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Abstract: In the optimization of high-speed permanent magnet motors (HSPMMs), electromagnetic
characteristics, rotor stress, rotor dynamics, and temperature characteristics must all be considered
simultaneously, and there are numerous optimization parameters for both the stator and rotor.
These factors pose significant challenges to the multiphysics optimization of HSPMMs. Therefore,
this paper presents a multiphysics optimization process for the HSPMM of 60 kW 30,000 rpm by
combining subspace strategy and sequential strategy to mitigate the issues of high training volume
and mutual coupling. Ten optimization parameters of stator and rotor are determined firstly. Then,
using finite element analysis of rotor stress and rotor dynamics, the range of values for critical
parameters of the rotor is established. Next, in the electromagnetic optimization, the process is
divided into rotor parameter subspace and stator parameter subspace according to the subspace
optimization strategy. The temperature field is also checked based on the optimization results.
Finally, a prototype is manufactured and the comprehensive performance is tested to validate the
multiphysics optimization process.

Keywords: high-speed permanent magnet motor; multiphysics optimization; sequential and subspace
optimization strategy

1. Introduction

The high-speed permanent magnet motors have the advantages of large power density,
small volume, high efficiency, low noise and vibration [1–3]. So, it has broad application
prospects in the fields of high-speed motor tools, compressors, blowers, turbine power gen-
eration, and has been widely concerned and studied by scientific researchers [4–6]. Due to
the high speed and small size of the HSPMM, the design needs to consider the physical field
performance such as electromagnetic, loss, mechanical strength, temperature, cooling and heat
dissipation, and there are nonlinear and strong coupling relationships between different physical
fields [7,8]. Therefore, how to comprehensively analyze and optimize the multiphysics coupling
performance of HSPMM has become a challenge task in this field [9–11].

The performance of some HSPMMs has been optimized in existing studies. Some
scholars take improving efficiency and torque as optimization objectives, and stator design
parameters are set as optimization variables, including air gap, slot size, stator core inner
and outer diameter and core length, to optimize a motor with rated power of 6 kW [12].
The effects of sleeve thickness, interference fit, rotor temperature and PM segmentation on
rotor stress distribution are investigated in [13,14], which demonstrated that it is reliable to
improve the performance of HSPMM by changing key parameters within a small range.
For conventional motor, literature [15] presents a multi-objective optimization method
based on subspace optimization strategy. The optimization time is shortened effectively by
hierarchical optimization of structural parameters through subspace optimization strategy.
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In literature [16], a multi-objective optimization method based on sequential optimization
strategy is proposed to improve the calculation accuracy of multi-field coupling optimiza-
tion. The coupling relationship between different physical fields is simplified by artificially
specifying the optimal order between different physical fields.

However, studies on optimization of the HSPMM based on subspace and sequential
optimization strategies are rare. Specifically, the following problems exist in existing studies:

(1) In current research, scholars focus on the influence of rotor design parameters on
motor performance. However, stator design also has a significant impact on the
electromagnetic performance, losses, and temperature rise of the motor. Due to the
large number of stator parameters, their involvement in optimization can lead to a
geometric multiplier increase in optimization training points.

(2) In motor design, the issues within multiple physical fields involve complex interac-
tions and coupling relationships. For example, changes in the electromagnetic field
can affect the thermal field distribution, and variations in temperature can, in turn,
impact electromagnetic performance. Present optimization studies often consider
each physical field independently, overlooking the coupling effects between them.
This approach of optimizing a single physical field could yield local optimal solutions
rather than global ones.

(3) From the previous literature, the subspace optimization strategy can lower compu-
tational problems caused by multiparameter optimization, and the sequential opti-
mization strategy can simplify multi-physics coupling problem. Applying these two
optimization strategies to the optimization process of HSPMM may greatly reduce the
workload multiplied by multiple optimization objectives. Therefore, it is necessary to
explore how to effectively integrate two strategies within the multiphysics optimiza-
tion of high-speed motors, thereby addressing the optimization challenges posed by
multiple parameters and multi-physical fields in high-speed motors. Unfortunately,
subspace and sequence optimization strategies are usually used alone in conventional
motors, while their combined strategies are missing in the HSPMM.

