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Abstract

As a driving mechanism, the electromagnetic repulsion mechanism has been widely used
in mechanical switches, such as circuit breakers, current limiters, and bypass switches,
owing to its high closing speed and large output force. The dynamic characteristics and
structural safety of electromagnetic repulsion mechanisms are critical to the stable and
reliable operation of mechanical switches. However, the dynamic characteristics of elec-
tromagnetic repulsion mechanisms are affected by multiple factors, including coil param-
eters, energy storage parameters, armature structural dimensions, and air gaps. Moreo-
ver, strong coupling exists among these design variables. Parameter optimization that fo-
cuses solely on operating speed or electromagnetic force may lead to local stress concen-
tration and edge vibration of the armature, thereby compromising the operational relia-
bility of the mechanism. To address the difficulty in synergistically optimizing dynamic
characteristics and structural safety, this paper proposes a two-stage optimization method
that combines the series armature equivalent method, genetic algorithm-based multi-ob-
jective optimization, structural shape optimization, and topology optimization. In the first
stage, a series armature equivalent model is established, and design parameters are opti-
mized by the genetic algorithm to obtain a parameter combination that satisfies the re-
quirements for displacement, closing speed, and operating time. In the second stage, un-
der the constraints of dynamic performance, armature shape optimization, topology op-
timization, and combined shape-topology optimization are separately conducted to re-
duce edge vibration and local stress concentration of the armature. The dynamic charac-
teristics, edge vibration displacement, and stress under different optimization schemes
are comparatively analyzed. The results show that the proposed two-stage optimization
method can effectively improve the structural response of the armature while ensuring
that the dynamic characteristics of the mechanism satisfy the design requirements. In par-
ticular, after the combined optimization, the edge vibration of the armature is reduced to
41.8% of that before optimization, and the local stress concentration is significantly allevi-
ated. The proposed optimization framework realizes the coordination between parameter
design and armature structural optimization of electromagnetic repulsion mechanisms,
providing a reference for improving the dynamic characteristics and structural reliability
of electromagnetic repulsion mechanisms.

Keywords: electromagnetic repulsion mechanism; multi-objective optimization; topology
optimization; edge vibration; local stress concentration
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1. Introduction

The electromagnetic repulsion mechanism has been widely used in high-speed me-
chanical switches owing to its large output force and large peak electromagnetic force. In
the design of electromagnetic repulsion mechanisms, both closing speed and structural
safety are critical to the stable and reliable operation [1]. Generally, the dynamic charac-
teristics of the electromagnetic repulsion mechanism, particularly the closing time, are
considered first. Subsequently, the mechanical strength of the moving components should
be evaluated to ensure that the mechanism maintains sufficient structural reliability dur-
ing operation [2].

To improve the dynamic characteristics of electromagnetic repulsion mechanisms,
researchers have carried out a lot of work on optimizing the dynamic characteristics of
mechanisms, including modeling, calculation, and optimization. Lim et al. used analytical
and numerical methods to conduct parameter analysis on the dynamic characteristics of
electromagnetic repulsion mechanisms [3]. Tian Yang et al. proposed a multi-physics field
coupling method involving electromagnetic field, temperature field, and motion field dur-
ing the operation of a high-speed mechanical switch repulsion mechanism and pointed
out that the number of turns of the coil is the key factor affecting the performance of var-
ious high-speed mechanical switches [4]. Guo Xingyu et al. studied the influence of tem-
perature on the dynamic characteristics of the electromagnetic repulsion mechanism and
pointed out that heat dissipation measures should be considered when designing coils [5].
Wen Weijie et al. calculated and summarized three key parameters affecting the dynamic
characteristics of the electromagnetic repulsion mechanism and pointed out that stress
verification should be carried out after parameter design [6]. Zhang Ning et al. analyzed
the double coil type repulsion mechanism and found that as the number of coil turns, coil
winding thickness, opening coil winding height, and motion coil winding height increase,
the peak value of electromagnetic repulsion and 2 ms displacement show a trend of first
increasing and then decreasing [7]. Wu Yifei et al. analyzed the influence of different shell
materials on dynamic characteristics and pointed out that the electromagnetic repulsion
peak value is the largest when steel material is used [8]. Ara Bissal et al. analyzed the
factors affecting the operating efficiency of the electromagnetic repulsion mechanism and
pointed out that in order to improve efficiency, the time of the electromagnetic force pulse
should be shortened as much as possible [9]. In the current analysis and optimization of
the dynamic characteristics of the mechanism, the closing time of the mechanism is mostly
designed and analyzed by single-factor analysis. The multi-objective optimization method
that comprehensively considers the closing speed and closing time of the mechanism still
needs in-depth research.

