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Abstract: The pantograph catenary system plays an important role in the power performance of
electric mining vehicles. A pantograph catenary system combining both a pantograph and a catenary
is one of the most promising solutions. As a case study, this paper discusses the dynamic performance
and the stable current collection of a pantograph catenary system for a 14 ton underground overhead
wire electrical actuated load, haul, dump machine (LHD). First, based on the optimized finite element
simulation process, finite element models of the pantograph system and the catenary system are
established. Second, the motion equation of the catenary is improved, and the finite element model of
the pantograph catenary system is established. Finally, a dynamic simulation experiment is performed
to determine the dynamic performance of the pantograph catenary system. The results show that
when the radius of the contact wire is set to 0.00564 m and the tension of contact wire is set to 30 KN,
the current collection indexes of the pantograph catenary system meet the requirements of stable
current collection and are superior to the simulation results of related references. Therefore, the validity
of the finite element model is verified; thus, the pantograph catenary system can stably charge and
supply energy for the trolley wire overhead electrically actuated LHD and ensure sufficient power.

Keywords: trolley wire overhead electrically actuated LHD; pantograph catenary system; pantograph
and catenary; finite element model; stable current collection

1. Introduction

With the rapid development of society and the economy, the demand for mineral resources
has increased sharply. The mining of resources has gradually shifted from surface to large-scale
deep underground mining, and underground mining has brought higher requirements for the power
performance and working efficiency of mining equipment. The load, haul, dump machine (LHD),
which directly determines the modern mining technology level and production capacity of the mining
work, is a key piece of equipment for trackless mining in underground mines. However, traditional
scrapers use diesel engines for power [1]. Due to the large amount of energy consumption, closed
working environment, and limited ventilation conditions, the emissions of carbon dioxide and nitrogen
oxides produced by the traditional fuel LHD can cause great damage to the underground environment
and human health [2–4].

In recent years, with the promotion of the concept of sustainable development and the improvement
of environmental protection awareness, the traditional fuel scrapers have been gradually replaced by
the electrically actuated LHD [5,6]. However, the poor power performance of electrically actuated LHD
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and the lack of continuous power for short working hours have limited their application. Therefore,
a pantograph catenary system must be developed to charge and power the electrically actuated LHD
to ensure that the power of the electrically actuated LHD is sufficient and sustainable. Then, the power
performance of the electrically actuated LHD must be improved, to improve the mining efficiency and
produce economic benefits with the electrically actuated LHD.

At present, the scheme for charging and supplying power to an electrically actuated LHD is mainly
done through a towing cable system and trolley wire overhead electric supply system. The performance
of the power supply system will directly affect the power performance of the electrically actuated
LHD [7,8]. Bu Qing Feng et al. [9] analyzed the towing cable system of the electrically actuated
LHD model TORO1400E. The closed-loop control of Programmable Logic Controller (PLC) is used
to synchronize the coiled wire and the vehicle speed to achieve efficient and safe operation of the
electrically actuated LHD.

Yue Hongbo [10] carried out a comparative analysis of three types of cable guide for electrically
actuated LHD, introduced the structural characteristics of three types of cable guide, and analyzed the
advantages, disadvantages, and development trend of cable guides for different structures. Xu Yan et
al. [11] conducted a comparative study on the control strategies of the cable winding device of the
electrically actuated LHD. Sui Furen et al. [12] analyzed and compared the two electric cable reeling
systems of the Sandvik electrically actuated LHD and combined practical experience with the technical
transformation of the cable reeling system to avoid the problems that exist in actual use.

Trolley wire overhead electric supply systems have also been studied. Li Qingyu et al. [13] studied
the DC power supply between the pantograph and the overhead wire. Zhou Ying [14] studied the
DC power supply protection system of trolley wire overhead electric locomotives for mining, which
ensures the safe and stable operation of trolley wire overhead electric locomotives, provides technical
support for similar mining equipment, and yields good social benefits. Wu Baolong [15] studied
the application of variable frequency speed regulation technology in trolley wire overhead electric
locomotives for mining.

