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Abstract

The hanging net shielding system, employing a suspended cage-type enclosed structure
to restrict the high-voltage transmission wire, has seen increasingly widespread applica-
tion in transmission line crossing construction. However, the lack of a comprehensive dy-
namic analysis methodology has limited the standardization of its design and usage. In
this investigation, a systematical dynamic modeling and analysis procedure of the hang-
ing net shielding system is proposed based on the absolute nodal coordinate formulation
(ANCEF). The carrier cable, slings and transmission wire are discretized by the ANCF cable
element. The spatial flexible beam—beam contact model and the assumption of a single
contact area are adopted to perform the contact searching between the transmission wire
and the horizontal pulley. The system dynamics analysis equation is assembled and
solved by generalized alpha method. A full-scale model is simulated for the transmission
wire impact condition and the variation history of the tension in carrier cable and the sling
cable are given. The peak value of the tension in carrier cable could be 110 kN, while the
largest tension in sling cable is 9 kN. Results could help to ensure construction safety,
shorten the design cycle of the protection system and reduce the development cost at the
same time.

Keywords: transmission wire; crossing construction; hanging net; absolute node
coordinate formulation; multibody system dynamics

1. Introduction

During the crossing construction process of power transmission line construction,
conductors will inevitably cross existing facilities such as expressways, railways and
buildings. If a wire breaks, it will impact the existing facilities below with tremendous
kinetic energy. Therefore, protective devices need to be installed to withstand the impact
of the conductors. At present, there is no unified plan or engineering design standard for
such protective facilities in the industry. At present, a shielding system with a hanging
net structure, which is shown in Figure 1, has been widely applied in engineering, but its
impact resistance mechanical performance has not yet been theoretically verified. The dif-
ficulty lies in the fact that the impact load is influenced by multiple factors, and the wires
and flexible ropes have a geometric nonlinear behavior of large-scale motion and defor-
mation coupling, which makes it difficult to obtain their dynamic responses.

Designs 2026, 10, 21

https://doi.org/10.3390/designs10010021



Designs 2026, 10, 21

2 of 17

Suspension Point A

Carrier Cable
Suspension Point B

XX

[

I

[X_)
i

Sling

Horizontal
Pulley

Figure 1. Hanging net shielding system.

Existing research often focuses on the dynamic characteristics and behavior of trans-
mission line conductors themselves. In the research proposed by Barbieri et al., the dy-
namical modeling analysis of the transmission line cables and its damping estimation
were given [1,2]. Another important research direction is the prediction of the galloping
behavior of wires under conditions of ice coverage or severe wind loads [3]. When extreme
weather conditions such as freezing rain occur, the shape of the ice layer covering the
surface of the conductors will change their response characteristics in the wind field,
thereby intensifying the galloping behavior and eventually leading to line collapse acci-
dents [4,5]. Gao et al. [6] studied the galloping characteristics of ice-coated transmission
lines under oblique flows based on wind tunnel tests. Zhao et al. [7] built a real transmis-
sion tower line system test platform and studied the vibration characteristics of iced con-
ductors with and without D-shaped cross-sections. They found that the vibration of iced
conductors is mainly in their low order modes. Qin et al. [8] conducted a study on a large-
span transverse rope suspension system with suspension insulators, using theoretical
modeling methods and finite element analysis. The displacement of suspension insulators
increases with the increase in wind speed, but the number of spans has little effect on
tension and deformation. Serum et al. [9] investigated the effectiveness of modeling pol-
yester mooring lines using bi-linear and Syrop stiffness models. The bi-linear model arti-
ficially reduces the tension range, especially when there is a significant difference between
the quasi-static stiffness and dynamic stiffness of the fiber rope. The Syrop model consid-
ers quasi-static and permanent rope elongation, while analyzing with dynamic stiffness.
Hong et al. [10] established a dynamic model of high-speed elevator traction wire rope
and conducted numerical simulation analysis on the motion process. Kang et al. [11] de-
signed a new calculation method to determine the dynamic stiffness of polyester ropes
and studied the dynamic performance of polyester ropes. Cheng et al. [12] analyzed the
dynamic response of transmission line tower systems under fluctuating wind. In order to
improve computational efficiency, an efficient computational model was developed based
on the free interface modal synthesis method. High computational efficiency is achieved
while ensuring high precision. Prakash et al. [13] developed a comprehensive model to
study the reliability of transmission lines, which focuses on analyzing faults in transmis-
sion lines, mainly considering the effects of wind, environmental temperature, and cur-
rent demand, including minimal and significant pre-existing damage. Deng et al. [14]
studied the stress/strain characteristics at the root of the wire rope joints under axial im-
pact and tensile bending combined loads and determined the failure location and quanti-
fied the relative stress magnitude under complex loads.