The optimization of the dynamic characteristics of the electromagnetic repulsion
mechanism increases the amplitude of the electromagnetic force and shortens the closing
time. Therefore, the structural strength of the moving parts should also be considered to
ensure their reliability during operation. Yang Fei et al. calculated the stress distribution
of the moving contact and metal disk during the high-speed movement of the mechanism
and pointed out that the influence of mechanical deformation on the dynamic character-
istics should be considered during high-speed movement [10]. Hu Yang et al. used the
flexible body theory and transient dynamics method to calculate the stress and strain dis-
tribution of the moving parts of the medium-voltage DC fast-operating mechanism [11].
Vilchis-Rodriguez compared the results of the dynamic characteristics of the electromag-
netic repulsion mechanism obtained by 2D and 3D model calculations and pointed out
that the calculation results are similar and relatively accurate at the dominant frequency,
but the influence of edge deformation on the strength of the mechanism during the move-
ment should still be considered [12]. Dong Runpeng et al. analyzed the vibration phenom-
enon during the opening process of the repulsion disk and found that the elastoplastic
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deformation caused by the uneven distribution of Lorentz force is the main reason for the
vibration or bending of the repulsion disk [13]. Zhu et al. analyzed the stress distribution
of the repulsion disk during the movement of the electromagnetic repulsion mechanism
and analyzed the design of geometric parameters to improve stress concentration [14,15].
Guan et al. established a fully coupled simulation model of the superconducting fault cur-
rent limiter. Through simulation, they found that the stress concentration location was the
same as the location of multiple failures, which verified the accuracy of the proposed sim-
ulation model [16]. Therefore, the structural strength design of moving parts should also
be taken into account when designing the mechanism, and edge vibration and stress con-
centration should be avoided as much as possible.

Optimizing the dynamic characteristics of the electromagnetic repulsion mechanism
requires establishing digital models and multiple calculations, which is limited by com-
putational efficiency. Structural design and optimization often focus on traditional param-
eter optimization of the moving parts of the mechanism, namely the armature. This typi-
cally relies on adjusting a small number of preset geometric parameters (such as armature
outer diameter and thickness). It cannot overcome the limitations of the initial topology
and is difficult to optimize aspects such as material additions or subtractions, changes in
structural connectivity, or local structural reconstruction. Furthermore, parameter optimi-
zation struggles to describe irregular structures or material distribution characteristics,
especially given the strong electromagnetic—structural coupling effect in electromagnetic
repulsion mechanisms. Simply adjusting parameters is insufficient to significantly im-
prove problems such as excessive armature edge vibration amplitude and local stress con-
centration. Therefore, it is necessary to comprehensively consider both the dynamic char-
acteristics and structural strength of the electromagnetic repulsion mechanism. Currently,
few optimization methods simultaneously consider both aspects, and further research is
needed in this area to ensure the structural safety of the mechanism during high-speed
operation.

To address the challenge of co-optimizing the dynamic characteristics and structural
safety of the electromagnetic repulsion mechanism, this paper proposes a two-stage opti-
mization method combining the series armature equivalent method, multi-objective opti-
mization using a genetic algorithm, structural shape optimization, and topology optimi-
zation; the optimization method flow is shown in Figure 1. The first stage employs a ge-
netic algorithm to perform multi-objective optimization of the dynamic characteristics,
obtaining parameter combinations that satisfy the displacement, closing time, and closing
speed. Building upon this, the second stage, constrained by the dynamic characteristics,
utilizes shape optimization, topology optimization, and a combined shape-topology op-
timization method. Shape optimization selects the design domain for topology optimiza-
tion and optimizes the geometry of the moving parts to mitigate edge vibration and stress
concentration under electromagnetic force. Results show that the proposed method effec-
tively reduces stress amplitude and edge vibration during operation, thereby improving
the mechanical dynamic characteristics and operational reliability. This provides a struc-
tural optimization method for moving parts of the electromagnetic repulsion mechanism,
offering a theoretical basis and technical reference for improvement and engineering de-
sign of related devices.
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Figure 1. Schematic diagram of collaborative optimization of dynamic characteristics and armature

structure.

2. Principle of the Electromagnetic Repulsion Mechanism

The electromagnetic repulsion mechanism consists of two parts: the mechanism body
and the drive circuit, as shown in Figure 2.
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Figure 2. Schematic diagram of electromagnetic repulsion mechanism. (a) Structure diagram; (b)

equivalent circuit diagram.

