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1 | INTRODUCE

The continuous advancement of key technologies, such as high-speed bearings, high-speed permanent magnet motors, and
efficient regenerative heat exchangers, has driven the maturation of micro gas turbine (MGT) systems. These systems effectively
address the limitations associated with conventional internal combustion engines commonly deployed in military mobile power
stations, including excessive noise, limited service life, pronounced vibration, high emissions, and insufficient reliability [1].
Consequently, the performance of military mobile power stations can be substantially improved. In a typical MGT, the high-speed
permanent magnet motor is directly coupled to the compressor and turbine, eliminating the need for a gear reducer [2]. During
operation, the motor drives the impeller to rotate, thereby compressing the air. After passing through a recuperator, the compressed
air enters the combustion chamber, where ignition produces high-temperature gas that drives the turbine, after which the permanent
magnet motor transitions to power generation mode.

Since the mid-1990s, Capstone Turbine Corporation in the United States has successively introduced MGT products with
rated powers of 30 kW, 60 kW, and 200 kW [3]. Later, using the 200 kW unit as a modular building block, the company achieved
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FIGURE 1 Two types of rotor structure motor simulation models.

grid-connected power generation systems with capacities of 600 kW, 800 kW, and 1 MW.

Based on the arrangement of permanent magnets within the rotor, rotor configurations are generally categorized into two
types [4]: interior-mounted and surface-mounted (Figure 1). Differences in rotor topology directly influence the rotor’s stress
distribution. Investigating the effects of rotor structure on electromagnetic performance, thermal management, mechanical
strength, and critical speed has therefore become a central focus in the research and development of high-speed permanent magnet

motors.

2 | MOTOR STRUCTURE AND BASIC PARAMETERS

To investigate the impact of rotor structure on motor performance, this study designed and compared two ultra-high-speed
permanent magnet motors. One motor features a three-layer surface-mounted permanent magnet rotor, while the other uses a
solid cylindrical permanent magnet rotor. Both rotors are sleeved with GH4169 alloy. For a clear performance comparison, the
two motors share the same rated voltage, output power, and rotational speed. The motor configurations are illustrated in Figure 1,

and the design parameters are summarized in Table 1.

TABLE 1 Basic parameters of motor design.

Rotor Configuration
Name of Parameter

Three-layer surface-mounted  Solid cylindrical

Rated Power / kW 100 100
Rated Speed / (r/min) 45000 45000
Number of stator slots 24 24
Number of pole-pairs 1 1
Stator outer diameter / mm 160 160
Rotor outer diameter / mm 80 80
Gas length / mm 3 3
Sheath thickness / mm 6 6

Length of permanent magnet / mm 255 204



Q. KONG ET AL. 20

=Solid cylinder rotor ~ ~Three layer surface mounted rotor

0.8

400

Mechanical angle 0 (°)

FIGURE 2 The magnetic flux density of the air gap of the two types of motors.

FIGURE 3 The magnetic flux density distribution of the two types of motors.

3 | ANALYSIS OF AIR-GAP MAGNETIC FLUX DENSITY AND MAGNETIC FIELD

Simulations were performed to analyze the air-gap magnetic flux density and losses of both motor types under identical

electrical excitation. The results are presented in Figure 2.

The amplitude of the air-gap flux density is 0.557 T for the three-layer surface-mounted rotor motor, compared to 0.696 T for
the solid rotor motor. Although the solid rotor motor exhibits a higher flux density, the waveforms of the two designs are similar.
The permanent magnet mass is 4.75 kg in the three-layer surface-mounted rotor and 6.15 kg in the solid rotor, indicating that the

solid rotor configuration supplies a stronger excitation magnetic field.

The magnetic field analysis results are given in Figure 3. The stator core flux density reaches 1.45 T in the solid rotor motor,

whereas it is 1.14 T in the three-layer surface-mounted rotor motor.

