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Analysis of Dynamic Response Characteristics of Transmission Conductors under Ice Shedding Impact of Ground Wires
Jian Wang, Leijie Liu, Xianfeng Li, Nan Chen, Dongliang Luo, Rakhmonov Ikromjon Usmonovich
Abstract--Besides natural shedding, ground wire ice-shedding impacts more readily trigger large-scale conductor ice shedding. This paper innovatively proposes a numerical simulation method for conductor dynamic responses to ground wire ice-shedding impacts in transmission lines. Using finite element models, it studies the ice-shedding dynamics of four-bundle conductors under various impact scenarios and structural parameters, verified by a 1:20 reduced-scale model. The research indicates that under the median impact condition, the ice shedding impact of the ground wire has the greatest influence on the ice shedding of the entire conductor span. As the ice shedding impact rate increases, the growth rate of the jumping height during the ice shedding of the entire span of the conductor shows an upward trend, while the growth rate of the jumping height during the local ice shedding of the conductor remains approximately constant. Under the lateral impact condition, the maximum conductor jumping height occurs near the impact point. Finally, a formula for calculating conductor jumping height after ground wire ice-shedding impacts is proposed, which is crucial for icing-area transmission line design.

[bookmark: PointTmp]Index Terms--Ice shedding impact of ground wires, Jumping height, dynamic response of conductors, numerical simulation, transmission line,reduced-scale test.

