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Abstract: The hydrogen oxygen fuel cell is a power source with significant potential for development.
The air compressor provides ample oxygen for the fuel cell, and as a key component of the air
compressor, the performance of the motor greatly impacts the efficiency of the fuel cell. In order
to enhance the system performance of high-speed permanent magnet motors, optimization was
conducted on the motor’s geometric dimensions to minimize rotor loss and maximize power density,
taking into account the comprehensive constraints of electromagnetic and mechanical properties.
The finite-element method was employed to analyze the motor’s performance, conducting a multi-
physical field analysis that included electromagnetic field, rotor loss, and mechanical strength analysis,
as well as temperature field analysis. Aiming at the problem of high temperature rise in high-speed
motor winding, the influence of the cooling water flow rate on the winding temperature rise was
analyzed and simulated. Based on the analysis results, the minimum cooling water flow rate was
obtained. According to the optimized design results, a prototype of an 18 kW, 100,000 rpm motor
was manufactured, and the efficiency and temperature rise were tested. The experimental results
verify the correctness and effectiveness of the optimal design.

Keywords: high-speed motor; multi physics; rotor loss; fuel cell; optimization design

1. Introduction

With the development of modern industry, high-speed permanent magnet motors are
applied in more and more areas including flywheels, control moment gyroscopes in aircraft
fields [1,2], and robots [3], air conditioning compressors [4], computer numerical control
machine tools, and high-speed centrifugal equipment in the industrial field [5,6]. As the
motor works at high speed, some factors that have a small influence on the low-speed motor
must be considered in the design of the high-speed motor, for example, electromagnetic
loss, rotor strength, and dynamics [7,8].

Due to the increase in pollution, the rapid depletion of oil, and energy security issues,
decarbonization has been a global trend. The hydrogen fuel cell is a power generation
device that directly converts the chemical energy of hydrogen and oxygen into electrical
energy. The intermittent nature of most renewable energy sources creates a spatial and
temporal gap between energy availability and end-user consumption. To address these
challenges, an increasing number of scholars are focusing on the development of grid-
compatible energy conversion and storage systems, such as the integration of hydrogen
production through water electrolysis with fuel cell technology [9]. Simultaneously, cost
reduction is also a crucial factor for fuel cells [10]. With further cost reduction and further
performance improvement, in the foreseeable future, fuel cells are poised to become one of
the primary power sources for the new energy vehicle industry [11,12]. In order to increase
the oxygen electrode pressure and improve the reaction speed, the air compressor is usually

Energies 2024, 17, 2722. https://doi.org/10.3390/en17112722 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17112722
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-8481-0278
https://doi.org/10.3390/en17112722
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17112722?type=check_update&version=2


Energies 2024, 17, 2722 2 of 17

used to provide a sufficient oxygen source for the fuel cell. Therefore, the performance of
the air compressor directly determines the working performance of the fuel cell. As a key
equipment of an air compressor, the performance of the motor greatly affects the efficiency
of the fuel cell.

The performance analysis and design optimization of high-speed motors has been
a continuous research hotspot in recent years, which has attracted the attention of many
scholars and engineers. Motor performance can not only be optimized from the overall
system level [13,14], but also focus on a specific performance [15,16]. In the literature [17],
different from the general optimization at the component level, the robustness of the
motor is optimized based on the six-sigma method considering manufacturing quality.
The internal magnetic field of a high-speed motor changes frequently, which will cause
a large electromagnetic loss. At the same time, the rotor surface will also produce wind
wear. Therefore, in addition to robustness, loss analysis and minimization are also the focus
of high-speed motor design optimization. The loss of a high-speed rotating machine is
analyzed and calculated by the finite-element method in reference [18,19]. Loss analysis
and thermal analysis are usually conducted together. Considering the loss as the thermal
source, the temperature field was analyzed with FEM [20]. The mechanical performance
research of the motor body mainly focuses on the new structure design, the rigidity,
and mechanical loss of the rotor assembly [21,22]. The mechanical loss of a high-speed
permanent magnet motor was calculated by a combination of the analytical method and
FEM [23]. In the process of modeling and analyzing the motor based on the analytical
method to realize the multi-objective optimization of the motor, researchers mostly use
the weighted coefficient method to simplify the multi-objective problem into a single-
objective problem to simplify the optimization process [24]. In the optimization of high-
speed permanent magnet motors, much of the literature focuses on a single aspect of
electromagnetism or mechanics. However, considering the influence of motor geometry on
the electromagnetic and mechanical properties is the direction for optimizing high-speed
motor design [25]. For high-speed motors used in fuel cells, controlling the temperature
rise is crucial not only to ensure motor performance but also for safety considerations.

