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ABSTRACT The aerodynamic noise test platform for a certain type of unmanned aerial vehicle (UAV)
imposes strict requirements on the drive motor, demanding high torque, small diameter, and low vibration.
Compared to DCmotors and induction motors, permanent magnet motors have advantages in terms of torque
and volume, making them well-suited to meet the platform’s requirements. In response to the development
needs of the test platform for the drive motor, this study systematically analyzes the key technologies
that require special attention in the design process of the permanent magnet motor. Through proper
electromagnetic design, structural design, cooling design, and vibration design, particularly by verifying the
electromagnetic performance under rated load and weak magnetic conditions, a 180 kW permanent magnet
motor was manufactured for experimental validation. The motor was successfully utilized for propeller
aerodynamic noise testing. The experimental results demonstrate that the 180kW permanent magnet motor
meets the technical requirements of the test platform, confirming the accuracy of the permanent magnet
motor design methodology. It provides a valuable reference for the design of similar propeller drive motors
and holds practical engineering significance.

INDEX TERMS Propeller, permanent magnet motor, electromagnetic design, structural design, cooling
design, vibration design.

I. INTRODUCTION
The propeller is the earliest power device of aircraft [1],
which has the advantages of low fuel consumption and high
flight efficiency, and is widely used in green electric aircraft
and unmanned aerial vehicles [2], [3], [4]. However, the
high-intensity noise generated by the propeller will directly
radiate to the aircraft body and the surrounding environment
[5], which reduces the performance quality and the stealth of
the aircraft, and it also produces a series of structural safety
and airworthiness problems. How to develop a propeller with
high aerodynamic efficiency and low noise is a long-term
research topic in the aviation industry, and its research
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methods include simulation calculation and experimental
tests. The experimental test can verify and correct the simula-
tion results, and is also themain researchmeans for the design
and evaluation of the propeller aerodynamic performance and
noise [6], [7], [8]. Generally, the wind tunnel test is used to
simulate the conditions of the propeller in the atmospheric
flow field and to measure the aerodynamic performance and
noise of the propeller, so as to evaluate and optimize the
aerodynamic performance of the propeller. However, the cost
of wind tunnel tests is huge. Only a few research institutions
such as China Aerodynamics Research & Development Cen-
ter [9], [10] and Northwestern Polytechnical University [11],
[12] have the research conditions, and due to the limitation of
wind tunnel size, most of them carry out scaled paddle tests
[12]. Considering the cost limitation and the size limitation
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of the wind tunnel test, this paper proposes to establish a
fast, efficient, and low-cost test platform in the semi-anechoic
chamber for the initial development of the propeller. The
propeller aerodynamic noise test platform [5] can test the pro-
peller aerodynamic noise, study the effects of rotational speed
and blade Angle on propeller aerodynamic noise, analyze the
main components of propeller noise, and provide direction
for blade noise reduction design.

The propeller aerodynamic noise test platform is mainly
composed of a fixed platform, drive motor, tension measur-
ing system, torque measuring system, sliding platform and
other components, as shown in Figure 1. During the test,
the inverter drives the motor, and the motor transmits the
driving force to the propeller through the spindle and elastic
coupling, and drives the propeller to rotate to simulate the
actual operation. There is a tension sensor at the back of the
motor to measure the axial tension when the propeller rotates,
and a torque sensor on the spindle to measure the torque of the
propeller. By controlling the variable pitch motor at the end
of the propeller to change the blade angle, the tension and
torque of the propeller can be changed, and the aerodynamic
performance and noise characteristics of the propeller can be
measured.

FIGURE 1. The propeller aerodynamic noise test platform.

The key component of the propeller aerodynamic noise
test platform is the drive motor. To provide the drive torque
required by the propeller rotation and reduce the interference
of the drive motor’s external size on the aerodynamic noise,
the drive motor is required to have large torque, small outside
diameter and low vibration. Compared with the commonly
used DC motor and induction motor, the permanent mag-
net motor has the advantages of small size and high torque
[13], [14], [15], and is suitable for the drive motor of the
propeller aerodynamic noise test platform. In the previous
design process of the propeller-driven motor, more attention
was paid to electromagnetic design, structural design and
cooling design [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25] to improve the power density of the drive motor,
and little attentionwas paid to the vibration design of the drive
motor. Due to the complicated structure, wide speed range
and abundant vibration excitation sources of the permanent
magnet motor, the vibration and noise characteristics of the
permanent magnet motor are complex, and it is necessary to
pay attention to the vibration design of the drive motor and
the matching design with the propeller to ensure the smooth

operation of the test platform. Based on this, a systematic
design method for the drive motor is proposed from the
aspects of electromagnetic, structure, cooling and vibration
design, and it is used to develop the drive motor of the test
platform. This design method can provide a reference for
the design of similar test platform drive motors and other
permanent magnet motors.