The main components of the electromagnetic repulsion mechanism include a coil, an
armature, and a connecting rod. The driving circuit includes a pre-charge capacitor Cs, a
thyristor T4, a freewheeling diode D, and a driving coil. The resistance and inductance of
the driving circuit are R« and Ly, respectively.

The electromagnetic repulsion mechanism operates through the eddy current effect
induced between the driving coil and the armature. When the mechanism is not driven,
Tu is turned off, and the pre-charge voltage of the capacitor remains unchanged. After
driving, Ta turns on, and the capacitor discharges to the driving coil, generating a pulse
current lu. ls excites a time-varying magnetic field in space, where the axial component of
the magnetic induction intensity generates eddy currents in the armature, and the radial
component interacts with the eddy currents to generate an electromagnetic force, thereby
driving the armature to move away from the driving coil.
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Electromagnetic force can be obtained from the magnetic field energy. Considering
the armature as an equivalent coil, the current in it is I, the resistance is R, the inductance
is Ls, and the mutual inductance between the equivalent coil and the driving coil is M.
The total energy of the magnetic field in the mechanism after the capacitor discharges is

W=115Ld+lI§La+IdIaMda’ D
2 2
The electromagnetic force is obtained by differentiating the total magnetic energy
with respect to displacement. Since the geometries of the driving coil and the armature
are fixed, their self-inductances remain constant, and the corresponding derivative terms
are zero. Therefore, the electromagnetic force is:

dM,,

ot

Fem = IdIa (2)

The dynamic characteristic parameters, including the acceleration, velocity, and dis-

placement of moving parts, can be calculated by the electromagnetic force:

a=(F,, +F,)/m

v =0, +[adt ’ (3)

x = x, +[odt
where a is acceleration, v is velocity, x is displacement, and vo and xo are the initial values
of velocity and displacement, which are both 0 in the calculation. Fr is the holding force,
and mo is the mass of the moving parts. In the multi-objective optimization process, the
dynamic characteristics of the mechanism are calculated by the series armature equivalent
method [17].

3. Multi-Objective Optimization of Dynamic Characteristics

Common multi-objective optimization methods can generally be classified into two
categories. The first category decomposes a multi-objective optimization problem into
several single-objective optimization problems by selecting objective-related design pa-
rameters based on the designer’s experience. However, this approach may cause the op-
timization to become trapped in local optima. The second category employs multi-objec-
tive optimization algorithms to search for optimal solutions and construct a Pareto front.
Compared with the former approach, the Pareto front provides a set of trade-off solutions
that simultaneously consider multiple optimization objectives, allowing feasible solutions
to be selected according to practical requirements. Therefore, multi-objective optimization
is more suitable for the electromagnetic repulsion mechanism optimization.

3.1. Multi-Objective Optimization Constraints

In previous research results, it was found that the parameters that have the greatest
impact on the dynamic characteristics of the electromagnetic repulsion mechanism are the
inner radius of the driving coil, the capacitance, the capacitor charging voltage, and the
gap between the coil and the armature [18]. Therefore, the above four parameters and the
coil turn were selected as optimization parameters, because the coil turn will also directly
affect the outer radius of the driving coil. The closing time and closing speed of the elec-
tromagnetic repulsion mechanism are used as optimization targets. The closing time, clos-
ing speed, and initial energy storage of the capacitor are used as constraints to realize the
dynamic characteristic optimization design.

Multi-Objective Optimization: How do you pick the best design? You can try chang-
ing one thing at a time, but—especially here—it’s a dead end. This approach often gets
stuck in “local” solutions that don’t really solve the whole problem. The better bet is to
use a proper multi-objective optimization algorithm that can juggle everything at once
and search for balanced solutions. The result? You get a “Pareto front” —basically, a menu
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of the best trade-off choices—rather than a single, compromised answer. First, the main
variables they focus on: the inner radius of the driving coil, the size of the capacitor, the
charge voltage, the gap between the coil and the armature, and the number of turns in the
coil. These all play a huge role in how the mechanism performs. The actual targets are
closing time and closing speed, but initial energy and reducing contact bounce matter too.
Based on these factors, the number of coil turns is selected. The final constraints are as
follows:

e  Capacitor: 1 to 10 mF;

e  Charging voltage: 400 to 1300 V;
e  Coil-armature gap: 1 to 3 mm;

e  (Coil inner radius: 20 to 50 mm;
e  Coil turns: 10 to 30.

The overall performance constraints of the mechanism are as follows:

e  C(Closing time: up to 2.5 ms;
. Closing speed: up to 4 m/s;
¢ Initial capacitor energy: no more than 3000 J.