This paper focuses on the design optimization and multi-physics analysis of a high-
speed motor of an air compressor for a hydrogen oxygen fuel cell. Firstly, the structure of
a high-speed permanent magnet motor with water bearing support and water cooling is
introduced. Secondly, the size optimization of the high-speed motor is carried out with
the minimum rotor loss and maximization of power density as the objective and the main
electromagnetic and mechanical properties of the motor as constraints. Thirdly, a multi-
physical field analysis of the high-speed permanent magnet motor is conducted, including
electromagnetic field analysis, rotor loss, and mechanical strength analysis. Fourthly, the
temperature field and the influence of cooling water flow rate on winding temperature
rise is analyzed and simulated. The minimum cooling water flow rate is obtained. Finally,
based on the optimized design results, the prototype was produced, and the performance
test data were given.

2. Motor Structure of Air Compressor

A high-speed permanent magnet synchronous motor in this paper is designed for an
air compressor of a hydrogen oxygen fuel cell. The horizontal arrangement of this machine
is shown in Figure 1. To minimize friction loss on the bearing, the rotor is supported by
a water-lubricated bearing, with a thrust bearing positioned at the rear end. Compared
with mechanical bearings, water bearings can not only realize the non-contact support of
the rotor, but can also cool the bearing. Compared to other non-contact supports, such as
magnetic bearings, water bearings are low-cost and simple to achieve without the need
for additional controllers. Therefore, water bearings have become one of the best ways to
support high-speed motors. Additionally, to prevent the overheating of the high-speed
motor, a cooling water jacket is arranged outside the motor stator to facilitate the water
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cooling of the machine. Furthermore, provision has been made for motor wiring within the
equipment shell to accommodate space for wiring of the motor controller.
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Figure 1. Configuration of motor in air compressor.

The axial cross-section of the high-speed PMSM is illustrated in Figure 2. In the case
of a high-speed PMSM, an increase in pole pairs leads to a rapid rise in stator loss due to
the high rotational speed, which may result in unacceptable heat generation. Therefore,
the high-speed motor in this design adopts a one-pair pole structure, and the permanent
magnet can adopt an integral structure. This motor structure offers advantages such as a
low alternating frequency of magnetic field, low stator iron loss, and ease of processing. To
prevent damage to the permanent magnet from centrifugal force at high speeds, a protective
sleeve covers the outer part of the magnetic steel with an interference fit between them.
The stator utilizes a 12-slot structure and is made using 20WTG1500 (laminated) material to
reduce eddy-current effects. The winding connection mode is a double-layer short-distance
star connection in order to minimize the influence of the skin effect by winding each turn
in parallel with multiple strands.
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3. Optimization of Motor Performance

Multi-physical field analysis is characterized by a high accuracy and no need for
experiment and empirical correction coefficients. However, the objective function obtained
from its analysis results is discontinuous and difficult to derive, so a specific optimization
algorithm is required.

3.1. Optimization Algorithm

The Sequential Quadratic Programming (SQP) algorithm is utilized for solving con-
strained nonlinear optimization problems. It does not require the derivation of the objective
function; instead, it directly utilizes the values of the objective function and constraint
function for optimization. This algorithm is known for its stability and quick conver-
gence [26,27]. The optimization of high-speed PMSM involves nonlinear optimization with
constrained conditions.