From the summary above, one can find that research on safety protection technolo-
gies and equipment during the construction process of transmission line crossing is less
common in the literature. In a paper published by Gu et al. [15], the authors established a
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dynamic modeling and analysis algorithm for large-scale lattice crossing frame structures
after a wire breakage accident. Subsequently, in 2025, the author proposed a flexible nylon
rope net structure for crossing protection systems and provided an efficient modeling and
solution strategy for such protection systems due to wire breakage impacts [16]. Xia et al.
[17] established a multi-body system model for flexible protection in transmission engi-
neering in 2025. The accuracy of the proposed model was verified through numerical sim-
ulation and experimental comparison.

Through the research and analysis of existing literature, the author believes that there
is relatively little research work on the protection technology and equipment for transmis-
sion line crossing construction. This is mainly due to the fact that there are various types
of protective equipment for crossing construction, and their working principles are also
different. In addition, such problems often involve complex dynamic behaviors such as
large deformation of flexible bodies and collision impacts, making modeling and analysis
rather difficult. On the other hand, absolute nodal coordinate formulation (ANCF) is suit-
able for the description of the flexible body dynamics, especially for large rotation and
deformations. After years of development, this theory now has a complete unit library,
and some units have also been tested in engineering practice [18]. The ANCF cable ele-
ment, which was proposed by Gerstmayr and Irschik, was validated through large defor-
mation numerical examples [19]. In the research work proposed by Wang et al., the cable
element was utilized to capture the dynamic response when two thin beams came into
contact. The contact force was composed within multiple continuous contact zones
[20,21]. In the field of high-speed railways, ANCF cable element was used to establish
transmission line modeling and pantograph/catenary interactions [22,23]. In the research
work reported by Peng et al., an adaptive length-varying ANCF cable element was pro-
posed to depict the initial equilibrium configuration of railway catenaries [24]. In the field
of aerospace engineering, ANCF cable units are used in the pre-research and feasibility
study of space elevator projects [25]. Based on ANCF cable element, Takayama et al. pro-
posed a systematical modeling and calculation procedure to simulate the contact between
the inlet and the tether, with the slit shape being taken into consideration [26]. Afterwards,
they conducted a detailed study on the influence of slit shape on the control responsive-
ness during the extension and winding process of the tether. Yue et al. carried out a strain-
decoupled ANCEF cable element, obtaining an equivalent [27]. Zhang et al. improved the
calculation efficiency of ANCEF cable element elastic by giving a new dot product form of
curvature [28]. The arbitrary Lagrangian—Eulerian (ALE) ANCF cable element was uti-
lized by Wang et al. to study the traverse obstacles of the underwater tethered systems
with varying lengths [29]. By modifying the manner of torque transmission at sheaves,
Escalona et al. introduced a new modeling method based on ALE-ANCF elements to sim-
ulate the dynamics of reeving systems [30]. In the field of construction machinery, steel
wire ropes, as a kind of flexible component with large deformation, are often the difficulty
in dynamic modeling and analysis. In the research published by Li et al., the ALE-ANCF
cable element was used to describe the wire rope with length variations in the hoisting
mechanism of tower cranes, and a command smoothing algorithm that can be used to
suppress the swing after the load is positioned was presented [31]. Han et al. [32] devel-
oped a detailed contact dynamics model of the rope-sheave system, based on ANCEF. This
model can be used to improve the motion control strategy of traction systems and reduce
energy loss.