However, the towing cable system of the electrically actuated LHD studied in the above literature
has not been popular, which has limited the mobility and the running distance range of the electrically
actuated LHD. At the same time, in the research of trolley wire overhead electric supply systems,
the contact force and lifting amount between the pantograph and contact line are not calculated and
analyzed, and no relevant literature was found that studied the dynamic characteristics and stable
current collection between a pantograph and catenary of the trolley wire overhead electric LHD.

The trolley wire overhead electric supply system is a safe and reliable way to supply power to
the electric LHD. The trolley wire overhead electric LHD is especially suitable for the long-distance
transportation of mineral materials in a fixed working place. However, due to the laying technology of
the trolley wire overhead, the quality requirements of the roadway top and the road surface are high,
and the maintenance of the trolley wire overhead at the roadway top is not convenient. The towed
cable electric LHD has limited carrying cables and can only work for short distances; thus, research
and development of the trolley wire overhead electric LHD for long-distance transportation is of
particular value.

Due to the complexity of mining operation conditions, there are higher requirements for the power
and mobility of the electrically actuated LHD. The towing cable electrically actuated LHD is shown
in Figure 1 [16]. As the cable always bears a large tensile force, the service life of the cable is short;
at the same time, the transportation distance of the electric LHD is limited by the length of the cable,
which limits the mobility and running distance of the electric LHD. However, extra time is needed
for wiring, disconnecting, handling, and cable assembly design and repair [17], thus reducing the
performance of the towed cable electrically actuated LHD. If the electric LHD is powered by overhead
wires, like the mine electric trolley, the electric energy will be introduced into the electric LHD through
the pantograph head slide plate. The electric motor drives the electric LHD to work, which can not
only increase the haul distance of the electric LHD and reduce the cable loss but can also simplify
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the cable winding mechanism of the electric LHD and improve the operability and mobility of the
electric LHD. According to our actual design parameters, a three-dimensional model of the trolley
wire overhead electric supply system was established using the finite element method [18] to allow
the lifting amount and the contact force between the pantograph and the catenary to be accurately
calculated and analyzed.
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Figure 1. Towed cable electrically actuated load, haul, dump machine (LHD).

Therefore, this paper focuses on the 14 ton trolley wire overhead electrically actuated LHD
designed by our laboratory group as an example. According to the relevant design parameters, the
finite element models of the pantograph system and the catenary system are established by using the
advanced nonlinear finite element software Marc. The finite element model of the pantograph catenary
system of the trolley wire overhead electrically actuated LHD is established through contact.

Our main contributions are in the following three areas: (1) the scheme, where the trolley wire
overhead electric supply system is used as the pantograph catenary system of the 14 ton electrically
actuated LHD to charge and supply energy, is put forward; (2) we optimize and subdivide the
finite element simulation process of the pantograph catenary system, improve the motion equations
of the contact wire and bearing cable, and establish the finite element model of the pantograph
catenary system of trolley wire overhead electrically actuated LHD; and (3) the stable current collection
performance of the pantograph catenary system of the trolley wire overhead electrically actuated LHD
is analyzed.

The main contents of this paper are as follows: The second section introduces the current collection
principle of the pantograph catenary system of the electrically actuated LHD and optimizes the finite
element simulation process of the pantograph catenary system. In Section 3, the finite element model
of the pantograph catenary system of the trolley wire overhead electrically actuated LHD is established.
First, the structure and geometry of the pantograph system are introduced, and the finite element
model of the pantograph system is established. Secondly, the structure of the catenary system is
introduced, and the components of the catenary system are simulated as Euler Bernoulli straight beams.
The kinematics equations of the contact wire and bearing cable are improved, and the finite element
model of the catenary system is established. Finally, the bowhead of the pantograph and the contact
wire of the catenary are set as a beam-to-beam contact, thereby establishing the finite element coupling
model of the pantograph system and the catenary system.

