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High-performance motor design using topology

optimization method

Sunghoon Lim (H21/20092%) ‘

How much can the driving performances of a motor be improved
through shape optimization?

1. Introduction

As regulations on energy consumption and environmental pollution are
strengthened, electrification of the overall industrial equipment has progressed
rapidly and motors with high power density and easy control are widely used as
driving parts for not only small home appliances but also large devices such as
automobiles and ships. Thus, many researchers have been conducting various
studies for decades to maximize the output torque, the most important
performance evaluation indicator of motors [1-2]. They have focused on developing
materials with high magnetic properties [3], establishing high-efficiency control
strategies [4], and improving performance by changing the shape of the motor [5],
and presented excellent optimization results. In particular, since the torque
performance of a motor is determined by the magnetic flux distribution, it is easy
to confirm through previous studies that shape optimization of the permanent
magnet (PM) and the ferromagnetic material (FM) that generates the magnetic flux
and creates the flux path is an effective way to improve motor performance,
respectively.

However, the driving performance of a motor cannot be evaluated simply from
an electromagnetic perspective. When optimization is performed to increase the
magnetic flux within the motor and obtain high torque density, iron loss calculated
from the magnetic flux density may also increase, which can lead to thermal
demagnetization and degradation of torque performance [6], and the increased

radial magnetic force can cause serious noise and vibration problems [7]. In other
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words, the design problem to maximize motor performance should basically be
treated as a multi-physics/multi-objective optimization problem, and therefore it is
one of the design problems that are difficult to solve. In this article, the performance
factors that must be considered in the early stages of motor design are mentioned,
and examples of motor design using topology optimization method that can be
flexibly applied to multi-physics/multi-objective/multi-material  optimization

problems are introduced.

2. Multi-physics-based Performance Evaluation of the Motor

Motor performances, which must be considered in the motor design process,
can be defined from three perspectives, as shown in Fig. 1. The most important
performance is the motor torque derived from magnetic analysis. Since the torque
of the motor is calculated by the square term of the magnetic flux formed in the
airgap between the stator and the rotor, to increase the average torque value, we
can simply increase the current applied to the coil or increase the amount of
permanent magnets. Unfortunately, since all FMs have highly nonlinear B-H
(magnetic flux- magnetic field) characteristics, when the applied magnetic field
increases, the magnetic flux distribution in the air gap becomes distorted by the
magnetic saturation effect and, as a result, the torque according to the rotation
angle fluctuates significantly. Therefore, the basic magnetic design goals of the
motor are not only maximization of average torque but also minimization of torque
ripple.

We already know that only the tangential component of the magnetic force
density in the airgap is used to calculate the motor torque. Naturally, a radial
component of the magnetic force density also exists in the airgap, and its amplitude
is generally more than three times that of the tangential component. The resultant
radial magnetic force acts as a harmonic excitation force on the motor stator,
becoming an important cause of motor noise and vibration, and if the operating
frequency of this excitation force is formed near the resonant frequency of the
motor structure, serious mechanical damage may occur. Consequentially, the

magnetic performance and mechanical performance of a motor are always in a

-3-



RERE{E  No.387,2023%12A

trade-off relationship and have to be considered together during the optimization

process.
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Fig. 1. Driving performances of a motor

Another important design consideration is the thermal characteristics of the
motor. In the core of a motor, iron loss occurs due to the magnetic hysteresis of
the FM, and the amount of iron loss is proportional to the magnetic flux density in
the core and the driving frequency. That is, as the rotation speed and input current
are increased to maximize the output power of the motor, the losses inside the
motor also rapidly increase. The serious problem here is that the Nd-Fe-B magnet,
widely used in motors these days, has demagnetization characteristics at high
temperatures. It is important to keep in mind that design and control approaches
to improve the torque performances of a motor can actually lead to a decrease in
torque performance and permanent material damage due to heat.

Since the magnetic, mechanical, and thermal performances of a motor are
deeply coupled and have a trade-off relationship, it is very difficult to derive a
compromise-optimal design of the motor to improve all these performances. Even
specifying the representative shape variables and design area that affect each
performance of the motor will be possible only when accompanied by sufficient
experience and professional knowledge in motor design. In this situation, the

topology optimization method [8], which can derive various structural shapes to
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achieve the design demands without information of the initial shape and specific

shape parameters, can be a good tool for multi-physics-based motor design.

3. Topology Optimization for Motor Design

Motor design using topology optimization begins with creating finite elements in
the design domain and defining topological design variables with random scalar
values for each element. When designing a permanent magnet motor consisting
of PM, FM, and coil, multi-material domains are expressed by combining multiple
topological design variables, such as element density and level set function, and
different magnetic properties are defined in each domain to represent the motor
shape [9-10]. As shown in Fig. 2, the level set function, a representative topological
design variable, gives a signed scalar value to each position in the design domain,
so the boundary of each material can be accurately expressed by combining their
signs [11], and the shape of motor can be freely changed by updating the level set

function value during the optimization process.