In summary, the existing research on the dynamic analysis of safety protection tech-
nology for suspended grid construction during transmission line crossing construction is
insufficient. The research on the design theory and dynamic analysis of crossing construc-
tion protection devices mostly employs commercial finite element software for modeling
and analysis. Particularly, research on crossing protection devices in the hanging net
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shielding system remains unexplored. It is the aim of this investigation that establishing
a flexible multibody system model for the transmission line and hanging net shielding
system. To this end, the ANCF will be employed as theoretical foundation and the cable
element will be used as discretization tool. The key modeling issues will be discussed.
Firstly, the initial configuration of the carrier cable is calculated based on the catenary
formula, with the horizontal and vertical distances between the suspension points at both
ends of the carrier cable, as well as the tension force, as the input variables. From this, the
initial values of the nodal position and gradient vectors of the ANCEF finite element mesh
can be obtained. Secondly, the contact searching algorithm between the wire and the hor-
izontal pulley is designed to find the boundary of contact zone, over which the contact
force is integrated. Finally, the system equation of motion is assembled and solved. Ac-
cordingly, the dynamic process of the transmission wire impacting the shielding system
can be depicted. The value and location of the largest tension within the system can be
obtained. This will shorten the design cycle of the protection system and reduce the de-
velopment cost.

2. Kinetic Description
2.1. Absolute Nodal Coordinate Formulation

This study employs the ANCF cable element based on the Euler-Bernoulli beam hy-
pothesis to model the wire rope. As shown in Figure 2, the element utilizes the global
position vectors and the gradient vectors along the axial direction at the first and last
nodes as nodal coordinates, resulting in a total of 12 degrees of freedom. The global coor-
dinate of any point on the central axis of the element is given by r = Se, where e is the
vector of element nodal coordinates, and S is the shape function matrix:

S:|:5113><3’ 5213x3’ S3IB><3’ S4I3x3:| (1)

In the equation above, Lo is the 3-by-3 identity matrix. The components of the shape
function matrix are:

S, =1-3¢82+2",8, =1(¢ =282 +£7),8, =3¢ 28,5, =1(-£+&") (2

where & = x/l is the non-dimensional material coordinate characterizing any point within
the element, x is the material coordinate, and I is the length of the element in its initial
configuration. The element mass matrix, which has the unit of kg, has the following ex-
pression:

ME=IV pSTSdV ©)

where 7 and V are the density and volume of the element.

Figure 2. ANCEF cable element.

It is evident that the expression for the element mass matrix does not contain nodal
coordinates and is thus independent of the current configuration. This implies that the
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mass matrix is constant, which is one of the most significant advantages of the ANCEF. This
property allows for the computation and decomposition of the flexible body mass matrix
in the pre-processing stage of a computer implementation, thereby reducing computa-
tional load and improving efficiency during the solution of the dynamic equations.

2.2. Elastic Force Model

Due to the adoption of the Euler-Bernoulli beam hypothesis, which neglects cross-
sectional compression and shear, the general expressions of continuum mechanics are not
directly applicable to the cable element. The element elastic energy is based on the geo-
metric description of a spatial curve, comprising axial stretching and bending components.
Consequently, the integral changes from volume integral to line integral along the central
axis:

1 2 1t 2
U—EL EA(s,,) dx+5j0 El(x)*dx (4)

where U (J) is the elastic energy, E is Young’s modulus, A and I are the cross-sectional area
and the second moment of area (moment of inertia) of the element, respectively. exx = |1

/ 2

axis. r« and rx are the first- and second-order gradient vectors with respect to the axial