In Section 4, under the condition that the running speed of the trolley wire overhead electrically
actuated LHD is constant and that other parameters of the pantograph and the catenary are unchanged,
the characteristics of the pantograph catenary system are simulated under different contact wire radii
and different contact wire tensions, and the stable current collection of the charging and the energy
supply of the trolley wire overhead electrically actuated LHD through the pantograph catenary system
are analyzed. Section 5 summarizes the conclusions.
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2. Current Collection Principle and Finite Element Simulation Process of the Pantograph
Catenary System of Trolley Wire Overhead Electrically Actuated LHD

The current collection for the pantograph catenary system of the trolley wire overhead electrically
actuated LHD is achieved by the sliding contact between the pantograph and the catenary [19,20],
as shown in Figure 2. When the trolley wire overhead electrically actuated LHD operates to collect
current, the random vibrations between the pantograph and the catenary have a great impact on the
catenary. To avoid offline situations and sparks between the pantograph and the catenary, the contact
force should not be too small, and the contact force should not be too large, as this will cause excessive
wear between the pantograph and the catenary [21–23]. Therefore, it is necessary to study the contact
state between the pantograph and catenary [24–26]. However, due to the high cost of conducting
physical field tests, one of the effective ways to study the contact state between a pantograph and
catenary is to establish a three-dimensional finite element model of the pantograph catenary system by
using the finite element method for calculation and simulation analysis [27–29].
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Figure 2. Schematic diagram of the current collection principle of a pantograph catenary system for a
trolley wire overhead electrically actuated LHD.

In this study, according to the actual design parameters, the finite element models of the
pantograph system and the catenary system were established using the advanced nonlinear finite
element software MARC. The dynamic performance of the pantograph catenary system of trolley
wire overhead electrically actuated LHD was simulated and analyzed. The finite element simulation
process presented in [30,31] was subdivided and optimized to improve the calculation accuracy and
efficiency to obtain the finite element simulation process of the pantograph catenary system of the
trolley wire overhead electrically actuated LHD, as shown in Figure 3.Energies 2020, 13, x FOR PEER REVIEW 5 of 18 
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3. Finite Element Modeling of the Pantograph Catenary System

3.1. A Finite Element Model of the Pantograph in the Pantograph Catenary System

The pantograph system is a very complicated spatial structure composed of an upper frame, lower
frame, pushrod, balance rod, base, bowhead, skateboard, and other components [32–34]. Figure 4
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shows the single-arm pantograph and its geometric structure. The structural requirements of the
pantograph system are different for different applications and different operating speeds. The actual
pantograph system includes many parts, such as rods, hinges, and other parts; therefore, it is very
difficult to establish a three-dimensional model that fully reflects the structure of the actual pantograph
system [35].
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Figure 4. Schematic diagram of a single-arm pantograph and its geometric structure.

When establishing a three-dimensional finite element model of the pantograph system,
we simplified the actual pantograph system accordingly. We ignored certain fine structures of
the pantograph system and simplified them as equivalent components with a certain quality and
elasticity [36–38]. This model is more intuitive and more accurate than the model established by the
reduction quality method that has been used in previous studies [39]. The simplified pantograph
system is mainly composed of a pushrod and frame, upper frame, bowhead, and slide plate; these
three parts are connected through a hinge and a nonlinear spring [40]. The hinge and the nonlinear
spring only allow relative rotation of the connecting parts along the x-axis direction. The slide plate on
the pantograph head is pushed along the end of the pushrod in the negative z-axis direction. Once the
slide plate reaches the final position, the hinge locks itself immediately. We realized the self-locking
function through a spring stiffness value function about time, as shown in Figure 5.
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When the pantograph head is raised, the spring stiffness value is 0. Once the pantograph head
reaches the final position, the spring stiffness value is set to 106 [41]. Considering that the pantograph
system is mainly composed of rods, a straight beam element was used to simulate each part of the
pantograph system. For the simulation, the finite element model of the pantograph system had
20 straight beam elements and two shell elements. The geometric parameters and material properties
of the main components in the finite element model of the pantograph system are shown in Table 1.
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The finite element model of the pantograph system, established by the advanced nonlinear finite
element simulation software Marc, is shown in Figure 6.

Table 1. Geometric parameters and material characteristics of the main components of the
pantograph system.