4 | COMPARISON AND ANALYSIS OF ROTOR STRENGTH AND CRITICAL SPEED
FOR TWO MOTOR STRUCTURES

In high-speed permanent magnet motors, rotor strength and critical speed are key design considerations. The rotor structure,
the mechanical properties of its components, and their mutual interactions significantly influence both strength and critical

speed. This paper compares two rotor configurations: the three-layer surface-mounted rotor and the solid cylindrical permanent
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FIGURE 4 Permanent magnet stress analysis model.

magnet rotor. The analysis assumes a rotor temperature of 160 °C and fully accounts for the safety margins of each mechanical
component.

Special attention is given to the interference fit between the retaining sleeve and the permanent magnet. Excessive interference
may induce cracks in the magnet during assembly, compromising rotor stability and potentially leading to rotor burst. Conversely,
insufficient interference prevents adequate pressure from developing between the sleeve and the magnet, causing the sleeve to lose
its protective function.

Additionally, the design requires that the first-order bending critical speed exceed 1.26 times the rated speed. This ensures

that the high-speed permanent magnet rotor operates as a rigid rotor under rated conditions.

TABLE 2 Material properties.

Property (Material) GH4169 Sm,Coj7;  Al17075 40CrNiMoA
Density / gcm 3 8.24 8.4 2.85 7.83
Elastic modulus / GPa 204 117 74 209
Poisson’s ratio 0.3 0.28 0.33 0.3
Linear expansion coefficient (20-100°C) / 1076 K! 11.8 8 23.9 12.8
Yield strength / MPa 1030 85 460 835

4.1 | Rotor strength analysis

The high-speed permanent magnet motor presented in this work employs cylindrical SmyCoy7 permanent magnets and a
GH4169 alloy retaining sleeve. Because the permanent magnets are brittle, the first strength theory is adopted to assess their
mechanical strength and prevent fracture [5]. In contrast, the sleeve is a ductile material; therefore, the fourth strength theory is
applied to avoid plastic deformation and structural failure [6]. A simplified stress analysis model is shown in Figure 4.

In the model, ry,; and 7y, denote the inner and outer radii of the permanent magnet, while r; and r¢, represent the inner and

outer radii of the sleeve, respectively.

First, the interference between the permanent magnet and the sheath is calculated using Equation (1).

0 =0y — Ay — s ¢ )
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Here, &;, Ady, and u, .; represent the static interference, rotational interference, and temperature interference, respectively.
Therefore, the static pressure between the permanent magnet and the housing can be calculated, including the assembly pressure

Py and the working static pressure P , as given by Equation (2).
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Finally, the static pressure &y, , of the permanent magnet and the working stress are determined, as expressed in Equation (3).
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Here, 6; and & represent the radial and tangential static assembly stresses, respectively. Meanwhile, éfl and 5f2 denote the
radial working assembly stresses, and 5g | and 532 correspond to the rotational radial and tangential stresses.
The same analytical method is applied to assess the sleeve strength against the design requirements. The rotor operating

conditions are listed in Table 3. The corresponding simulation results are shown in Figure 5.

TABLE 3 Rotor operating conditions.

condition-name Working Condition
The Interference Fit between the Sheath and the Permanent Magnet Diameter(mm) 0.236
Working Speed(r/min) 45000
Operating Temperature(°C) 160
Initial Environmental Eemperature(°C) 20

As shown in Figure 5, different rotor structures produce distinct stress distributions. The stress in the outer sheath is similar
for both designs. However, for the three-layer surface-mounted magnetic steel, the tensile stress is relatively low, while the
compressive stress is significantly higher. Meanwhile, the contact pressure between the permanent magnets and the outer sheath

remains comparable across both configurations.

4.2 | Critical speed analysis

A finite element model of the high-speed permanent magnet motor rotor was developed using Ansys software. A photograph

of the rotor is presented in Figure 6. The governing equation for calculating the system’s critical speed is given by Equation (5).