T

X

K=|1‘ X
X XX

— 1 is the axial strain of the element, and is the curvature of the central

direction, respectively. The generalized elastic force of the element is obtained by taking
the partial derivative of the elastic energy with respect to the element nodal coordinates:

ou
Q.=57-0,+Q, )

where Qs and Q« are the generalized elastic forces related to axial stretching and bending,
respectively. Their units are newtons, and their expressions are:

I oe 1 oK
=| EAe —=dx, =| Elx—dx 6
Q, = [ Az, —=dx, Q = [ Elx— ®)

In the above equations, both axial strain and curvature are scalars, their derivatives
with respect to the nodal coordinate vector yield vectors of the same dimension. The def-
initions of their components are respectively:

e, o1 ale] om) 1, to(s)
de, - Oe, - de, - Oe, _E(rx rx) Oe, @)
:%%(S;i ‘I +rxT,i ’Sx): %(sz 'rx)

where ei is the i-th component of the nodal coordinate vector, and Ss,: is the i-th column of
the matrix S, the derivative of the element shape function with respect to the material
coordinate. To facilitate the derivation of the curvature derivative expression, define

f= and 8=

nodal coordinate component is then given by the expression:

oK :i{ij:i(ig_fa_g] (8)

2
I Xr r

xx

. The derivative of the curvature X with respect to the i-th

5_61. de,\g) ¢\ e de.
The derivatives of the numerator f and the denominator g are:

of 1 T o8
6_527(Sx,ixrxx+rxxsxx,i) .(rxxrxx)’ gZZ.SI,i'rx (9)

1 1
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where Sxy,i is the i-th column of the matrix Sxx, the second derivative of the element shape
function with respect to the material coordinate. It should be noted that if an implicit in-
tegrator is used to solve the system equation of motion, the Jacobian matrix of the elastic
force with respect to the element nodal coordinate vector will be required. Following the
same manner given in this section, one can find the formulation. This is omitted here due
to space constraints.

2.3. Initial Configuration of the Carrier Cable

In the design of the hanging net shielding system, the carrier cable serves as the pri-
mary load-bearing component. The determination of its initial tension and sag directly
influences the system’s geometric stability under unloaded conditions, its dynamic re-
sponse during operation, and the safety clearance to obstacles. In practical engineering
applications, the horizontal and vertical differences between two suspension points, along
with the initial tension, are three key parameters that affect the initial configuration of the
carrier cable. Among them, the horizontal and vertical distances between the suspension
points are usually the boundary conditions for construction, while the initial tension is
adjusted by on-site technicians through tensioning machines. In engineering, catenary
lines are usually adopted as hypothetical curves to describe the configuration of the carrier
cable, as illustrated in Figure 3. It means that through force analysis based on the assump-
tion of the catenary curve, the relationship between the initial tension and the magnitude
of the sag can be obtained.

4 Y B
7

i

5 g

|

le— x —] }E

—— [y ———>
- I -

Figure 3. Catenary curve of the carrier cable.

In Figure 3, A and B are the two suspension points. They are the contact point of the
carrier cable with the pulleys on the iron tower at two sides of the crossing object, which
is also shown in Figure 1. When the locations of two suspension points are determined,
establishing the coordinate system as shown in Figure 3, one can obtain the formulation
for the initial configuration of the carrier cable through the industry standard [33]:

_sgnth)h g (10)

T wL w

fr= ;(Cosh(E) - COSh(? X))
where f: (m) is the arc sag value at an arbitrary point on the cable which is specified by x
coordinate. T is the composed initial tension on the carrier cable, and w is the linear den-
sity. L and h are the horizontal and vertical distance between the suspension points A and
B, respectively. La is the horizontal distance between the left suspension point and point
O, which is the lowest point of the arc. The definition of other variables could be found in
Figure 3. Through this equation, configuration of the entire carrier cable can be obtained.
In other words, the position and gradient vectors which are required by ANCF nodes can
be provided. The discretization based on ANCF cable element can be performed.