In this paper, a driving motor with high torque, small
diameter, and low vibration is designed to be used as a
propeller driver for the aerodynamic noise test of the UAV
propeller. Firstly, the development requirements of the drive
motor are introduced, and the key technologies of the drive
motor design are analyzed. Secondly, it provides a detailed
description of the design process for a permanent magnet
motor, covering electromagnetic design, structural design,
cooling design, and vibration design. Finally, a 180 kW per-
manent magnet motor is manufactured, and the correctness
of the design method is verified by the motor test, and it is
successfully used in the aerodynamic noise test of the UAV
propeller.

II. DEVELOPMENT REQUIREMENTS AND KEY
TECHNOLOGIES
A. DEVELOPMENT REQUIREMENTS OF THE DRIVE MOTOR
The aerodynamic noise test platform of a UAV propeller,
as shown in Figure 2, needs to carry out an aerodynamic noise
test of a reduced-scale propeller and a full-size propeller.
According to the development requirements of a UAV [5], the
speed and power requirements of the propeller are proposed,
and then the corresponding speed and power requirements
of the driving motor are proposed. According to the time
that the propeller’s aerodynamic noise test needs to achieve
the stability of the propeller’s operation, the corresponding
running time requirements for the drive motor are put for-
ward. To avoid the adverse effect on the atmospheric flow
field caused by the excessively large outer diameter of the
drive motor, and combined with the size of the propeller
hub, the size requirements for the outer diameter of the drive
motor are put forward. The cooling design requirements of
permanent magnet motors are put forward in view of the
demand for long-term tests of variable load driving motors.
Considering the stable operation of the propeller test platform
at high speed, the low vibration requirement of the permanent
magnet motor is put forward. The technical requirements for
the drive motor are as follows:

1) When the propeller speed is 2400 rpm, the motor drive
power reaches 100 kW to meet the power demand of the full-
size propeller;

2) When the propeller speed is 6500 rpm, the motor drive
power reaches 180 kW to meet the power demand of the
reduced scale propeller;

3) The single running time of the drive motor is not less
than 30min;

4) The outer diameter size of the drive motor is not greater
than 240 mm, and it is installed in the cylindrical fairing to
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reduce the influence of external size on the aerodynamic noise
of the propeller;

5) Drive motor heat dissipation requirements to meet
long-term high power density output;

6) Low vibration requirements of the drive motor to reduce
the interference of vibration on the accuracy of tensile and
torque measurement.

FIGURE 2. Aerodynamic noise test platform of a UAV propeller.

B. THE KEY TECHNOLOGY OF DRIVE MOTOR DESIGN
1) ELECTROMAGNETIC OPTIMIZATION DESIGN
Considering the speed and power requirements of the pro-
peller to the drive motor, the maximum torque of the drive
motor reaches 400 Nm; Considering the size requirements
of the drive motor on the test platform, the outside diameter
of the drive motor body is not greater than 240 mm. The
torque requirements of the drive motor are large, and the
diameter requirements are small, there is a certain contra-
diction between the two requirements, and it is necessary to
coordinate this contradiction through electromagnetic design
[26], [27], [28], [29], and by drawing on mature design expe-
rience and accurate calculation means to meet all technical
requirements, which puts forward higher requirements for the
electromagnetic design of the drive motor.

The torque of a permanent magnet motor is generated
by the interaction between the stator armature magnetic field
and the rotor magnetic field, and the size parameters to
be determined in its electromagnetic design are mainly the
punching and permanent magnet size related to the magnetic
circuit and the winding parameters related to the circuit. The
electromagnetic design mainly adopts the method of combin-
ing field and circuit, gives the initial design scheme according
to the design input requirements and previous design expe-
rience, then calculates the performance index of the given
design scheme through the finite element method, and adopts
the optimization algorithm such as genetic algorithm and
Taguchi algorithm according to the calculation results to
adjust and improve the design scheme, and finally meets the
design requirements.

2) EFFICIENT COOLING DESIGN
For the heat dissipation requirements of the high power
density drive motor, due to the strict requirements of the
test platform on the torque and outside diameter of the

drive motor, the electromagnetic load of the drive motor
is increased, and the drive motor is installed in the inside
of the fairing, which will lead to more serious heating and
temperature rise, and it is necessary to do an efficient cooling
design [30], [31], [32], [33] of the drive motor.

The cooling of the motor is generally divided into natural
cooling, gas forced cooling and liquid forced cooling [16].
Due to the large torque and small outside diameter of the
motor, and the motor installed inside the fairing, natural
cooling and gas-forced cooling is usually difficult to meet
the heat dissipation requirements. For liquid forced cooling,
water cooling or oil cooling is generally used, although the
oil cooling effect is good, the cooling oil circuit needs to use
a dynamic seal, and needs to be equipped with a special oil
station, the cooling system is complex and difficult to process,
not suitable for the drive motor which mounted inside the
fairing, therefore, the drive motor is intended to use water
cooling.

The usual structure of water cooling is the stator frame
water cooling structure. The frame is set in the spiral or
axial waterway, and the frame and the iron core adopt an
interference fit, which has a good cooling effect on the stator
iron core, but a weak cooling effect on the stator winding and
rotor. Therefore, for the drive motor with high power density,
it is necessary to carry out cooling calculations in various
operating conditions to check whether the temperature rise
limit is exceeded. The temperature distribution is calculated
to guide the efficient cooling design of the motor.