3.2. Optimization Objectives and Design Variables

The selection of design variables has a significant impact on the optimization results.
The improper selection of design variables can lead to unacceptable output or require
additional iterations. In this paper, the main objective of optimization is to minimize rotor
loss with a large weight coefficient. The secondary objective of optimization is to obtain the
maximum energy density with a small weight coefficient. The geometric dimension that
has a major impact on rotor loss is selected as the design variable for optimization.

3.2.1. Design Variables

The design variables are listed in Table 1, which includes the outer diameter of the rotor
permanent magnet, thickness of the rotor sheath, mechanical air gap of the motor, outer
diameter of motor stator, and axial length of motor. The value range for each optimization
variable is provided in Table 1.

Table 1. Design variables of motor optimization.

Name Parameters Value Range

d0 Outer diameter of PM, mm 28 ≤ d0 ≤ 32
d1 Inner diameter of PM, mm 20 ≤ d1 ≤ 30
d2 Outer diameter of stator, mm 80 ≤ d2 ≤ 94
lsle Thickness of rotor sleeve, mm 2 ≤ lsle ≤ 5
lgap Length of air gap, mm 1 ≤ lgap ≤ 4
lax Axial length of motor, mm 6 ≤ lax ≤ 10

The optimization vector XP formed by all design variables was expressed as follows

XP =
(
d0 d1 d2 lsle lgap lax

)
(1)

3.2.2. Optimization Objectives

The loss of motor rotor Lsreddy mainly consists of eddy current loss and wind loss.
Eddy current loss can be calculated based on the equation below.

Lsreddy =
1
σ

∫
vol

Jed
2dv (2)

where σ is the conductivity of the rotor material; Jed represents the eddy current density.
The wind loss Lsrwind can be calculated as follows.

Lsrwind = krogC f ρπω3ro
4l2 (3)

where krog denotes the roughness coefficient of the surface; C f denotes the friction coef-
ficient; ρ denotes the density of air; ω denotes the angular velocity of the rotor; l2 is the
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length of the cylinder; ro denotes the outer radius of the rotor component, expressed by
design variables as

r0 =
d1

2
+ lsle (4)

where lsle is the radial thickness of the rotor sleeve; d1 is the inner diameter of PM.
The minimum rotor loss is the main objective function of the optimal design, and its

mathematical description is

min
{

Lrotor = Lsreddy + Lsrwind

}
(5)

where Lsreddy represents the eddy current loss of rotor; and Lsrwind represents the wind loss.
The power density of a high-speed motor is defined as the output power divided by

the total mass of the motor. It can be expressed as

ρpower =
P

mstator + mrotor + mwinding
(6)

where P is the motor’s output power; mstator, mrotor, and mwinding represent the mass of the
stator, rotor, and winding components, respectively. They can be calculated as

mstator = ρsteel

(
πd2

2
4 − π

(
d1
2 + lsle + lgap

)2
− nslot Aslot

)
laxi

mrocomp = ρsteel
π
4 d2

1laxi + ρpm
π
4
(
d2

0 − d2
1
)
laxi + ρsleπ

[(
d0
2 + lsle

)2
−

(
d0
2

)2
]

laxi

mwinding = ρcukslotnslot Aslotlaxi

(7)

where ρsteel and ρcu represent the density of silicon steel laminates and copper, respectively;
ρpm and ρsle represent the densities of the permanent magnet and the sheath material,
respectively; nslot and Aslot represent the number and cross-sectional area of the stator slots,
respectively; and kslot represents the stator slot filling rate.

