-D transient electromagnetic field calculation model
can be established. In order to more clearly see the machine model structure, one eighth of the stator
core and winding model is removed, as shown in Figure 2.
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Figure 2. 3-D electromagnetic field calculation model.

By using the finite-element method, the phase voltage and current of PMSM were calculated
at rated load of 60 N·m, and the phase voltage, the phase current, the losses in different parts of
PMSM are compared with the test data in Table 2. It can prove that the calculated results are in good
agreement with the PMSM test data.
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Table 2. Comparison of calculated results and test data.

Symbol (Units) Test Data Calculated Data

Stator windings loss (W) 642.4 614.49
Stator core loss (W) 120.3 126.8
Magnets loss (W) 18.7 20.57
Sleeves loss (W) 32.2 31.16

Phase voltage (V) 210 212.3
Phase current (A) 26.2 25.3

2.2. Thermal Analysis of PMSM

If a permanent magnet motor works at a high temperature for a long time, the performance and
reliability of machine may be affected and even reduce the operating life. Therefore, it is of great
significance [18] to explore some schemes for decreasing the rotor temperature by the temperature
field analysis of the machine. To simplify the analysis during the calculation process, the following
assumptions are proposed.

(1) The influences of the temperature on material conductivity and permeability are ignored.
(2) The solid parts in the PMSM are contacted very well, and the contacting thermal resistance

is ignored.
(3) Considering the effect of the end winding model crossing, assuming the end winding heat source

is equal to the slot winding. The heat transfer of the air in the air gap, which is turbulence,
is equivalent to the static coefficient of thermal conductivity. The static coefficient of thermal
conductivity can be obtained according to [19]:

λg = 0.069 · η−2.9084 · R0.4614·In(3.33336·η)
e (4)

where, λg is the static coefficient of thermal conductivity, γ is the radius ratio, η = r0/Ri, r0 is the
rotor outer diameter, Ri is the stator inner diameter, Re is the Reynolds number.

The end of PMSM is equipped with a fan, whose inlet flow speed is kept at 2.74 m/s, and there is
no ventilation system in the machine. Therefore, the heat coefficient [20] of the frame surface can be
calculated using Equation (5):

α = 14
(
1 + 0.5

√
v
)3
√

θ

25
(5)

where, α is heat coefficient of frame surface, θ is outer surface temperature, ν is the flow speed of the
frame inner wall.

3-D steady state heat transfer equation of PMSM can be shown as follows: Ω : ∂
∂x

(
kx

∂T
∂x

)
+ ∂

∂y

(
ky

∂T
∂y

)
+ ∂

∂z

(
kz

∂T
∂z

)
= −qv

S1 : −k ∂T
∂n = α

(
T − Tf

) (6)

where, kx, ky and kz is thermal conductivity in the x, y and z directions, respectively, qν is the heat
resource density, T is temperature of any position in solving region (in ◦C), n is unit normal vector on
the surface, α is the heat transfer coefficient of the solving boundary, Tf is the ambient temperature,
S1 is the frame surface, Ω is the calculation region.

Based on the above analysis, 3-D temperature field finite element analysis model of PMSM can be
given, as shown in Figure 3, which has an ambient temperature of 10 ◦C and an inlet flow of 2.74 m/s.
By finite element method, the whole region 3-D temperature distribution of PMSM operating at rated
speed (2000 r/min) and rated load (R = 0.32 Ω and cos ϕ = 0.79) is obtained.
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In this paper, the thermal performance of a PMSM operating with rated load (60 N·m) was tested,
by using the test bed shown in Figure 1. The temperatures of stator winding, frame, and permanent
magnet were measured by thermistors (negative temperature coefficient) with an accuracy of 0.1 ◦C.
The comparisons of the measured maximum temperature with the calculated value are shown in
Table 3, from which it can be seen that the calculated results are closed to the measured data under
rated condition, inferring that the thermal analysis is credible.

Table 3. The maximum temperature comparison of calculated results and test data (◦C).

Maximum Temperature Test Data Calculated Data

Stator windings 99 96.8
Frame 77 77.8

Permanent magnets 103.7 99

According to calculation and analysis, it can be known that the rotor temperature is the highest in
whole machine region, and the eddy current loss in the sleeve is the direct reason causing the high
temperature of the rotor. The temperatures of permanent magnets and sleeves, which are the parts
most seriously affected by the temperature, are given in Figure 4.
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From Figure 4, it can be found that, because the sleeves are coated on the outer surface of
permanent magnets, their temperature distribution is almost the same. The maximum temperature is
99 ◦C, and it is distributed the position of the circumferential two ends and close to the middle of the
rear cover. Moreover, the temperature at the air inlet position is lower compared with the air outlet
position, the axial temperature difference could reach 2.5 ◦C. The reason is mainly due to two aspects:
firstly, the eddy current loss in the sleeve is mainly concentrated in the sleeve middle and close to the
rear cover. In addition, the front cover is equipped with a fan, which can play a role in decreasing
the temperature.