3) MATCHING DESIGN OF ELECTROMAGNETIC EXCITATION
CHARACTERISTICS AND STRUCTURAL VIBRATION
CHARACTERISTICS
For the low vibration requirements of the drive motor,
because the vibration of the drive motor is mainly generated
by electromagnetic excitation, it is necessary to pay atten-
tion to the coupling resonance between the electromagnetic
excitation characteristics and the structural vibration charac-
teristics [34], [35], [36], [37].

The electromagnetic exciting force of a permanent magnet
motor is mainly the electromagnetic wave that changes with
time and space due to the interaction of stator and rotor
magnetic field in the air gap magnetic field, including radial
force wave (radial electromagnetic exciting force) and tan-
gential force wave (cogging torque and torque ripple, etc.).
It is generally believed that radial force wave is the main
excitation that causes vibration, and its electromagnetic force
frequency has typical spatial characteristics. The modes of
spatial order 2 and 4 are shown in Figure 3.
The structural vibration characteristics of permanent mag-

net motors need to pay attention to the stator structural modal,
which has the vibration characteristics of typical cylindrical
structures, as shown in Figure 4, and is easy to resonate
with electromagnetic excitation force in frequency and modal
shape. Therefore, in the process of stator structure design,
it is necessary to calculate the modal frequency of the sta-
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FIGURE 3. Typical spatial characteristics of electromagnetic excitation
force.

tor structure, and compare and analyze the electromagnetic
excitation frequency under the main operating conditions
of the motor, to avoid resonance in frequency and modal
shape. If there is resonance, the electromagnetic excitation
frequency under the main operating conditions of the motor
is avoided by optimizing the structure size of the stator core
yoke and the stator frame.

In addition, it is also necessary to consider the vibration
caused by the coupling of the electromagnetic frequency of
the motor and the blade frequency of the propeller. Select the
appropriate number of motor poles and slots in the design,
so that the electromagnetic excitation frequency of the motor
and the blade frequency of the propeller are completely
staggered, and there is no coupling resonance, to ensure the
normal operation of the equipment.

FIGURE 4. Typical vibration mode of the stator core.

III. PERMANENT MAGNET MOTOR DESIGN
A. MOTOR DESIGN PROCESS
The design of the propeller aerodynamic noise test plat-
form with a permanent magnet drive motor is constrained
by the structural dimensions. It requires considering the per-
formance aspects of electromagnetic, structural, cooling, and
vibration factors. The design process involves iterative cou-
pling of various physical parameters, as shown in Figure 5.
Under given design input conditions, initial selections are
made for thermal load, magnetic load, and optimization of
pole slot fit parameters to determine the basic electromag-
netic structural parameters. Based on this, finite element
simulation calculations are carried out to evaluate elec-
tromagnetic performance. If the design requirements are

met, necessary analyses and calculations are conducted for
structural, cooling, and vibration aspects until the design
requirements are satisfied. It can be observed that the design
of the permanent magnet drive motor involves aspects such
as electromagnetic, structural, cooling, and vibration consid-
erations, with electromagnetic design being fundamental and
requiring particular attention.

FIGURE 5. Motor design process flowchart.

B. ELECTROMAGNETIC DESIGN
1) BASIC PARAMETERS AND STRUCTURE OF THE MOTOR
According to the development requirements of the drive
motor, the rated speed of the motor is 4297 rpm, the speed
range of 0∼4297 rpm is 400 Nm constant torque operation,
and the speed range of 4297∼6500 rpm is 180 kW constant
power operation.

Considering that the speed and operating conditions of the
motor require a certain weak magnetic debugging ability, the
motor adopts a ‘‘V+ one’’ embedded rotor structure. Accord-
ing to the electromagnetic design method of the permanent
magnet motor, the main structural parameters of the 180 kW
permanent magnet motor can be determined after preliminary
magnetic circuit design, as shown in Table 1. The motor
structure and stator groove shape are shown in Figure 6. The
rotor adopts the ‘‘V+ one’’ embedded structure, which is
characterized by the rotor’s quadrature axis reactance being
much higher than the direct axis reactance, which can make
full use of the reluctance torque of the motor. At the same
time, the built-in rotormagnetic circuit structure not only easy
to weak magnetic expansion, but also the magnetic leakage
coefficient is larger than that of the surface rotor, which helps
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to improve the anti-demagnetization ability of the motor and
ensure the reliability and stability operation of the permanent
magnet.

To reduce the low harmonics of the motor, the stator adopts
a short-moment winding with the number of slots per pole per
phase is 2 and a span is 5. The stator and rotor silicon steel
sheet adopts 35DW250, because the motor has high-speed
operating conditions and high frequency. The silicon steel
sheet with low iron loss is selected to improve the temperature
rise of themotor. The permanentmagnet of the rotor is NdFeB
40UH, the reason is that considering the high temperature rise
of the rotor, the use of UH grade can improve the temperature
resistance of the magnetic steel, and NdFeB 40UH has high
remanence, high coercivity, high magnetic energy product,
and high-temperature resistance, and it is easy to process into
various shapes and sizes, especially suitable for high power
and high magnetic field.