Introduction
I
 CE SHEDDING and jumping of transmission lines will cause the conductors to jump up and down and swing horizontally. When the safety clearances between conductors and between conductors and ground wires are insufficient, it is extremely likely to trigger electrical accidents such as flashover and conductor burning [1],[2].In reality, the design of transmission towers takes into account the horizontal deviation of conductors and ground wires, which ensures that conductors and ground wires maintain a spatial offset under normal working conditions. However, under the influence of strong wind disturbances or the swaying and dancing of ice-covered conductors, conductors and ground wires will swing in a complex manner, and they will likely be located on the same vertical line, forming a vertical collinear configuration of conductors and ground wires. The ground-wire ice-shedding impacts refer to the local impact generated when the ice shedding from ground wires often strikes the conductors when the conductors and ground wires are partially in the same vertical direction. There have been extensive studies on the dynamic characteristics of ice shedding and jumping of transmission lines.[3]-[5] However, investigations into a large number of icing accidents of transmission lines have shown that the probability of ice shedding and jumping caused by the coupling between conductors and ground wires due to the ground-wire ice-shedding impacts is quite high. The result may lead to an increase in the jumping height of the conductors and the impact force they bear. Therefore, it is of particular importance to study the dynamic response of transmission lines when the ground-wire ice-shedding impact occurs.
In existing studies, scholars have conducted extensive research on transmission line ice shedding and jumping heights using methods such as scaled tests, numerical simulations, and simplified models. Morgan and Swift [6] first conducted experimental research on five-span transmission line ice-shedding jumps in 1982 by releasing heavy objects to simulate mid-span ice load shedding. Jamaleddine et al. [7] established a two-span scaled transmission line model in an artificial climate laboratory, using numerical simulations to analyze ice-shedding-induced changes in jumping height and tension. Van Dyke et al. [8] performed three mid-span ice block shedding tests to investigate chain-like ice shedding effects. However, all these tests used small-scale models, and due to factors such as the scale effect of the models and differences in boundary conditions, the results may not accurately reflect the actual situation.
Jamaleddine [7] and others first established a reduced-scale two-span nonlinear finite element model. By releasing the concentrated loads distributed on the conductors to simulate the ice shedding process, they studied the dynamic response of the transmission line during ice shedding. On this basis, researchers have carried out extensive numerical simulation studies [9]-[12]. Kalman [13] and Mirshafiei [14], and others, respectively, analyzed the dynamic responses of ground wires and conductors affected by the impact-induced ice shedding by numerical methods. Wang [15] and others studied that partial ice shedding may result in a higher jumping height than full-span ice shedding, and the maximum jumping point does not necessarily appear at the mid-span. JI [16] and others proposed a new conductor ice shedding model, which considered the adhesive forces between the conductors and the ice as well as within the ice, and conducted an analysis of the dynamic characteristics of the conductor ice shedding and jumping, and also studied the ice shedding effect under induction [17]-[19]. However, these studies have all focused on the changes in the jumping height and tension of the conductors of the transmission line after natural ice shedding, without considering the influencing factors of the ground-wire ice-shedding impacts, and only conducting numerical modeling for the conductors.  
In addition, scholars have conducted theoretical studies on the ice shedding and jumping height of transmission lines. Oertli [20] proposed an integral formula for calculating the ice jumping height of conductors after ice shedding, concluding that the jumping height depends on the mass per unit length of the conductors and the ice load. Lips [21] derived a calculation formula that can determine the jumping height of conductors after ice shedding, and the study found that the jumping height is related to the tension of the conductors under the action of ice load and without ice load. Morgan and Swift [6] provided a calculation method for the ice shedding and jumping height that can ignore the vertical displacement of the suspension points during the vibration of the conductors after ice shedding and the change in the tension on the conductors. The approximate formula proposed by List and Pochop [22] indicates that the jumping height depends on the tension, elastic modulus, and density of the conductors when they are ice-covered. In the design code of transmission lines in China [23], the estimation formula for the jumping height proposed by the former Soviet Union is adopted. However, all of these are based on simplified theories, experiences, or experiments, and cannot be applied to the more complex ice shedding impact effects of ground wires in reality, nor can they calculate the jumping height under different structural parameters and different impact effects.
In this paper, based on the kinetic energy equation of ice shedding impact, a numerical simulation method for the double-layer ice shedding impact of conductors and ground wires in transmission lines is proposed to realize the coupled dynamic response of conductors and ground wires after the ground-wire ice-shedding impacts. For the first time, a 1:20 reduced-scale test platform for the ice shedding impact of the double-layer conductors and ground wires is built to simulate the impact of the conductors after the ice shedding of ground wires. The dynamic response of four-bundle conductors under full-scale size, subjected to different impact working conditions (impact positions and numbers of impacts) and different line parameters, is studied. Based on the data of the jumping height of the conductors, a calculation formula for the jumping height of the conductors after being impacted by the ice shedding of ground wires is proposed, providing a reference for the rapid prediction of the jumping height of the conductors after the ice shedding impact. The research results are of great significance for the design of transmission lines in ice-covered areas.
Numerical Simulation Methods For Ice-Cover Impacts
Ice Accretion Impact and Shedding Patterns
When the conductors and ground wires are partially in the same vertical direction, the impact of ground-wire ice shedding often occurs. Fig. 1(a) shows that the impact of ground-wire ice shedding in an actual transmission line causes large-scale ice shedding of the conductors. When the ice-covered conductor is impacted, a complex ice shedding mode occurs. To simplify the research, this paper simulates the impact of ground-wire ice shedding by releasing heavy objects with electromagnets. As shown in Fig. 1(b), the left side shows the falling process of the heavy objects before the impact, and the right side shows the moment when the heavy objects impact the electromagnet, thereby simulating the impact of ground-wire ice shedding.
In order to study the effect of the ground-wire ice-shedding impact on the conductor ice-shedding jump, based on the research of Wang et al [10], this paper studies the influence of the impact at the side-position (lateral impact) of the ground-wire ice shedding and the impact at the middle-position (median impact) on the ice-shedding jump of the single-phase four-bundle conductors. When the total amount of shed ice is the same for ice-covered transmission lines, the maximum jump height of conductors during synchronous ice shedding is usually greater than that during delayed chain-like ice shedding. Therefore, in this paper, the conductor ice shedding triggered by the ground-wire ice-shedding impact is assumed to be synchronous ice shedding without delay.
Here, the ground-wire ice-shedding impact rate (ice-shedding impact rate) is defined as the percentage of the amount of shed ice on the ground wire to its total ice-accretion amount, which is used to characterize the degree of ground-wire ice shedding. The ice-shedding modes are set according to the position of the ground-wire ice-shedding impact, as shown in Fig.2. In Fig.2(a), the conductor is subjected to a lateral impact. The lateral impact ice-shedding impact position of the ice is set as x=0.25, where x is the projection point of the ice-shedding node unit on the x-axis. When Lx is 50% of L, it means that 50% of the ice on the left side of the conductor has shed. In Fig.2(b), the conductor is subjected to a median impact. The median impact ice-shedding position of the ice is x=0.5. When Lx in the middle is 50% of L, it means that 50% of the ice in the middle of the conductor has shed. h0 is the vertical distance between the conductor and the ground wire.
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(a)                                               (b)
Fig. 1.  Ice-shedding impact of ground wire. (a) Impact in on-site scenarios; (b) Impact in experimental simulations.
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(b)
Fig. 2.  Definition of the ice shedding impact pattern of ground wires. (a) The ice shedding of conductors under lateral impact; (b) The ice shedding of conductors under median impact.