3. Research Suppressing Permanent Magnet Local Maximum Temperature

Through the above analysis, it can be known that the maximum temperature of the PMSM appears
at the position of the permanent magnets. A high temperature could cause thermal demagnetization
of permanent magnets and even endanger the safe operation of the PMSM. Therefore, it is necessary to
devise a strategy to decrease the temperature of permanent magnets.

There are two main reasons which can affect the temperature distribution: the one is heat source
distribution, the other one is the cooling mode. Through calculation and analysis, it can be known that
the temperature of permanent magnets is low at the two ends and high in the middle. Thus, in this
paper, from the point of view of improving the heat source distribution, a method for suppressing
the permanent magnet local maximum temperature is presented. Although stainless steel has high
temperature resistance and small coefficient of expansion, its high conductivity can cause a large eddy
current loss in the rotor. It is well known that carbon fiber has the advantages of high temperature
resistance and large tensile strength. This material if used as a sleeve could benefit the thermal
conductivity and the reduction of eddy-current losses. Table 4 gives the parameters of the material.
Therefore, in this paper, the sleeves, which are coated on the outer surface of permanent magnet local
maximum temperature, adopt carbon fiber material, and the other sleeves adopt stainless steel material.
The proposed method (stainless steel and carbon fiber sleeves were used at the same model) integrates
the inherent advantages of the two materials, so it can not only reduce the rotor eddy-current losses
and decrease the temperature of permanent magnets, but also well fix the permanent magnets and
protect them from being destroyed by the large centrifugal force.

By using the finite-element method, the electromagnetic field are calculated and the losses in
different parts of PMSM are given in Table 5.

Table 4. Material characteristics of carbon fiber.

Symbol Value

Conductivity (S/M) 1.5 × 105

Relative permeability 1
Thermal conductivity (W/(m·K)) 1.7

Table 5. Losses in different parts of PMSM (W).

Sleeve Material Stainless Steel Carbon Fiber Stainless Steel

Sleeve number 1© 2© 3© 4© 5© 6©

Sleeve losses 4.58 4.67 1.23 1.22 4.21 4.22

Sleeve total losses 20.13

Magnets losses 6.32 4.7 6.13

Magnets total losses 17.15
Copper loss 614.49

Stator core loss 126.8
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As shown in Table 5, when 1©, 2©, 5©, 6© segment sleeves adopt stainless steel and 3©, 4©segment
sleeves adopt carbon fiber material, the eddy-current losses in 3©, 4© segment sleeves are obviously
much lower than those in 1©, 2©, 5©, 6© segment sleeves. The eddy-current losses in permanent magnets
are decreased correspondingly, thus, the total rotor eddy-current losses can also be decreased. From a
3-D temperature field, the temperature distributions in different parts of PMSM can be obtained.
As shown in Figure 5, the temperature of the stator winding decreases with the carbon fiber, but the
reduction is not obvious. One point to take notice of is that the temperature distributions of the stator
winding are the same compared with the prototype PMSM, namely, a similar “saddle” with high
points at the two ends and low in the middle. The reason is that the two end windings conduct heat by
air and the straight segment of the winding conducts heat via the stator silicon steel sheet, moreover,
the thermal conductivity of the silicon steel sleeve is larger than that of air. In addition, cooling wind
flows through from air inlet (close to the fan) to the air outlet, thus, the temperature in the one end
winding which is closer to the fan is lower than that at the back end.
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Figure 5. Temperature distribution of the stator winding before and after the proposed permanent
magnet local maximum temperature suppressing method is applied: (a) Temperature distribution of
the stator winding before the proposed permanent magnet local maximum temperature suppressing
method is applied; (b) Temperature distribution of the stator winding after the proposed permanent
magnet local maximum temperature suppressing method is applied.

In the same way, after using carbon fiber, the temperature distribution of the frame can also
decrease, but the reduction is not also obvious. The temperature distribution rule of the frame is low at
the two ends and high in the middle, as shown in Figure 6. The reason is that the heat in the middle is
mainly from the stator core and winding losses, meanwhile, because of the fan at the frame back-end,
the temperature of the frame back-end is lower compared with the frame front-end. In addition,
the heat dissipation effect of the frame with a bare radiator is better.
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To study the temperature distribution of the stator core, uniformly taking A, B, C, D four points
from tooth tip to yoke, when 1©, 2©, 5©, 6© segment sleeves adopt stainless steel and 3©, 4© segment
sleeves adopt carbon fiber material, the temperatures of the tooth center line in the axial and radial
direction both decrease, which is shown in Figure 7.