TABLE 1. The main parameters of the 180kW permanent magnet motor.

2) MOTOR MODEL AND BOUNDARY EQUIVALENCE
Due to the periodic symmetry of the motor structure, a pair
of motor poles is taken as the solution domain and treated as
follows:

(a) The magnetic field is unchanged along the axis, the
magnetic field in the permanent magnet motor is treated as
a two-dimensional field. Meanwhile, in order to improve the
accuracy of the calculation, the influence of the end effect on
the motor voltage [38], [39] is taken into account by the end
leakage inductance and end resistance in the winding circuit
equation, as shown in Figure 7, where LA1 represents the
inductance of phase A1, Le represents the end leakage induc-
tance of each phase winding, and Ra indicates the resistance
of each phase winding;

FIGURE 6. A pair of poles structure of permanent magnet motor.

(b) Ignore the magnetic leakage of the outer circle of the
stator frame;

(c) Ignoring the hysteresis effect of ferromagnetic
materials.

FIGURE 7. Equivalent external circuit diagram of the motor.

3) NO-LOAD CALCULATION
The no-load calculation is to specifies the no current in the
subwinding, and only the permanent magnet acts alone. The
average operating temperature of the magnetic steel is 100 ◦,
and the motor speed is 4297 r/min. The flux density distri-
bution of each part of the motor can be determined through
no-load calculation, which provides a basis for the subsequent
calculation of iron loss. The computed cloud map of no-load
flux density distribution is shown in Figure 8 and the distribu-
tion characteristics of magnetic density can be seen. The flux
density of each part is smaller than the saturation flux density
of the silicon steel sheet, and the flux density meets the design
requirements. The rotormagnetic bridge has a local saturation
point, but the area is small, and the magnetic field in the rotor
is small, and the loss can be almost ignored. The flux density
distribution of each part of the motor is shown in Table 2,
which can be used as input parameters for subsequent iron
consumption calculation.
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FIGURE 8. Flux density distribution of no-load condition.

TABLE 2. Flux density values of each part.

FIGURE 9. The radial component waveform of air gap flux density.

The radial component waveform of the flux density at the
center of the air gap is shown in Figure 9. Due to the influence
of the stator slot and rotor pole shape, harmonic components
are abundant, especially the third, fifth, and seventh harmon-
ics, and tooth harmonics are obvious, which can be weakened
by winding short distance, distribution, and stator slot or rotor
oblique pole. The use of inclined slots or inclined poles needs
to be selected according to the complexity of the process.
In this paper, the use of inclined slots can better optimize the
air gap magnetic density and back potential waveform.

After the skewed slot, the calculated back electromotive
force curve with time is shown in Figure 10. The harmonic
content of the motor is greatly reduced, and the waveform
distortion rate of the back electromotive force of the motor is
only 1.18%.

4) CALCULATION OF RATED LOAD CONDITION
The rated load is calculated with the current source as input,
and the stator winding is loaded with sinusoidal phase current
with an amplitude of 480.45 A. The axial length of the
motor satisfying the three performance parameters of rated
voltage, rated electromagnetic torque and rated power factor
is obtained by several scanning and iterative calculations
through the internal power factor Angle. During calculation,
the stator winding is set according to the working temperature
of 100 ◦C, and the load flux density distribution is shown in
Figure 11. The flux density of each part of the stator and rotor
is still less than the saturation flux density of the silicon steel
sheet, which can make full use of the magnetic permeability
and reduce iron consumption.

FIGURE 10. Line back electromotive force wave of no-load condition.

FIGURE 11. Flux density distribution of load.

In the electromagnetic calculation process, the current
source is used for excitation loading, and the simulation
results are directly run to a stable state. The electromag-
netic torque waveform obtained by calculation is shown in
Figure 12. Due to the use of current source excitation, the
simulation results run directly to a stable state, reaching the
rated torque requirement of 400 Nm. Although there is a
certain fluctuation in torque, the torque fluctuation is less
than 5%, which has less impact on the vibration and noise
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of the motor. The load performance is shown in Table 3. The
voltage, power factor, and electromagnetic torque all meet the
design requirements.

Under the rated load, according to the corresponding calcu-
lation formula of copper loss, iron loss and mechanical loss,
and according to the flux density of each part in Table 2,
the loss of each part of the motor is calculated as shown
in Table 4. The table will be used as input for the thermal
calculation of the motor.

FIGURE 12. Electromagnetic torque waveform of the load condition.

TABLE 3. Performance of load condition.

TABLE 4. Loss at rated load conditions.

5) FLUX-WEAKENING CONTROL CALCULATION
To ensure that the rated sinusoidal current value is unchanged,
the internal power factor angle is adjusted to achieve the
purpose of 180 kW constant power flux-weakening speed up
to 6500 r/min. At this speed, the back potential of the motor
will exceed the end voltage, and it is necessary to use weak
magnetic control to meet the requirements of the end voltage.