Format Finite Element Simulation and Line Parameters
In order to simulate the impact effect of ground-wire ice shedding, this paper assumes that the conductors and ground wires of the transmission line are in the same vertical direction. Using the finite element simulation software ANSYS, a single-span double-layer model of conductors and ground wires is established, which includes the upper-layer ground wire, the lower-layer bundled conductors, and the spacers. According to the parameters of the actual spacer dampers, the Young's modulus and Poisson's ratio are 210 GPa and 0.3, respectively. Since the change in the maximum jump height of the conductors after ice shedding is minimally affected by the deformation of the towers, the influence of the transmission tower poles can be ignored [24].
[bookmark: _Hlk197443699]TABLE I
PARAMETERS PERTAINING TO THE CONDUCTOR AND THE GROUND WIRE
	Conductor type
	S(mm2)
	D(mm)
	W(kg/m)
	E(GPa)
	v

	LGJ-300/50
	348.36
	24.26
	1.133
	70
	0.3

	LGJ-400/25
	424.28
	26.82
	1.296
	74
	0.3

	LGJ-400/50
	451.555
	27.63
	1.511
	69
	0.3

	JLB-150
	194.83
	15.75
	0.696
	105
	0.3



[image: ]
[bookmark: _Hlk197505218]Fig. 3.  FE modeling of ice-covered four-bundle conductors and ground wires.

The single-phase conductors and ground wires are simulated by using the rod element LINK10. LINK10 is a linear element with prestress, which can simulate the aluminum-conductor steel-reinforced (ACSR) wire that can only bear tensile force but not compressive force. The two ends are fixedly connected.
In this paper, the iterative method is used for the form-finding analysis to determine the initial deformation of the conductors and ground wires under their weight [25]. Due to the different parameters of the conductors and ground wires, there will be obvious differences in the sags of the two after the iterative form-finding. According to the vertical distance and the initial shape of the conductors and ground wires, 40 nodes are set for each of the upper and lower layers, and an integrated model of the conductors and ground wires is established through these points, respectively. The physical parameters of the conductors and ground wires are shown in Table I. Considering the importance of damping, according to the literature [26], the viscous damping constant of the bare conductor is set to 2% of the critical damping. B. Simulation Settings of the Impact of Ground-wire Ice Shedding.
Simulation Settings for Ground-Wire Ice-Shedding Impact
In the design of ice accretion and ice shedding for overhead transmission lines, it is generally assumed that the ice accretion on the lines is evenly distributed. Both ends of the line are fixed, and a finite element model of the ice-covered double-layer structure four-bundle conductor-ground wire is constructed, as shown in Fig. 3. The ice accretion units are established by using the mass element method, and the ice accretion is simulated by using the MASS21 element. The Young's modulus, Poisson's ratio, and density of the ice are 10 GPa, 0.3, and 900 kg/m³, respectively[27]. Each ice unit shares the same position as the nodes on the conductors and ground wires. The element birth and death method is adopted, and the EKILL command is used to "kill" the ice accretion units under different working conditions, so as to achieve the shedding of the ice accretion.
In order to achieve the impact effect of the ground-wire ice shedding on the conductors, this paper, for the first time, uses the impact kinetic energy equation to simulate the impact on the ice-covered points of the conductors. It is assumed that when the upper-layer ice-covered units shed, they start to fall freely. The air resistance and the energy loss during the impact are considered as shown in formula (1).

		(1)
where Edrag is the loss caused by air resistance, Ecrush [28],[29] is the loss due to crushing during ice-shedding impact, Ep is the relative potential energy of the ice accretion on the ground wire relative to the conductor, and Ek is the kinetic energy of the ice-shedding impact, and the unit of all of them is joule (J).

		(2)
“(2)” is the impact momentum formula, which is used to represent the impulse received by each node on the conductor. Where F is the impact force received by the conductor node, t is the impact time, m is the mass of the ice shedding at the ground wire node, and v is the impact velocity. The impulse of the ice-shedding impact of the ground wire on each node of the conductor is calculated. Considering that the impact time is generally 0.01 s, a vertically downward acting force is set to be applied to the nodes of the lower-layer conductor. After the action of the impact time t, the impact effect on the conductor is achieved by removing the impact force. At the same time, the EKILL command is used to control the ice shedding of the lower-layer conductor, triggering a new dynamic response of the conductor. The displacement time history of the maximum ice-shedding jump point of the conductor is recorded in the simulation. 
Verification of Numerical Simulation
To verify the accuracy and reliability of the ground-wire ice-shedding impact model in this paper, a 1:20 double-layer conductor-ground wire ice-shedding reduced-scale test platform in an isolated span was built to simulate the impact effect on the conductors after the ground-wire ice shedding. 
Construction of reduced-scale Model
Based on the similarity principle of the transmission line reduced-scale model in reference [30], a double-layer conductor-ground wire ice-shedding impact reduced-scale test platform was established to simulate the coupled dynamic response of the conductors and ground wires caused by the impact of the ground wire on the conductors after ice shedding. The span of the prototype line is 400 m, the conductor used is LGJ-400/25 with an initial tension of 50 MPa, and the ground wire used is JLB-150 with an initial tension of 45 MPa. 

