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Abstract

Electrical power transmission relies heavily on power transmission lines. The swinging
of the lines during windy weather can cause conductor collision between adjacent lines,
which can result in severe electrical accidents. To solve this problem, this paper proposes
an anti-collision spacer ring and its structure optimization method. Topology optimization,
as a structural optimization method, is used to design the spacer ring to achieve maximum
stiffness and minimum mass. The model is redesigned based on the optimized results,
and its performance is subsequently assessed through static analysis and electrostatic field
analysis. The results before and after optimization show that the maximum equivalent
stress on the spacer ring is reduced by 34.4% and the mass is decreased by 10.5%. It realizes
the lightweight design of the spacer ring, and provides theoretical basis and technical
support for the structural design of the spacer ring.

Keywords: spacer ring; topology optimization; static analysis; lightweight design; struc-
ture design

1. Introduction

Power transmission lines are crucial for ensuring a reliable electrical supply to urban
areas. Their safe operation is essential to the normal development of the national economy
and life [1]. The transmission lines are exposed to the natural environment and are affected
by icing and wind, which cause them to swing [2,3]. These conditions can lead to conductor
strand breakage, line disconnection and other accidents, resulting in circuit disconnection
or outages and large-scale power failure, and substantial economic losses [4,5]. To prevent
such accidents, power transmission lines are typically equipped with anti-collision devices.
However, the installation of these devices often requires manual operation, which not only
increases construction complexity but also raises maintenance costs. The spacer ring, as
proposed in this paper, is installed at regular intervals along transmission lines. Its primary
function is to maintain a safe separation between conductors, thereby effectively mitigating
the risk of conductor collision.

To achieve a lightweight spacer ring design without compromising its structural
strength, topology optimization is one of the main optimization methods for balancing
strength and weight reduction. It allows to determine the optimal material distribution
within a specified design domain, ensuring the best mechanical performance and response
of the structure under static or dynamic loads [6,7]. In most cases, optimal structure config-
urations cannot be determined based on the previous experience. Topology optimization
can explore innovative structural designs under given loads and constraints, such as stress
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and displacement [8]. It is adaptive, highly flexible, and potential cost savings in design
and manufacturing, and has been widely applied in diverse fields, including structures [9],
mechanics [10], thermal [11], and acoustics [12]. At present, common topology optimization
methods include the phase field method [13,14], variable density method [15,16], level set
method [17], bi-directional evolutionary structural optimization (BESO) method [18,19],
and movable component method [20]. Among them, the variable density method is the
most widely used because it is simpler and more efficient than other topology optimization
methods and has good adaptability to complex design domains.

The variable density method transforms the initial discrete topology optimization
problem into an optimization problem based on continuous design variables. It allows
for the addition of effective materials to the structure while removing inefficient materials,
resulting in an optimal structure [21]. By resorting to the density-based Solid Isotropic
Material with Penalization (SIMP) method, the penalty factor p is introduced to increase
the cost of intermediate-density elements and reduce the number of intermediate-density
elements to make the density of elements as close as possible to 0 or 1 [22], which highlights
the overall structure of the spacer ring. During the design process, the initial density
distribution is not necessarily uniform. Therefore, some methods need to be used to
achieve a uniform distribution of density. Common homogenization methods include
volume fraction method, sensitivity analysis method and topological gradient method.
These methods mainly use some rules to adjust the mass distribution of different units
to achieve homogenization [23]. Although the homogenization methods are not directly
employed in this study, the SIMP-based topology optimization inherits their core concepts
of volume fraction control and sensitivity analysis. The SIMP method is chosen because it
combines the theoretical foundation of homogenization with high computational efficiency
and good convergence, making it suitable for engineering applications.