(Kﬂ - w?sz) yi=0 ©)

Here, K; is the stiffness matrix of the rotor system; M, is the mass matrix of the rotor system; j is the i-th natural angular

frequency of the rotor system; y; corresponds to the i-th mode shape associated with @;. The i-th critical speed in revolutions per
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FIGURE 5 Stress distribution map.

minute is obtained as Ne,; = %wi.

To achieve a reasonable distribution of critical speeds and satisfy rotor-dynamics requirements [7], squirrel-cage elastic
supports were installed at both the front and rear bearings of the rotor. Eight sets of stiffness values ranging from 5 x 103 N/m to
5 x 107 N/m were selected for comparing their dynamic characteristics.

The results show that although the two rotor structures exhibit different critical speeds, their first three vibration modes are
identical. The first critical speed corresponds to a conical rigid-body mode, the second to a cylindrical rigid-body mode, and the
third to the first bending mode. When the operating speed approaches a critical speed, the rotor enters resonance. Under low
damping, this can generate excessive vibration stress, leading to rotor bending, bearing damage, and other failures.

The designed permanent-magnet motor operates at a rated speed of 45000 r/min, which lies between the second and third
critical speeds. Its maximum speed remains below the third critical speed. The analysis further indicates that, owing to its shorter
span and lower mass, the solid rotor exhibits a slightly higher first-bending critical speed than the three-layer surface-mounted

rotor, making it more suitable for stable high-speed operation.

4.3 | Rotor loss analysis

The rotor losses in high-speed permanent magnet motors comprise eddy-current losses and wind-age losses. These motors
are compact, which complicates heat dissipation [8]. Increased losses and the associated temperature rise can cause the rotor to
expand and lengthen, potentially loosening the insulation jacket. In severe cases, demagnetization of the permanent magnets may

occur. Therefore, accurate estimation of rotor losses during the design stage is essential to ensure stable motor operation.
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FIGURE 6 Stress distribution map.

4.3.1 | Rotor friction loss

Wind-age loss arises from the relative motion between the rotor and the surrounding air. This loss increases with rotational
speed and is influenced by the rotor surface roughness, the rotational speed itself, and the properties of the ambient gas medium,

as given in Equation (6).

P= kanpa)3r4l (6)

Here, k denotes the rotor surface roughness coefficient (for a smooth surface, k = 1). The variable p represents air density,
while @, r, and [ correspond to the angular velocity, rotor radius, and axial length, respectively. The coefficient Cy describes the
air friction, which depends on the rotor surface shear stress. Equation 6 is mainly applicable for qualitative analysis of rotor

windage loss. Accurate quantitative evaluation requires a three-dimensional field analysis.

Basic equations and solution model
Based on viscous fluid mechanics [9], the fluid flow around the rotor of a high-speed permanent magnet motor can be
described three-dimensionally. Using air as the cooling medium, the governing equations are derived from the time-averaged

continuity equation, the instantaneous Navier—Stokes equations, and the Reynolds-averaged equations (7) - (9).
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Here, u; denotes the time-averaged flow velocity, while u/ represents the fluctuating component; F; corresponds to the body
force, and p is the time-averaged pressure. Here the indices i and j take values x,y, z with i # j. The fluid properties are described
by the dynamic viscosity (t and the density p.

The windage loss in high-speed permanent-magnet motors originates primarily from viscous friction between the rotor surface

and the narrow air gap. This loss mechanism depends directly on the velocity and pressure distributions of the fluid within the gap
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[10]. Three key factors govern the flow field in the air gap: 1) Tangential flow driven by rotor rotation; 2)Axial flow of the cooling

fluid; 3)Centrifugal effects due to high-speed rotation, which can lead to the formation of Taylor vortices.

When gravitational effects on the air are neglected, a renormalization-group (RNG) based turbulence model provides a

suitable framework for solving the instantaneous Navier—Stokes equations in this configuration.