To solve the multi-objective optimization problem of the dynamic characteristics of
the electromagnetic repulsion mechanism, this paper employs a multi-objective genetic
optimization algorithm. The basic idea of the genetic algorithm is to randomly generate
an initial population within the range of design variable values, with each individual in
the population considered as a set of design parameters. The genetic algorithm starts by
throwing together a random batch of designs, then checks each one for performance, sorts
them, and hands out “survival points.” Through repeated selection, crossover, and muta-
tion (the usual tricks in evolution-inspired searches), it gradually narrows in on the best
combos—balancing all targets at once. In the end, you get a shortlist of top-performing
designs that check all the boxes, ready for further refinement in the next stage.

3.2. Multi-Objective Optimization Results and Analysis

In this paper, the initial population size of the multi-objective genetic algorithm was
set to 50, and the maximum number of generations was set to 100. The optimization results
are shown in Figure 3. The gray dots represent all individuals in the 100th-generation
population, the blue dots represent the non-dominated solutions extracted from all can-
didate individuals based on the non-dominated relationship, and the red dots represent
the Pareto solution set that meets the constraints calculated by the optimization. In Figure
3, the maximum closing speed generally increases as the closing time gradually decreases.
If the focus is on rapid closing, the result on the upper left side of the Pareto front should
be selected; if the focus is on reducing bounce, the result on the lower right side should be
selected.

To further reveal the influence of key parameters on the dynamic characteristics of
the mechanism, the solution in the Pareto front is further analyzed. Since the gap between
the driving coil and armature varies within a small range, the inner radius of the driving
coil and the number of coil turns are selected as analysis parameters to further analyze the
influence of the two parameters on the closing time and closing speed. The corresponding
results are in Figure 4.
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Considering the design requirements of rapid closing and reduced bounce, three pa-

rameter combinations located on the right side of the bottom projection in Figure 4 were

selected for finite element simulation of the mechanism. The optimized parameter combi-

nations and dynamic characteristic calculation results are shown in Table 1.

Table 1. Optimization parameter combinations and calculation results.

Optimize Parameter Combinations

Optimization Parameters and Results

1 2 3

Capacitor (mF) 1.549 1.505 1.483

Capacitor charging voltage (V) 1208 1204 1210

Gap between the coil and armature (mm) 1.29 1.29 1.35
Inner radius of driving coil (mm) 41 41 41
Number of driving coil turns (Turn) 29 29 28

Closing speed (m/s) 3.29 3.17 3.06

Closing time (ms) 1.80 1.85 1.89

https://doi.org/10.3390/en19153665



Energies 2026, 19, 3665

8 of 19

Displacement(mm)

When the Pareto front contains many non-dominated solutions, post-processing of
the Pareto solution set is usually required to reduce the complexity of subsequent analysis
and decision-making. Existing studies often employ methods such as cluster analysis [19],
representative solution extraction [20], and within-group design variable statistics [21] to
summarize and characterize similar solutions within the Pareto solution set. In Table I, all
three parameter combinations meet the design requirements, and the parameters are very
similar, indicating that the optimization results have good concentration and stability in
this region and can be considered locally similar solution sets. Therefore, these three pa-
rameter combinations are averaged to construct a representative parameter combination.
It should be noted that this parameter combination is not considered a new strictly Pareto-
optimal solution, but rather a representative set extracted from similar Pareto solutions
and used for subsequent dynamic characteristics and structural optimization. The final
determined parameter combination is [1.5 mF, 1210 V, 29, 41 mm, 1.5 mm]. A finite ele-
ment model was established to verify this parameter combination, and the dynamic char-
acteristics calculated according to this combination are shown in Figure 5.

. . : ; T 35 1400 r T T T T 3.0
S - 9 000090000
430 1200 155
41 {25 1000
420
> 800 .
3k 120 % g . <
< |51 115
| 2 8 600 g
415 9 = =
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(a) Armature displacement and velocity

(b) Capacitor voltage and coil current

Figure 5. Calculation of dynamic characteristics of final parameter combination.

The final parameter combination corresponds to a closing time of approximately 1.8
ms and a closing speed of 3 m/s, which meets the design requirements. This multi-objec-
tive optimization method can obtain parameter combinations that meet the design re-
quirements and constraints, providing a reference for the design and optimization of elec-

tromagnetic repulsion mechanisms.