Therefore, in order to solve the above problems, this paper focuses on multiphysics
optimization of the HSPMM by combining the subspace strategy and the sequential strat-
egy. This paper presents a multiphysics optimization design for a 60 kW, 30,000 rpm motor.
Initially, a flowchart for the HSPMM multiphysics optimization based on subspace and se-
quential optimization strategies is designed. According to this flowchart, ten multi-physics
optimization parameters are identified. Subsequently, through finite element analysis of
rotor stress and rotor dynamics, the range of values for key rotor parameters is determined.
Following the subspace optimization strategy, the electromagnetic optimization is divided
into rotor parameter subspace and stator parameter subspace, which are then subjected
to multi-objective optimization design separately. Through the optimization results, the
temperature field of the HSPMM is verified. Finally, based on the optimization results, a
prototype of a 60 kW, 30,000 rpm motor is manufactured and tested to validate the analysis
presented in this paper.

2. Multiphysics Design Process for HSPMM

Due to the high-speed, high-power density and difficult heat dissipation of HSPMM,
rotor stress and rotor dynamics, electromagnetic losses and temperature rise of HSPMM
need to be considered [17,18].

In rotor stress and rotor dynamics, sleeve stress of rotor, stress of PM and first-order
critical speed of rotor need to be considered. The stress of sleeve and PM of HSPMM should
be less than the allowable stress of corresponding material [19]. The first-order critical
speed of the rotor structure should be greater with a certain margin than the rated speed,
to work below the first-order critical speed.

In the multiphysics optimization of electromagnetic torque and losses, the no-load
back electromotive force (EMF), output torque, and PM eddy current loss need to be
considered. According to the motor design theory, the no-load back EMF is slightly less



Appl. Sci. 2024, 14, 8267 3 of 18

than the rated load voltage to ensure that the PM can establish a self-excitation magnetic
field so that the motor works in a demagnetization state. With the increase of the speed
of HSPMM, in order to keep the motor working in the constant torque region under the
condition of constant power, it is necessary to consider the torque above the rated torque.
In order to ensure that the motor has high efficiency and the temperature rise of the motor
is within the controllable range, in addition to the design of the cooling system, the loss
shall be small. The core loss and winding copper loss of the motor are mainly related to the
loading power frequency, higher harmonics and material parameters of the motor, so it is
necessary to consider the eddy current loss and thermal load of the PM.

According to the general mathematical model of multi-objective optimization prob-
lem [20], the optimization mathematical model of the HSPMM can be established as follows:

min :


f1

(
x) = −Taverage

f2(x) = −η
f3(x) = PPMloss
f4(x) = AJ

s.t.


g1(x) = Fsleeve − FCF ≤ 0
g2(x) = FPM − FNdFeB ≤ 0
g3(x) = ns − n1st × S ≤ 0
g4(x) = E0 − Ua ≤ 0
g5
(
x) = Te − Taverage ≤ 0

xl ≤ x ≤ xu

(1)

where, Taverage, η, PPMloss, represent average output torque, motor efficiency, permanent magnet
eddy current loss, respectively and motor thermal load; Fsleeve and FCF denote sleeve stress and
stress intensity of carbon fiber material, respectively; FPM and FNdFeB represent the stress of PM
and the stress intensity of NdFeB material respectively; ns and n1st represent rated speed of
HSPMM and first-order critical speed corresponding to rotor structure respectively, S represents
safety factor; E0 and Ua represent the no-load line back EMF and the loading terminal voltage
of the HSPMM respectively; Te indicates rated torque.

Based on the aforementioned analysis, this study incorporates a multi-physics opti-
mization design methodology for HPMSM, which leverages a subspace and sequential
optimization strategy. Firstly, the rotor performance of HPMSM motor is considered,
the rotor stress intensity, such as PM stress distribution and sleeve stress distribution, is
analyzed, and the value range of rotor main parameters is defined [21]. On this basis,
the electromagnetic performance and loss characteristics of the motor for multi-objective
optimization design. Finally, through the heat dissipation system design and temperature
field verification [22,23], the final multiphysics optimization design scheme is improved.
The overall design flow chart is shown in Figure 1.

