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ABSTRACT For high-speed permanent magnet machines (HSPMMs), the precise analysis of rotor stress
and rotor dynamics is essential to ensure the stable operation of rotor under high-speed conditions. This
work conducts an in-depth research on the rotor of an HSPMM for a micro gas turbine with predetermined
geometrical sizes. Firstly, the mechanical and electromagnetic losses are investigated by both, empirical
methods and finite element method (FEM) respectively, and then the 3D steady-state temperature distribution
of the HSPMM is evaluated on this basis. Then, considering the non-isothermal temperature field of the
rotor, the 3D thermal-structural coupling method is adopted to analyze the influence of the carbon fiber
wrapping direction and the epoxy resin adhesive between permanent magnets (PMs) and rotor core on the
rotor thermal stress. Furthermore, in the steady-state thermal field, considering the change in elastic modulus
and the generation of thermal stress caused by temperature rise, the results of themodal analysis are compared
with those of room temperature to analyze the effect of temperature on the natural frequency of the rotor.
Finally, two prototypes of 80 kW, 60000 rpm HSPMMs are fabricated to test the capability of the HSPMM.
The experimental results of back-to-back drag test and modal test verify the accuracy of the temperature
characteristics and modal analysis, respectively.

INDEX TERMS Coupling analysis, high-speed permanent magnet machines, rotor dynamics, thermal stress.

I. INTRODUCTION
High-speed permanent magnet machines (HSPMMs) have
been gaining popularities in academics and industrial appli-
cations, such as gas turbines, distributed power generation
systems, gas compression appliances, and spindle drives, due
to their advantages of high-power density, high efficiency,
and direct drive [1], [2]. For micro gas turbines, the HSPMMs
can be directly connected to the high-speed rotor, eliminat-
ing the traditional gearbox, thus reducing its volume and
noise, while increasing its efficiency, reliability, and stabil-
ity. From the design point of view, HSPMMs have various
challenges that need to be addressed, including power loss,
temperature field, rotor thermal stress, and rotor dynamics,
which are also the key factors in the design of HSPMMs [3].
Because of the low tensile strength and operating temperature
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of permanent magnets (PMs), the ultimate output power of
HSPMMs is mostly subject to the mechanical and thermal
constraints of the PMs [4], [5]. To ensure the reliability of
high-speed rotor operation, the high strength, low density
carbon fiber sleeve (CFS) is usually adopted to protect the
PMs. However, the low thermal conductivity of carbon fiber
hampers the heat dissipation of the PMs, which will lead
to irreversible demagnetization of PMs [6], [7]. Therefore,
reducing power loss and efficient heat dissipation are the
direct ways to solve this problem [8]. Furthermore, in order
to avoid operating on the bending critical speed, it is essential
to precisely predict the rotor dynamics of the rotor-bearing
system. Therefore, the successful design and operation of
HSPMMs require simultaneous consideration of the multi-
physics factors already mentioned [9], [10].

The power loss and thermal analysis of HSPMMs were
investigated quite intensively in recent years. Liu et al. [11]
proposed an improved model of HSPMM iron loss
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considering multiphysics factors. The errors between model
calculations and measured values were less than 5%.
Du et al. [12] used the measured current waveform as excita-
tion for the time-stepping finite element method (FEM) to
gain the exact rotor eddy current loss. Wrobel et al. [13]
developed a method to deduce the AC winding loss based
on temperature variation. Air friction loss is obtained by
analytical methods [14]–[16], though considering the com-
plex fluid flow characteristics, the air friction loss was
investigated through computational fluid dynamics (CFD) as
in [17]. The bearing losses can be estimated by empirical
approaches [18]–[20].