%4, %_i( +L)%]+G+ € 10
P TP G~ ax, W G0 o, TP 19
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Here, Gy, represents the turbulent kinetic energy generated by the mean-velocity gradient; oy and o are the effective turbulent
Prandt]l numbers for the turbulent kinetic energy k and its dissipation rate €, respectively; and y; denotes the turbulent viscosity,
given by u, = pCﬂkz/s. The constants Cye, Cyy, O, and O take the values 1.68, 0.0085, 0.7179, and 0.7169, respectively
[11, 12, 13]. The coefficient C depends on the flow conditions and is defined by the following solution model:

n(l—)

= - M’ 12

Cis =142 = 2 (12)
N =Sk/e (13)

1 . . . .
Here, S = (251‘2) 2, where S; represents the time-averaged strain rate of the fluid; 19 and 8 are constants, with values of 4.38

and 0.015 respectively.

Boundary conditions and calculation of wind friction loss

A fluid field analysis was conducted on the rotor surface wind friction loss of the high-speed permanent magnet synchronous

motor under rated conditions. During the fluid field analysis, the following assumptions were made:

The fluid enters the wind path perpendicularly to the inlet surface;

The rotor loss is carried out by the fluid through the outlet of the wind path in the form of heat.

The boundary conditions of the 3D fluid field model are as follows: (i) The fluid inlet is designated as the velocity inlet, the
outlet is designated as the pressure outlet, and the fluid outlet pressure is set to atmospheric pressure; (ii)The permanent
magnets, insulation sleeves, air gaps, and stators are designated as periodic boundary conditions; (iii)The motion boundary is
the interface between the insulation sleeve and the air gap, and the rotational speed and roughness of the rotor and stator are
specified on this interface. (iv)The interface between the solid and the fluid is set as a coupled boundary; (v)Other boundaries

are considered as adiabatic boundaries.

Based on the above settings, a fluid field analysis model for the solid rotor motor was established. The rotor wind friction loss
of the high-speed permanent magnet motor can be obtained by calculating the total energy change of the high-speed permanent

magnet motor.

The factors influencing rotor frictional losses

Based on the calculation of the fluid field of rotor wind friction loss in high-speed permanent magnet motors, it is known
that the relationship between rotor wind friction loss and the rotational speed of the high-speed permanent magnet motor can be

expressed as:
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FIGURE 7 The relationship between wind friction loss and rotational speed.
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P, = kn® (14)

Here, n represents the rotor speed; k and o are undetermined coefficients. Through nonlinear data fitting, the power exponent
o can be obtained as 1.4071. The fitting curve is shown in Figure 7. The rotor wind friction loss is related to the motor speed,
stator slot opening, stator slot filling rate, rotor surface roughness, and axial wind speed. Based on the analysis of the fluid field,
the influence of axial wind speed and rotor surface roughness on rotor wind friction loss is shown in Figure 8 and 9. It increases
the axial wind speed is beneficial for heat dissipation, but it increases the wind friction loss. To reduce the rotor wind friction loss

of high-speed permanent magnet motors, the axial wind speed should be optimized and the height of rotor surface rough particles

should be improved.

4.3.2 | Rotor eddy-current loss

The main causes of rotor eddy current loss are as follows: 1) The slotting on the stator surface leads to changes in the air-gap
magnetic permeability, causing changes in the magnetic circuit during rotor rotation, which in turn leads to periodic changes
in the magnetic field and thereby triggering eddy currents and losses. 2) The time harmonics of the stator windings cause eddy
currents and losses in the rotor, which are determined by the control method of the frequency converter; 3) It is caused by the

spatial harmonics of the current, which depends on the specific form of the windings. According to the Poynting theorem, the



27 Q. KONG ET AL.

1600
1400
1200
1000

800

Pair/W

600
400

200

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
The height of the rough particles on the rotor surface/mm

FIGURE 9 The curve showing the relationship between the height of rough particles on the rotor surface and the loss.

