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Abstract: In hydrogen recirculation side channel pumps, the motor rotor is exposed to a high-pressure
mixture of steam and hydrogen, which makes hydrogen embrittlement occur in permanent magnets
(PMs). A protective coating is necessary for the PMs in high-pressure hydrogen. However, in the
process of sleeve interference installation, the protective coating of the PMs is easily damaged. This
paper proposes two surface-mounted insert permanent magnet (SIPM) synchronous motor topologies,
SIPM1 and SIPM2, in which the retaining sleeves can be eliminated and the PM protective coating
is safe in the assembling process. A dovetail PM and rotor core structure is used to protect the PM
with higher rotor strength without retaining the sleeve. The electromagnetic performance of the
motors with different rotors, including airgap flux density, output torque, torque ripple, and energy
efficiency is compared and optimized. It is concluded that the output torque of the SIPM motor can
be promoted by 22.4% and torque ripple can be reduced by 2.9%, while the PM volume remains
the same as that of the conventional SPM motor. At the same time, the SIPM motor can have lower
harmonic contents of back electromotive force (EMF) and rotor loss compared to the SPM motor with
a retaining sleeve. Furthermore, the stress of the PM is analyzed under conditions of PM glue action
and failure. The proposed SIPM2 has the ability to operate safely at high-speed and high-temperature
operating conditions when the PM glue fails.

Keywords: surface-mounted insert permanent magnet; dovetail permanent magnets; retaining sleeve;
rotor stress; torque improvement

1. Introduction

In recent years, environmentally friendly transportation and clean energy are popular
topics due to depleting fossil fuel energy and concerns of environmental protection [1,2].
The availability of power-intensive and efficient electric motors plays an important role
in the development and rapid implementation of hybrid electric vehicles (HEVs) [3,4].
High-speed brushless permanent magnet synchronous motors (PMSMs) have been attract-
ing wide attention due to their high efficiency and high-power density and have been
extensively applied in industrial applications such as compressors, pumps, electric vehicles,
and motor tool spindle drives [5–7]. Hydrogen fuel cells (HFC) have been widely used
in HEVs as driving motors due to their high efficiency, low environmental influence, and
good renewability. It is inevitable that excess hydrogen is wasted when the HFC is working.
Fortunately, it has been concluded that this problem can be optimized by adding a recycling
system to the outlet side of the stack in order to collect excess hydrogen and recirculate it
back to the HFC stack by the recirculation pumps (RPs) and ejector to achieve hydrogen
secondary utilization [8,9]. The hydrogen system of the HFC is shown in Figure 1. Hy-
drogen mixed with water, which exhaust from the anode outlet of the stack, is dewatered
by the water separator. Dried hydrogen then flows into the RPs and ejector for secondary
electricity generation. The ejector, combined with RPs, has the following enhancements
compared to ejector-only systems:
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• Wider operation range: pressure difference and flow rate;
• Cover low power system load working condition;
• Increased flexibility of shut-down procedure.
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(HRSCPs). It is worth noting that PM materials are generally very weak in tension and 
cannot afford large centrifugal forces at high-speed operation. In order to protect the PM 
materials at high-speed operation, a retaining sleeve is proposed to be fixed on the outer 
surface of the PM materials by interference installation. 

There are two existing retaining sleeve materials to protect PMs: one is to use a high-
strength non-magnetic alloy sleeve, such as stainless steel, and the other is to bundle rotors 
with high-strength fibers, such as carbon fiber [10,11]. However, the motor’s manufactur-
ing cost and complexity can be increased due to the introduction of a retaining sleeve. 
Meanwhile, the eddy current loss and poor heat dissipation capability can be introduced 
by non-magnetic alloy and carbon fiber, respectively. It is worth noting that the retaining 
sleeve relatively increases the physical airgap length, and the additional resistance can be 
crossed by flux lines, which leads to the reduction of output torque and efficiency [12]. 
Meanwhile, the protective coating of the PMs can be easily damaged in the process of 
sleeve interference installation. For these reasons, a sleeve-free high-speed motor is now 
in demand. 