Design
Parameters L1 L2 L3 L4 L5 L6 L7 a b c g

Parameter
value 1750 1800 230 1208 1750 1810 118 770 140 0.35 0.017

Material Carbon
steel

Aluminum
alloy

Carbon
steel

Carbon
steel

Car-bon
steel

Aluminum
alloy

Aluminum
alloy N/A N/A N/A N/A
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3.2. Finite Element Model of the Catenary System in the Pantograph Catenary System

The catenary system is mainly composed of a contact wire, bearing cable, hanging string, fixed
device, and a pillar [42]. In Figure 7, we show a simple chain suspension catenary and its structure [43].
We established a finite element model of a simple chain suspension catenary system. In the modelling
process, the problem of neglecting the transverse vibration of a catenary in reference [44] was
supplemented, and the following approximate assumptions were made:Energies 2020, 13, x FOR PEER REVIEW 7 of 18 
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Figure 7. Simple chain suspension catenary and structure diagram.

(1) The contact wire, bearing cable, hanging string, fixing device, and pillar are equivalent to Euler
Bernoulli straight beams, and the equivalent mass is evenly distributed on the catenary model unit;

(2) We considered the vertical vibration and lateral vibration of the catenary system at the
same time.

We used Euler Bernoulli straight beams to approximate the components of the catenary system.
In this paper, the motion equation of the catenary presented in [45,46] was improved without considering
the impact force of the positioning device to obtain the motion equation of the contact wire (1) and the
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motion equation of the bearing cable (2), which adapts to the complexity of the running road conditions
of the trolley wire overhead electrically actuated LHD.

mc
∂2uc

∂t2 +
∂2

∂x2 (EIc
∂2uc

∂x2 ) −
∂
∂x

(Tc
∂um

∂x
) + Kd(um − uc)∂(x− xn) + Ksum(x− xs) = Pδ(x−Vt) (1)

mm
∂2um

∂t2 +
∂2

∂x2 (EIm
∂2um

∂x2 ) −
∂
∂x

(Tm
∂um

∂x
) + Kd(um − uc)δ(x− xn) + Ksum(x− xs)δ(x− xn) = 0 (2)

In these formulas, EIc is the bending stiffness of the contact wire, Tc is the tension of the contact
wire, mc is the unit mass of the contact wire, uc is the displacement of the contact wire; EIm is the
bending stiffness of the bearing cable, Tm is the tension of the bearing cable, mm is the unit mass of the
bearing cable, um is the displacement of the bearing cable; δ is the impact function, Kd is the stiffness
of the hanging string, Ks is the equivalent stiffness of the positioning device, P is the contact force
between the pantograph and the catenary, x is the position of the scraper, xm is the distance of the
hanging string from the moving point, xn is the distance from the positioning point to the moving
point, and xs is the displacement at the positioning.

We used the advanced nonlinear finite element simulation software Marc to build a finite element
model of a catenary system with a length of 25 m, six spans, and seven pillars, in which the span was
4.2 m, the distance between the suspension strings was 0.6 m, and the pull-out value of the bearing
cable and the contact wire through the erection of the pillars was 300 mm. To ensure the accuracy of
the simulation, the contact wire model was meshed in detail, while other elements of the catenary
system were roughly meshed to improve the efficiency of the simulation. The divided finite element
model of the catenary system has a total of 430 straight beam elements, each of which has 12 degrees of
freedom. The gravity of the catenary system was applied to the divided finite element. The geometric
parameters and material properties of the main components in the finite element model of the catenary
system are shown in Table 2. The finite element model of the catenary system of the pantograph
catenary system for the trolley wire overhead electrically actuated LHD is shown in Figure 8.

Table 2. The geometric parameters and material properties of the main components of the
catenary system.