After the flux-weakening control is adopted, the calculated
phase voltage is shown in Figure 13, and it is within the
allowable range of the rated voltage. The electromagnetic
torque waveform is shown in Figure 14, which can reach the
power requirement of 180 kW. The weak magnetic properties
are shown in Table 5, and the internal power Angle increases
from 34.5 to 65.7 degrees, indicating that the demagnetization
component of the motor is greatly increased, and the torque
component is greatly reduced, but the total torque still meets
the design requirements.

FIGURE 13. Phase voltage waveform at 6450 r/min.

FIGURE 14. Electromagnetic torque waveform at 6450 r/min.

TABLE 5. Performance of flux-weakening condition.

6) CALCULATION OF THE WORKING CURVE
Considering that the motor has speed regulation require-
ments, the maximum torque and speed curves of the motor
at different speeds were analyzed and calculated under the
given maximum current of 340 A and busbar voltage of 495V,
as shown in Figure 15. The motor runs at a constant torque
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of 400Nm in the speed range of 0∼4297 r/min, achieving
the design requirement of power not less than 100 kW at the
speed of 2400 r/min. The motor runs at constant power in the
speed range of 4297∼6450 r/min, and the power is not less
than 180kW when the speed is 6500 r/min. All of them meet
the technical requirements.

FIGURE 15. The relationship between the maximum output torque and
speed of the motor at the rated current of 340A.

The efficiency MAP of the motor under different speeds
and torque is shown in Figure 16. The efficiency is above
96% in the range of operating conditions, and the design
performance of the permanent magnet motor is good.

FIGURE 16. The efficiency MAP of the motor at different speeds and
torques.

C. STRUCTURAL DESIGN
1) STATOR STRUCTURE DESIGN
The stator mainly includes a stator core, a stator winding,
a frame, an end cover and a front and rear water collector.
The stator structure is shown in Figure 17. The stator frame is
made of aluminum alloy, and the cooling water tank is opened

FIGURE 17. Motor stator structure.

in the axial direction, which passes water to cool the motor.
The frame and the water collector are welded into a whole
to form a complete waterway, and the inlet and outlet are on
the front and rear water collectors, and are connected with
the outside through the hose. The motor foot and the water
cooling frame are welded into a whole.

The stator core is superimposed by a round punching, and
the dovetail groove is arranged on its back. After superim-
posed, six buckle slabs are used to tighten and weld firmly.
The stator winding adopts loose line overlapping winding,
the insulation adopts an H-class insulation structure, and the
outgoing wire exits directly from the non-drive end cover.
A total of six PT100 temperature sensors are embedded in
the stator slot and the end-winding where the heat is most
severe, among which three are in the slot and three are in the
end-winding to protect the motor from overheating.

2) ROTOR STRUCTURE DESIGN
The rotor is mainly composed of a rotating shaft, rotor core,
magnetic steel and position sensor components, and the rotor
structure is shown in Figure 18. The rotor is excited by the
NdFeb permanent magnet and adopts an embedded magnetic
pole structure. The structure of the magnetic pole is seg-
mented along the axial direction. The silicon steel sheet is
formed into a whole with rivets, and is inserted into the shaft
through a hot sleeve, Themagnetic steel is pushed in along the
axial direction, and the anaerobic glue is applied before the
pushing in. Both ends are fixedwith baffles and finally locked
with locking nuts. Balance blocks can be added at both ends
of the baffle to meet the requirements of dynamic balance.
The position sensor uses a rotating transformer and is fixed
at the non-drive end shaft extension.

FIGURE 18. Motor rotor structure.

D. COOLING DESIGN
1) THE COOLING MODE
The permanent magnet motor adopts the water-cooling
method, and the cooling tank is arranged outside the frame.
The cooling structure is shown in Figure 19.
For the cooling of the stator core and winding, the loss

mainly includes copper loss and iron loss, which are radially
transmitted to the teeth and yoke of the core, and then trans-
mitted to the cooling water of the frame tank, which is carried
away in the form of convection.

VOLUME 11, 2023 125403



H. Yu et al.: Design and Experimental Validation of Permanent Magnet Motor

FIGURE 19. The cooling structure of the permanent magnet motor.

For the cooling of the end-winding, the heat generated is
transmitted axially to the core winding and taken away by the
cooling water of the stator frame.

For the cooling of the rotor, the rotor loss is mainly the
pulsation loss at the magnetic pole surface, and the electro-
magnetic calculation results show that the loss value is small.
The heat generated can be transmitted to the rotating shaft,
the gap air and the air inside the rotor, and finally taken away
by the outside air to achieve the cooling of the rotor. The gap
air can isolate the heat of the main heating stator part from
the rotor area, so that the permanent magnet can work safely
and reliably.

2) TEMPERATURE RISE CALCULATION UNDER RATED
WORKING CONDITIONS
The initial cooling water flow is 12.4 L/min, and the initial
temperature is 30 ◦C. The radial and axial temperature distri-
butions under ratedworking conditions can be obtained by the
thermal circuit calculation. The highest temperature is mainly
distributed at the end winding, as shown in Figure 20.