3. Contact Simulation
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Accurate detection and simulation of the contact between the wire and the horizontal
pulley is a key challenge in the dynamic analysis of the impacting process. In this investi-
gation, three basic assumptions are made. First, the wire, which is discretized by ANCF
cable elements, can be seen as a spatial curve. The contact detection is performed between
each horizontal pulley and the entire wire. Second, a single and continuous contact zone
will be formed between the wire and each horizontal pulley in contact. In fact, some stud-
ies have hypothesized that the contact between spatial flexible beams happens on multi-
zones. However, this assumption is more applicable when both beams have relatively
high flexibility, and the winding length is very large. In this study, the deformation of the
horizontal pulley is relatively small, so the assumption of single-zone contact is sufficient
to meet the requirements [20,21]. Third, the contact force is defined as a distributed force
within the contact zone through penalty method, which is widely used in contact simula-
tion for its simplicity, no introduction of additional equations and easy interpretation
from a viewpoint of physics [21]. Of course, the penalty method has limitations, such as
parameter sensitivity and complexity in the implicit solution format. As shown in Figure
4, the common normal between the wire element and the pulley is found by using a biva-
riate Newton iteration to obtain the minimum distance between the wire and horizontal
pulley. If the minimum distance is greater than the sum of the radii of the wire and the
pulley, the contact searching algorithm will move on to the next horizontal pulley.

Wire Element 9

Horizontal
Pulley Element

Pl\
e ()

Figure 4. State of non-contact between wire element and horizontal pulley element.

If the previous step detects that the minimum distance between the wire and the pul-
ley is less than the sum of their radii, it is indicated that the contact occurs. Next, the con-
tact searching algorithm will start from the vertical foot to find the boundary of the contact
zone by using the bisection method. Consequently, the interval of the material coordinates
corresponding to the contact zone on the wire and the horizontal pulley can be obtained
respectively, which are [Qa, Qb] on the wire, and [Ps, Pv] on the pulley, as shown in Figure
5. Subsequently, several Gauss points are distributed within the contact zone. The normal
vector Vy, the tangential vector Vi, the penetration depth 9, and the penetration velocity

9 are calculated at each Gauss point.

Qa Qn Qb

Wire Element

Horizontal \(.}\ —_ .i——F:g —
Pulley Element r V, ( )
\ 1A

Pa Pn Px Py

Figure 5. State of contact between wire element and horizontal pulley element.

The contact force at this Gauss point is then calculated using the penalty method:

{f = V. + £V,

f,=ko+c|d|, f,=uf, (b
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£,

n and f are the amplitude of the normal and tangential contact force respec-
k =3800 N/m c=5N.s/m

where

tively. is the contact stiffness coefficient, is the contact damp-
ing coefficient, and u = 0.13 is the dynamic friction coefficient. The selection of these pa-
rameters is mainly based on the recommendations of the Adams 2024 software and the
empirical feedback provided by the actual simulation results. Finally, integrating the con-
tact force calculated by the equation over the entire contact area yields the generalized

contact force Qc of the wire on the pulley:
Q. =Y ws]t (12)
k=1

where #n. is the number of Gauss points in the contact region, wx is the Gauss integration
weight coefficient, and Sk is the shape function of the cable element currently in contact.

4. System Assembly and Dynamics Equation Establishment

As mentioned earlier, the wire and the shielding system are uniformly discretized
using ANCF cable elements to establish the equations of motion. The connection between
components can be conveniently achieved through linear constraints, thereby enabling
the description of the entire system with a single mesh. As shown in Figure 6, the net is
composed of two slings and a horizontal pulley, suspended from the carrier cable. There-
fore, for a single hanging-net, the following kinematic constraints exist:

o=, 10 =12, SR (13)

Carrier Cable

Figure 6. Assembly of the hanging-net and carrier cable.