Topology optimization is typically performed for a single objective optimization [24,25].
However, the actual process is often dynamic with multiple working conditions and con-
straints, and the structural topology optimization results for a single optimization ob-
jective cannot meet the overall structural design requirements [26]. Zhao et al. [27] and
Zhong et al. [28] transformed the multi-objective topology optimization model into a
single-objective problem using a compromise programming approach, with fixed weights
empirically assigned to each objective. Therefore, in this paper, a compromise programming
approach is applied to the multi-objective optimization of the spacer ring.

The aim of this paper is to design a spacer ring for anti-collision on power transmission
lines. The variable density method of topology optimization methods is used to derive the
optimal layout of the spacer ring. Finite-element models are developed to investigate the
structural performance of the topology-optimized spacer rings design [29]. The spacer ring
designed in this paper is superior to the original design. The spacer ring maintains a similar
geometry while reducing the maximum equivalent stress and mass. This paper explores
new ways for spacer ring structures to realize low-cost and lightweight structural design,
which is important for maintenance and performance under heavy environmental stresses.

2. Composition and Working Principle of the Spacer Ring System

The design of the robot and the spacer ring has already been completed in our previous
work, and the spacer ring system has also been manufactured. The system of the spacer
ring is shown in Figure 1. As shown in Figure 1a, the spacer ring system consists of a robot,
spacer ring and power transmission lines. The spacer ring locking process is illustrated
in Figure 1b,c. As shown in Figure 1d, spacer rings prevent conductor collision in power
transmission lines. The spacer ring, as shown in Figure 2a, is a circular structure with four
supports. Two downward-facing clamps are installed on the horizontal supports. The
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vertical support is installed with a spacer ring locking device. As shown in Figure 2b, the
locking device consists of an input bolt, an active wedge block, a passive wedge block, a
retaining ring, an arc pad, a rotating handle, and a locking shell. When the rotating handle
is turned, the input bolt also rotates, causing the active wedge to move left and right. Due
to the contact between the wedge surfaces of the active and passive wedges, the passive
wedge will fall or rise accordingly.

(b)

Unlocked state

Transmission line o .
Direction of rotation

(©) (d)

Transmission lines

Locked state Spacer ring

Direction of rotation

Figure 1. Spacer ring system: components, operating states, and application scenario. (a) Components
of the spacer ring system; (b) The spacer ring is in an unlocked state; (c) The spacer ring is in a locked
state; (d) Application scenario schematic diagram of spacer rings.

(b)
Locking shell

Input bolt

Downward-facing clamp Locking device Retaining ring Active wedge block Passive wedge block

Figure 2. (a) Spacer Ring; (b) Spacer Ring Locking Device.

Outdoor testing of the spacer ring has been completed, and the tests demonstrated its
successful installation on transmission lines. The installation process of the spacer ring is
shown in Figure 3, firstly, the spacer ring is manually transported to the power transmission
lines, then the robot lifts the spacer ring and moves it to the specified position on the line.
It then lowers the spacer ring until the upper surface of its middle cavity makes contact
with the line. At this point, the robot rotates the handle of the locking device, causing the
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passive wedge to rise and gradually press against the line, thereby securing the spacer ring
in place. Finally, the robot’s gripper descends to the lowest point and then returns to its
initial position. To further validate the feasibility of installing the spacer ring, previous
work of this paper has also tested spacer ring installation and removal in simulated real
scenarios. As shown in Figure 4, the robot can stably install and remove the spacer ring on
transmission lines. Due to the significant load that multiple spacer rings impose on a single
transmission line, and their need to withstand collisions between the lines, their structure

needs to be optimized to reduce mass and increase strength.

Figure 3. The spacer ring installation experiment. (a) The spacer ring is in an unlocked state; (b) The
robot locking the spacer ring; (c) The spacer ring is in a locked state.

Figure 4. Training field experiment: spacer ring installation under simulated real scenarios. (a) The
robot carries a spacer ring and moves along the transmission line; (b) The robot installs a spacer ring
on the transmission line.