TABLE II
PHYSICAL PARAMETERS OF THE TEST STEEL WIRE ROPE

	Diameter of the Steel Wire (mm)
	structure
	Cross-sectional area(mm2)
	Young's modulus(GPa)

	1.2
	7*7
	1.13
	108

	0.8
	1*7
	0.5
	125



TABLE III
REDUCED-SCALE FACTORS BETWEEN THE PROTOTYPE AND THE REDUCED-SCALE MODEL

	[bookmark: _Hlk196293789]Physical Quantity
	
	
	
	

	Conductor
	0.05
	1.46
	29.2
	3.65*10-3

	Ground Wire
	0.05
	1.19
	23.8
	2.98*10-3


Note: CL: length ratio, CE: stiffness ratio, Cρ:density ratio, CF: force ratio.

The vertical height h0 between the conductor and the ground wire is 10 m. The specific parameters of the prototype conductor and ground wire are shown in Table I. In the reduced-scale model, a 304-material steel wire rope with a diameter of 1.2 mm is used to simulate the transmission conductor, and a steel wire rope with a diameter of 0.8 mm is used to simulate the ground wire. The parameters of the steel wire ropes are shown in Table II. According to the similarity principle, the similarity ratios between the prototype and the reduced-scale model are shown in Table III. The span length of the reduced-scale test model is 20 m with no elevation difference. Extra mass blocks are attached to the upper and lower steel wire ropes, respectively, to meet the similarity ratio relationship.
Reduced-Scale Test System
The test system consists of a single-span transmission line, a double-layer conductor-ground wire reduced-scale model shown in Fig. 4, a tension sensing device, and a high-speed camera. Since the influence of the tower body on the ice-shedding jump is minimal, two fixed circular steel columns are used to replace the tower. The two ends of the steel wire rope are fixed to the support columns through tension sensors, which are connected to a computer to record the change in tension of the steel wire rope over time before and after ice shedding. The sampling frequency is set to 100 Hz. To simulate uniform conductor icing, 10 equal-mass weights are attached by electromagnets on the upper and lower layers, spaced 2m apart. Based on the similarity principle, through equivalent conversion, the weights for 10mm, 15mm, and 20mm ice thicknesses are determined to be 240g, 420g, and 620g, respectively. Electromagnets controlled by a time relay are evenly suspended on the steel wire rope. When current passes through, heavy objects are tightly adsorbed on the electromagnets to simulate ice accretion on the line. When the current is cut off, the heavy objects are released to simulate the shedding of the ice accretion.
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(a)
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(b)
Fig. 4.  Reduced-scale test system. (a) Schematic diagram; (b) Test system.

To achieve the impact effect of ground-wire ice shedding and ensure that the upper and lower electromagnets are in the same vertical direction, the time relay circuit is controlled to turn off, enabling the upper heavy objects to accurately hit the lower electromagnets, thus simulating the impact force generated by the ground-wire ice shedding on the conductors in reality. By selecting the sequence and number of controlled relays, the ice-shedding dynamic responses of the conductors triggered by ice-shedding impacts at different positions and quantities of the ground wire can be simulated. Due to the complex vibration patterns of the conductor before and after it is impacted and experiences ice shedding, accurately measuring the maximum jump height of the steel wire rope after ice shedding of the model is a key aspect of the research. Eight mark points were set on the conductor respectively, and two high-speed cameras were used to collect the jump curves of the steel wire rope after ice shedding.
Test Results
1)  Experimental Tests: Due to the high volatility of the reduced-scale impact tests, 40 tests were designed for each group to prevent interference from accidental data. Equivalent weights for 15 mm ice accretion were set, and by controlling the same ice-shedding length Lx of the steel wire rope, the experimental results are shown in Fig. 5. Among them, Fig. 5 (a-1) represents the initial state, and Fig. 5(a-2) represents the state at the maximum jump height. It can be seen that the jump height of the simulated steel wire rope is 18.62 cm when it is not impacted by heavy objects. When it is impacted, Fig. 5(b-1) is the initial state, Fig. 5(b-2) is the impact state, and Fig. 5(b-3)  is the state at the maximum jump height. As shown in Fig. 5(b-2), an additional sag,  = 6.43 cm, is generated first. At 
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(a)
[image: ]
(b)
Fig. 5.  Comparison of the jumping heights of the conductors before and after being impacted. (a) Impacted by heavy objects; (b) Not impacted by heavy objects.