This paper mainly focuses on the research of thermal stress
distribution and rotor dynamics of the carbon fiber wrapped
PM rotor. For the rotor thermal stress analysis, previous stud-
ies have paid the most attention to the influence of centrifugal
force, interference fit, and temperature gradient on the rotor
stress. The previous studies used the simplified model ignor-
ing the wrapping direction of the CFS and the influence of
epoxy resin adhesive (ERA) between the PMs and rotor core
[21]–[25]. Additionally, the micro gas turbine rotor, espe-
cially the turbine wheel, operates at very high temperatures.
The significant increase in rotor temperature causes greater
thermal stress in the rotor assembly and notable changes
in material properties, such as the elastic modulus. These
combined factors affect the rotor stiffness, thus changing
the natural frequency [26], [27]. However, few researches
can be found about the thermal-structure-rotor dynamics
coupling theory of HSPMMs till now, and the influence of
temperature on rotor dynamics has been neglected in previous
studies [8], [14], [20], [28].

Herein, an 80 kW, 60000 rpm HSPMM for a micro gas
turbine is taken as the research object. The rotor stress and
dynamics are further studied under the consideration of mul-
tiphysics constraints, such as power loss, thermal field and
mechanical strength. In order to explore the rotor thermal
stress distribution in more detail, the influences of the wrap-
ping direction of the CFS and the ERA between the PMs
and the rotor core on the rotor stress distribution are consid-
ered. Moreover, in order to predict the natural frequencies of
the rotor system more accurately, the thermal-structure-rotor
dynamics coupling research is also studied. The accuracy of
the calculations is verified by comparison with experimental
data.

II. POWER LOSS AND THERMAL ANALYSIS
The main parameters of the HSPMM are listed in Table 1.
In summary, the HSPMM has a 4-pole radial magnetized PM
rotor and a 24-slot stator in the form of distributed wind-
ings. A CFS is used for improving rotor strength. The stator
core is formed by laminating 0.1 mm thick low-iron power-
consuming electrical steel sheets. An oil jacket encompasses
the rotor outer surface to remove heat from the HSPMM.
Different bearing types are used at each end of the rotor. The
front bearing is a tilting pad bearing, which only supports
radial loads. The rear bearing is a four-point bearing, which

TABLE 1. Main parameters of the HSPMM.

FIGURE 1. Cross-section view of the HSPMM.

FIGURE 2. Radial view of the HSPMM.

is a kind of ball bearing, and supports both radial and axial
loads. The centrifugal compressor and turbine are back-to-
back and overhung. The cross-section view and radial view
of the HSPMM are displayed in Figure 1 and Figure 2,
respectively.

A. POWER LOSS ANALYSIS
The power loss analysis is a key step in the HSPMMs analy-
sis. Due to the limited volume, the loss distribution must be
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accurately calculated to ensure that the cooling system can
provide sufficient heat dissipation and the stable operation of
the machine.

According to the empirical method proposed by Palmgren
in [18], the power loss of a four-point bearing can be esti-
mated from the bearing friction moment as

Pbearing = 103Mtotalω (1)

where ω is the angular speed, Mtotal is the total friction
moment, which is composed of the viscous and load-related
friction moments. The total friction moment can be obtained
by adding the various moment parts as [18]

Mtotal = M0 +M1 (2)

where M0 is the viscous friction moment, M1 is the
load-related friction moment. The viscous part can be
predicted as [18]

M0 = 10−7f0(nv)2/3D3
a (3)

where f0 is a value related to the bearing and lubrication
type. For four-point bearings, when oil lubrication is used, the
value of f0 is 4. Values can be obtained in the literature [19].
n is the bearing speed, v is the operating viscosity, and Da is
the average diameter of the inner and outer diameters of the
bearing, that is, the pitch circle. The load-related part can be
predicted as

M1 = f1FaD3
a (4)

where f1 is an index taking into account the load. For our four-
point bearing, the value can be estimated as 0.0003 [19]. Fa is
the average load applied to the bearings.

For the tilting pad bearing, the temperature of the lubricat-
ing oil in the bearing can be predicted to be 86 ◦ by measuring
the oil temperature of the lubricating oil flowing out of the
bearing, which can be used as the thermal boundary for a
steady-state thermal analysis.