The optimization process is shown in Figure 3.
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Power density maximization is the second optimization objective. Maximizing the
power density is equivalent to minimizing its reciprocal. If each target is assigned a weight
coefficient separately, the final objective function is expressed as

min
{

Fopt = w1Lrotor + w2
1

ρpower

}
(8)

where w1 and w2 represent the weight coefficients of two objectives, separately. As shown
in Figure 3, in order to obtain a reasonable multi-objective optimization function, we
first calculate the optimization rate of the single objective function on the basis of the
single objective optimization. The optimization rate of the single objective function can be
calculated by the following expression

ri =

∣∣∣∣ fi − f ∗i
fi

∣∣∣∣ (9)

where ri is the optimization rate of each target; fi is the initial value of the objective; and f ∗i
is the optimal value of the single objective optimization, i = 1, 2. Weight coefficients can be
obtained by standardizing the optimization rate as follows.

wi =
ri

2
∑

i=1
ri

(10)

Finally, based on Equation (10), the two weight coefficients are set as

w =

[
w1
w2

]
=

[
0.8
0.2

]
(11)

According to specific motor performance requirements, there are other constraints in
the process of optimization design.

(1) Output power constraints

The motor’s output power must not be less than 18 kW.

P = Teω ≥ 18 kW (12)

where Te represents the output torque.

(2) Current constraints

The current in the motor stator armature must not exceed a certain limit, as it may
lead to overheating and damage to the insulation layer. Therefore, the phase current during
optimization design needs to satisfy specific conditions.

IP ≤ 90 A (13)

(3) Stiffness constraint

In order to ensure the stable operation of a high-speed motor, it is necessary for the
rotor to operate in a rigid state. The natural frequency should be at least 1.43 times greater
than the operating speed frequency of the rotor. The axial length of the design variable is
directly related to the first critical speed of the rotor.

(4) Strength constraint

In order to ensure the safety of the rotor sheath and permanent magnet at high speeds,
our design incorporates a safety factor greater than 2. Therefore, the maximum equivalent
stress of the rotor sleeve at the rated speed should be less than half of the allowable stress.
It is essential that the sleeve and permanent magnet are always in contact, ensuring that
the contact stress between them remains greater than zero.
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3.3. Optimization Results

The optimized motor parameters are shown in Table 2.

Table 2. Key parameters of motor optimization.

Name Value Name Value

Rotor topology Surface-
mounted PM

Connection configuration of
Windings

Double layer/star
connection

Outer diameter of stator 94 mm Core length 8 mm
Inner diameter of stator 45 mm Pitch 5

Outer diameter of magnetic steel 32 mm Number of parallel branches 2
Length of air gap 4 mm Number of conductors per slot 10

Axial length of motor 8 mm Inner diameter of magnetic steel 20 mm
Outer diameter of sheath 37 mm slot filling rate 0.8

Sleeve material TC11 Number of stator slots 12
Number of parallel branches 2 Number of pole pairs 1

Nominal diameter of wire 0.63 mm Magnet material NdFeB

4. Multi Physical Field Analysis of Motor
4.1. Calculation of Loss

The eddy current loss in the rotor of a high-speed motor is the primary factor con-
tributing to rotor heating. Influencing factors include the spatial and temporal harmonics
of magnetic flux, as well as stator slot openings. Due to the typically large air gap in
high-speed motors, the impact of spatial harmonics is generally minimal.

Based on the fundamental principle of electromagnetic field, the governing equations

of the eddy current region can be derived in terms of the vector magnetic potential
→
A and

scalar potential ϕ as follows.
∇×

[
ν·
(
∇×

→
A
)]

= −γ

[
∇ϕ + ∂

→
A

∂t

]
∇·

[
γ

(
∇ϕ + ∂

→
A

∂t

)]
= 0

(14)

The magnetic vector potential
→
A of each node in the model can be calculated. Thus,

the current density and eddy current loss can be obtained by FEM. The waveform of the
loss at a speed of 10 krpm is depicted in Figure 4. As shown in Figure 4, the eddy current
loss amounts to 143.9 W.

The computed stator iron loss results are shown in Figure 5. As shown in Figure 5, the
iron loss of stator is about 152.9 W.

The simulation wave of the three phase currents is shown in Figure 6. The effective value
of the phase current is 85 A, whereas the maximum value of the phase current is 160 A.