this time, the electromagnet is controlled to release the lower-layer heavy object. Under the superposition effect of the upper-layer and lower-layer heavy objects, the lower-layer steel wire rope generates a larger jump, with a height of 25.45 cm. Evidently, under the impact of heavy objects, the ice-shedding jump height of the experimental conductor increases significantly.
2)  Verification Results: By establishing a finite element model of the prototype line and setting equivalent weights for 15 mm ice accretion, the dynamic responses of the experimental line after ice shedding under three conditions were numerically simulated. Through scaling with a length ratio of 1/20 for comparison, Fig.6 shows the comparison of the displacement time-history curves of the maximum jump points of the conductor with and without the impact of ground-wire ice shedding, as well as the comparison results of the maximum jump heights between the simulation and the reduced-scale model when the conductor has different ice-shedding lengths Lx /L.
Fig. 6(a) shows the dynamic vertical displacements of the experimental and simulated conductors without the impact of heavy objects. It can be seen that the two curves match well within the first cycle, and the error gradually increases over time. This is because the damping ratios of the finite-element model and the actual situation are different, resulting in different vibration peak values. Fig. 6(b) is a comparison diagram of the maximum jump heights of the conductor under different ice-shedding lengths without the impact of heavy objects. It can be seen that the errors are all within 6%. After applying a 40% ground-wire ice-shedding impact rate to the conductor, Fig. 6(c) presents the dynamic vertical displacements of the experimental and simulated conductors when subjected to the impact of heavy objects. It can be observed that the jump height of the conductor increases significantly after the impact, while the vibration frequency shows little change. The peak values of the two curves coincide well within the first two cycles, and the peak error is within 10%. This might be attributed to the insufficient impact of the heavy objects shed from the ground wire during the experiment. 
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(a)                                                (b)
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(b)                                              (d)
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(e)
Fig. 6.  Comparison of the jumping heights of the conductors before and after being impacted. (a) Impacted by heavy objects; (b) Not impacted by heavy objects.


Fig. 6(d) is a comparison chart of the maximum jump heights of the conductor under different ice-shedding lengths during the impact of heavy objects, with the maximum relative error being 9.6%. Fig. 6(e) shows the comparison of the maximum jump heights of the experimental and simulated conductors under different ground-wire ice-shedding impact rates. It can be seen that as the ground-wire ice-shedding impact rate increases, the error gradually decreases, with the maximum error being 9.8%. This is probably because when the ice-shedding impact rate becomes larger, the experimental conductor is more fully impacted, resulting in less energy loss. 
There are damping differences between numerical simulation and testing, leading to different variation laws of the vibration amplitude for the two. Fortunately, in the first few vibration cycles after the ice cracks, the vertical displacement and tension often reach their maximum values, and at this time, the influence of the damping ratio can be ignored. Since the errors between the maximum jumping heights determined by numerical simulation and those determined by the scaled-down prototype under the above-mentioned multiple situations are all lower than 10%, the proposed numerical modeling method is verified.
Dynamic Response Characteristics of the Transmission Conductor during Ice Shedding under the Impact of Ground-Wire Ice Shedding
Parameters of the Transmission Line and Loads under Full Scale
The dynamic response of transmission lines after ice shedding is mainly influenced by three key factors: the structural parameters of the line itself, the ice-shedding method, and the characteristics of the ground-wire ice-shedding impact (including the impact method and quantity). Since the impact method of ground-wire ice shedding is extremely complex and is affected by various aspects such as the ground-wire ice-shedding method, the amount of ice shedding, and the impact position, in order to simplify the simulation and be more applicable to practical engineering, this paper defines the conductor-ground wire ice-shedding method as synchronous ice shedding without delay, and divides the impact position into median impact and lateral impact, as shown in Fig. 2.
To study the impact effect of ground-wire ice shedding on the ice-shedding jump of conductors, this paper sets the ice accretion thicknesses to be 10, 15, 20, and 25 mm; the single-span lengths are taken as 300, 400, 500, and 600 m respectively; the elevation difference ratios h/L are 0.1, 0.2, and 0.3 respectively; the initial tensions of the conductors are 40, 45, 50, and 55 MPa respectively; the ice-shedding length of the conductor caused by the ground-wire impact Lx /L ranges from 0.2 to 1.0, and the ground-wire ice-shedding impact rates are taken as 10%, 20%, 40%, and 60% respectively. A four-bundle conductor is set, and different types of conductors are discussed. Their physical parameters are shown in Table I. With the ice accretion mode being uniform ice accretion, the influence of the ground-wire ice-shedding impact on the conductor jump height under different parameters is calculated.