Due to high speed rotation, the air friction loss generated
within the clearance in HSPMMs becomes significant and
should not be ignored. This loss can be estimated using the
following analytical method [16]:

Pf =
1
32
Kf Cf πρω3D4

rLa (5)

where Kf is the roughness factor, the value of smooth surface
is 1.0, the value of axial grooved surface is 2.5 [29], Cf is
the air friction coefficient that depends on the diameter of the
rotor, the radial air-gap length δ, and the Reynolds number
Reδ , ρ is the air density, Dr is the rotor diameter, and La is
the active length of the stator-rotor assembly, respectively.

The air friction coefficient within the different flow
regimes is calculated according to the measurements in [30]

Cf = 0.515
(2δ
/
Dr )0.3

Re0.5δ
, (500 < Re < 104)

Cf = 0.0325
(2δ
/
Dr )0.3

Re0.2δ
, (Re > 104)

(6)

The properties of the tangential airflow in the air gap can
be described by the Couette-Reynolds number [30]:

Reδ =
ρωDrδ
2µ

(7)

where µ is the air dynamic viscosity. Herein, the rough-
ness factor of the smooth surface is taken as 1.0, the air
density is 1.29 kg · m−3, and the air dynamic viscosity is
1.79× 10−5 Pa · s.

For this HSPMM, there is no axial forced air cooling in
the air gap, so the losses caused by axial air flow and Taylor
vortices can be neglected.

The iron, rotor eddy-current, and copper losses are calcu-
lated by FEM. The calculation results of the loss distribution
of the HSPMMunder the rated operating condition are shown
in Table 2.

TABLE 2. Power loss distribution.

FIGURE 3. Oil system and the positions of HTCs.

B. THERMAL ANALYSIS
The HSPMM is cooled by lubricating oil, and the oil is also
used to cool and lubricate the bearings at both ends of the
machine, as shown in Figure 3. The steady-state thermal
analysis is performed by using 3D FEM. The calculation
of the temperature field depends largely on the properties
of the materials as shown in Table 3. The iron, rotor eddy
current, copper, air friction and bearing losses are applied
to the thermal model in the form of heat generated inside
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TABLE 3. Material properties of the HSPMM.

TABLE 4. Thermal boundary conditions.

FIGURE 4. Temperature distribution of the HSPMM. (a) The whole
temperature distribution. (b) The rotor temperature distribution (Unit: ◦).

the components. The heat transfer coefficients (HTCs) are
the thermal boundary conditions of the thermal analysis.
As shown in Figure 3, points A-F show the positions of the
HTCs, and the values of the HTCs at each position are listed
in Table 4.

The calculated temperature of the turbine is 800◦C, which
greatly exceeds the temperature inside the HSPMM. In order
to better show the details of the internal temperature distribu-
tion of the HSPMM, the calculation results in Figure 4 hide
the compressor and the turbine. It can be seen that due to
the poor thermal conductivity of the CFS and the high-speed
rotation of the rotor, the maximum temperature of 119◦C
occurs on the rotor surface, and the temperature of each

component of the HSPMM is within the allowable range.
It can also be obviously seen that the thermal field of the
rotor is non-isothermal, and both radial and axial temperature
gradients are clearly visible. The temperature at the position
where the shaft is connected to the compressor is only 61◦C,
indicating that the high temperature of the turbine has little
effect on the HSPMM temperature. Therefore, the results of
the temperature calculation can be verified by the back-to-
back towing test.

FIGURE 5. Geometric representation of the rotor. (a) The rotor wrapped
with multiple layers of carbon fiber. (b) The carbon fiber wrapping
direction of model B and model C.

III. ROTOR THERMAL STRESS ANALYSIS
A. ROTOR GEOMETRY
The geometry of the HSPMM rotor is displayed in Figure 5.
It has four main components: shaft, rotor core, PMs, and
CFS. The PMs are glued to the outer surface of the rotor core
by the ERA. In order to explore the rotor stress in more detail,
the influence of the ERA cannot be ignored. The carbon fiber
filament is wrapped on the outer surface of the PMs by large
tension wrapping to form a specific pre-tightening force.
Considering the wrapping process, the CFS is divided into
three layers, and each layer has its own wrapping direction.
The wrapping direction along the axial direction is defined
as 0◦, and the wrapping direction perpendicular to the axial
direction is defined as 90◦.
According to different circumstances, the CFS can be fab-

ricated by different manufacturing processes. Whenmaking a
prototype, wrapping carbon fiber filament directly around the
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TABLE 5. Comparison of the three rotor models.