According to Figure 6 and the relative size parameters in Table 2, the winding current
density Ja can be calculated as

Ja =
4Irem

aNaπd2 =
4 × 85

2 × 16 × π × 0.632 = 8.5 A/mm2 (15)

where Irem represents the effective value of the motor phase current with unit A; a rep-
resents the number of parallel branches; Na represents the number of strands in parallel;
d represents the diameter of single enameled wire with unit mm; and Ja stands for current
density with unit A/mm2.

The copper loss heat load of the motor can be obtained according to the following equation

Jcop =
4ZNI2

rem
a2Naπ2Disd2 =

4 × 12 × 10 × 852

22 × 16 × π2 × 45 × 0.632 = 307 (A2/mm3) (16)
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where Z represents the number of slots in the stator; N indicates the number of conductors
per slot. Dis represents the inner diameter of the stator with unit mm; Jcop is the heat load
with unit A2/mm3. Under the condition of circulating water cooling, the motor can work
normally for a long time.
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4.2. Stress Analysis of Rotor

The high rotor speed of a high-speed motor can generate significant tensile stress.
To prevent damage from this stress when the magnetic steel rotates, an interference fit
is required between the outer protective sleeve and the magnetic steel. This fit provides
compressive stress for the magnetic steel, effectively counteracting the tensile stress caused
by high-speed rotation and serving to protect the integrity of the magnetic steel.
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The maximum tensile stress and compressive stress of the magnetic steel and sheath
can be obtained from the simulation nephogram, as shown in Figure 7. When the inter-
ference is 0.05 mm, the magnetic steel produces a maximum tensile stress on the inner
surface of 93.487 MPa, which is below its tensile limit of 100 MPa, meeting the operational
requirements of the motor. The maximum stress of the sheath is 406.81 MPa, which is below
its yield strength of 900 MPa, thus meeting the design requirements.
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4.3. Magnetic Field Analysis

The magnetic field analysis of the motor by FEM is shown in Figure 8.

Energies 2024, 17, x FOR PEER REVIEW 11 of 18 
 

 

  
(a) (b) 

 
(c) 

Figure 8. Magnetic field distribution of motor. (a) Magnetic field of stator and rotor; (b) Magnetic 
field of PM; (c) Magnetic flux distribution. 

The magnetic field strength of PM is shown in Figure 8b. The maximum magnetic 
field strength is 382.27 KA/m, which is far less than the demagnetizing magnetic field 
strength of 910.5 KA/m of magnetic steel. The distribution of the magnetic field lines of 
the motor is shown in Figure 7c. It can be seen from Figure 8c that the distribution of the 
magnetic field lines is regular and the magnetic flux leakage at the end is not obvious. 

5. Temperature Field and Water-Cooling Analysis 
5.1. Temperature Field Analysis 

During the operation of the motor, the stator iron loss, rotor eddy current loss, and 
winding copper loss are mainly generated, and these three losses will be converted into 
heat and become the heat source of the motor. During the simulation process, the three 
types of losses are converted into volumetric heat generation rates, facilitating the finite-
element simulation calculation of the temperature distribution. The calculation results of 
the heat source distribution inside the motor are shown in Table 3. 

Table 3. Heat source distribution inside motor. 

Heat Source Loss (W)  Volume (m3) Heat Generation Rate (W/m3) 
Windings 255 2.31 × 10ିସ 1.1 × 10 
Stator core 152 1.87 × 10ିସ 8 × 10ହ 

Magnetic steel 143 1.72 × 10ିହ 3.03 × 10 

The boundary conditions required for temperature calculation primarily involve de-
fining the material properties of each motor component, specifying heat conduction be-
tween different contacting structures, determining heat convection between the outer 
shell surface and ambient air (e.g., end cover), and incorporating the motor’s heat source. 

Figure 8. Magnetic field distribution of motor. (a) Magnetic field of stator and rotor; (b) Magnetic
field of PM; (c) Magnetic flux distribution.