Dynamic Response Characteristics of the Conductor
To study the influence of the impact effect of ground-wire ice shedding on the ice-shedding jump height of conductors, the ice-shedding dynamic responses of transmission conductors were determined under parameters including a 400 m span, 15 mm ice accretion thickness, no elevation difference, initial tensions of the conductor and ground wire of 50 MPa and 45 MPa, respectively, and a middle-position ground-wire impact. The calculation results are presented in Fig. 7.
It can be concluded that when the ground-wire ice-shedding impact occurs in the middle, as the ground-wire ice-shedding impact rate increases, the jump height of the conductor increases significantly, and its fluctuation becomes more intense. Through analysis, it can be concluded that when the ice shedding impact rate of the ground wire is 20%, due to the occurrence of additional sag, the ice shedding jumping height of the conductor increases by more than 20% under the three working conditions.
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(c)
Fig. 7.  The dynamic vertical displacements at typical points for different ice-shedding lengths under median impact after ice shedding. (a) Case 1 Lx /L = 0.6; (b)Case 2 Lx /L = 0.8; (c)Case 3 Lx /L = 1.0.

It can be clearly seen from Fig. 7(c) that this impact has the most significant effect on the full-span ice shedding of the conductor. When the ground-wire ice-shedding impact rate increases from 20% to 60%, compared with the situation without impact, the jump height of the conductor increases by 40.21%, 80.22%, and 98.56%, respectively. As the ground-wire ice-shedding impact rate increases, the growth rate of the conductor's jump height first increases and then decreases. When the ice-shedding length of the conductor Lx /L = 0.8, the growth rate of the conductor's jump height shows a roughly proportional relationship with the ice-shedding impact rate. When Lx /L = 0.4, the growth rate of the conductor's jump 
Height shows a gradually increasing trend with the increase of the ice-shedding impact rate, and when the ground-wire ice-shedding impact rate reaches 60%, the conductor's jump height surges.
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(a)                                          (b)
Fig. 8.  Vertical displacements of typical points of conductors under lateral impact. (a) Variation of jump height with ice-shedding length; (b)  Distribution of the jumping heights of each node of the conductor.


To study the influence of the impact position of ground-wire ice shedding on the position of the maximum ice-shedding jump height of the conductor, the impact mode of ground-wire ice shedding is set as lateral impact, and the ground-wire ice-shedding impact rate is set at 20%. The changes in the jump height of the conductor when the ice-shedding length Lx /L ranges from 0.1 to 1 are studied respectively. Fig. 8(a) shows the change in the jump height of the conductor as the ice-shedding length increases. It can be seen that when Lx /L = 0.6, the jump height of the conductor is the maximum, reaching 6.38 m. As shown in Fig. 8(b), when Lx /L = 0.6, the distribution of the jump height of each node of the conductor is presented. The maximum jump height appears at x = 0.312L, instead of at the mid-span. When the conductor experiences full-span ice shedding, the jump height is 4.23 m. Although in this case, the maximum jump occurs at the mid-span, it is lower than the maximum values in other cases. This conclusion is consistent with the numerical simulation research of Wang [15] et al. When there is full-span ice shedding, at least the third-order vibration mode of the conductor will be excited; while when part of the ice accretion sheds, the second-order vibration mode of the conductor is often excited. Moreover, the impact of ground-wire ice shedding on the conductor usually has a greater effect on local ice shedding, which is the reason why the maximum jump height of the conductor under the condition of full-span ice shedding is not the highest.
Parameter Study
[bookmark: _Hlk197457249]In this study, the single-factor control variable method is employed to comprehensively consider the structural and load parameters of the conductors and ground wires of the transmission lines. Based on the differences in the impact position and ice shedding position, finite element simulation research is conducted for multiple parameters such as span length, initial tension stress, conductor type, ice thickness, ice shedding impact rate, and levation difference. Eventually, the dynamic response data of the conductors after the ice shedding impact of the ground wires under different parameter combinations are obtained, and a data set containing thousands of data points is established. These data sets support the fitting of the simplified formulas in the next chapter.
[image: ]   [image: ]
(a)                                                  (b)
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(b)                                                 (d)
Fig. 9.  Effect of different parameters of conductors on the vertical displacement under median impact. (a) Effect of Span Length; (b) Effect of Initial Tension Stress; (c) Effect of Conductor Type; (d) Effect of Ice Thickness.