FIGURE 20. Radial temperature distribution at rated load conditions.

The temperature rise of each part of the motor is shown
in Table 6, and the temperature rise meets the assessment
requirements of H-class (180 ◦C) insulation.

TABLE 6. Comparison of temperature rise of each part.

3) TEMPERATURE RISE CALCULATION UNDER
FLUX-WEAKENING CONDITION
The initial cooling water flow rate was set at 12.4 L/min, with
an initial temperature of 30 ◦C. Using thermal analysis, the
radial and axial temperature distributions of the motor under
weak magnetic conditions were calculated. The highest tem-
peratures were mainly observed at the end-winding positions,
as shown in Figure 21. Under weak magnetic conditions, the
increased motor speed resulted in higher mechanical friction
losses due to windage on the rotor surface and bearing fric-
tion, leading to a significant temperature rise in the rotor.
The maximum temperature on the magnet surface reached
up to 114 ◦C, but it is still within the permissible operating
temperature range.

FIGURE 21. Radial temperature distribution under flux-weakening
conditions.

According to the thermal calculation of the permanent
magnet motor, the stator components and rotor poles are
always under the safe operating temperature under rated oper-
ating conditions and flux-weakening operating conditions,
which meets the design requirements, and the motor cooling
scheme is reasonable and feasible.

E. VIBRATION DESIGN
1) ELECTROMAGNETIC EXCITATION FREQUENCY
CALCULATION
The permanent magnet drive motor [16] used in a wind tunnel
test for a scaled paddle has a rated power of 80 kW, a rated
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torque of 115 Nm, a rated speed of 6600 rpm, and amaximum
speed of 8500 rpm. Compared with the 80 kW permanent
magnet drive motor, the torque and power of the motor in this
paper are larger, and the vibration will be also larger. At the
same time, because the drive motor is installed on the slide
of the test platform, more attention needs to be paid to the
vibration design of the motor.

The electromagnetic vibration frequency of the drivemotor
should avoid the blade frequency generated by the pro-
peller rotation, so as to reduce the influence of the drive
motor vibration on the aerodynamic performance and noise
characteristics of the propeller. Because the propeller is a
three-blade propeller, its blade frequency is related to the
speed and number of blades, so the pole number of the per-
manent magnet motor is set to 8, to avoid the coupling of the
propeller blade frequency and the electromagnetic excitation
frequency of the motor.

According to the speed, the number of poles and the num-
ber of slots, the power fundamental wave frequency, main
wave electromagnetic force frequency and tooth harmonic
frequency of the permanent magnet motor can be calculated
under the main operating conditions. According to the rota-
tion speed of the propeller and the number of blades, the
blade frequency of the propeller can be calculated, as shown
in Table 7. It can be seen that the electromagnetic excitation
frequency of the motor and the blade frequency of the pro-
peller are completely staggered, and they will not produce
coupling resonance, thus ensuring the normal operation of the
equipment.

TABLE 7. Electromagnetic characteristic frequency and propeller blade
frequency.

2) STRUCTURAL MODAL CALCULATION
According to the three-dimensional geometric model of the
180 kW permanent magnet motor, as shown in Figure 22, the
structural equivalent model is established in the finite element
software, including the structural components of the stator
core, the stator frame and the end cover. The rotor is applied to
the support of the end cover in the form of concentrated mass,
and the stator winding is applied to the teeth of the stator core
in the form of distributed mass.

For the 180 kW permanent magnet motor, the electro-
magnetic excitation force acting on the stator teeth changes
with time and space is the main contribution of the motor
vibration. Because the stator core of the conventional cir-
cular structure has the vibration characteristics of a typical

FIGURE 22. Structural calculation model of permanent magnet motor.

cylindrical structure, it is easy to have strong resonance with
the electromagnetic excitation force in the frequency and
modal shape. Therefore, it is necessary to pay attention to the
matching design of the stator structure mode and electromag-
netic excitation characteristics to avoid strong resonance.

The modal frequency calculation results of the stator struc-
ture of the permanent magnet motor are shown in Table 8.
The modal calculation results show that: 1) the power fun-
damental wave frequency (158.7 Hz, 430.0 Hz) and main
wave electromagnetic force frequency (317.3 Hz, 860.0 Hz)
of the permanent magnet motor are far different from the
radial polar order structure mode, and there will be no reso-
nance in the working state. 2) The tooth harmonic frequency
(1904.0 Hz, 5160.0 Hz) of the permanent magnet motor is far
from the zero-order breathing mode, and will not resonate in
the working state.

TABLE 8. Modal calculation results of the stator structure.

IV. PERMANENT MAGNET MOTOR TEST
A. BASIC PARAMETERS OF PERMANENT MAGNET MOTOR
AND MODAL TEST OF THE STATOR STRUCTURE
According to the basic parameters of the motor mentioned
above, the 180 kW permanent magnet motor is trial-
produced, as shown in Figure 23. The maximum speed is
7000 rpm, the total length is 781 mm, the outside diameter of
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FIGURE 23. The 180kW permanent magnet motor.

the motor frame is 240 mm, and the outside diameter of the
shaft is 48 mm. The mass of the whole machine is 124 kg, and
the power density is 1.45 kW/kg. It meets the requirements
of the propeller aerodynamic noise test platform for motor
dimensions.