Step 1: Determine an initial design scheme for that motor according to a conventional
motor design theory and a structural size equation of the motor.

Step 2: Analyze rotor stress intensity, including tangential and axial stress distribution
of PM and Von-Mises equivalent stress distribution of sleeve.

Step 3: Analyze rotor dynamics modes including first and second-order modes and
speeds of the rotor with and without impeller.

Step 4: Determining the value range of the rotor structure parameters based on
the analysis results of step 2 and 3 in combination with the allowable stress constraint
conditions of the rotor material and the motor structure size equation.

Step 5: Divide optimization design parameters into two subspaces, namely important
rotor parameters and important stator parameters, respectively establishing the Kriging
proxy model in each subspace and carrying out subspace multi-objective optimization. For
the important parameter subspace X1 of the rotor, multi-objective optimization is performed
on optimization parameters such as the outer radius of the PM, the thickness of the PM,
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the thickness of the sleeve and the like based on the value range of the rotor structure
parameters in step 4, and three groups of non-inferior optimal solutions are selected to
perform multi-objective optimization on the important parameter subspace of the stator.
For important stator parameter subspace X2, multi-objective optimization is carried out for
optimization parameters such as number of parallel windings, number of conductors per
slot and stator slot depth, and three groups of non-inferior optimal solutions are selected
for subsequent design.
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Figure 1. Multiphysics optimization design process.

Step 6: Keep that important parameter subspace X2 of the stator unchanged and carry out
multi-objective optimization design on the important parameter subspace X1 of the rotor.

Step 7: Keep that important parameter subspace X1 of the rotor unchanged and carry out
multi-objective optimization design on the important parameter subspace X2 of the stator.
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Step 8: Select three non-inferior optimal solution sets of electromagnetic performance
and loss multi-objective optimization design.

Step 9: Check the temperature field distributions of the three non-inferior optimal
solutions according to the cooling system design and select the optimal solution as the final
optimal solution.

Step 10: If the temperature fields of the three non-inferior optimal solutions do not
meet the engineering requirements, return to redesign the heat dissipation system.

Initially, a two-dimensional finite element model for electromagnetism is developed,
which provided the preliminary design parameters for both the stator and rotor. In Ansys
Workbench, stress simulations are conducted on the rotor. The rotation speed and inter-
ference are added, resulting in a rotor stress response surface. Three-dimensional finite
element methods are employed to establish dynamic models of the rotor with and without
impellers. The rotation speed and support stiffness are incorporated, and the optimization
range for key rotor parameters is determined. Subsequently, a parameterized model is
developed with a voltage source established as the excitation condition. Additionally, loss
coefficients or conductivity values for materials such as the stator core and permanent
magnets are included to discern the loss characteristics of each component. Building on
this foundation, before proceeding with electromagnetic optimization, a sensitivity analysis
of the optimization parameters is carried out in Ansys Workbench. Pearson’s correlation
coefficient is applied to obtain a sensitivity analysis chart, which served as the basis for
establishing two subspaces. These subspaces are then analyzed through response surface
methodology and optimized using a multi-objective genetic algorithm in Workbench, gen-
erating the Pareto front. From the Pareto front, three optimal solutions are selected as the
final optimization results, and the most suitable solution is chosen according to practical
requirements. According to the final structure parameter values of electromagnetic per-
formance and loss optimization, a simulation analysis is conducted in the 3D temperature
field. During this procedure, the losses incurred by each component are incorporated as
heat sources, and the volume of cooling water is specified.

3. Initial Design Parameters of HSPMM

In this paper, a 60 kW, 30,000 rpm high speed permanent magnet motor with 4 poles
and 24 slots, is taken as the research goal object, the stator adopts pear-shaped slot, and the
corresponding parameters are shown in Figure 2. According to the basic design method of
HSPMM, the initial parameters of relevant parameters are obtained as shown in Table 1 below.
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Table 1. Initial parameter values.