At present, sleeve-free is used mainly in interior permanent magnet (IPM) synchro-
nous motors [13,14]. Reference [15] proposes to use an amorphous material for the rotor 
core to eliminate the need for a sleeve. The low core losses and high-strength of amor-
phous material are interesting properties for high-speed motors. However, there is a well-
known problem of slotting that affects amorphous material during the manufacturing 
process. Laser cutting can cause short circuits, and the wire electrical discharge machining 
method is more time-consuming. A novel retaining sleeve is proposed in reference [16] to 
reduce eddy current loss. The sleeve opening is imposed to the surface within a range that 
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RPs need to be driven with a motor, and high-speed PMSMs can meet the require-
ments of RPs due to their advantages. In the case of special operating conditions, such
as high-pressure hydrogen, the rare-earth PM material is facilely pulverized due to the
fact that hydrogen atoms may enter the interior along the grain boundary of the PMs.
A protective coating is necessary for the PMs in the hydrogen recirculation side channel
pumps (HRSCPs). It is worth noting that PM materials are generally very weak in tension
and cannot afford large centrifugal forces at high-speed operation. In order to protect the
PM materials at high-speed operation, a retaining sleeve is proposed to be fixed on the
outer surface of the PM materials by interference installation.

There are two existing retaining sleeve materials to protect PMs: one is to use a high-
strength non-magnetic alloy sleeve, such as stainless steel, and the other is to bundle rotors
with high-strength fibers, such as carbon fiber [10,11]. However, the motor’s manufac-
turing cost and complexity can be increased due to the introduction of a retaining sleeve.
Meanwhile, the eddy current loss and poor heat dissipation capability can be introduced
by non-magnetic alloy and carbon fiber, respectively. It is worth noting that the retaining
sleeve relatively increases the physical airgap length, and the additional resistance can be
crossed by flux lines, which leads to the reduction of output torque and efficiency [12].
Meanwhile, the protective coating of the PMs can be easily damaged in the process of
sleeve interference installation. For these reasons, a sleeve-free high-speed motor is now
in demand.

At present, sleeve-free is used mainly in interior permanent magnet (IPM) synchronous
motors [13,14]. Reference [15] proposes to use an amorphous material for the rotor core
to eliminate the need for a sleeve. The low core losses and high-strength of amorphous
material are interesting properties for high-speed motors. However, there is a well-known
problem of slotting that affects amorphous material during the manufacturing process.
Laser cutting can cause short circuits, and the wire electrical discharge machining method
is more time-consuming. A novel retaining sleeve is proposed in reference [16] to reduce
eddy current loss. The sleeve opening is imposed to the surface within a range that meets
mechanical safety. The losses are further reduced by adjusting the skew angle of the
opening area. The sleeve eddy current losses in the optimized sleeve decreased by 72.6%
compared with the initially produced model. However, the rotor retaining sleeve is not
completely eliminated.
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Zhao proposes an optimal design of a novel asymmetrical rotor to obtain performance
improvement [17]. The proposed design of the asymmetrical rotor is employed to improve
the torque characteristics by establishing rotor asymmetry to allow the reluctance torque
and the magnetic torque to reach maximum. It is regrettable that Zhao only investigated
the design at low speed. Reference [18] compares rotor stress in different PM installation
methods, including where PMs are fixed with glue to the surface of the rotor core and
installed without glue by using a retaining sleeve. Nevertheless, the glue failure condition
is not taken into account when a retaining sleeve is not used to protect the PM. It is
desirable to investigate whether or not the PM falls off the rotor core when the glue fails
with sleeve-free.

In this paper, two novel surface-mounted insert permanent magnet (SIPM) motors are
proposed to reduce the expense of a retaining sleeve and prevent the PM from falling out
of the rotor core. Assessment is also conducted on electromagnetic performance, such as
output torque, which can be promoted due to the elimination of the sleeve resistance. This
paper is organized as follows: the topologies and main parameters of the conventional SPM
motor and proposed SIPM motors are described in Section 2. In Section 3, the influence of
rotor design parameters on electromagnetic performance, including back electromotive-
force (EMF), output torque, and torque ripple, is investigated. Meanwhile, the rotor stress
of SIPM is analyzed to help determine parameters. In Section 4, the electromagnetic and
mechanical performance of the SIPM and conventional SPM motors are compared to prove
the superiority of the proposed SIPM motors. Finally, Section 5 gives the conclusion. From
the literature survey, there have been few technical articles that investigate the sleeve-free
applications in SPM motors at high-speed rotation and special working environments, and
the main contribution of this paper is to propose a promising solution to enhance the rotor
strength of a sleeve-free SPM motor in HRSCPs.