If the stator lamination remains in a state of magnetic saturation for an extended
period, voltage fluctuations may lead to significant variations in current, thereby impacting
motor performance and potentially causing motor burnout. The simulation of magnetic
induction intensity for each part of the motor is depicted in Figure 8a as a cloud diagram.
As shown in Figure 8a, the maximum magnetic induction intensity of the stator teeth is
1.6 T, while the magnetic induction intensity of the stator yoke reaches 1.65 T, neither of
which exceed the magnetic saturation density of the stator lamination.

The magnetic field strength of PM is shown in Figure 8b. The maximum magnetic
field strength is 382.27 KA/m, which is far less than the demagnetizing magnetic field
strength of 910.5 KA/m of magnetic steel. The distribution of the magnetic field lines of
the motor is shown in Figure 7c. It can be seen from Figure 8c that the distribution of the
magnetic field lines is regular and the magnetic flux leakage at the end is not obvious.

5. Temperature Field and Water-Cooling Analysis
5.1. Temperature Field Analysis

During the operation of the motor, the stator iron loss, rotor eddy current loss, and
winding copper loss are mainly generated, and these three losses will be converted into heat
and become the heat source of the motor. During the simulation process, the three types of
losses are converted into volumetric heat generation rates, facilitating the finite-element
simulation calculation of the temperature distribution. The calculation results of the heat
source distribution inside the motor are shown in Table 3.
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Table 3. Heat source distribution inside motor.

Heat Source Loss (W) Volume (m3) Heat Generation Rate (W/m3)

Windings 255 2.31 × 10−4 1.1 × 106

Stator core 152 1.87 × 10−4 8 × 105

Magnetic steel 143 1.72 × 10−5 3.03 × 106

The boundary conditions required for temperature calculation primarily involve
defining the material properties of each motor component, specifying heat conduction
between different contacting structures, determining heat convection between the outer
shell surface and ambient air (e.g., end cover), and incorporating the motor’s heat source.

(1) Determination of the heat transfer coefficient of the outer surface of the shell and
the end cover. There are two kinds of heat transfer in the fluid: convection and
conduction, and the heat exchange caused by these two kinds of heat transfer is called
convective heat transfer. In the heating process of the motor, there is convective heat
transfer between the casing and the outside air, the sheath and the air gap, and the end
cover and the outside air, so it is necessary to determine the convective heat transfer
coefficient of the heat exchange surface.

The convective heat transfer coefficient of the heat exchange surface can be calculated
by an empirical formula [28]:

α =
1 + 0.25νx

0.045
(17)

where νX is air velocity in m/s; α is the heat transfer coefficient in W/
(
m2·K

)
.

In natural convection heat transfer, the air flow rate is considered to be negligible.
Consequently, the convective heat transfer coefficient between the outer surface of the
casing and the end cover and the air is determined to be α = 22.22 W/

(
m2·K

)
.

(2) Determination of the heat transfer coefficient of the outer surface of the rotor

According to the theory of fixed-rotor air-gap heat transfer, the airflow in the air gap is
characterized by a combination of axial and rotational flows [28], and the Reynolds number
of its effective velocity is as follows:

Re = 2δEνe/ν = 2δE

(√
ν2

a + (νR/2)2
)

/ν (18)

where δE is the equivalent diameter; ν is the viscosity of air motion; νR is the circular
velocity of the outer surface of the rotor; νa is the axial airflow speed; and Re is the
Reynolds number. Here,

νR = 194 m/s; νa = 9.7 m/s; δE = 0.0013 m; ν = 2.109 × 10−5 m2/s (19)

The Reynolds number can be calculated as Re = 120, 096. When the Reynolds number
exceeds 4000, the fluid exhibits turbulent behavior. The Nusselt number can then be
calculated as [29]

Nu = 0.023·Re0.8·Pn
r (20)

where Nu represents the Nusselt number; Pr is the Planck number. Here, the Planck number
of air at 80 degrees Celsius is 0.692, with a corresponding value of n equal to 0.3.