Name Initial Design Parameters

Rotor outer diameter (mm) 88.6
Air gap length (mm) 2

Sleeve thickness (mm) 5
PM thickness (mm) 8

Number of conductors per slot 10
Hs0 (mm) 1
Hs1 (mm) 0.5
Hs2 (mm) 16.5
Bs0 (mm) 3.5

Wopen (mm) 2

4. Multiphysics Optimization Design
4.1. Rotor Stress and Rotor Dynamics Analysis

Latin hypercube sampling method and Kriging proxy model are used to establish
proxy model for rotor stress of HSPMM, as shown in Figure 3. As shown in Figure 3a,b, the
radial stress of PM increases gradually with the increase of rotor outer diameter and the
decrease of sleeve thickness. In addition, the radial stress of PM presents a saddle curve
with the increase of sleeve thickness and interference, which is the same as the variation
trend of Figure 3d. Therefore, a certain sleeve thickness and interference can be selected
to make the radial stress and tangential stress of permanent magnet obtain non-inferior
optimal solutions. As shown in Figure 3c, with the increase of rotor outer diameter and
sleeve thickness, there are some non-inferior optimal solution sets for tangential stress
of permanent magnet. When rotor outer diameter is 60~100 mm and sleeve thickness is
4~12 mm, tangential stress of permanent magnet obtains non-inferior optimal solution sets.
As shown in Figure 3e,f, sleeve stress increases gradually with the increase of rotor outer
diameter and sleeve thickness, and sleeve stress increases gradually with the increase of
sleeve thickness and interference. Therefore, it is not the case that the greater the thickness
of the sleeve, the less the stress on the sleeve will be.

Dynamic rotor models with impeller and without impeller are established by using
3D finite element method. The first-order and second-order critical speeds of rotor under
different rotor outer diameters are analyzed, as shown in Figure 4 below. In this analysis,
the rotor temperature is set to 110 ◦C. It can be seen from the figure that the first-order and
second-order critical rotational speeds of the rotor gradually increase with the increase of
the rotor’s outer diameter. In the stage of smaller rotor outer diameter, that is, when the
rotor outer diameter is 40~80 mm, the first-order critical rotational speed of the rotor with
impeller increases rapidly. When the rotor outer diameter is 80~100 mm, the first-order
and second-order critical rotational speeds of the rotor without impeller gradually exceed
those of the rotor with impeller. When the rotor outer diameter is greater than 100 mm, the
first-order and second-order critical speeds of the rotor without impeller are higher than
those of the rotor with impeller, and the first-order and second-order critical speeds of the
two kinds of rotors decrease to some extent. In this paper, the rated speed of HSPMM is
30,000 rpm, rigid rotor is adopted, and the safety factor is 0.75. The first-order critical speed
of rotor with impeller should be greater than 40,000 rpm, and the outer diameter of rotor
should be in the range of 80~120 mm to meet the requirements of rotor dynamics.

Combined with rotor stress and rotor dynamics analysis, the rotor outer diameter,
sleeve thickness and interference can be further restricted. Among them, the value range of
the rotor outer diameter is further restricted to 80~100 mm, the sleeve thickness is further
restricted to 5~10 mm, and the interference value is 0.05 mm.
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4.2. Sensitivity Analysis of Stator and Rotor Parameters

Before electromagnetic performance and loss multi-objective optimization design of
HSPMM, sensitivity analysis of main optimization parameters is carried out using a finite
element model, and correlation coefficients of each optimization parameter to different
optimization objectives are obtained. In this paper, Pearson correlation coefficients are used
to express the influence of each optimization parameter on different optimization objectives.
The sensitivity of relevant structural parameters is calculated as shown in Figure 5.
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4.3. Multi-Objective Optimization of Electromagnetic Performance and Losses

Establishing a subspace and sequential strategy for high-speed permanent magnet
motor multi-objective optimization, the training points for the two optimization strategy is
shown in Table 2:

Table 2. Training Points for Multiobjective Optimization.