4. Optimization of the Moving Part Structure

After determining the design parameters of the electromagnetic repulsion mecha-
nism, the corresponding mechanism will generate a short-duration, high-amplitude elec-
tromagnetic force when it operates. It will have a strong impact on the moving parts in a
short time, which may lead to armature deformation or even damage. Therefore, without
affecting the dynamic characteristics, analyzing the stress distribution during the opera-
tion of the mechanism and optimizing the impact-resistant structure of the moving parts
to reduce the armature edge vibration and excessive local stress is of great significance to
the reliability of the mechanism.

Structural optimization methods are mainly divided into three categories: size opti-
mization, shape optimization, and topology optimization [22]. Size optimization is the
most basic optimization method, which mainly improves performance without changing

https://doi.org/10.3390/en19153665
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the overall structure by adjusting geometric parameters, such as length, thickness, and
cross-sectional area. Shape optimization can adjust the structural boundary and optimize
performance while keeping the topology unchanged [23]. Compared with size optimiza-
tion, shape optimization has a larger design space, but still depends on the initial struc-
tural form. Topology optimization can automatically allocate materials in the design area
to obtain the best performance. Its purpose is to reduce the designer’s dependence on the
initial structure and realize the automated design and quantitative optimization of opti-
mization parameters [24]. Compared with traditional methods, topology optimization has
a higher degree of design freedom and a stronger global optimization capability in struc-
tural design [25].

4.1. Equivalent Static Load Method

To optimize the armature structure by topology optimization, the electromagnetic
force acting on the armature needs to be converted into an equivalent static load, thereby
improving the feasibility. The equivalent static load method, based on certain parameters,
ensures that the response produced by the static load applied to the structure is the same
as that produced by the dynamic load, thus determining the calculation method for the
corresponding static load. For the electromagnetic repulsion mechanism, the relationship
between the pulse force duration and the armature’s natural period should be considered
to determine whether the dynamic effect is significant. Based on this, an equivalent static
load model suitable for topology optimization can be established.

Structural dynamics reveals a strong relationship between load duration and the
structure’s natural period. To determine the impact of the electromagnetic repulsion
mechanism’s dynamic effects, it is necessary to calculate the ratio n of the load duration
to the structure’s natural period. 1) is the ratio of the pulse force duration t to the natural
period T of the armature-dominant mode.

n=1T, (4)

Parameter 1 indicates the relationship between the load and the structural response.
Generally, when n > 1, the dynamic effect is weak, and the problem can be considered
quasi-static; when 1 = 0.25-2, the dynamic effect should not be ignored; and when n«1,
the problem should be considered an impact problem, and peak static load cannot be a
substitute. Based on the parameter combination obtained from the multi-objective opti-
mization above, an armature geometric model is established, and the natural frequencies
are calculated to obtain the natural period. An armature made of T6061 aluminum alloy
with a thickness of 5 mm, an outer diameter of 160 mm, and an inner diameter of 20 mm
was modeled, and modal analysis was performed using the solid mechanics module in
COMSOL 6.2 software. Figure 6 shows the natural frequencies and corresponding mode

shapes.
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Figure 6. Armature natural frequencies and modes.

Since the electromagnetic force on the armature in the electromagnetic repulsion
mechanism is mainly distributed axially in the region overlapping with the driving coil,
and the load is approximately symmetrical in the circumferential direction, the axisym-
metric bending mode that matches the spatial distribution characteristics of the load is
selected as the dominant mode from the various vibration modes, and the natural period
of the structure is determined accordingly. According to the modal analysis results, the
natural frequency of the axisymmetric dominant vibration mode corresponding to the ar-
mature is 814.63 Hz, and its natural period is 1.23 ms.

Based on the design parameters of the electromagnetic repulsion mechanism, the dy-
namic characteristics can be calculated. The peak value of the electromagnetic force is approx-
imately 17 kN, while its duration is about 0.24 ms; therefore, the influence of dynamic effects
cannot be ignored. To find an equivalent static load suitable for topology optimization, this
paper selects the armature edge vibration displacement as the equivalence criterion for the
response. First, transient analysis is performed under the action of the electromagnetic force
to calculate the maximum edge displacement of the armature during motion. Then, the elec-
tromagnetic force distribution at the peak moment is taken as the basic static load, and its
amplitude is adjusted so that the edge displacement obtained from the static analysis is con-
sistent with the maximum edge displacement under the transient analysis. The corresponding
static load is defined as the equivalent static load of the electromagnetic force.

The armature edge vibration displacement is shown in Figure 7. The armature edge
vibration displacement reaches the maximum value of 1.77 mm when the armature moves
for 0.72 ms. The calculated force required to achieve the same displacement under static
load is 7.4 kN. Therefore, subsequent optimization analysis is performed with a static load
of 7.4 kN.