During the manufacturing process of the 180 kW perma-
nent magnet motor, modal tests were conducted using the
impulse hammer method on the stator core, motor frame,
and stator structure (Figure 24). The modal simulation cal-
culations were performed based on previous research [36],
considering the equivalent treatment of the stator core and
windings. As a result, the modal simulation results were in
good agreement with the modal test results (Table 9), with a
relative error in modal frequencies within 5.1%. This verifi-
cation confirms the accuracy of the modal calculations in this
study.

FIGURE 24. Modal test of the stator structure.

B. NO-LOAD BACK POTENTIAL TEST
The permanent magnet motor was initially driven by the
prime mover and operated as a generator at no-load with a
speed of 750 rpm in a cold state (Figure 25). The three-phase
back EMF waveforms of the motor were simultaneously
recorded using an oscilloscope, along with the ambient
temperature. The measured no-load back EMF waveform
at 750 rpm is shown in Figure 26. The magnitude and
waveform of the no-load back EMF are determined by the

TABLE 9. Modal calculation results and modal test results of the stator
structure.

electromagnetic design and can reflect the correctness of the
electromagnetic scheme. Due to the adoption of distributed
short-pitch windings in the stator, the 5th and 7th harmonic
components in the air gap magnetic field are suppressed,
resulting in an approximately sinusoidal waveform for the
back EMF. The measured results align with the expected
waveform.

Based on the measured back EMF of 72 V at 750 rpm,
the back EMF at 4297 rpm can be calculated as 412.5 V.
Considering the ambient temperature of 25 ◦C, the back EMF
can be extrapolated to 100 ◦C, resulting in a value of 384.6 V.
This value closely matches the calculated value of 387.6 V,
validating the accuracy of the electromagnetic design.

FIGURE 25. Back potential test site.

C. NO-LOAD RUNNING TEST OF MOTOR
On the cast iron platform of the laboratory, the no-load oper-
ation test of the permanent magnet motor at different speeds
was carried out. The test site layout is shown in Figure 27. The
maximum speed of the motor could reach 7000 rpm, which
met the structural design requirements.
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FIGURE 26. The measured back potential at 750rpm.

FIGURE 27. No-load test site.

D. LOAD RUNNING TEST OF MOTOR
During the load test, due to the limitation of the existing
gearbox load test conditions, the maximum speed can only
reach 2000 rpm. Therefore, the performance of the permanent
magnet motor under the remaining working conditions needs
to be derived and verified according to the 2000 rpm load test
data.

The motor was operated under no-load conditions using
a variable frequency drive (VFD) until it reached a speed
of 2000 rpm. Then, the load was gradually increased until
the torque reached 400 Nm, and the on-site measured value
was 405 Nm. The setup for the load test is illustrated in
Figure 28, where a DC motor with a matching gearbox was
used to provide different speeds and torques. The measured
voltage and current waveforms at 2000 rpm are shown in
Figure 29. Since PWM (Pulse Width Modulation) was used
for power supply, the measured voltage appeared as a PWM
square wave. After harmonic analysis, the corresponding line
voltage amplitude was determined to be 160.6 V. Due to
the filtering effect of the motor windings on high-frequency
harmonic currents, the measured current appeared as a sine
wave. After harmonic analysis, the current amplitude was
determined to be 323 A. When converted to the rated speed,
the voltage was found to be 345 V, which closely matched the
design value of 350 V.

FIGURE 28. Load test site.

FIGURE 29. The measured voltage and current waveform at the speed of
2000rpm and the torque of 400Nm.

For 2400 rpm load conditions, according to the operating
characteristic curve of the 180 kW permanent magnet motor,
it mainly works in a constant torque state. The torque cor-
responding to the 2400 rpm load test condition is consistent
with the torque (405 Nm) of the 2000 rpm load test above.
It can therefore be deduced that the power corresponding to
the load test 2400 rpm is 100 kW. Therefore, it can meet the
power requirements of the propeller aerodynamic noise test
platform for driving the motor to reach 100 kW at 2400 rpm.

For the 6500 rpm flux-weakening condition, according to
the operating characteristic curve of the 180 kW permanent
magnet motor, it mainly works in a constant power state,
and the torque can reach 264.5 Nm to achieve the power
requirement of 180 kW. For themotor rotor structure strength,
the no-load operation test of 7000 rpm is carried out, and the
rotor structure strength can meet the requirements. Therefore,
it can meet the power requirements of the propeller aero-
dynamic noise test platform for driving the motor to reach
180 kW at 6500 rpm.