Name The Strategy in the Paper
Training Points X1

The Strategy in the Paper
Training Points X2

Rotor outer diameter 4
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Due to the high sensitivity of subspace X1 to actual parameters, four training points are
taken for each parameter within subspace X1, namely the maximum value, minimum value,
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and two intermediate values, totaling 256 training points. In subspace X2, three training points
are selected for each parameter, specifically the maximum value, minimum value, and one
intermediate value, summing up to 216 training points. The sensitivity analysis results show
that the strategy of optimizing subspace X1 first and then subspace X2 is finally determined.

According to the design requirements, the rated torque of the motor is 19.1 Nm, which
is indicated by the light-yellow plane, as shown in Figure 6. As shown in Figure 6a,b, with
the increase of sleeve thickness, the output torque first decreases and then increases, while
with the increase of permanent magnet thickness, the output torque first increases and
then decreases. When the sleeve thickness is greater than 7 mm, the equivalent air gap
length of the motor is too large to ensure sufficient excitation magnetic field, so sufficient
electromagnetic torque cannot be obtained. As shown in Figure 6c,d, as the outer diameter
of the rotor increases and the thickness of the sleeve decreases, the output torque gradually
increases. However, as the outer diameter of the rotor increases and the pole arc coefficient
increases, the output torque gradually increases. As shown in Figure 6e,f, the output
torque of the motor gradually increases as the rotor outer diameter and the air gap length
gradually increase, and at the same time, the output torque of the motor also increases as
the rotor outer diameter and the permanent magnet thickness gradually increase. However,
in the three optimization variables of rotor outer diameter, permanent magnet thickness
and air gap length, rotor outer diameter has the most significant influence on motor output
torque, which is consistent with the results of parameter sensitivity analysis.
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The Kriging proxy model of permanent magnet eddy current loss varying with optimiza-
tion parameters is shown in Figure 7. It can be seen from the figure that the eddy current loss of
permanent magnet has several local minima with the change of optimization parameters. The
Kriging proxy model established between each optimization parameter and motor efficiency
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is shown in Figure 8. It can be seen from the figure that almost all the different proxy model
surfaces reach the maximum motor efficiency in the middle of the optimization parameter
range, and the existing optimization parameters on this surface are reasonable and can meet
the optimization conditions of each optimization objective. With the gradual increase of each
optimization parameter value, the motor efficiency will gradually reach the local maximum
value and then gradually decrease, so there are some local non-inferior optimal solutions of
motor efficiency that satisfy the multi-objective optimization mathematical model.
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Figure 8. The response surface of efficiency. (a) The effect of sleeve thickness and PM thickness.
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and rotor outer diameter. (f) The effect of length of air gap and PM thickness.
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Each optimized parameter has a great influence on the thermal load of the motor
winding, as shown in Figure 9 below. According to practical engineering experience and
design requirements, the HSPMM designed in this paper only adopts the heat dissipation
method of spiral water cooling of the casing, so the thermal load of the motor windings
needs to be kept below 250 A2/mm3, as shown in the light-yellow plane in the figure
below. With the increase of the thickness of permanent magnet, the thermal load of motor
windings increases first and then decreases. With the increase of sleeve thickness and
air gap length, the thermal load of motor windings increases gradually. In the range of
rotor diameter, sleeve thickness, pole-arc coefficient, air-gap length and permanent magnet
thickness, Kriging proxy surface model of motor winding thermal load has local optimal
solution set, which can be optimized to find non-inferior optimal solution.
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Firstly, the Kriging proxy model of the important parameter subspace X1 of rotor is
established by keeping the important parameter subspace X2 of stator unchanged, and
the Kriging proxy model is optimized by multi-objective genetic algorithm. The
resulting Pareto front is shown in Figure 10.

According to the distribution of Pareto front surface, the maximum efficiency of the
motor can reach 97.44%, the maximum output torque can reach 20.6 Nm, the minimum
eddy current loss of permanent magnet is 4.5 W, and the minimum thermal load of the
motor is 122 A2/mm3. However, it can be found from Figure 9 that when the motor
efficiency is maximum and the motor thermal load is minimum, the permanent magnet
eddy current is large and the output torque is small; when the permanent magnet eddy

Figure 9. The response surface of thermal load. (a) The effect of sleeve thickness and PM thickness.
(b) The effect of length of air gap and sleeve thickness. (c) The effect of rotor outer diameter and
sleeve thickness. (d) The effect of rotor outer diameter and pole arc coefficient. (e) The effect of rotor
outer diameter and length of air gap. (f) The effect of rotor outer diameter and PM thickness.