From Figure 7, it can also be found that the temperature from the stator tooth to the stator yoke
gradually decreases in radius before and after the proposed method for suppressing the permanent
magnet local maximum temperature is applied. The reason is that, A point is close to the air gap,
resulting in difficulty in cooling the coil, and the stator yoke is close to the frame, so accordingly,
the heat dissipation condition is better. In the axial direction, due to the eddy-current loss distribution
and cooling effect, the temperature first increases and then decreases.
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At the same time, this will have a significant effect on the rotor temperature, as shown in Figure 8.
Firstly, the maximum temperature of the permanent magnets decreases by 4.4 ◦C compared with



Energies 2018, 11, 40 10 of 15

the temperature of the prototype PMSM, which is below the N33SH magnets’ limiting working
temperature (150 ◦C), moreover, the effect on decreasing the rotor temperature is larger than that
decreasing the stator temperature. Next, the maximum temperature zone of the permanent magnets is
greatly reduced. In addition, the position of the maximum temperature shows a fluttering phenomenon,
whereby the maximum temperature position changes from the B segment to the C segment of the
permanent magnet. Compared with the maximum temperature position of the prototype PMSM,
this fluttering value is 16.1 mm. This can be explained as follows: on the one hand, because the
conductivity of carbon fiber is relatively low, the total rotor eddy-current losses decrease. On the other
hand, because the end of PMSM is close to a fan, its temperature is lower than that of the end far away
a fan, and because the thermal conductivity of stainless steel is much larger than that of carbon fiber
and the distribution of sleeves material is uneven in the axial direction, it can cause a heat transfer in
the axial direction. Thus, the position of the maximum temperature of the permanent magnet is finally
close to the air outlet, and the maximum temperature zone is reduced.
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permanent magnet local maximum temperature suppressing method.

From the analysis results, it can be known that whether the motor power in different machines
is large or small, the proposed method will have a relatively positive effect in decreasing the rotor
eddy-current losses and the temperature of permanent magnets, which can suppress well permanent
magnet demagnetization and protect the properties of permanent magnets. In order to find the
variation law of the maximum temperature position and zone, in this paper, three rotor composite
structures in the axial direction are presented, as follows:

Design 1: 3©, 4©, 5©, 6© segment sleeves adopt stainless steel material, and 1©, 2© segment sleeves
adopt carbon fiber material.

Design 2: 1©, 2©, 3©, 4© segment sleeves adopt stainless steel material, and 5©, 6© segment sleeves
adopt carbon fiber material.

Design 3: 1©, 2©, 3©, 4©, 5©, 6© segment sleeves adopt carbon fiber material.

By time stepped finite element analysis, the losses in different parts of the PMSM can be obtained
under the three designs, as shown in Tables 6–8. From the loss calculation results, it can be seen that the
eddy-current losses in the sleeve that adopted carbon fiber material are much lower than in those that
adopted stainless steel, and the eddy-current losses in the sleeve that adopted carbon fiber material are
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almost 0 W, since the conductivity of carbon fiber is very low (1.5× 105 S/m). Simultaneously, the three
designs can reduce the total rotor losses, with the reduction degree of Design 2 being slightly better
than that of Design 1. The reduction of Design 3 is most obvious, compared with the eddy-current
losses of the prototype PMSM, the eddy-current losses in the sleeve and permanent magnet decrease
by 14.36 W, 3.53 W, respectively. In addition, when 1©, 2©, 5©, 6© segment sleeves adopt stainless
steel material and 3©, 4© segment sleeves adopt carbon fiber material, the influence on reducing the
eddy-current loss is the same as with Design 1 and Design 2.

Table 6. Losses in different parts of PMSM under Design 1 (W).

Sleeve Material Carbon Fiber Stainless Steel Stainless Steel

Sleeve number 1© 2© 3© 4© 5© 6©
Sleeve losses 0.96 0.95 5.06 5.21 4.16 4.17

Sleeve total losses 20.51
Magnets losses 4.48 7.81 6.07

Magnets total losses 18.36
Copper loss 614.49

Stator core loss 126.8

Table 7. Losses in different parts of PMSM under Design 2 (W).

Sleeve Material Stainless Steel Stainless Steel Carbon Fiber

Sleeve number 1© 2© 3© 4© 5© 6©

Sleeve losses 4.59 4.67 4.4 4.52 0.86 0.86

Sleeve total losses 19.9

Magnets losses 6.31 6.55 4.22

Magnets total losses 17.08
Copper loss 614.49

Stator core loss 126.8

Table 8. Losses in different parts of PMSM under Design 3 (W).