Component Tensile
Modulus/GPa Poisson’s Ratio Mass

Density/(kg.mm−3)
Section

Area Material

Contact wire 120 0.33 8900 150 AgCu110
Bearing cable 120 0.33 8900 150 JTMH120

Hanging string 120 0.33 8900 10 Copper–magnesium alloy
Locator 210 0.30 2700 2700 Aluminum bronze

Inclined arm 210 0.30 7850 5026 Corrosion resistant steel
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3.3. The Finite Element Model of the Pantograph Catenary System

In the pantograph catenary system of the trolley wire overhead electrically actuated LHD,
the pantograph system and the catenary system are coupled as a whole model through contact. The
contact wire and the pantograph head slide plate are set as the elastic contact body and rigid contact
body, respectively, both of which are regarded as horizontal beam elements. That is, the boundary
condition is set as a beam–beam contact [47]. The established finite element model of the pantograph
catenary system for the trolley wire overhead electrically actuated LHD is shown in Figure 9.Energies 2020, 13, x FOR PEER REVIEW 9 of 18 
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pantograph bowhead and contact the catenary; and (3) the pantograph runs a distance of 25 m along 
the catenary. 
  

Figure 9. The finite element model of the pantograph catenary system for the trolley wire overhead
electrically actuated LHD.

The pantograph catenary system of trolley wire overhead electrically actuated LHD is charged
and powered by both the pantograph system and the catenary system. The operation process of the
pantograph system and catenary system generally includes three load cases [48]: (1) Apply tension to
the contact wire and the bearing cable, and apply gravity to the finite element units of the pantograph
system and the catenary system; six of the seven pillars can move freely in the operation direction of
the pantograph and are limited in the degrees of freedom in other directions; (2) push the lower end
of the pushrod in the direction opposite to the operation of the pantograph to raise the pantograph
bowhead and contact the catenary; and (3) the pantograph runs a distance of 25 m along the catenary.

4. Simulation Experiment and Results Comparison Analysis

According to our design parameters, under the condition that the running speed of the trolley
wire overhead electrically actuated LHD is kept constant and the other parameters of the pantograph
and the catenary are unchanged, simulation experiments were carried out to analyze the characteristics
and the stable current collection of the pantograph catenary system of the electrically actuated LHD
under different contact wire radii and different contact wire tensions.

4.1. Analysis of the Influence of the Contact Wire Radius on the Stable Current Collection of the Pantograph
Catenary System

Trolley wire overhead electrically actuated LHDs obtain their current through direct contact
between the pantograph head slide plate and the contact wire in the pantograph catenary system, which
then provides the power. Therefore, changing the contact wire section radius has a key influence on
what is needed for sufficient power with the stable current collection of the pantograph catenary system.

In this paper, based on the finite element model of the pantograph catenary system of the trolley
wire overhead electrically actuated LHD, as established above, under the condition that the running
speed of the trolley wire overhead electrically actuated LHD is kept constant and other parameters
of the pantograph and the catenary are unchanged, a simulation experiment was carried out on the
changes in the lifting amount of the catenary at three different points under different section radii of
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the contact wire. Then, the stable current collection of the pantograph catenary system was analyzed.
At present, the maximum contact wire section radius specified in the European standard EN50318 [49]
and used in the field is 0.00691 m. In this paper, we chose four different contact wire section radii,
0.00691, 0.00618, 0.00564, and 0.00505 m, to simulate the stable current collection of the pantograph
catenary system of the trolley wire overhead electrically actuated LHD and selected the second, fourth,
and sixth points among the seven points on the catenary as representatives. The lifting amounts of
134, 352, and 559 for location points under different contact wire section radii were extracted, and the
curves were plotted. The changes are shown in Figures 10–13:
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We used the unique extraction function of the simulation data in Marc software to carry out
statistical calculations and analysis for all specific data in the above simulation result graphs under
different conditions, as shown in Table 3.

Table 3. The lifting amounts of location points under different contact wire radii.