2. Motors with Different Rotors

Motor windings is a key part of achieving electromechanical energy conversion, and
includes the distribution windings and concentrated windings in the motor. Compared
to the more complex end forms of distributed windings, concentrated windings have the
advantage of simple winding ends and low resistance. In this paper, a low power motor
is investigated for HRSCP, and concentrated windings with low loss can meet HRSCP’s
high efficiency requirement. The SPM rotor is chosen as the rotor type instead of the IPM
rotor due to the fact that SPM rotors are easily designed to optimize the air-gap flux density
waveform of the motor to a sinusoidal distribution, thus improving the performance of
the motor.

In order to compare the performance of the motors among the SPM and SIPM, the
6-slot/4-pole PMSM with fractional-slot concentrated-winding (FSCW) is adopted, as
shown in Figure 2a. Figure 2b shows the conventional SPM rotor with the retaining sleeve.
The detailed parametric models of SIPM rotors are shown in Figure 2c,d. It is worth noting
that the motors have the same stator, axial length, and airgap length, and the main design
parameters are given in Table 1. The PMs thickness of SIPM rotors is not given in Table 1
due because the shape needs to be adjusted to optimize performance. Meanwhile, the
volume of PMs in the SIPM rotors is the same as that in the SPM rotor. The materials of
stator, rotor, and PM are T-100, Steel-1010, and NdFeB, respectively. The thickness of the
silicon steel sheet is 0.1 mm.

For high-speed range operation, the SPM rotor employs a sleeve to protect the PMs,
while the SIPM rotors possess the dovetailed rotor core to implement it; the PMs are locked
inside the rotor core by the slotted core. There will be additional closed leakage flux lines
generated in the contact between the dovetailed PM and rotor core in the SIPM rotors,
which leads to increasing harmonics order. To minimize the harmonics order, there are
many alternative methods available for tackling this problem. In particular, skewing of the
stator slots has been widely used to reduce cogging torque. However, the skewing of stator
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slots is difficult and can therefore increase production costs. In this paper, the harmonics
order is weakened by changing the shape of the magnet poles [19,20].
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Figure 2. Cross-sectional view of 6-slot/4-pole motor with different rotors. (a) 6-slot stator and
windings. (b) Conventional SPM rotor. (c) SIPM1 rotor. (d) SIPM2 rotor.

Table 1. Main design parameters of 6-slot/4-pole motor.

Parameter
SPM SIPM1 SIPM2

Value

Number of slots 6
Number of poles 4

Stator outer diameter (mm) 80
Stator inner diameter (mm) 30

Air-gap length (mm) 1.5
Rotor outer diameter (mm) 28.5

Stack length (mm) 30
Sleeve thickness (mm) 1 0

PM thickness (mm) 4 -
DC Voltage (V) 24

Rated phase current (Arms) 35
Rated speed (r/min) 25,000
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3. Parametric Optimization of SIPM Motors

In order to optimize the electromagnetic performance and reliability of the mechanical
structure and avoid the geometric conflict, four key design parameters of the SIPM rotors
are chosen for the performance optimizations, and their range of variations are listed in (1).

20
◦ ≤ θ1 ≤ 70

◦

0
◦ ≤ θ2 ≤ 60

◦

0 mm ≤ h1 ≤ 1.5 mm
0.5 mm ≤ h2 ≤ 1.5 mm

. (1)

The volume of PMs in three rotors keep the same by adjusting h3, thus, h3 is not given
a range of variations.

3.1. Electromagnetic Optimization of SIPM

Maxwell software is adopted to analyze the electromagnetic performance of the con-
ventional SPM and the proposed SIPM motors, including field distribution, back-EMF,
torque characteristics, and loss. The no-load back-EMF and torque characteristics are
selected as the design objectives of SIPM motors in this section.