3. The Optimization Model for Spacer Ring
3.1. Simulation Modeling of the Spacer Ring

In order to analyze the performance of the spacer ring in power transmission lines,
this study simulated the electrical and mechanical conditions that may be encountered by
the spacer ring on outdoor power transmission lines. A three-dimensional geometric model
of conductors of the power transmission line and spacer ring is created in SolidWorks 2022
and subsequently imported into ANSYS Workbench 2023 R1 and COMSOL Multiphysics
6.3 for further simulation and analysis. In this study, the diameter of the line is 30 mm,
the inner diameter of the spacer ring is 500 mm, the outer diameter of the spacer ring is
600 mm, and the height of the spacer ring is 10 mm. Table 1 summarizes the numerical
parameters used for the simulation and optimization of the spacer ring.
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Table 1. Parameters for simulation and optimization.
Simulation Modeling of . Modulus of . , .
Spacer Ring Materials Elasticity/MPa Poisson’s Ratio
Spacer ring Epoxy resin 3780 0.35
Spacer ring locking device 7075 Aluminum alloy 71,000 0.33
Input bolt of locking device 316 stainless steel 193,000 0.28
Transmission lines 6061 Aluminum alloy 69,040 0.33
Density/(g/cm?) Yield Strength/MPa Relative Permittivity Conductivity/(S/m)
1.16 54.6 3.8 /

2.81 455 / 2.2 x 107

8.03 205 / 1.35 x 10°

2.713 259.2 / 2.5 x 107

3.2. Topology Optimization Method Based on Variable Density Method

Structural topology optimization is a mathematical technique whose goal is to provide
an optimized structure fulfilling user-defined requirements. In the most general formula-
tion, it consists of redistributing the material inside an initial design domain in order to
satisfy mechanical performances combined with physical constraints [30]. The topology
optimization in this paper is implemented in Ansys, and its theory is based on the variable
density method. Among the various popular interpolation schemes of the variable density
method, SIMP is a commonly used density-stiffness interpolation model. The interpolation
model uses the element relative density as the design variable, and the material properties
are simulated by the exponential function of the element relative density. The SIMP material
interpolation model is formulated as follows [31,32]:

E(x) = xPEy, (1)
where E(x) is the elastic modulus after interpolation, x is the element relative density, p is
penalization factor and Ej is the elastic modulus of the material.

3.3. Mathematical Modeling for Topology Optimization

The variable density method assumes that material density is variable and uses the
relative density of elements as the design variable [33]. The structural stiffness and mass
are both considered in the topology optimization, since high stiffness ensures anti-collision
reliability, while lightweight design reduces the burden on the transmission lines. A multi-
objective optimization function is established using a normalization method [34], it can be

} +(1- a){m(p) — Mmin }
Mmax — Mmin
where c(p) = uTK(p)u is the compliance of the structure, u is the displacement vector,

and K(p) is the global stiffness matrix, m(p)
is the relative density of the e-th element, and v, is the unit volume of the e-th element,

formulated as:

)

— Cmin

-ofim

Y o1 PeVe is the mass of the structure, p,

Cmax and cmin are the maximum and minimum structural compliance, respectively, Mmax
and My, are the maximum and minimum structural mass, respectively, and a € [0,1] is
the weighting coefficient to adjust the relative importance of compliance and mass in the
objective function.
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The global stiffness matrix K can be formulated as:

K(p) = Z peKe, 3)
e=1

where 7 is the total number of design variables, K, is the element stiffness matrix, and pe is
the relative density of the e-th element, which takes the range 0 < p, < 1 (Pmin is defined
as 0.001 in this paper).

The multi-objective topology optimization model is built as follows:

find p,
min F(p),
K(p)u=F
n
mVo < V(p) = ZlPeUe < Vo (e = 1,2,.--,71> '
e=

0<pmin§pe§1(€:1,2,...,n)
Omax < 0y

4)
s.t.

where p is the unit relative density, u is the displacement matrix, K is the stiffness matrix,
F is the external load, V is the optimized structure volume, # is the total number of design
variables, Vj is the volume of the initial structure, o and p; are 0.99 and 0.3 respectively,
Omax is the maximum von Mises stress, and ¢, is the yield strength of the material.