Firstly, the Kriging proxy model of the important parameter subspace X1 of rotor is
established by keeping the important parameter subspace X2 of stator unchanged, and
the Kriging proxy model is optimized by multi-objective genetic algorithm. The resulting
Pareto front is shown in Figure 10.

According to the distribution of Pareto front surface, the maximum efficiency of the
motor can reach 97.44%, the maximum output torque can reach 20.6 Nm, the minimum
eddy current loss of permanent magnet is 4.5 W, and the minimum thermal load of the
motor is 122 A2/mm3. However, it can be found from Figure 9 that when the motor
efficiency is maximum and the motor thermal load is minimum, the permanent magnet
eddy current is large and the output torque is small; when the permanent magnet eddy
current is minimum and the output torque is maximum, the motor efficiency is small
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and the motor thermal load is large. Therefore, in multi-objective optimization design,
there is not a group of optimal solutions but a compromise choice among all optimization
objectives, and the choice space composed of all non-inferior optimal solutions constitutes
a Pareto front surface, from which a group of non-inferior optimal solutions satisfying the
requirements should be selected as the final optimization scheme.
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Figure 10. The Pareto solutions of rotor parameters subspace. (a) The Pareto solutions of efficiency,
PM eddy current loss and motor thermal load. (b) The Pareto solutions of efficiency, torque and
motor thermal load. (c) The Pareto solutions of torque, PM eddy current loss and motor thermal load.
(d) The Pareto solutions of torque, PM eddy current loss and efficiency.

According to the Pareto front surface of the multi-objective optimization design in
the important parameter subspace X1 of the rotor, three non-inferior optimal solutions
are selected as candidate values of the final optimization result, as shown in Table 3. The
candidate values and the key motor performance parameters corresponding to the initial
design are shown in Table 4.

Table 3. Optimal solutions of rotor.

Name Initial Design Candidate 1 Candidate 2 Candidate 3

Rotor outer diameter (mm) 88.6 93 93.5 92.5
Air gap length (mm) 2 2.5 2.5 2.5

Sleeve thickness (mm) 5 6 6.5 6.5
PM thickness (mm) 8 12.5 13 12

Table 4. Key performance by the optimized X1.

Back EMF (V) Torque (Nm) PM Loss (W) Efficiency (%)

Initial design 364 19.1 31.2 96.1
Candidate 1 370 19.6 7.5 97.4
Candidate 2 372 19.7 8.1 97.4
Candidate 3 371 19.6 7.1 97.4

According to the multi-objective optimization results of rotor important parameter
subspace, it can be known that the thermal load of the motor is relatively large, although
the constraint conditions of Formula (1) are basically satisfied, but it is not ideal. According
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to the calculation formula and fundamental principle of motor thermal load, it is mainly
related to stator important parameters, which is consistent with the results of parameter
sensitivity analysis. Therefore, it is necessary to further multi-objective optimization
of important parameter subspaces for stators. The main purpose is to further reduce the
thermal load of the motor while ensuring that the other optimization objectives are basically
unchanged, to reduce the difficulty of heat dissipation of the motor and to ensure that the
temperature rise check of the subsequent motor can meet the design requirements.

It can be seen from the three candidate values of rotor important parameter subspace
X1 that the performance of the three candidate values is basically the same, while in the
optimization of stator important parameter subspace X2, the main objective is to reduce
the thermal load of the motor, and the performance of the other optimization objectives
can be predicted to have a certain decline. During the rotor parameter design of high
speed permanent magnet motor, the thickness of sleeve should be left a certain margin to
ensure the safe and stable operation of the motor under special circumstances. Among
the three candidate values, candidate value 3 has an ideal sleeve thickness, while meeting
the design requirements, leaving a larger margin, and candidate value 3 corresponds to
the minimum eddy current loss of the motor performance. Therefore, candidate value 3 is
selected as the optimization scheme of the important rotor parameter subspace X1, and
input the stator important parameter subspace X2 to carry out subsequent stator important
parameter subspace multi-objective optimization.