Figure 3 shows the variations of output torque and torque ripple, with trimming
thickness h1 of the PMs edge in the SPM motor without sleeve. Apparently, both output
torque and torque ripple decrease with h1. However, the decrease in torque ripple is
much smaller than that of output torque, which demonstrates that the adopted shape
of the magnet poles can effectively weaken the torque ripple with a slight sacrifice of
output torque.
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Figure 3. Torque characteristics vs. h1.

Figure 4 shows that FE predicted the three-dimensional (3-D) view of the output
torque, torque ripple, and total harmonic distortion (THD) of no-load EMF with h2 and θ1
at the rated current and speed. THD is defined as

THD =

√
∑∞

n=2 E2
n

E1
(2)

where En is the amplitude of the no-load EMF harmonic. E1 is the fundamental no-load
EMF. It can be observed that the output torque increases with the increase of θ1 and the
output torque decreases with the increase of h2 in the SIPM1. The torque ripple reaches
maximum when θ1 is 35◦, whilst the torque ripple decreases with the increase of h2 when
θ1 is more than 50◦. The no-load EMF has the largest THD when θ1 is 40◦, and the THD
increases with the increase of h2 when θ1 is less than 60◦. The torque characteristics and
THD of the SIPM2 with both h2 and θ1 are investigated, and the results are shown in
Figure 4b. It is evident that the output torque decreases with the increase of h2 and θ1 due
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to the fact that the volume of PMs is reduced. It has the maximum torque ripple when θ1 is
40◦, whilst the torque ripple increases with the increase of h2 in the full range of θ1. The
no-load EMF has the largest THD when θ1 reaches 50◦.
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3.2. Mechanical Strength Optimization of SIPM

In order to calculate the mechanical stress generated in the rotor modal, the 3-D FEA
model is established. The mechanical properties of the materials used in the rotor are listed
in Table 2. According to the first strength theory (maximum tensile stress theory), the PM
tangential stress of brittle material should be less than its maximum tensile strength. The
stress ranges of PM are listed (3).

σt = σt1 + σt2 < σt,max (3)

where σt, σt1, σt2, and σt,max are the tangential stress, mechanical tangential stress, thermal
stress, and maximum tensile strength of the PM, respectively. The tangential stress of the
PM with the SIPM1 and SIPM2 is calculated in the ANSYS Workbench at rated operating
conditions. In order to protect these PMs embedded in the surface of the rotor, θ2 should
be given an angle, i.e., the PM or rotor core should be designed to become a dovetailed one,
as given in Figure 2c,d. θ2 is determined by simulating the failure state of the PM glue. The
θ2 has a small effect on the rotor strength when the PMs are not separated from the rotor
core in FEA; thus, θ2 is not analyzed separately in this section.

Table 2. Material properties.

Parameter Rotor Core PM

Density (kg/m3) 7650 7650
Young’s modulus (GPa) 210 160

Poisson ratio 0.27 0.24
CTE(µm/m/◦C) 12 12

Tensile strength (MPa) 450 80
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Figure 5 shows stress results with h2 and θ1, and the stresses are maximum value.
The tangential stress of PM is much lower than the tensile strength due to the fact that the
contact relationship is set to a fixed constraint for simulating the PM glue action state. It
can be seen that the stress increases with the increase of θ1 in the SIPM; the result is the
same for h2.
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3.3. Optimization Result

In this paper, the three different rotors (SPM, SIPM1, and SIPM2) have the same PM
volume by adjusting h3. Based on the tradeoff between the output torque, torque ripple,
the THD of EMF, and stress, the key parameters of SIPM1 and SIPM2 are listed in Table 3.
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4. Performance Analysis and Comparison

In the previous section, the investigated motors are optimized by the FEA. In this
section, the electromagnetic performances and mechanical strength of the SIPM motors are
investigated and compared with the SPM motor.