In each iteration of the topology optimization, sensitivity analysis guides material
distribution by evaluating the effect of density changes on the objective function [35]. The
sensitivity number is the gradient of the objective function (2) with respect to the design
variable p, for each element and can be formulated as:

oF 1 ac 1 aom
—=0——+(1-0)———, 5)
3Pe Cmax — Cmin aPe Mmax — Mmin aPe

where aa—}fe = —uTgTiu = — pp; 'ul Keu,, gTZZ = V.

The flowchart of the topology optimization procedure used in this study is given
in Figure 5. The first step is to define initial design domain and boundary conditions as
illustrated in Figure 6. The loads are applied on the surface of the constrained region. Then,
the global stiffness matrix is calculated and the displacement field are solved by Finite
Element Analysis (FEA) to evaluate the mechanical properties of the structure. The partial
derivatives of the objective function with respect to p, are derived through sensitivity
analysis. Then, a density filtering technique is introduced to ensure the smoothness
and mesh independence of the solution, and the design variables are updated using an
optimization algorithm. The iterative process ends when the convergence condition is
satisfied, and the final output is an optimized structural design that satisfies the constraints.

3.4. Boundary Conditions for Spacer Ring Structures

To facilitate structural topology, the design region is initially determined. This region
is then adjusted based on constraints to optimize mechanical properties. The spacer ring is
fixed by screws through top and bottom holes, which constrains its position. The stress
constraint is set to 54.6 MPa. The constraints on the spacer ring are shown in Figure 6.
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| Define initialization design variables |

‘ Perform finite element analysis H

‘ Calculate sensitivity number |

l

‘ Perform filter scheme |

l

‘ Perform update scheme |

Figure 5. Flowchart of the topology optimization method. (The optimization was considered
converged when the objective function became stable or when the maximum number of 100 iterations
was reached.).

- Design region

- Constrained region

Figure 6. Topology optimization boundary condition description.

3.5. Topology Optimization Resulting Configurations

The topology optimization results at specific iterations can be observed in Figure 7.
Figure 7 shows the iterative results for the minimization process of the objective function
value, where o and «; are weighting coefficients under different constraint conditions.
The topology optimization results for the spacer ring at several specific iterations are also
given in Figure 7. At &; = 0, it can be observed that the topology optimization result for the
spacer ring does not change significantly after the 4th iteration. At «; = 0.5, the topology
optimization result for the spacer ring does not change significantly after the 15th iteration.
At oy =1, the topology optimization result for the spacer ring does not change significantly
after the 12th iteration. At oy =0, it can be observed that the topology optimization result for
the spacer ring does not change significantly after the 4th iteration. At o = 0.5, the topology
optimization result for the spacer ring does not change significantly after 20 iterations. At
oy = 1, the topology optimization result for the spacer ring does not change significantly
after 24 iterations. The black and white of the material layout denote solid and void
elements, respectively.
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Figure 7. Iteration curves at different weights coefficient.

The topological results and reconstructed models with different weighting factors
are shown in Figures 8 and 9, where « = 0 and o = 1 are equivalent to single-objective
optimization, respectively. When o = 0.5, the stiffness and mass of the spacer ring are
taken into account at the same time. The optimized results of o; form a continuous frame
connection and an approximate fan-shaped blank region. The optimized result of &; = 0.5
shows increased fan-shaped regions at the top and bottom compared to «; = 0, resulting
in enhanced stiffness of the structure. The optimized result of o; = 0.5 shows a larger
inner radius compared to «; = 1, leading to a lower mass of the structure. The optimized
results of oy show a continuous, approximately square internal structure. Compared to
the result of ay = 0, the optimized result of x; = 0.5 reduces the void region within the
approximately square region, thereby enhancing the structural stiffness. The optimized
result of &, = 0.5 shows a larger inner radius compared to x; = 1, leading to a lower mass
of the structure. The optimized structure at oy = 0.5 features a reduced solid region in
its top, central, and bottom parts compared to x; = 1, thereby reducing the structural
mass. Multi-objective topology optimization can well synthesize the characteristics of each
single-objective topology optimization result, and the topology optimization result of the
structure is more reasonable.
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SPASPISS

o=0 o,=0.5 oy=1
a) Topological configuration

DD

oy=0 a,=0.5 oy=1

(b) Reconstructed model

Figure 8. Topological configuration and reconstruction model of «;.