Under the condition that the value of the optimization candidate solution of the
important parameter subspace X1 of the rotor is kept unchanged, the multi-objective
genetic algorithm is carried out to optimize the important parameter subspace X2 of the
stator, and the thermal load of the motor is further reduced. The resulting Pareto front is
shown in Figure 11 below.
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(d) The Pareto solutions of torque, efficiency and motor thermal load.

From the Pareto front surface of the important parameter subspace X2, it can be found
that the minimum eddy current loss of permanent magnet is 10 W, the maximum output
torque is 20.6 Nm, the maximum efficiency of motor is 97.26%, and the minimum thermal
load of motor is 106 A2/mm3. However, when the eddy current loss of permanent magnet
and the thermal load of motor are minimal, the motor efficiency is low and the output
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torque cannot reach the rated torque requirement. When the output torque is maximum
and the motor efficiency is maximum, the eddy current loss of permanent magnet is large
and the thermal load of motor is large.

From the Pareto front, the motor efficiency, output torque and permanent magnet
eddy current loss after stator important parameter subspace optimization is not as good
as those after rotor important subspace optimization. Although these three performances
decrease slightly, they fully meet the design requirements of the motor. At the same time, it
makes the motor thermal load reduction effect obvious, which is very worthwhile. It can
be seen from this that the multi-objective optimization design of motor is a compromise
selection of optimization objectives on the Pareto front surface composed of all non-inferior
optimal solutions rather than all optimization objectives reaching optimization.

According to the Pareto front surface of the multi-objective optimization design of
the important stator parameter subspace X2, the design requirements of the HSPMM are
synthesized, and three non-inferior optimal solutions are selected as the candidate values
of the final optimization results, as shown in Table 5. The candidate values and the key
motor performance parameters corresponding to the initial design are shown in Table 6.

Table 5. Optimal solutions of stator.

Name Initial Design Candidate 1 Candidate 2 Candidate 3

Number of conductors per slot 10 8 8 8
Hs0 (mm) 1 1.5 1.5 1.8
Hs1 (mm) 0.5 1.2 1.2 1.5
Hs2 (mm) 16.5 15.5 15.5 15
Bs0 (mm) 3.5 2 2.2 2.3

Wopen (mm) 2 2.5 3 2.7

Table 6. Key performance by the optimized X2.

Back EMF
(V) Torque (Nm) PM Loss (W) Efficiency (%) Thermal

Load(A2/mm3)

Initial design 364 19.1 31.2 96.1 180
Candidate 1 367 19.1 14 97.18 168
Candidate 2 376 19.3 11 97.27 169
Candidate 3 378 19.7 21 97.09 169

From the three candidate values of stator important parameter optimization subspace X2, it
can be seen that the motor performance of the three candidate values greatly reduces the thermal
load of the motor under the condition of ensuring that the other optimization objectives are
basically unchanged. In order to ensure that the subsequent motor temperature field verification
meets the design requirements and the low temperature operation of the high-speed permanent
magnet motor, the three candidate values of motor efficiency and winding thermal load are
basically consistent, so the minimum eddy current loss of the permanent magnet becomes the
priority objective. Therefore, candidate value 2 of the three schemes is selected as the final
optimization design scheme of stator important parameter subspace.

After multi-objective genetic optimization of rotor important parameter subspace X1
and stator important parameter subspace X2, and Pareto frontier screening of optimization
objectives, the optimized optimization scheme is obtained, as shown in Table 7.
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Table 7. The optimization results of electromagnetic performance and loss characteristics.