1) Parametric Study on the Conductor's Jumping Height under Median Impact
1. Inﬂuences of Span Length: A four-bundle conductor of LGJ-400/25 is adopted, and the model of the ground wire is JLB-150. The ice accretion thickness of the conductor and the ground wire is 15 mm, and the situation of full-span ice shedding is considered. When the span lengths are 300 m, 400 m, 500 m, and 600 m, respectively, the influence of the ground-wire ice-shedding impact on the ice-shedding jump height of the conductor is studied. As shown in Fig. 9(a), it can be seen that under different impacts, the jump height of the conductor increases with the increase of the span length. Moreover, the higher the ground-wire ice-shedding impact rate is, the greater the growth rate of the jump height with the increase of the span length will be.
2. Inﬂuences of Initial Tension Stress: With a span set at 400 m, no elevation difference, and the conductor types as described in Table I for other parameters, the changes in the conductor jump height with the initial tension under different ground-wire ice-shedding impacts are shown in Fig. 9(b). It can be observed that when the ground-wire impact rates are different, the conductor jump height decreases significantly with the increase of the initial stress. In addition, the increase in the initial tension will greatly weaken the impact effect of ground-wire ice shedding.
3. Inﬂuences of Conductor Type: When the span is 400 m and the situation of full-span ice shedding occurs, with the conductor types referring to Table I, Fig. 9(c) shows that as the ground-wire ice-shedding impact increases, different conductor models have a significant influence on the conductor jump height. It can be seen that the differences in the cross-sectional area and stiffness of the conductor are the 
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(a)                                                      (b)

Fig. 10.  Effects of different parameters of conductors on their vertical displacements under lateral impact. (a) Effect of the ice shedding impact rate of the ground wire; (b) Effect of Elevation Difference.


main influencing factors. On the other hand, the increase in the conductor diameter will lead to an increase in the ice accretion load, and at the same time, it will make the ice-shedding jump height larger.
[bookmark: _Hlk197504731]4. Inﬂuences of Ice Thickness: For the LGJ-400/25 conductor, with a span of 400 m and an initial tension of 50 MPa, as shown in Fig. 9(d), it demonstrates the influence of the ice accretion thickness on the conductor's ice-shedding jump under different ground-wire ice-shedding impacts. It can be seen that the conductor jump height increases with the increase of the ice accretion thickness, and as the ice accretion thickness grows larger, the influence of the ground-wire ice-shedding impact increases linearly.
2) Parametric Study on the Conductor's Jumping Height under Lateral Impact
1. The Influence of the Ice Shedding Impact Rate of the Ground Wire: A four-bundle conductor of LGJ-400/25 is adopted, and the ground wire model is JLB-150. With a span of 400 m, an initial tension of 55 MPa, and the ice-shedding length of the conductor Lx /L = 0.6, Fig. 10(a) shows the distribution of the conductor jump height with the change of the ground-wire ice-shedding impact rate. It can be seen that as the ice-shedding impact rate increases, the ice-shedding jump height of the conductor rises linearly, and the point of the maximum jump height of the conductor gradually approaches the impact position. When the ground-wire ice-shedding impact rate exceeds 20%, the growth rate of the conductor jump height caused by it will be even greater.
2. Inﬂuences of Elevation Difference: A span of 400 m and an ice accretion thickness of 20 mm are set to analyze the influence of the side-position impact of ground-wire ice shedding on the ice-shedding jump height of the conductor under different elevation differences. Fig. 10(b) shows the distribution of the conductor jump height under different elevation difference ratios h/L when the conductor is subjected to a 20% ice-shedding impact rate. The results show that as the elevation difference ratio increases, the conductor jump height first increases and then decreases, and the jump height reaches the maximum when h/L=0.2.
Formula for the jumping height of transmission line ice shedding due to ground wire ice shedding impact
Simplified Jump Height Formula
In the design of transmission lines, an effective calculation formula for the ice-shedding jump height is of great help to the line design. Through the summary of experimental and numerical simulation data, this paper finally obtains, by fitting, a calculation formula for the ice-shedding jump height of conductors under the impact effect of ground-wire ice shedding, and conducts an error analysis. Currently, common empirical formulas can be found in reference [17].