In the equation above, the variable represents the global position vector of the point
denoted by its superscript. Equation (13) provides four vector equations, representing 12
scalar equations. They are typical linear constraints since the Jacobian matrix is constant,
which means they can be used to identify and eliminate dependent coordinates from the
system generalized coordinates at the preprocessing stage. However, this also means that
at each time step, all node coordinates need to be restored using the velocity transfor-
mation matrix, leading to low calculation efficiency in the large-scale problems. Therefore,
it is recommended to use the first kind of Lagrange equations to obtain the system equa-
tion of motion as follows:

{Mé +C'A+Q,-Q. =0 )

C(e, t) =0
In Equation (14), M is the system mass matrix, C represents the constraint equations,
including linear and nonlinear ones. Ce is the Jacobian matrix of the constraints. Q- is the

generalized contact force, which is defined in Section 3. Equation (14) are typical Index-3
differential-algebraic equations, which can be solved by various integrators. In this
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investigation, the generalized alpha method is chosen so as to achieve an optimal combi-
nation of accuracy, efficiency and robustness in tough problems.

5. Simulation and Analysis

In order to verify the modeling and analysis method proposed in this paper, a real
scale model of the hanging net shielding system, as shown in Figure 7, is established. The
span distance is 150 m. The carrier cable is a fiber rope with a diameter of 16 mm, and a
total length of 670 m. Eight hanging nets are suspended on the carrier cable. The wire is
fixed with a spherical joint at its left side and released freely at the other side. The material
parameters of the ropes are listed in Table 1. The simulation program for this model was
developed and executed in the MATLAB 2023b software environment. The duration of
the dynamic simulation is 5 s. Result visualization was implemented based on ParaView
5.4.1. This is an open-source post-processing visualization engine. It can generate the re-
sult configuration by outputting a ‘vtk’ format result file through the simulation program
and render the cloud map using the color data. It is also possible to generate animations
by continuously drawing multiple frames of images [34].

Suspension Poin\t‘ A/ —
Carrier Cable

150m
) Suspension Point B

90m

L

| ~ Transmission Wire

BT T T e
‘ H “ “ u J‘//Hamgmg Net

I
5m

Figure 7. Hanging net shielding system with suspension ropes.

Table 1. Material parameters.

Linear Den-

Length Diameter Density sity Elastic Mod-
3
(m) (mm) (kg/m3) (kg/m) ulus (GPa)
Wire 155 26.8 2376 1.35 79
Carrier Cable 670 16 870 0.13 63
Sling Cable 17 8 870 0.04 63

Figure 8 shows the configuration of the wire and the shielding system at different
instants with a tension distribution cloud map. The maximum tension appears at the con-
nection point between the carrier cable and the rightmost hanging net. This net is also the
one subjected to the most severe force among the eight hanging nets. The changing history
of the tension at this point is presented in Figure 9. Figure 10 gives the changing of tension
in the hanging net which suffers largest tension among the eight hanging nets. Figure 11
shows the tension in the carrier cable at the two suspension positions A and B.
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Figure 8. Configurations of the wire and barrier net at different time instants.
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Figure 9. Tension in the carrier cable at the net connection points.
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Figure 10. Tension variation in the hanging net which is subjected to the most severe force.
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120 Suspension Point A

—=— Suspension Point B

100 + 4

o]
(=)
T
1

60 | -

Tension(kN)

40 4

20 |

Time(s)

Figure 11. Tensions in the carrier cable at two suspension points.