Name Initial Parameters Optimized Parameters

Rotor outer diameter (mm) 88.6 92.5
Air gap length (mm) 2 2.5

Sleeve thickness (mm) 5 6.5
PM thickness (mm) 8 12

Number of conductors per slot 10 8
Hs0 (mm) 1 1.5
Hs1 (mm) 0.5 1.2
Hs2 (mm) 16.5 15.5
Bs0 (mm) 3.5 2.2

Wopen (mm) 2 3

4.4. Cooling and Temperature Rise Check

According to the final structure parameter values of electromagnetic performance and
loss optimization, the simulation analysis is carried out in the 3D finite element model of
temperature field. Since the eddy current loss of permanent magnet and motor efficiency are
considered in the optimization process, the temperature field distribution of the optimized
motor is different from that of the initial design motor. The temperature field distribution
of the two design schemes is shown in Figure 12.
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5. Prototype Test Verification

After executing the above multiphysics optimization design for the HSPMM, the
final optimization design scheme of the motor can meet the electromagnetic, mechanical
and temperature distribution requirements at the same time. In order to better verify the
accuracy of the finite element analysis results and the theoretical analysis results, a 60 kW,
30,000 rpm HSPMM is manufactured according to the final optimization design scheme of
the HSPMM, as shown in Figure 13.
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Rotor stress is the main factor affecting the safe and stable operation of rotor. From the
finite element analysis results of the previous optimization design scheme, it can be seen
that the radial stress of the permanent magnet is 22 MPa and the sleeve stress is 210 MPa at
the rated speed, both of which are far lower than the tensile strength of the corresponding
materials. Therefore, the finite element analysis results show that the rotor designed can
operate safely and stably at the rated speed. On this basis, the prototype rotor is tested.
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After several months of stable operation at rated speed, the rotor is taken out and inspected
without any damage. The comparison of the FEA results with the experimental results, as
illustrated in Figure 14. It shows that the rotor design is safe and reliable, and there is no
resonance phenomenon at rated speed.
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The ratio of input power to output power of prototype is 96.9%, which is very close to
97.15% of finite element analysis results. The reason why the actual efficiency is lower than
finite element analysis results is mainly due to the actual operating environment temperature
and the power loss of rigid connection components such as torque sensor. Install a temperature
sensor in the stator winding and measure the temperature of the stator winding under rated
operating conditions. During the motor experiment, the water flow rate of the spiral waterway
is set to 2 m3/h, consistent with the finite element calculation. After the prototype runs stably
for 2 h, the winding temperature reaches a stable value of 83.3 ◦C, which is consistent with the
temperature field verification analysis result of 87.4 ◦C.

6. Conclusions

In this paper, an electromagnetic optimization design of a 60 kW, 30,000 rpm HSPMM
is carried out. On the one hand, the mechanical strength of the rotor is taken into account
in the optimization process. On the other hand, in order to obtain a more reasonable
temperature distribution, the maximum motor efficiency and the minimum rotor core loss
are selected as the optimization objectives.

This paper introduces a multi-physics field optimization design approach for high-
speed permanent magnet motors, streamlining the optimization challenges induced by
the coupling of multiple physical fields. Firstly, according to the rotor stress and rotor
dynamics finite element analysis results, the value range of the rotor key parameters is
determined. Secondly, according to the subspace optimization strategy, the electromagnetic
performance and loss multi-objective optimization problem is divided into rotor impor-
tant parameter subspace and stator important parameter subspace, and multi-objective
optimization design is carried out, respectively. On the one hand, the dimensionality
reduction optimization of high-dimensional optimization space is realized, on the other
hand, the accuracy of Kriging proxy model is guaranteed. Finally, according to the results
of electromagnetic performance and loss multi-objective optimization, the temperature
field of the designed HSPMM is checked.

After multiphysics optimization design, the efficiency increased by 1.01% and output
torque of the motor increased by 1%. the eddy current loss of PM reduces 64.7% and the
thermal load of the motor reduces 6.1%. The results of three-dimensional finite element
analysis of temperature field show that the overall temperature rise of the motor decreases
obviously before and after optimization, and the maximum temperature decreases from
127 ◦C to 119 ◦C, decreased by 6.3%. The optimization effect is obvious.

Finally, according to the final optimization results, an experimental prototype is
designed and manufactured. The experimental results are basically consistent with the
finite element analysis results, which further verify the accuracy of the finite element
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analysis results and the effectiveness and rationality of the proposed multi-physical field
optimization design method for HSPMM.
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