2.0
1.5
1.0
0.5
0.0
-0.5
A—1.0
-1.5

20 —°—N0n-optimization|

Displacement(mm)

0.0 02 04 06 08 1.0 1.2 14 1.6 1.8
Time(ms)

Figure 7. Edge vibration displacement of the non-optimization armature.
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It should be noted that the equivalent static load is determined based on the armature
edge vibration displacement. The purpose is to provide an equivalent input for optimiz-
ing the total elastic strain energy of the armature, thereby improving the overall structural
stiffness and reducing edge vibration displacement. It is not a complete equivalent of the
transient process of the electromagnetic repulsion mechanism. Therefore, after the arma-
ture structure optimization, if further evaluation of the armature local stress distribution
and the armature edge vibration displacement is required, dynamic characteristic calcu-
lations should still be performed for verification.

4.2. Armature structure topology optimization problem description

Since topology optimization based on static analysis is required, and total elastic
strain energy can directly characterize the overall stiffness of the structure, this paper se-
lects the total elastic strain energy of the armature as the equivalent criterion.

Topology optimization consists of a design domain, design materials, objective equa-
tions, and constraints, which will be explained in detail below.

1. Design Domain

Topology optimization requires setting a design domain, which defines the optimi-
zation range required for that region as shown in Figure 8. Topology optimization is es-
sentially a finite element calculation process, so the model needs to be meshed. Each finite
element mesh element within the design region is used as a design variable for topology
optimization, while the finite element elements outside the design region are used as reg-
ular elements and calculated by the governing equations. In the armature structure opti-
mization problem, since the part that does not coincide with the coil in the axial vertical
direction has almost no effect on the electromagnetic force amplitude, the region between
the coil and the connecting rod is selected as the optimization design domain [26].

0.02 T T T T T T T T T
[ Rod Region
[C—"IDesign Region
0.01 I Eddy Region | 7|
N 0 b
—-0.01 i
—-0.02 1 1 1 I 1 1 1 1 1

0 0.01 0.02 003 004 005 006 007 0.08 009 0.1
R

Figure 8. Topology optimization design domain.

2. Design Material

The design material is determined by the topology optimization. For single-material
topology optimization, the materials in the design domain are generally air and the design
material, with one variable. However, for multi-material topology optimization, there are
two or more design variables. This paper introduces a relative density variable p(x) €[0,1]
in the design domain, where p = 1 indicates that the material is solid, and p=0 indicates
that the material is empty. To establish the response between the material and the optimi-
zation objective, the SIMP interpolation method is used to interpolate the material’s elastic
modulus. The interpolation expression is:

E(p) = Emz'n +pf(EO _Emin)/ (5)
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In the formula, Eo is the Young’s modulus of the T6061 alloy in the armature, Emin is
a minimum value representing the lower limit of the Young’s modulus range, and p is a
penalty factor, usually chosen as 3. Using the above interpolation method, a stiffness ma-
trix related to the design variables can be constructed, thereby finding the optimal mate-
rial distribution.

3.  Objective Function

The objective function is determined by the final design goal. In armature structure
optimization, the chosen objective is to minimize the total elastic strain energy, thereby
minimizing the deformation at the armature edge and stress concentration. Under the
given external load, the armature structure should satisfy the linear elastic static equilib-
rium equations:

K(pU=F, ©6)

Where K(p) is the stiffness matrix related to the material distribution, U is the nodal dis-
placement vector, and F is the load vector, used to characterize the external load applied
to the armature. This paper uses the total elastic strain energy as the optimization objec-
tive, and its finite element form is:

I3 U KU, %

The objective function reflects the total elastic strain energy stored in the structure
under external loads. Under fixed load conditions, minimizing the total elastic strain en-
ergy is equivalent to increasing the overall stiffness of the structure.

4. Constraint

Constraints significantly influence the structural evolution during topology optimi-
zation. The fundamental constraint in the optimization is the volume fraction constraint
of material density:

N
Zlvepe vaVO’ (8)
e=

where V. is the volume of the e-th element, Vo is the total volume of the design domain,
and f,€(0,1) is the preset volume fraction. The proportion of the material in the design
domain cannot exceed fo.