The relationship between the heat transfer coefficient and the Nusselt number is shown
in the equation

h = λ·Nu/δE (21)

where h is the heat transfer coefficient with unit W/(m2K); λ is the thermal conductivity;
and the air thermal conductivity at 80 ◦C is 0.0305 W/(mK).

According to Equation (21), the heat transfer coefficient of the final air-gap fluid is
calculated as h = 318.38 W/(m2K).
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(3) Determination of thermal conductivity

Heat transfer occurs when objects of different temperatures come into contact with
each other. Therefore, it is essential to provide the thermodynamic properties of each part
of the motor material in order to calculate the temperature field. The density, specific heat
capacity, and thermal conductivity of the materials in each component of the motor are
listed in Table 4.

Table 4. Material parameters of motor components.

Component Density
ρ (kg/m3)

Heat Capacity C
(J/(K·kg))

Thermal Conductivity λ
(W/mK)

Equivalent insulation in slots 780 1301 0.125
Windings (copper) 8933 3850 401

Waterproof jacket (PEEK) 1300 2200 0.43
Sleeve (TC11) 4480 600 6.3

Stator (10JNEX900) 7650 440 35
Magnetic steel 7400 502 8.93

Support elements (4Cr13) 7750 460 29.3
Water 997 4181.7 0.6069

Air 1.185 1004.4 0.0263

Figure 9 illustrates the temperature distribution of the motor by the finite-element
method (FEM).
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It can be seen in Figure 9 that the highest temperature is located at the left end of the
motor cover. This can be attributed to the fact that the left side of the motor is connected to
the turbine. During the high-speed rotation of the motor, the turbine generates elevated
temperatures, resulting in a corresponding increase in temperature at the left end cover of
the motor. This represents the highest temperature among all parts of the motor. Specifically,
it was found that the winding reached a maximum temperature of 127 ◦C, while magnetic
steel reached a maximum temperature of 92 ◦C.

The temperature simulation of the motor winding at various speeds was conducted.
The temperature distribution of the motor winding is depicted in Figure 10. It can be seen in
Figure 10a that when the rotating speed is 20 krpm, the highest temperature of the winding
occurs in the middle. This phenomenon can be attributed to the lower temperature of the
spiral case at the front end of the motor when the rotating speed is low, with most heat
being generated from the winding itself. The middle section of the winding is insulated
equivalently, while both ends are directly exposed to air, resulting in good heat dissipation
conditions. In Figure 10b, it is evident that at a rotating speed of 100 krpm, the highest
temperature of the winding occurs in the front end. With the increase in the rotating speed,
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the temperature of the spiral case at the front end of the motor increases, resulting in the
increase in the ambient temperature at the front end of the winding, so the temperature at
the front end of the winding is higher.
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5.2. Effect of Cooling Water on Motor Temperature

For high-speed motors, a reliable cooling system is crucial. This paper utilizes the
water-cooling method. The cooling water flow was set in the range of 0~1.5 L/min to
analyze its effect on the temperature of the motor winding. Temperature simulation
analysis results conducted for the motor winding are presented in Figure 11. It can be
seen from Figure 11a that without a water-cooling system, the motor winding temperature
reaches as high as 229 ◦C. The temperature distribution cloud diagram of motor windings
at 0.5 L/min, 1 L/min, and 1.5 L/min water flows are shown in Figure 11b, Figure 11c,
and Figure 11d, respectively. It can be seen from Figure 10 that as the flow rate of cooling
water increases, the cooling effect improves, and the motor winding temperature decreases.
However, the decrease in motor winding temperature gradually stabilizes. From a water-
free cooling system to a 0.5 L/min cooling water flow, the motor winding temperature
reduces from 229 ◦C to 133 ◦C, representing a reduction of 42%. When the cooling water
flow increases from 0.5 L/min to 1.5 L/min, the motor winding temperature only decreases
from 133 ◦C to 129 ◦C, indicating a mere reduction of 3%. It is evident that when the cooling
water flow reaches above 0.5 L/min, there is no significant decrease in the motor winding
temperature. Therefore, it is essential to ensure that the water flow of the motor cooling
system reaches a minimum of 0.5 L/min during operation.
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6. Experiments