500
450
400
350
300
5 250
200
150
100
50

0 1 2 3 4 5 6
gas length/mm

FIGURE 10 Rotor eddy current losses with different air gap lengths.

eddy current losses of each part can be calculated. To facilitate the calculation, when using the analytical method to calculate the
rotor eddy current loss, the stator winding current is often equivalent to a surface current, and the saturation of the core, leakage
magnetic flux and hysteresis effect are ignored [14]. It is assumed that the electrical conductivity and magnetic permeability of

the materials of each structural component of the rotor are constants.

The finite element calculation method can take into account the influence of factors such as saturation, leakage magnetic flux,
and material nonlinearity. Through calculation, it can be known that increasing the air-gap length can weaken the stator tooth
harmonics and the high-order harmonics of the stator current, thereby reducing the rotor eddy current loss. However, increasing
the air-gap length will cause the air-gap magnetic induction intensity to decrease. To meet the requirements of the motor output
power, the amount of permanent magnets needs to be increased. Considering the air-gap size, the range before the trend of the
decrease in eddy current loss slows down should be selected. The relationship curve between eddy current loss and air-gap length

is shown in Figure 10.

5 | EXPERIMENTAL STUDY

The prototype of the high-speed permanent magnet motor is shown in Figure 11. The variation with rotational speed of the
effective values of the vibration acceleration of the casing and the vibration amplitude at the shaft neck during the motor’s speed

increase process with elastic damping support (Figure 12 and 13).
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FIGURE 12 The effective value of the machine casing vibration acceleration varies with the rotational speed.

‘When the motor’s rotational speed is around 12000 r/min and 21000 r/min, the motor vibration acceleration reaches its peak,
and it is close to the critical rotational speed of rigid body translation and the critical rotational speed of rigid body rotation
(Figure 12). It is preliminarily judged that this is caused by resonance when the over-limit condition is reached. However, due
to the good damping effect of the damper, the system can smoothly pass through the critical rotational speed, and the vibration
acceleration decreases significantly after each passage of the critical speed. As the rotational speed increases, the vibration
acceleration of the casing continues to increase until the working rotational speed of 45000 r/min, and the peak value does not

exceed 3g.

From Figure 13, it can be seen that the amplitude at the shaft neck is the largest at low speeds, reaching 70 um. After the
rotational speed exceeds 21000 r/min, it rapidly decreases to approximately 30 pm. During the process of further increasing the
rotational speed to 45000 r/min, the vibration amplitude does not increase significantly. The motor rotor with elastic support and
the compression oil film damper smoothly passes over its rigid body translation and cone motion modes and reaches the rated

working speed of 45000 r/min.

6 | CONCLUSION

In order to compare and analyze the impact of rotor structure differences on the performance of the motor, this paper designs

two three-layer surface-mounted rotor high-speed permanent magnet motors with the same stator structure, winding parameters
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FIGURE 13 The effective value of the vibration amplitude at the journal varies with the rotational speed.

and rotor outer diameter, as well as a cylindrical permanent magnet rotor high-speed permanent magnet motor. The differences in
electromagnetic, rotor strength, critical speed and rotor loss between the two rotor structures of the motors are compared and

analyzed. The following conclusions are drawn:

1. The solid rotor has better strength. When operating at the same speed, the solid rotor permanent magnets are less likely to
generate stress concentration, making it easier for the rotor to run stably;

2. Under the condition of meeting the rated performance requirements, the length of the solid motor rotor is shorter, which
is conducive to reducing the rotor mass, lowering the rotor span, increasing the first-order bending speed of the rotor, and
facilitating the stable operation of the rotor;

3. The rotor loss analysis results show that by controlling the cooling air volume and the height of the surface rough particles of
the rotor, the rotor wind friction loss can be reduced, and selecting an appropriate air gap length can effectively reduce the

rotor eddy current loss.
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