Stator For stator design,

Air

Shape of the motor Topological design variable Expression of multi-material
(SPM motor) (Multiple level set functions) in the motor

Fig. 2. Definition of topological design variable

By defining material properties such as relative permeability, Young’s modulus,
and thermal conductivity as equations for topological design variables, finite
element analysis for the multi-physics problem can be performed and design

sensitivity for shape changes is calculated by the adjoint variable method [12].
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Even if the objective function or design constraint functions are not defined by
mathematical expressions for the topological design variables, the design
sensitivity can be calculated using the adjoint variable method. Thus, topology
optimization method can be easily applied to multi-physics-/multi-objective-based
motor design problems. Using the design sensitivity values distributed in the design
domain, the motor shape that meets the design objective is iteratively optimized

until the convergence conditions are satisfied.

4. Design Examples

The first application case is motor shape optimization to improve torque
performance. In order to minimize torque ripple while satisfying the target average
torque, optimization was performed to minimize the difference between the torque
values calculated according to the rotation angle and the constant target torque

[13-14]. As shown in Fig. 3, when the volume fraction of the FM is 0.9, the length
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Fig. 3. Interior permanent magnet motor design for improving torque performance

of the stator shoe was shortened to reduce the leakage flux and the average torque
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increases. In addition, it is noted that as the volume fraction is lowered below 0.85,
the notch shape appears and the torque ripple rapidly decreases. The important
point is that these shape changes were not derived from pre-defined shape
parameters, but from the distribution of topological design variables within the
design domain.

Fig. 4 shows the motor optimization results for resonance avoidance. In order to
prevent the excitation frequency of the magnetic force from meeting the resonant
frequency of the motor structure, the optimization problem was formulated to
minimize the higher harmonics of the magnetic force while maximizing the first
natural frequency of the stator. Since multi-material optimization can be performed
by employing multiple topological design variables, it is possible to optimize all
shapes of the motor using topology optimization method, as shown in Fig. 4. It is
noted that the optimized stator structure can increase the first natural frequency by
about 12%, and the optimized rotor shape significantly reduces the higher
harmonics of radial magnetic force and torque ripple, which are electromagnetic

sources of mechanical resonance.
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Fig. 4. Resonance avoidance of surface-mounted permanent magnet motor

Topology optimization method can also be used to design high-performance
motors that take into account the heat loss in the motor and operating temperature.

In the interior permanent magnet motor shown in Fig. 5, it is noted that most of the
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total loss is concentrated in the copper and iron losses of the stator and, when
operating at high temperature, the average torque decreases by more than 16%

due to demagnetization of the PM.
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Fig. 5. Losses in the motor and torque depending on temperature

In order for this motor to have the target torque performance even under high-
temperature operating conditions, a design optimization is needed to minimize iron
loss occurring within the FM while simultaneously maximizing torque density. To
satisfy the target average torque, the design domain was set to all areas of the
rotor and the optimization problem was formulated to minimize the harmonics of
the magnetic flux in the air gap, which causes iron loss with the design constraints
about the average torque and torque ripple [15]. It is noted that the upper side of
the PM is distributed closer to the air gap for providing a sufficient magnetic flux to
the stator for maximizing the torque density, as shown in Fig. 6. An uneven shape
of the outer surface of the PM and a small flux barrier was formed to minimize the
higher harmonics of the magnetic flux in the airgap. As in previous optimization
cases, no shape parameters were defined to derive the rotor shape shown in Fig.
6, but the distribution of topological design variables was changed by design
sensitivity, resulting in the optimized design.

As a result, the optimized rotor shape was able to increase the average torque
at high temperature by nearly 13% and torque ripple was reduced by about 70%.
As shown in Fig. 7, although the overall amount of iron loss in the stator could not
be reduced, the target torque performances was achieved without a significant
increase in iron loss by considering thermal analysis and the objective function for

minimizing the higher harmonics of the airgap flux in optimization.

-8-



RRES No.387, 20234 12H

Il

Initial design at 20°C ——
Y PN o o

S e e [

N
0]

Torque [Nm]

NIV

Optimized rotor design

1.5

0 20 40 60
Rotating angle [°]

Initial design at operating temperature Optimized design at operating temperature -

Fig. 6. Optimized rotor design and torque profile at high temperature

P N ¢

-

&
4
el Iron loss [W/m?]

gt = .—‘ :’;".
& Initial design Ny

" Optimized desigh“‘

Fig. 7. Iron loss distribution in the stator

5. Conclusion

As can be seen in the design examples introduced in this article, topology
optimization method has been successfully applied to multi-physic-/multi-objective-
/multi-material-based motor design problems. In motor design optimization, where
design objective functions and design constraints from multi-physics analysis have
a complex trade-off relationship, setting effective design parameters is a difficult
task. Therefore, topology optimization, which derives various optimized designs
without any shape information, may be the most effective methodology that
engineers who wish to perform motor design based on computer simulation can
choose. Recently, as additive manufacturing technology using 3D printers has
developed rapidly [16], complex and detailed motor structures can be

manufactured, and the scope of application of topology optimization method in the
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design and manufacturing process of high-performance motors is expected to

further expand.
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Landfilled in 1975 — 1984.
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Landfilled in 1929 and 1949.
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Landfilled in 1945.
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Landfilled Edo Castle Outer Moat
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Landfilled in 1889.
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