o,=0 a,=0.5 =1

(a) Topological configuration

7\ AT

VA'AV
| 7‘ x>

(b) Reconstructed model

Figure 9. Topological configuration and reconstruction model of «;.

4. Spacer Ring Performance Simulation Analysis

4.1. Static Analysis of the Spacer Ring
4.1.1. Deformation Characteristics and Stress Distribution of Spacer Ring at Different
Applied Force Angles

In this experiment, ANSYS simulation software is used to analyze and study the total
deformation and stress distribution of the initial spacer ring at different applied force
angles. In the simulation, tetrahedral elements are selected for meshing because this type
of element is suitable for complex geometries. The magnitude of the force is set to be
1000 N. The forces are applied at 0°, 45°, and 60°, which are the angles measured from
the negative X-axis toward the negative Y-axis. Under each applied force angle, static
analysis is performed to obtain the stress distribution, deformation and possible stress
concentration region.

From Figure 10, it can be seen that the maximum equivalent stress and the total
deformation of the spacer ring increase as the angle increases. The stress concentrations
were primarily localized around the spacer ring locking device. Moreover, as the angle
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increases, both the maximum equivalent stress and the total deformation of the spacer
ring also increase. Based on the analysis of the initial spacer ring structure, the spacer ring
structure is optimized, and the performance changes before and after the optimization are
compared. As shown in Figure 11a, the maximum equivalent stress of most of the optimized
structures is reduced compared to the initial structures. Compared to the initial spacer ring,
the maximum equivalent stress of the optimized spacer ring for «; = 1 showed reductions
for all three loading angles. For «; = 0.5, the maximum equivalent stress initially increased
and then decreased compared to the original. Compared to the initial spacer ring, when
a1 = 0, the maximum equivalent stress of the optimized spacer ring increases at 0°, 45° and
60°. This may be because when «; = 0, the mass of the spacer ring decreases too much.
This leads to a significant reduction in its solid region, which in turn increases its stress.
For both the initial and optimized spacer rings with «; = 0.5 and o7 = 1, the maximum
equivalent stress consistently increased as the angle of applied force increased. As shown
in Figure 11b, the optimized spacer ring shows higher maximum equivalent stress than the
initial spacer ring under different applied force angles. The maximum equivalent stress
at oy = 1 is the lowest compared to oy = 0 and «; = 0.5. Under the «; = 1 condition, the
maximum equivalent stress at applied force angles of 0°, 45°, and 60° are 31.448 MPa,
47.248 MPa, and 47.963 MPa, respectively. When o4 = 0, the maximum equivalent stress
is the highest among the conditions of &; = 0, 0.5, and 1. Compared with the condition
of &y =1, when «; = 0, the maximum equivalent stresses increase by 19.13% and 3.69%
at applied force angles of 45° and 60°, respectively, while the maximum stress decreases
at 0°. Moreover, the spacer ring mass at «; = 0 is lower than that at oz = 1. Overall, the
optimization results under condition «; show lower maximum equivalent stress compared
to those under condition ;.