4.1. No-Load Airgap Flux Density and Back-EMF

The no-load flux density distribution of these motors is shown in Figure 7. It can
be seen that the flux density in the stator yoke of SIPM is larger than that of the SPM,
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which suggests that the SIPM can obtain larger PM flux-linkage. The no-load airgap flux
density and harmonics order of the SPM and SIPM motors are shown in Figure 8. It can
be seen that the SIPM1 motor has a slightly larger fundamental airgap flux density than
the SIPM2 motor because it has a smaller rotor core volume to weaken the leakage flux
effect. Meanwhile, it was found that the SIPM motors have higher fundamental airgap
flux density than conventional SPM motors due to fact that the proposed SIPM motors
eliminate the retaining sleeve, which reduces airgap resistance.
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Figure 7. No-load flux density distribution of SPM and SIPM motors. (a) SPM. (b) SIPM1. (c) SIPM2.
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Figure 8. No-load airgap flux density. (a) Waveforms. (b) Harmonics order.

Figure 9 shows the no-load phase back-EMF and harmonics order of the SPM and
SIPM motors at rated operating conditions. It can be seen that the amplitudes of these
back-EMF agree well with the airgap flux density characteristics. Apparently, both SIPM1
and SIPM2 motors have a slightly lower harmonics order in fifth and seventh than the SPM
motor, and they have lower THD due to the larger fundamental back-EMF.
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4.2. Output Torque Characteristics

The cogging torque cycles per mechanical period, Nc, is defined as follows:

Nc = LCM(Ns, 2p) (4)

where LCM is the least common multiple, NS is the stator slot number, and p is the rotor
pole-pair number. The period of cogging torque is the same due to the fact that the stator
slot number and pole number have same LCM in these motors. As can be seen in Figure 10,
three different motors have small amplitude of cogging torque, and the SIPM2 has the
lowest value. Figure 11 shows the output torque of the SPM and SIPM motors under
id = 0 control. The torque characteristics of these motors are displayed in Table 4. Where
Tout is the output torque, ∆Tpk-pk is the peak-to-peak value of output torque, Tc is the
cogging torque, Tripple is the torque ripple, Vpm is the volume of the PM, and ηpm is the
output torque per PM volume. As can be seen in Table 4, the presented SIPM1 motor has
1.22 times the output torque when the SPM motor is taken as the reference value. The
SPM and SIPM1 motors have the largest and lowest torque ripple of the three motors,
respectively. Meanwhile, the SIPM1 motor has the highest PM utilization ratio when PM
usage remains the same.
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Figure 10. Cogging torque.
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Figure 11. Output torque.

Figure 12 shows the waveforms in these motors of the output torque versus phase
current. From Figure 12, it can be seen that the SPM and two SIPM motors at the output
torque varies almost linearly with the phase current over a wide range of phase currents.
At the same time, the SIPM motors still achieves a higher output torque and PM utilization
ratio than the conventional SPM motor.
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Table 4. Torque characteristic of motors.

Characteristic SPM SIPM1 SIPM2

Tout (Nm) 0.254 0.311 0.297
Tout (%) 100 122.4 116.9

∆Tpk-pk (Nm) 0.017 0.012 0.013
Tc (mNm) 5.54 3.75 4.21
Tripple (%) 6.7 3.8 4.4
Vpm (cm3) 7.9 7.9 7.9

ηpm (Nm/cm3) 0.032 0.039 0.038
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4.3. Energy Loss and Efficiency

Conduction losses in the stator winding are typically the sum of two contributions:
the dc loss and the ac loss. The total copper loss is calculated to be 6.3 W at the rated
current. The distributions of loss density in the SPM and SIPM motors at rated operating
conditions are shown in Figure 13. It can be observed that the SIPM motors have larger
core loss density than the SPM motor due to the fact that they have a higher stator core
flux density. Figure 13b shows eddy current loss between the sleeve and the PM. There
is similar eddy current loss in the PM between the SIPM1 and SIPM2 motors. It is worth
noting that the eddy current loss of the SPM motor is much higher than those of the SIPM
motors, as shown in Figure 14. The main reason is that the armature field of the SPM motor
has larger airgap resistance due to the existing stainless-steel sleeve.
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The loss, including PM and sleeve eddy current loss, stator and rotor core loss, and
copper loss, and the motor’s energy efficiency are shown in Figure 14. It can be seen that
the SPM motor has less stator core loss than the SIPM motors, which results in higher
efficiency than the SIPM motors due to slightly lower output power. Although the SIPM
motors have larger loss than the conventional SPM motor, they can still acquire similar
efficiency due to the improved output power.
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4.4. Mechanical Strength