rotor is a relatively simple method. In case of mass produc-
tion, the CFS should be made in advance, and the rotor will be
inserted into it by interference assembly. At assembly time,
the CFSwill be subjected to a high axial force to overcome the
interference fit, so the axial wrapping should be considered
when designing the CFS. To obtain the suitable rotor solution
for the HSPMM, three rotor schemes (model A, B, C, listed
in Table 5) are compared. The wrapping directions of the
layer 1 and layer 3 of the CFS in the threemodels are both 90◦.
The layer 2 of the CFS of model A is also 90◦, which does
not need to bear an axial force and is suitable for prototypes.
Considering the angle limit of the carbon fiber wrapping
equipment, the wrapping direction of the layer 2 of the CFS
is set as 10◦ in model B, which enables the CFS to withstand
a certain axial force and is suitable for mass production. The
ERA is not considered in model C. Compare models B and C
to study the effect of the ERA on rotor stress. Figure 5 (b)
shows the wrapping directions of the CFS in models B and C.

B. THERMAL STRESS
The rotor of the HSPMM is mostly of a compound struc-
ture. Under the rated working condition, the rotor is heated
and expanded. Due to the different coefficient of thermal
expansion (CTE) and thermal conductivity among the rotor
components, the temperature distribution of the rotor is not
uniform. In the previous rotor thermal stress researches,
the temperature was mostly set as a constant value, ignoring
the temperature gradient along the radial and axial directions
of the rotor, and thus the effect of the temperature gradient
on the stress distribution was ignored. In this work, the cal-
culation result of temperature field is imported into the stress
field as a thermal load to calculate the rotor thermal stress
distribution under the thermal-structural coupling. The inter-
ference between the PMs and the CFS is 0.2 mm, and the
rated rotor speed is 60000 rpm. The material properties of the
rotor components are listed in Table 6, and the rotor thermal
stress analysis is performed accordingly. The failure of the
CFS is judged by the Tsai-Wu stress criterion, which is the
most famous and classic criterion for describing the damage
of composite materials in the existing mature criteria, and
other criteria can be simplified from the Tsai-Wu criterion
based on specific load and stress conditions [31]. According
to this criterion, the CFS with the Tsai-Wu coefficient greater
than 1 is regarded as a failure [32].

The thermal stress distributions of the PM and the CFS
of the three models are shown in Figure 6. The tensile
strength of the PMs used in this HSPMM is 350 MPa,

TABLE 6. Material properties of the HSPMM.

FIGURE 6. Rotor thermal stress of the three models. (a) PM radial stress
of model A. (b) CFS tangential stress of model A. (c) PM radial stress of
model B. (d) CFS tangential stress of model B. (e) PM radial stress of
model C. (f) CFS tangential stress of model C (Unit: MPa).

and the compressive strength is 850 MPa. By comparing
Figure 6(a) and (c), the area and the value of the compressive
stress of the PMs in model A are larger than that of model B.
It is calculated that the average radial tensile stress of the
PMs in model A is 8 MPa, and that of the PMs in model B is
13 MPa, indicating that when the CFS wrapping direction of
layer 2 is 90◦, the PMs are in a better compression state, and
the CFS can better withstand the centrifugal force generated
by the PMs. In addition, it can be clearly seen that the force
conditions of model A and model B can meet the require-
ments of safe operation for the HSPMM. As mentioned
above, the model A can be used for prototype production, and
the model B is more appropriate for mass production.

Figures 6 (c) and (e) show that the PMs in model C are
in a better state of compression than in model B. This is
due to the influence of the ERA between the PMs and the
rotor core is considered within the model. The ERA can
bear part of the centrifugal force produced by the PMs. The
PMs bottom surface is affected by both tensile stress and
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compressive stress, and when the ERA is not considered,
the PM bottom surface is mainly affected by compressive
stress from CFS. However, in this case, the CFS will bear
most of the centrifugal force generated by the PMs, making
the local stress of the CFS increase, as shown in Figure 6 (f).