(@) A:static structure (b) A: static structure
Total Deformation Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

. 14.964 Max

13301
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gy 83133

Type: Total Deformation
Unit: mm
Time: 15

. 1.3817 Max
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0.92188

076862
]
061535 66506
| 046209 4988 M
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015557 I 1.6627 e
0.0023025 Min 9.0284e-5 Min X
000 300.00 600.00 (mm)
— — —
150.00 450,00 150.00 450.00
(C) B: Static structure (d) B: Static structure
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Unit: mm Unit: MPa
Time: 1's Time: 1s
g 537 Mex g T e
7.4746 30771
65704 26924
5.6661 23078
47619 19232
B 576 B 153
| 29534 ¥ 11539 Y
20492 7603
I 1.1449 I;’ I 3.8467 LL’
0.24069 Min X 0.00042679 Min X
600.00 (mm) 000 300.00 600.00 (mm)
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Type: Total Deformation Type: Equivalent (von-Mises) Stress
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Time: 1's Time: 1's
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89863 38.147
7.8992 33379
6812 2861
[ B g 22
46377 19074
35506 g I 14305 Y
24634 I 95372 I
l 13763 ° I 47689 .
0.28913 Min X 0.00061079 Min X
600.00 (mm) 000 300.00 600.00 (mm)
— — —
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Figure 10. Total deformation and equivalent stress distribution of the initial spacer ring under
different applied force angles. ((a,b): 0°, (c,d): 45°, (e,f): 60°, where (a,c,e) are total deformation and
(b,d,f) are equivalent stress distribution).
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Figure 11. Maximum equivalent stress curves of spacer rings at different loading angles. (a) Maximum equiv-
alent stress curves of optimized spacer ring under «; condition and the initial spacer ring; (b) Maxi-
mum equivalent stress curves of optimized spacer ring under «; condition and the initial spacer ring.

4.1.2. Deformation Characteristics and Stress Distribution of the Spacer Ring in a
Constant Direction

As shown in Figure 12, static simulations of the initial spacer ring are performed at
different load levels, and the direction of applied force is 0°. Figure 12a,c,e,g illustrate the
total deformation under 400 N, 600 N, 800 N, and 1000 N loads, respectively. Figure 12b,d,f,h
correspond to the equivalent stress distributions under each load level. With increasing load,
the total deformation of the spacer ring showed an obvious linear growth trend. This linear
relationship indicates that the deformation behavior of the spacer ring is in accordance with
the theory of elasticity in the load range studied. In terms of equivalent stress, the maximum
equivalent stress increases as the load increases. Under a load of 1000 N, the maximum
equivalent stress in the spacer ring remained below the yield strength of the epoxy resin
(54.6 MPa), indicating that the spacer ring does not undergo plastic deformation at this
load level. From the perspective of stress distribution, stress concentration mainly occurs
in the edge and central regions of the spacer ring. These regions are often the structural
weak points, which can lead to localized damage or fatigue failure of the material.

To evaluate the effectiveness of the optimization, the optimized structures are com-
pared with the initial structure. Static analysis is conducted under a 1000 N load applied
to the optimized spacer ring, and the results are shown in Figures 13 and 14. Figure 15
shows the mass and maximum equivalent stress of the spacer ring before and after op-
timization. The maximum equivalent stress is the highest value among the equivalent
stresses, which are obtained under loading angles of 0°, 45°, and 60°. Compared to the
initial structure, the optimization results for both o; = 0.5 and «; = 1 show reductions in
maximum equivalent stress. The maximum equivalent stress for «¢; = 0.5 is higher than that
for & = 1, since the optimization objectives of stiffness and mass are not separate when
a1 = 0.5, and under the interaction of these two objectives, the structure may reduce mass
in some places, which reduces the overall stiffness and increases the maximum equivalent
stress. In comparison with the initial design, the spacer ring of x; = 0 shows increased
maximum equivalent stress and total deformation. This is due to its small mass, which
reduces the structural strength. Compared to the initial structure, the optimization results
for ap =0, 0.5 and 1 show increases in total deformation and maximum equivalent stress.
These results contradict the objectives of structural optimization.
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Figure 12. Static analysis results of the initial spacer ring under a 0° applied force angle:
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Figure 13. Total deformation and equivalent stress distribution of optimized spacer
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Figure 14. Total deformation and equivalent stress distribution of optimized spacer ring under
ay condition ((a,b): xp =0, (c,d): xp =0.5, (e,f): xp =1).
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Figure 15. Comparison of mass and maximum equivalent stress of spacer rings before and
after optimization.