Contact wire
Radius/m

Location
Point

Lifting Amount
Max

Lifting Amount
Minimum

Lifting Amount
Average

0.00691 m

point 134 0.37602 0.00204 0.24825

point 352 0.24479 0.09715 0.19841

point 559 0.24816 0.08873 0.21876

0.00618 m

point 134 0.23830 0.07681 0.17269

point 352 0.16807 0.03413 0.11200

point 559 0.20266 0.03286 0.13963

0.00564 m

point 134 0.10695 0.03970 0.04552

point 352 0.08209 0.01063 0.01944

point 559 0.04371 0.00913 0.01627

0.00505 m

point 134 0.18359 0.10470 0.11400

point 352 0.12300 0.05741 0.05127

point 559 0.13881 0.07636 0.08259

According to the analysis data in Table 3, we can conclude that with a decrease in the section radius
of the contact wire, the lifting amount value of each location point shows a decreasing trend overall; the
maximum value of the lifting amount is 0.08259 m less than the maximum value of the lifting amount
in reference [50]—0.08700 m. According to the European standard, EN50318, the reference range of
the lifting amount that meets the stable current collection is 0–0.2 m. When the contact wire section
radius is set as 0.00505 m, the minimum and the maximum lifting amounts (minimum, maximum) of
the three location points (points 134, 352, and 559) are (0.10470, 0.18359) m, (0.05741, 0.12300) m, and
(0.07636, 0.13881) m. When the contact wire section radius is set as 0.00564 m, the minimum and the
maximum lifting amounts (minimum, maximum) of the three location points (points 134, 352, 559) are
(0.03970, 0.10695) m, (0.01063, 0.08209) m, and (0.00913, 0.04371) m.

Therefore, the lifting amounts of the three location points are within the reference range, 0–0.2 m,
but the maximum value of the lifting amount at each point when the contact wire section radius is
0.00564 m is smaller than when the contact wire section radius is 0.00505 m, so the fluctuation of the
catenary is more stable, and the stable current collection of the catenary is better. When the section radii
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of the contact wire are 0.00618 m and 0.00691 m, respectively, the amplitudes of the lifting amounts
of the three location points are in a large range, including (0.07681, 0.23830) m, (0.03413, 0.16807) m,
(0.03286, 0.20266) m, (0.00204, 0.37602) m, (0.09715, 0.24479) m, and (0.08873, 0.24816) m. We can see
that when the radius of the contact wire is large, the maximum value of the lifting amount of each
locating point exceeds the maximum value of the reference range by 0.2 m; thus, the catenary has large
fluctuations and the stable current collection is poor.

From the data in Figures 10–13 and Table 3, we can conclude that, under the finite element model
parameters of the pantograph catenary system of the trolley wire overhead electrically actuated LHD
established in this paper, when the section radius of the contact wire is set to 0.00564 m, the lifting
amount is within the standard reference range, the fluctuation of the catenary is small, and the stable
current collection of the pantograph catenary system is effective.

4.2. Analysis of the Influence of Contact Wire Tension on the Stable Current Collection of the Pantograph
Catenary System

Under the condition of keeping the section radius of the contact wire unchanged at 0.00564 m,
increasing the tension of the contact wire properly is a favorable measure to improve the stable current
collection of the pantograph catenary system [51]. Generally, increasing the tension will reduce the
elasticity of the catenary, increase the wave propagation speed of the contact wire, and then improve
the operation speed of the electrically actuated LHD. However, in some cases, an excessive increase in
the tension of the catenary, especially the tension on the bearing cable, will make the elasticity of the
catenary worse [52].

Therefore, to analyze the influence of the tension of the contact wire on the stable current collection,
based on the finite element model of the pantograph catenary system established above and keeping
other parameters unchanged, the tension value of the fixed catenary was set at 21 N, and the changes
of contact force between the pantograph and the catenary under different contact wire tensions were
calculated. According to the change in the contact force, the stable current collection index of the
pantograph catenary system of the trolley wire overhead electrically actuated LHD was analyzed and
calculated. We selected six different contact wire tension values of 29, 30, 31, 32, 33, and 34 KN to
simulate the change in contact force between the pantograph and catenary. The simulation results are
shown in Figures 14–16.
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Figure 16. The change in contact force between the pantograph and catenary. (a) when the tension of
the contact wires is 33 KN; (b) when the tension of the contact wires is 34 KN.

From the above contact force graphs, Figures 14–16, it can be concluded that as the tension of the
contact wire increases, the contact force between the pantograph and the catenary changes drastically,
and the offline rate also increases; however, the maximum value does not exceed the maximum value of
250 N specified in standard EN50318. We used the unique data extraction function of the Marc software
to provide statistics on the offline situation between the pantograph and the catenary. The offline
situation indicated that the contact force between the pantograph and catenary is 0. The offline rate
was calculated based on the offline time, as shown in Table 4.