		(3)
where H is the maximum jump height of the conductor, L is the span length, m is a factor within the range of 0.5 to 0.9 that reflects the effect of partial ice shedding, and  is the difference in the sag of the conductor before and after ice shedding.
The above formula can predict the ice-shedding jump height of the conductor, but it does not take into account the jump height of the transmission conductor after being affected by the impact effect of ground-wire ice shedding. Therefore, based on the experimental data of the reduced-scale and the results obtained from numerical simulations, this paper uses the least squares method to fit the formula for the ice-shedding jump data, and proposes a formula for calculating the ice-shedding jump height of the conductor under the impact of ground-wire ice shedding for spans within 600 m. It is shown as follows:

[bookmark: _Hlk197458293]		(4)

[bookmark: _Hlk197458318]		(5)
where  is the sum of the difference in the sag of the conductor before and after ice shedding and the additional sag generated after being impacted.  is the difference in the sag of the conductor before and after ice shedding without being impacted.  is obtained by fitting using linear regression, representing the additional sag generated in the conductor after being impacted by the ground-wire ice shedding, as shown in Formula (6).

		(6)
where k is the ground-wire ice-shedding impact rate, which corresponds to Formula (1) in the first section.
Discussion on the Suitability of the Jump Height Formula
A span of 400 m is set, and error analyses are carried out on the results of the maximum ice-shedding jump heights with ice accretion thicknesses of 10, 15, 20, and 25 mm, respectively, so as to verify the mathematical models under the conditions. 
With and without the impact effect of ground-wire ice shedding. As shown in Fig. 11, it can be observed that the relative error of the conductor jump height without impact is within 4.7%. After the conductor is impacted by the ground-wire ice shedding, its jump height is higher, and the potential hazard is greater, with the relative error within 6.6%. 
[image: ]
Fig. 11.  The jumping heights determined by the finite element and mathematical models.

Therefore, Formulas (5) and (6) can be applied to calculate the jump height of the conductor after being impacted by the ground-wire ice shedding, which is of great significance for the engineering design of transmission lines.

[bookmark: _Hlk197442748][bookmark: _Hlk197457932]Conclusion
This paper, for the first time, proposes a numerical modeling method for the dynamic response of conductors during ice shedding under the impact of ice shedding from ground wires. According to the similarity principle, a reduced-scale test model of the double-layer ice shedding system of conductors and ground wires is established, and mutual verification between the simulation and the test is carried out. Using this model, the dynamic response analysis of conductors after the impact of ice shedding from ground wires under different parameters is conducted. Based on the research data, a simplified formula for the jumping height of conductors during ice shedding under the impact of ice shedding from ground wires is fitted and obtained. The conclusions are as follows:
1) The ice shedding impact of ground wires can be categorized into median impact and lateral impact. Among them, under the median impact of ground wire ice shedding, the jumping height of the conductors is higher. Compared with partial ice shedding, when ice shedding occurs across the entire span under different ice shedding impact rates, the increase in the take-off height of the conductors is more significant, even reaching over 40%.
2) The jumping height of the conductors with a small amount of partial ice shedding (Lx/L = 0.4) is more sensitive to the ice shedding impact of ground wires. When the ice shedding impact rate of ground wires is 60% (which is greater than the ice shedding amount of the conductors), it will trigger a sharp surge in the growth rate of the conductors' jumping height.
3) The vibration complexity after the lateral ice shedding impact of ground wires is higher. When partial ice shedding occurs on the conductors, the maximum ice shedding jumping point is not at the mid-span of the conductors. When the conductors are not affected by the ice shedding impact of ground wires, the maximum jumping point is near the middle position of the ice shedding section. However, when the conductors are affected by the ice shedding impact of ground wires, the maximum ice shedding jumping point appears near the area of the impact point.
4) Through the parametric study on the ice shedding impact of ground wires, it is found that the influence degree of the ice shedding impact rate on the jumping height of the conductors is closely related to the span, initial tension and ice thickness, while the changes of the conductor type and height difference have relatively little impact on it.
5) By introducing the additional sag, a formula for the jumping height of the transmission conductors after being impacted by the ice shedding of ground wires is fitted. This formula can be used for the rapid prediction of the jumping height of the conductors under the ice shedding impact of ground wires, which has important engineering value for the design, operation, and maintenance of the transmission lines.
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