Temperature rise is a crucial indicator of motor performance, reflecting the loss of
each component. The experimental setup for motor testing is illustrated in Figure 12 and
consists of five main components: a constant voltage DC power supply cabinet, controller,
water supply system, motor, and turbine. Power meters are utilized to measure the
voltage, current, and power of the motor. Additionally, three temperature sensors work
in conjunction with a digital display instrument to measure the temperature of the motor
winding, spiral case, and bearing water. Vibration sensors monitor the vibration during
motor operation, while integrated temperature and pressure sensors gauge the pressure
and flow within the compressor chamber.
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6.1. Test of Temperature Rising

The motor in this paper is developed for the air compressor of a hydrogen and oxygen
fuel cell. It needs to be able to work for a long time. The ability of the motor to remain
within the normal temperature range is crucial for its long-term functionality. To measure
the temperature of the winding, a PT100 temperature sensor was embedded inside the
winding. The test results for the winding temperature at different speeds are shown in
Figure 13.
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It can be seen from Figure 13 that as the speed increases, so does the temperature of the
motor winding. Furthermore, higher speeds result in faster temperature rises. At a speed
of 100 krpm, the maximum temperature recorded for the motor winding was 109 ◦C, which
was lower than the temperature resistance limit of winding 180 ◦C. The error between the
measured and simulated temperatures is greater at lower speeds but decreases as speed
increases. Throughout all working speeds, both the absolute and relative errors between
the design and experimental values for winding temperatures did not exceed 5 ◦C and
10%, respectively.

6.2. Test of Motor Efficiency

The motor system performance is significantly influenced by the efficiency, which
motor system performance is significantly influenced by the efficiency, which acts as a
crucial metric. The power meter is utilized to measure the input power at various motor
load speeds, and the electromagnetic power of the motor is calculated using current, torque
constant, and speed. In conjunction with the comprehensive motor loss obtained during
no-load experimentation, this enables the determination of the output power of the air
compressor, subsequently facilitating the calculation of its efficiency. The test result for
motor efficiency is shown in Figure 14.
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It can seen from Figure 14a that as the speed increases, there is a corresponding
increase in both the input power and the electromagnetic power of the motor. This also
leads to an improvement in the efficiency of both the air compressor and the electromagnetic
power of the motor. When the motor speed reaches 100 krpm, it is capable of achieving
an electromagnetic power output of 18 kW, with an electromagnetic efficiency rating of
97.01%. Additionally, the air compressor efficiency is measured at 86.6%. Consequently,
the motor successfully meets the designated design requirement.

7. Conclusions

The optimal design of an 18 kW, 100 krpm PMSM has been presented in this paper.
The motor model designed here is sufficiently accurate and reliable to be used in an
air compressor system for a hydrogen oxygen fuel cell. Taking the minimum rotor loss
and maximization of power density as the objective, and the main electromagnetic and
mechanical properties of the motor as constraints, the size optimization of the high-speed
motor was carried out. Through multi-physical field analysis, the performance of the
motor including the electromagnetic field, rotor loss and mechanical strength analysis,
and temperature field is estimated more comprehensively and accurately. Through the
analysis of the temperature field and water cooling, it was obtained that the water flow of
the motor cooling system reaches a minimum of 0.5 L/min during operation. According to
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the optimized design results, a prototype is made for the tow test and the temperature rise
test. The result shows the maximum temperature of motor winding is 109 ◦C at a speed of
100 krpm. And the absolute error between the design value and the experimental value
of the winding temperature is no more than 5 ◦C and the relative error is no more than
10%. And the efficiency test result of the motor shows that the electromagnetic efficiency
achieved 97.01% and the air compressor efficiency was measured at 86.6%. The prototype
made according to the optimization design method in this paper can operate stably, and all
performances meet the engineering requirements.
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