From the continuous change process of the configuration of the wire and the hanging
net shielding system shown in Figure §, it can be observed that after breaking, the wire
falls on the horizontal pulley. Under the action of impact loads, the slings of the hanging
net experience severe transverse vibration and shaking, and the carrier cable also under-
goes significant downward deflection and deformation due to the pulling of the hanging
nets. The hanging net fully restrains and supports the wire, therefore protects the facilities
under it. After the wire is in full contact with each hanging net, its free section still swings
rapidly under the action of gravity, thus bringing a second tension peak to the carrier
cable and the hanging net. This figure provides a comprehensive overview of the entire
shielding system during the dynamic process, which can be used to assess the rationality
of the results and offer an explanation for the tension outcomes. From Figure 9 one can
find that the maximum tension in of the carrier cable throughout the entire process is 110
kN. The maximum tension of the fiber rope with a diameter of 16 mm is 210 kN, so the
carrier cable has a safety margin of 1.9 times. Similarly, it can be observed from Figure 10
that the peak value of the tension in the hanging net is 9 kN, while the maximum tension
of the fiber rope with a diameter of 8 mm is 60 kN. It indicates that the hanging net has a
safety margin of 6.7 times. The tension results can effectively guide the design since in
engineering design it is necessary to select fibers with smaller diameters as much as pos-
sible while ensuring safety in order to reduce the system’s weight, lower the construction
difficulty and control the construction cost. The tension in the carrier cable at the two sus-
pension points given in Figure 11 is important as it is of great significance for verifying
the structural safety of the iron tower. The results presented above demonstrate the effec-
tiveness of the proposed modeling and computational methods.

Figures 12 and 13 show the configuration of hanging nets 4 and 5 at different instants
with a tension distribution cloud map. Figure 14 presents the changing history of the ten-
sion in carrier cable at connection points with hanging nets 4 and 5. Figure 15 shows the
contact force at two suspension points between the carrier cable and the pulley of posi-
tions A and B.
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Figure 12. Configurations of hanging net 4 at different time instants.
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Figure 13. Configurations of hanging net 5 at different time instants.
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Figure 14. Tension in the carrier cable at connection points with hanging net 4 and 5.
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—=— Suspension Point A

—*— Suspension Point B

20 + 4

Contact Force(kN)

Time(s)

Figure 15. The contact force at two suspension points between the carrier cable and the pulley.

Figures 12 and 13 provide overviews of the two hanging nets during entire impact
process. With the impact of the wire, the hanging net will undergo large-scale motion and
large deformation coupling, presenting severe shaking. This modeling method can effec-
tively capture the dynamic response process. Although the hanging net has significant
deformation, it can still provide good protection. Figure 14 gives the variation in the ten-
sion in carrier cable at the other positions. The two peaks of the tension in the carrier cable
can also be observed. It indicates that during the design process, damping and energy
absorption devices can be used in series within the carrier cable to quickly mitigate the
oscillations caused by the impact from the transmission wire. The peak contact force be-
tween the two suspension points of the carrier cable and the pulley is 40 kN, which is
much lower than the maximum stress of the carrier cable. The results presented in Figure
15 are of great significance for the selection of pulleys and structural safety.

As summary, important results are given in Table 2, which could serve as a reference
for the selection of fiber ropes. For instance, in power construction, it is usually required
that the safety factor of the fiber rope should not be lower than two. If the rope gets wet
by rain, the maximum bearing tension will decrease to 70% of its value when it is dry.
When running this simulation program, the working conditions can be simulated by in-
creasing the yarn density, thereby providing a reference for the strength verification dur-
ing the design process. Furthermore, the contact force exerted by the suspension cable on
the pulley is an important load in the safety calculation of the tower structure. It has a
significant impact on the strength and stability of the steel structure. Therefore, the simu-
lation results need to be as accurate as possible.

Table 2. Summary results.

Largest Maximum Tension

Dl(?:ln;)t . Value Allowed Safety Margin
(kN) (kN)
Carrier Cable Tension 16 110 210 1.9
Sling Cable Tension 8 9 60 6.7
Contact Force to Pulley A -41
Contact Force to Pulley B -35