E. PROPELLER AERODYNAMIC NOISE TEST
The 180 kW permanent magnet motor is installed on the slid-
ing platform of the test platform, as shown in Figure 30. The
motor is driven by the inverter to rotate, and the propeller is
driven by the main shaft. The axial pull force of the propeller
is measured by the tension sensor at the back of the motor,
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and the torque sensor on the main shaft is measured when
the propeller is rotating. A condenser microphone is arranged
in front of the propeller to measure the aerodynamic noise,
so that the aerodynamic performance of the propeller such
as tension, torque, power, and far-field noise directivity and
spectrum characteristics can be studied.

The aerodynamic noise test of the full-size propeller was
carried out in the semi-anechoic room, as shown in Figure 31.
The propeller is made of composite material, the blade diam-
eter is 1800 mm, and the propeller’s maximum speed is
2400 rpm. The output power could be changed by adjusting
the blade Angle. When the blade Angle is 15◦ and 27◦, the
measured results of the permanent magnet motor under vari-
ous operating conditions are shown in Table 10 and Table 11.
With the increase of the propeller speed, the output torque
and power of the motor also increase. The end winding
temperature of the motor is within the required temperature
range, and the motor is in good running condition.

FIGURE 30. The structure composition of the propeller aerodynamic
noise test platform.

FIGURE 31. Propeller aerodynamic noise test.

The corresponding torque curve of the propeller under
different speeds is shown in Figure 32, and its torque char-
acteristic curve is parabolic. When the blade Angle is 27◦,
its output torque is larger, but because the maximum motor

TABLE 10. The measured data of 180 kW permanent magnet motor with
blade Angle of 15◦.

TABLE 11. The measured data of 180 kW permanent magnet motor with
blade Angle of 27◦.

FIGURE 32. The measured results of the propeller aerodynamic noise
test.

torque cannot exceed 400 Nm, the corresponding propeller
speed cannot exceed 1700 rpm. When the blade Angle is 15◦,
its output torque is small, but because the maximum speed
of the propeller cannot exceed 2400 rpm, the corresponding
torque can only reach 349.7 Nm. It can be seen that when the
blade Angle is 15◦ and the speed is 2400rpm, the measured
torque value is 349.7 Nm and the measured power value
is 88.2 kW. When the blade Angle is 27◦ and the speed is
1700 rpm, the measured torque value is 392.8 Nm and the
measured power value is 69.9 kW. The drive motor runs
smoothly on the test platform without abnormal vibration,
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and the aerodynamic noise test of the full-size propeller has
been successfully completed, and all requirements of the
driving motor on the test platform have been met.

V. CONCLUSION
The aerodynamic noise test platform for a certain type of
unmanned aerial vehicle sets stringent design requirements
for the drive motor, including high torque, small outer diam-
eter, and low vibration. These requirements pose higher
demands and present certain design challenges for the motor.
This paper provides a systematic exposition of the design
methodology for a permanent magnet drive motor used in
propeller aerodynamic noise testing, focusing on electromag-
netic design, structural design, cooling design, and vibration
design. Specifically, the core issue of electromagnetic design
is elaborated in detail, covering aspects such as motor basic
parameters and structure, motor modeling and equivalent
boundary, no-load calculation, rated load calculation, weak
magnetic calculation, and operating characteristic curve cal-
culation. The results demonstrate that the motor meets the
design requirements of 400 Nm torque and 100 kW power
at 2400 rpm, as well as 264 Nm torque and 180 kW power
at 6500 rpm. Under the rated and weak magnetic condi-
tions, the maximum temperature of each part of the motor
is 123.5 ◦C, satisfying the insulation requirements of Class
H. The electromagnetic excitation frequency can avoid the
blade frequency of the propeller under the main operating
conditions. A 180 kW permanent magnet motor was suc-
cessfully manufactured and used for propeller aerodynamic
noise testing, meeting the technical requirements of the test
platform for the drive motor.

This paper presents the design and fabrication of a 180 kW
permanent magnet-driven motor, successfully used as the
power drive for a propeller test platform. A rapid, efficient,
and cost-effective test platform for the initial development
of propellers was established in a semi-anechoic chamber,
overcoming the high cost and size limitations associated with
traditional wind tunnel testing. The paper comprehensively
elaborates on the design methodology of permanent magnet-
driven motors, covering electromagnetic design, structural
design, cooling design, and vibration design. It emphasizes
the importance of avoiding resonance between the electro-
magnetic excitation frequency of the motor and the radial
modal frequencies of the stator structure and the blade fre-
quency during vibration design. The proposed methodology
was successfully applied in propeller aerodynamic noise test-
ing, demonstrating its engineering application value. The
findings can serve as a reference for the design of similar test
platforms using permanent magnet-driven motors.

Based on the airworthiness standards specified by the Chi-
nese civil aviation authorities [40], it can be inferred that
the noise level of the propeller used in the unmanned aerial
vehicle should be less than 70 dB(A). This sets a high bar
for propeller design, and the paper will undertake further
research on propeller noise reduction in subsequent work.
Additionally, as propellers evolve towards higher speeds,

the future research focus will be on developing permanent
magnet direct-drive motors with higher speeds, larger power,
smaller size, and lower vibration noise. The rotor dynamics
design of the propeller shaft system is also a key technical
challenge that requires considerable attention.
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