It can be seen from Figures 6 (b) and (d) that the maximum
stress of model A is close to that of model B, but theminimum
stress of model A is much larger than that of model B, which
is caused by the different wrapping directions of layer 2 of the
CFS. When the wrapping direction of layer 2 is 90◦, the force
object of layer 2 is carbon fiber filament; when the wrapping
direction of layer 2 is 10◦, the force object of layer 2 is mainly
the resin matrix. Figure 6 (f) shows that when the ERA is
not considered, there will be stress concentration on the CFS
near the edge of the PMs, and the Tsai-Wu coefficient at
this position is greater than 1, indicating the failure of the
CFS at this position, as shown in Figure 7. This is because
the CFS needs to withstand most of the centrifugal force
generated by the PMs and the deformation of the middle
part of the CFS in contact with the PMs is greater than the
deformation on both sides, resulting in bending. Therefore,
it is necessary to select the ERA that can work stably under
the rated working conditions of HSPMMs, thereby reducing
the stress of the CFS.

FIGURE 7. Tsai-Wu coefficient distribution of the model C.

IV. ROTOR DYNAMICS
The rotor of a micro gas turbine operates in a high-
temperature environment, especially the turbine used for
expanding high-temperature gas. The elastic modulus of the
rotor materials change with temperature, and the temperature
rise will cause the rotor thermal stress as calculated previ-
ously. These factors together affect the rotor stiffness, and
thus the rotor natural frequency. However, the influence of
temperature on rotor dynamics of HSPMMs has been ignored
in previous studies, leading to some analysis results that are
not sufficiently accurate. Next, this paper will focus on how
temperature affects the natural frequency of the rotor.

As shown in Table 7, since the turbine operates in an
extremely high-temperature environment, its elastic modulus
is significantly lower than that at room temperature. In order
to eliminate the influence of the supports, the rotor is modeled
in a free-free support state. The first three natural frequen-
cies of transverse vibration of the rotor are calculated by
FEM at room temperature and rated steady-state temperature

TABLE 7. Temperature dependent elastic modulus.

TABLE 8. Comparison of the natural frequencies at room temperature
and steady-state temperature.

respectively, and the mode shapes of vibration under these
two conditions are compared. The results indicate that the
mode shapes at room temperature and steady-state temper-
ature are basically the same, as expected and not shown here.
However, the natural frequencies of the rotor are obviously
different in these two cases. As summarized in Table 8,
compared with the room temperature condition, the natural
frequencies of the first three modes of the steady-state tem-
perature field are decreased by at least 8.3%, which cannot
be ignored for HSPMMs that are sensitive to speed, espe-
cially those used in gas turbines. Therefore, when the rotor
of the HSPMM works in a high-temperature environment,
the influence of temperature on the natural frequency needs
to be considered to make the calculation more accurate.

FIGURE 8. Temperature test rig.

V. EXPERIMENTAL VALIDATION
A. TEMPERATURE TEST
The accuracy of calculation needs to be verified by test-
ing the hardware. Two identical prototypes are fabricated to
test the capability of the HSPMM, and a test rig of back-
to-back towing test is built, as shown in Figure 8. In this
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experiment, one HSPMM serves as a motor to drive another
HSPMM which serves as a generator, until the HSPMM is
operating steadily at the rated speed 60000 rpm. In order to
realize the back-to-back towing experiments, two shafts with
internal and external splines were fabricated to enable the
two HSPMMs to be connected back to back. Because of the
complexity of spline connections between high speed shafts,
a vibration analyzer is employed to monitor the vibration of
the HSPMMs in real time.

An external oil cooling system with heat exchanger is used
to provide oil maintained a steady low temperature. As shown
in Figure 9, four thermistors installed at different positions of
the HSPMM are used to measure the temperature values, and
the figure also shows the simulation result of the HSPMM
temperature field. The measurement results and calculation
results under the rated condition are compared in Figure 10.
The calculation results agree well with the measurement
results, indicating the accuracy of the simulation method,
which can be used for the subsequent thermal stress analysis
and modal analysis.