The rotor stress and deformation, as two significant mechanical factors, are analyzed
and compared in the SIPM motors at the rated speed of 25,000 r/min. According to (3),
thermal stress was simulated by increasing the rotor temperature to 80 ◦C. Meanwhile, the
contact relationship of PM is set to frictional contact for simulating the PM glue failure
state, and the friction factor is 0.15. The distribution of PM stress between the SIPM1 and
SIPM2 motors, including radial, tangential, and equivalent, are shown in Figures 15 and 16,
respectively. It is shown that the radical stress of PM in the SIPM1 is 150.81 MPa, which is
much higher than this in the SIPM2, about 34.46 MPa. However, there is slight difference in
the PM’s tangential stress between the two configurations. The equivalent stress of the PM
in the two configurations is the tensile stress. It is worth noting that the equivalent stress of
the PM in the SIPM1 is 155.59 MPa, when the speed and temperature are 25,000 r/min and
80 ◦C, contrasting that of the ratio of the SIPM2, which is only 71.86 MPa. It can be seen
that the equivalent stress of the PM in the SIPM1 motor has exceeded the maximum tensile
stress, which is only 80 MPa, and the SIPM2motor is lower than the safe boundary.

Figure 17 shows the PM deformation between the SIPM1 and SIPM2 motors; the
position of maximum deformation is at the dovetail slot. It can be seen that the maximum
deformation in the SIPM1 motor is obviously higher than that in the SIPM2 motor, and the
difference between the two configurations is nearly double. This is due to the fact that the
SIPM1 motor has higher equivalent stress than the SIPM2 motor at the dovetail slot.
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Figure 15. Distribution of PM stress with SIPM1. (a) Radial stress. (b) Tangential stress. (c) Equiva-
lent stress. 
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Figure 16. Distribution of PM stress with SIPM2. (a) Radial stress. (b) Tangential stress. (c) Equiva-
lent stress. 
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Figure 17. PM deformation with SIPM. (a) SIPM1. (b) SIPM2. Figure 17. PM deformation with SIPM. (a) SIPM1. (b) SIPM2.

5. Conclusions

In this paper, PM motors without retaining sleeves, which adopt novel motor rotor
topology, are presented for HRSCPs. The performance of the SIPM motors is optimized
by the established FE analysis method. Meanwhile, the electromagnetic and mechanical
strength performance of the proposed SIPM motors is compared and analyzed with the
conventional SPM motor. The detailed conclusions are as follows:

The proposed SIPM motors adopt the dovetail PM and rotor core to protect the
PM with higher rotor strength without a retaining sleeve, and the risk of damage to the
protective coating will be weakened. Meanwhile, it achieves up to 22% higher output
torque than the SPM motor due to reduced airgap resistance. Meanwhile, the proposed PM
structure is slightly more complex than the traditional tile-type structure. However, the
manufacturing cost of the PM increase is limited, while the PMs volume remains the same
among the three motors. The retaining sleeve is eliminated to simplify the process, and the
cost of the whole motor is reduced.

By trimming the thickness of the PMs edge, the torque ripple of the proposed SIPM
motors can be reduced compared to the SPM motor. Therefore, it has a single parameter
optimization for the torque ripple.

Due to the eliminated retaining sleeve, SIPM motors have a lower eddy current
loss than the SPM motor. However, the core loss of the SIPM motors is higher than the
conventional SPM motor due to the fact that the stator core has higher flux density in the
SIPM motors. In addition, the enhanced output torque leads to SIPM motors obtaining
slightly lower energy efficiency, while the SIPM motors have higher total loss.

Finally, the SIPM2 motor has better mechanical performance when PM glue is not
considered, including stress and deformation. The SIPM2 motor has a lower equivalent
stress of the PM, which is lower than the maximum tensile stress, contrasting that of the
ratio of the SIPM1, which has twice the maximum tensile stress.
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