In summary, an armature topology optimization model is established by the density
method. The material distribution within the design domain is the optimization object.
The minimum total elastic strain energy of the armature is the optimization objective. The
mathematical expression for the topology optimization can be summarized as follows:

min ](p)=1UT K(p)U
Pe 2

s.t. K(p)U=F
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4.3. Calculation of the Objective Function Sensitivity

Sensitivity calculation of the objective function is a crucial component of topology
optimization, as the sensitivity with respect to design variables determines the optimiza-
tion search state. Two commonly used sensitivity methods are the finite difference method
and the adjoint variable method. The finite difference method applies small perturbations
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to the design variables and repeatedly solves the state equation, using the change in the
objective function to calculate an approximate gradient. Its calculation process is relatively
intuitive, but the computational cost is high when there are many design variables. The
adjoint variable method, on the other hand, constructs a Lagrangian function to eliminate
the derivative terms of the state variables with respect to the design variables, thus ob-
taining the sensitivity of the objective function with respect to the design variables. Since
the design domain in topology optimization typically contains a large number of finite
elements and numerous optimization variables, the adjoint variable method is more ad-
vantageous in such problems; therefore, it is chosen to calculate the sensitivity.

To facilitate derivation, the static equations are rewritten in residual form:

R(p, Uy=K(p)U-F=0, (10)
Constructing the Lagrange function using the residual form and the objective func-
tion
L(p, U Ay (p,U)A  R(p,U), (11)
Differentiating the design variable o and combining like terms yields the following
result:
dL o oR 9 oR dU
_=_]+AT—+(—]+)\T —)—, (12)
dp dp dp 0U oU " dp

In Equation (12), the adjoint variable A is not an original physical unknown, but an
auxiliary variable introduced to eliminate the derivative terms of the state variables in the
sensitivity expression. Therefore, by satisfying a specific adjoint equation, the terms re-
lated to dU/dp in the total derivative of the objective function can be made zero. This can
be achieved by setting A to satisfy a specific adjoint equation:

d ,rIR
——+A —=0, 1
ouU oU (13

Since R =0, L = J. Therefore, the sensitivity equation and the adjoint equation are

obtained:

ﬂ =ﬂ+/\T a_R
dp dp op
OR 7 '
VA = (=L
g =g’
The adjoint variables can be obtained from the adjoint equation:
Jf )y = IR =K

Gu) “au™X, (15)
A=-U

(14)

The partial derivative of | with respect to p is
a1 u? 9K

U,
dp 2 ap (16)

Substitute the adjoint variable, partial derivative term, and R into the sensitivity
equation:

L 1 K

4 _dL ——_ IK

dp dp 2 p (17)

The sensitivity of the objective function can be obtained by the above methods, al-
lowing gradient-based algorithms to solve the minimization problem. In this paper, the
Method of Moving Asymptotes (MMA) is applied. The overall optimization process in-
cludes FEA modeling, material interpolation, and design domain selection, as well as
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establishing the objective function and corresponding constraints. The adjoint method is
then used to calculate the sensitivity. After obtaining the sensitivity, the model is itera-
tively optimized until convergence is met.

5. Comparison and Discussion of Optimization Results

The armature structure was optimized using topology optimization, shape optimi-
zation, and a combined shape-topology optimization method. The goal of the optimiza-
tion was to reduce stress concentration and excessive deformation at the armature edges,
thereby improving the reliability of the armature structure.

5.1. Structural Optimization Result

The results after shape optimization, topology optimization, and combined shape-
topology optimization are shown in Figure 9. The topology optimization result has a small
overall change to the outer contour of the design domain, and generates two cavities in-
side, thereby improving the stress performance of the armature by changing the material
distribution; the shape optimization makes the geometric transition of the outer contour
smoother while maintaining the overall solid connection; the combined optimization re-
sult has both of the above characteristics, maintaining the smooth outer contour of the
structure while achieving a reasonable distribution of internal materials.

=l

(a) Topology optimization (b) Shape optimization (c) Combined optimization

Figure 9. Armature structure optimization axisymmetric schematic diagram.

5.2. Armature Edge Vibration Displacement

Dynamic characteristics analysis was performed on the optimized armature, and ar-
mature edge vibration displacement curves with different geometries were calculated un-
der the same conditions. These curves were obtained by subtracting the armature center
displacement from the armature edge displacement. The calculation results are shown in
Figure 10, which plots the armature edge vibration displacements under four different
armature structures. The effectiveness of each optimization method in suppressing edge
vibration and improving structural stiffness was evaluated based on the calculation re-
sults.

https://doi.org/10.3390/en19153665



Energies 2026, 19, 3665

15 of 19

N
=

_—
S W

Displacement(mm)
é (@] ()
(9] [e) 9]

|
—_
=)

—— Non-optimization
Topology optimization

—— Shape optimization

—2.0 H—— Combined optimization

0.0 02 04 06 08 1.0 1.2 14 1.6 1.8
Time(ms)

|
—_
W

Figure 10. Calculation results of four optimized structures.