6. Conclusions

In this research, a multibody system dynamics analysis model for the hanging net
shielding system was established using the ANCF cable element. The element kinematic
description and elastic force expression are presented. The initial configuration of the
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carrier cable is calculated according to the initial tension through the catenary line formu-
lation. Based on the assumption of a single continuous contact region and building upon
a spatial beam-beam contact model, a contact search algorithm between the sling’s hori-
zontal pulley and the wire was developed. The algorithm treats the wire as an independ-
ent continuous spatial curve, uses Newton iteration to find the closest points between the
pulley and the wire, and if contact occurs, employs a bisection method to search bilaterally
until the contact region boundaries are identified. Finally, contact forces, defined in inte-
gral form, are applied based on the penalty method. A full-scale hanging net shielding
system was established to verify the proposed modeling and dynamic analysis method.
The results show that the carrier cable and sling cable endured two peak impacts within
a period of 5 s. The first time was the initial contact of the wire, while the second time had
a higher peak value, which originated from the downward swing of the free end after the
wire was fully in contact. The largest tension in the carrier cable is 110 kN, while the max-
imum tension of the fiber rope with a diameter of 16 mm is 210 kN, so the carrier cable
has a safety margin of 1.9 times. The largest tension in the sling cable is 9 kN, while the
maximum tension of the fiber rope with a diameter of 8 mm is 60 kN, which indicates that
the safety margin is 6.7 times. The results obtained through proposed dynamic analysis
procedure can help the engineers to employ a more economical and reasonable configu-
ration of the hanging net and the diameter of the fiber rope, and also shorten the design
cycle, save design and construction costs, and ensure the safety of power construction.
Further research can be conducted on the following two aspects. Firstly, the parameteri-
zation of the modeling method proposed in this paper can be carried out, thereby enabling
the rapid modeling of the complex hanging net shielding system, and improving the effi-
ciency of engineering design. Secondly, experiments can be conducted to verify the cor-
rectness of the algorithm proposed in this paper.
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Nomenclature

S The shape function of element, unitless.

S, S,, S,, S, The components of the shape function, unitless.
I, The 3x3 identity matrix, unitless.

The dimensionless material coordinate, unitless.
The length of element, m.

The mass matrix of element, kg.

The volume of element, m3.
The strain energy, J.

4

l

M

P The reference density, kg/m3.

vV

u

A The cross-section area of element, m2.
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E The modulus of elasticity, Pa.

I The second moment of the cross-section, m*.

€.y The strain along the axis, unitless.

K The spatial measurement of curvature, 1/m.

T, The first derivative with respect to the material coordinates, m.

r. The second derivative with respect to the material coordinates, 1/m.

e The nodal coordinate vector of element, m.

Qe The generalized elastic force of the element, N.

Q,, Q. The generalized elastic forces related to axial stretching and bending, N.

e The i-th component of the nodal coordinate vector, unitless.

S The derivative of the element shape function with respect to the material coor-
* dinate, unitless.

S ., S The i-th column of the first and second derivative of element shape function,

unitless.
The intermediate functions in the formulation of the curvature, fhas the unit
of 1/m, g is unitless.

g
oQ

f. The arc sag value at an arbitrary point on the cable, m.
T The composed initial tension on the carrier cable, N.
w The linear density of carrier cable, N/m.
L The span between the two transmission towers, m.
L The horizontal distance from the lowest point O of the overhead line to sus-
A pension point A, m.
h The vertical height difference between the two suspension points, m.
f The contact force at this Gauss point, N.
\'A The normal vector, unitless.
Vt The tangential vector, unitless.
fn The normal contact force at this Gauss point, N.
f, The tangential contact force at this Gauss point, N.
o The penetration depth, m.
5 The penetration velocity, m/s.
k The contact stiffness coefficient, N/m.
c The contact damping coefficient, N.s/m.
H The dynamic friction coefficient, unitless.
n, The number of Gauss points, unitless.
W The Gauss integration weight coefficient, unitless.
S, The shape function of the cable element currently in contact, unitless.
Q. The generalized contact force, N.
AP S S o . .
RON ’ & The global position vectors of point P1, P2, P3, Q1, Q2, R1, R, m.
e The generalized acceleration of element nodal coordinate, m/s2.
A The Lagrange multiplier, N.
C The system constraint equations, unitless.
C The Jacobian matrix of constraint equation with respect to generalized coordi-
¢ nates, unitless.
t The time, s.
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