FIGURE 9. Temperature field and the locations of the thermistors
embedded (Unit: ◦).

FIGURE 10. Comparison of the measurement and calculation results of
temperature.

B. MODAL TEST
The calculation results of the natural frequencies under
room temperature are verified with a rotor modal test.
Figure 11 shows the modal test setup of the rotor. The free-
free natural frequencies of the rotor are measured by using
twelve acceleration sensors. The acceleration sensors are

FIGURE 11. Modal test setup. (a) Sensors locations. (b) Acquisition
system.

FIGURE 12. Frequency spectrum of the rotor.

fixed on the rotor surface, and the rotor is hanged to simulate
the free-free boundary condition. The vibration amplitude is
recorded by the acceleration sensors. Figure 12 shows the
frequency spectrum of the rotor, which is obtained by the
fast Fourier transform (FFT) of the output signal of each
sensor after the rotor is struck by the modal hammer. In the
experiment, the striking position is near sensor 1. The peaks
of the first three bending natural frequencies can be clearly
observed in the spectrum. The first bending natural frequency
is 367.97 Hz, the second is 1585.15 Hz, and the third is
3283.59 Hz. Table 9 shows the comparison between the mea-
sured and calculated values. It can be seen that the calculation
results are in good agreement with the measured values.
The errors of the first three bending frequencies are 1.9%,
1.2%, and 1.5%, respectively. Therefore, the accuracy of the
steady-state temperature field calculation and the accuracy
of the modal calculation at room temperature can indirectly
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TABLE 9. Comparison of the measurement and calculation values of
natural frequencies at room temperature.

demonstrate the correctness of the modal analysis at steady-
state temperature.

VI. CONCLUSION
This paper has presented an 80 kW, 60000 rpm HSPMM
for a micro gas turbine. The thermal stress of the rotor with
different CFS schemes and the influence of temperature on
the natural frequencies of the rotor are studied. The key
conclusions are summarized as follows:

1) The CFS of the HSPMM is wrapped with three layers
of carbon fiber. Compared with the CFS with the middle
layer wrapping direction close to the axial direction (10◦),
the PMs are in better compression state when all three lay-
ers are circumferentially wrapped (90◦), and the CFS can
withstand the centrifugal force generated by the PMs to a
greater extent. Therefore, when designing the CFS, a large
proportion of 90◦ wrapping should be used. However, con-
sidering mass production, the CFS is required to withstand
a certain axial force during assembly, so the axial laying of
the carbon fiber needs to be considered. Therefore, two rotor
models are proposed for prototype production (model A) and
mass production (model B) respectively. The CFS of model
A only considers the circumferential wrapping, and model B
wrapping direction of the middle layer is closer to the axial
direction. Both models can ensure the safe operation of the
rotor.

2) In order to further analyze the stress state of the rotor
at high speed, a comparative analysis of the two cases of
excluding and considering the ERA between the PMs and the
rotor core is carried out. When the effect of the ERA is not
considered (the ERA can bear part of the centrifugal force
generated by the PMs), the PMs are in a better compression
state than when considering the ERA. However, the CFS
needs to bear most of the centrifugal forces generated by the
PMs, resulting in local stress concentrations, which may lead
to local failures of the CFS. Therefore, it is a good practice to
keep the ERA working at the operating condition to reduce
the stress of the CFS.

3) The results of the modal analysis considering the tem-
perature rise show that when the rotor is operated in a high-
temperature environment, the influence of temperature on the
natural frequency cannot be ignored. The temperature rise
decreases the elastic modulus of the materials and generates
thermal stress, both of which causes the drop of the natural
frequencies of the HSPMM rotor by at least 8.3% compared
to normal temperature. Therefore, for speed-sensitive equip-
ment such as HSPMMs, especially those used in gas turbines,

it is necessary to consider the influence of temperature on the
rotor dynamics in the design and calculation, which leading
more accurate prediction results.
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