In Figure 10, all armature structures exhibit edge vibration under the electromagnetic
force. Without optimization, the armature structure exhibits the largest edge vibration
displacement and the latest peak value, indicating relatively insufficient overall stiffness
under load. In contrast, the edge vibration displacements of the topology-optimized,
shape-optimized, and jointly optimized structures are all reduced, demonstrating that
both shape and topology optimization are effective in improving edge vibration displace-
ment. Among the three optimization methods, the jointly optimized armature edge vibra-
tion displacement amplitude is the smallest, with a peak displacement of 0.74 mm, only
41.8% of the amplitude of the edge vibration displacement before optimization.

5.3. Armature Stress Distribution

To evaluate the effectiveness of the optimization results from the perspective of local
stress, it is also necessary to analyze the stress distribution during the armature motion
process. The stress distribution of the armature at different times was calculated using the
electromagnetic field, solid mechanics, and circuit modules of the COMSOL software. Fig-
ure 11 shows the stress distribution of the four armature structures at t = 0.5 ms.
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(a) Non-optimization (b) Topology optimization
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Figure 11. Armature stress distribution at 0.5 ms.

As shown in Figure 11, in the unoptimized structure, the stress concentration point
is the right-angle region where the connecting rod and armature intersect, i.e., point A,
coordinates [10 mm, 2.5 mm], in Figure 11a. In the three optimized structures, the stress
concentration points are the connection between the design area and the connecting rod,
and the connection between the armature and the coil in the vertical region, i.e., points A,
coordinates [10 mm, 10 mm], and B, coordinates [40 mm, 2.5 mm)], in Figure 11b-d. There-
fore, these two points are selected to plot the stress-time curve, while for the unoptimized

structure, only the connection point between the connecting rod and armature is selected.
The stress curves are shown in Figure 12.
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Figure 12. Armature stress curves.

In Figure 12, the stress amplitude at point A of the three optimized structures is sig-
nificantly lower than that of the unoptimized structure, with the shape-optimized struc-
ture exhibiting the smallest stress amplitude. This indicates that all three optimization
methods effectively improve the local stress state in the armature center region. Among
the three optimization methods, the stress at point A resulting from shape optimization is
generally around 100 MPa, with a relatively gentle trend, suggesting its superior ability
to improve the structural transition region and reduce sudden local stress changes. The
stress at point A resulting from topology optimization is higher, approximately 160 MPa,
indicating that the stress on the connection part with the link is enhanced after the material
is redistributed within the design domain. The stress at point A resulting from combined
optimization is slightly lower than that from topology optimization, suggesting that
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combining shape optimization can mitigate the stress concentration phenomenon caused
by topology optimization to some extent.

The stress at point B, determined by topology optimization, is significantly higher
than that obtained through shape optimization and combined optimization. The reason is
that topology optimization does not alter the overall contour of the design domain, while
shape optimization effectively improves the connection between the design region and
the region perpendicular to the coil, making it smoother and thus effectively mitigating
stress concentration. Overall, each of the three optimization methods has its advantages
and can be selected based on the specific circumstances, but all can effectively reduce the
stress amplitude at stress concentration points in the armature.

6. Conclusions

This paper uses a multi-objective genetic algorithm to optimize the parameters of the
electromagnetic repulsion mechanism. Based on this, shape optimization and topology
optimization are used to further optimize the geometry of the armature. The conclusions
are as follows:

(1) By combining analytical calculation methods with multi-objective genetic algo-
rithms, the electromagnetic repulsion mechanism can be optimized in multiple objectives,
and design parameters that meet the requirements of closing time and closing speed can
be obtained.

(2) Topology optimization, shape optimization, and combined optimization can all
improve the edge vibration of the armature of the electromagnetic repulsion mechanism.
After optimization, the edge vibration amplitude during the armature movement is less
than 1 mm. Among them, the combined optimization method has the best effect, with the
edge vibration amplitude being only 0.74 mm.

(3) Topology optimization, shape optimization, and combined optimization can all
effectively reduce the stress in critical parts of the armature and improve the significant
stress concentration. Shape optimization results in a smooth geometric transition and has
a more significant stress suppression effect on points A and B; topology optimization can
improve the overall load-bearing capacity through material distribution, but strong stress
concentration may still occur in local areas; the combined optimization, to some extent,
combines the advantages of both methods. Overall, different optimization methods have
different focuses on stress improvement, but all can provide effective references for the
optimized design of armature structures.
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