In conclusion, the optimization results under condition oy do not meet the design
objectives. For o = 0, although the optimized structure’s mass is reduced compared to the
initial structure, it exhibits higher maximum equivalent stresses under different loading
angles than those of the initial structure. For «; = 1, the optimized structure retains the
same mass as the initial structure, and thus fails to achieve the intended weight reduction.
The optimized structure for &; = 0.5 is considered optimal as it achieves a balance between
mechanical strength and lightweight design. It shows a 34.4% decrease in maximum
equivalent stress and a 10.5% decrease in mass compared to the initial structure. This
optimized structure enhances stiffness while reducing its mass.



Appl. Sci. 2025, 15, 12496

14 of 17

4.2. Spacer Ring Electrical Performance

As an important insulating component in power equipment, the electrical performance
of spacer ring directly affects the operational stability and safety of the power system.
In this study, the electrical performance of the optimized spacer ring with o; = 0.5 at
different voltages is evaluated using FEA. The experimental conditions for the simulation
are as follows: voltages of 10 kV, 20 kV, and 30 kV are applied sequentially to the power
transmission lines, and the environmental conditions are set to an air medium. To determine
the electric potential distribution and electric field distribution of the spacer ring, the
electrostatic field analysis is performed using power transmission lines with different
voltages. The results are shown in Figure 16.

(a) Surface: Electric Potential(kV) 4° (b) Surface: Electric Field Norm(kV/mm) 4 48
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¥ 0.0164

Figure 16. Electric potential distribution and electric field distribution of spacer ring at different
voltages ((a,b): 10 kV, (c,d): 20 kV, (e f): 30 kV).

From Figure 16a,c-e, it can be seen that the distribution of the electric potential shows
a clear asymmetry. As the voltage value increases, the electric potential shows a significant
growth trend in the central part of the spacer ring, especially in Figure 16e, the electric po-
tential reaches the maximum value and shows a highly concentrated region. This indicates
a large electric potential difference between the center and edge parts of the spacer ring.
Figure 16b,d—f show the variation of the electric field norm with voltage. As the voltage
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References

increases from 10 kV to 30 kV, the electric field modulus of the spacer ring consistently
maintains a low level. Since the breakdown strength of epoxy is 23.145 kV/mm [36], the
simulation results indicate that the spacer ring design meets the insulation requirements
for transmission lines of 30 kV and below.

This simulation model considers only the epoxy resin solid insulator and the surround-
ing air. This simplification allows for a detailed analysis of the electric field distribution
within the material system. It should be emphasized that wet or contaminated conditions,
surface conductivity changes, and corona onset phenomena are not modeled in this study,
which significantly affects creepage distance and discharge behavior. The model is suitable
for static electric field analysis but does not capture dynamic surface or environmental
effects. Further work will incorporate surface charge accumulation, humidity /pollution
layers, and corona discharge modeling to extend applicability to outdoor transmission line
conditions.

5. Conclusions

In this paper, a topology optimization method is used to synthesize the spacer ring.
Finite element models are developed to investigate the relationship between the magnitude
and angle of the input force and the maximum equivalent stress of the spacer ring. Static
analysis of the spacer ring shows that its design needs to take into account the different
magnitudes and directions of the force. The reliability of the design under these conditions
has also been validated, and stress concentration regions are identified to provide data
support for subsequent optimization. In terms of optimal design, the simulation results
show that the optimized spacer ring design reduces the maximum equivalent stress by
34.4% and the mass by 10.5% compared to the initial design.

Future work will focus on translating the optimized structure into practical engineering
applications. Experimental validation of the optimized structure will be conducted both in
laboratory and on practical environment. Authors believe that the spacer ring will enhance
the resilience of the electrical power transmission systems.
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