Sleeve Material Carbon Fiber Carbon Fiber Carbon Fiber

Sleeve number 1© 2© 3© 4© 5© 6©

Sleeve losses 0.95 0.97 1.1 1 0.88 0.87

Sleeve total losses 5.77

Magnets losses 4.59 4.7 4.33

Magnets total losses 13.62
Copper loss 614.49

Stator core loss 126.8

By a 3-D steady thermal finite element model, the whole region 3-D heat flow density distribution
in different parts of the PMSM operating at rated speed (2000 r/min) and rated load (R = 0.32 Ω and
cos ϕ = 0.79) can be obtained under the three designs, which has an ambient temperature of 10 ◦C.

As shown in Figure 9, the three designs can decrease the temperature of the stator winding,
Design 3 is the best compared with the prototype PMSM, and the maximum temperature of the stator
winding decreases by 2.5 ◦C. In addition, Design 2 is better than Design 1. However, the temperature
distribution rule of the stator winding is not changed under the three designs.
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From Figure 10, it can be known that the maximum temperature of the permanent magnets
decreases by 3.05 ◦C under Design 1 compared with the temperature of the prototype PMSM. Moreover,
the maximum temperature position is located on the permanent magnets which are coated on the inner
surface of 4©, 5© segment sleeves. However, the maximum temperature zone of the permanent magnets
can increase. For Design 2, the maximum temperature position is located on the permanent magnets
which are coated on the inner surface of 3©, 4© segment sleeves, and the maximum temperature zone
of the permanent magnets can increase. At the same time, the minimum temperature position is coated
on the inner surface of 6© segment sleeve and decreases by 5.07 ◦C. This is because the conductivity of
the carbon fiber is much lower and it can reduce the eddy current loss in the rotor, although the fan is
close to segment sleeves 1©, 2©.

Design 1 and Design 2 can decrease the rotor temperature. However, their degree of decreasing
is not better than with the strategy that 1©, 2©, 5©, 6© segment sleeves adopt stainless steel and 3©,
4© segment sleeves adopt carbon fiber. One point to be noticed is that, whether Design 1 or Design 2 is

used, the maximum temperature zone can increase compared with the prototype PMSM. The reason is
that the thermal conductivity of stainless steel (59 W/(m·K)) is much larger than that of carbon fiber
(1.7 W/(m·K)), and because the distribution of sleeves material is uneven in the axial direction, it can
cause a thermal transfer in the axial direction.

For Design 3, compared with the prototype PMSM, the maximum temperature of permanent
magnets decreases by 12.08 ◦C, but the maximum temperature position and zone are not changed.
The position is located on the permanent magnets which are coated on the inner surface of 4©,

5© segment sleeves. The reason is that sleeves adopt the same material, which cannot cause thermal
transfer in the axial direction, and the fan only plays an air cooling effect. Therefore, it can be known
that is all sleeves adopt the same material, the maximum temperature position and zone of the
permanent magnets will not change.

From the above analysis, it can be known that the three designs can decrease rotor losses and
temperature compared with the prototype PMSM. Thus, adopting a sleeve composition structure of
carbon fiber and stainless steel could improve the cooling efficiency of the system. Simultaneously,
compared with the method for suppressing permanent magnet local maximum temperature, the three
designs revealed the change rule of the position and zone of the rotor maximum temperature.
The obtained conclusions may provide useful references for the design and research of PMSMs.
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4. Conclusions

In this paper, taking a 12.5 kW, 2000 r/min PMSM with stainless steel sleeve as an example, an by
combining a time-stepping finite-element analysis method, the electromagnetic field and temperature
field are comparatively analyzed based on different strategies and methods for suppressing permanent
magnet demagnetization under a multi-physical field and rotor multi-topology structure. The following
conclusions could be obtained:
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(1) The method that suppresses the permanent magnet local maximum temperature can not only
reduce the rotor eddy-current loss, but also the temperature in different parts of a PMSM, and the
zone of the maximum temperature of permanent magnets will also be reduced. In addition,
the maximum temperature position of permanent magnets is close to the air outlet.

(2) The temperature in different parts of the PMSM will decrease under Design 1 and Design 2,
simultaneously, the maximum temperature position of permanent magnets will change, and the
zone can increase. The maximum temperature position and zone are not changed under Design 3.
From the viewpoint of preventing thermal demagnetization of permanent magnets, the strategy
suppressing the local temperature peak of permanent magnets is best, followed by Design 3,
and then Design 1 and Design 2.

(3) Whether the power of the machine is big or small, the carbon fiber will have a relatively positive
effect in decreasing the machine rotor temperature.
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