Table 4. The offline condition between the pantograph and catenary under different contact wire tensions.

Contact Wire Tension
Bearing Cable Tension 21 KN

Maximum Offline Time/s Offline Rate/%

29 KN 0.1562 10.4%
30 KN 0.0625 5.21%
31 KN 0.2938 18.3%
32 KN 0.3438 19.1%
33 KN 0.4063 28.1%
34 KN 0.5000 35.5%

From the statistical data shown in Table 4 above, it can be concluded that under the condition
of keeping the tension of the bearing cable and other parameters of the pantograph and catenary
unchanged, different contact wire tensions have a great influence on the offline situation between the
pantograph and catenary. With an increase in the contact wire tension, the offline time between the
pantograph and the catenary gradually increases. When the contact wire tension is set to 30 KN, the
corresponding offline time is T = 0.0625 s < 0.1 s and the offline rate is S = 5.21% < 10%, which meets
the European standard EN50318 and China’s specified reference range for the maximum offline time
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(T < 0.1 s) and offline rate (S < 10%). When the contact wire tension is set to 31, 32, 33, and 34 KN,
it can be seen from Table 4 that the offline time and offline rate gradually increase. At 31 KN, the offline
time, T = 0.2938 s, does not satisfy the reference range (T < 0.1 s). When the contact force tension is set
to 29 KN, the offline time is T = 0.1562 s and the offline rate is S = 10.4%, which does not meet the
reference range (T < 0.1 s, S < 10%).

In conclusion, when the tension of the contact wire is set at 30 KN, the offline situation between
the pantograph and catenary is ideal. However, with an increase in contact wire tension, the offline
situation between the pantograph and catenary will become more and more serious. It can be seen
from the table that both the maximum offline time and offline rate are far beyond the standard reference
range (T < 0.1 s, S < 10%), which will seriously affect the stable current collection of the pantograph
catenary system, and the trolley wire overhead electrically actuated LHD will not be able to be charged
and supplied in time to provide sufficient power. Then, this will affect the production efficiency and
related economic benefits of mining operations.

5. Conclusions

Aiming at resolving the problems of insufficient power and discontinuity of the electrically actuated
LHD, a pantograph catenary system was proposed to charge and supply energy to a 14 ton underground
trolley wire overhead electrically actuated LHD. To accurately analyze the stable current collection of
the pantograph catenary system, we subdivided and optimized a finite element simulation process of
the pantograph catenary system to improve the calculation accuracy and efficiency. Three-dimensional
finite element models of the pantograph system, catenary system, and pantograph catenary system
were established by using the advanced nonlinear finite element software Marc. As the pantograph
system is mainly composed of rods, the straight beam unit was used to simulate the parts of the
pantograph system, and the parts were connected by hinges and nonlinear springs. Similarly, all parts
of the catenary system were modelled as Euler Bernoulli straight beams, and the problems of the
equation of motion of the catenary, without considering the impact force of the positioning device,
were improved.

Under the condition that the running speed for the trolley wire overhead electrically actuated
LHD is constant and other parameters of the pantograph and the catenary are unchanged, simulation
experiments of the stable current collection of the pantograph catenary system under different contact
wire radii and different contact wire tensions were carried out. The results show that the lifting
amount and offline rate meet the standard reference range requirements, which verifies the validity
and correctness of the finite element model.

The important findings are summarized as follows:
(1) The finite element simulation process of the pantograph catenary system of the trolley wire

overhead electrically actuated LHD was optimized and subdivided, and the motion equations of the
contact wire and the bearing cable were improved, so that the efficiency of the simulation calculation
and the accuracy of the results were improved. The lifting amount and offline rate were completely
within the standard reference range.

(2) With the decrease of the section radius of the contact wire, the maximum value of the lifting
amount of each location point showed a decreasing trend. When the contact wire section radius
was set to 0.00564 m, the lifting amount of each positioning point was within the EN50318 standard
reference range 0–0.2 m, the fluctuation of the catenary was small, and the stable current collection of
the pantograph catenary system was good.

(3) Under the condition of keeping the tension of the bearing cable and other parameters of the
pantograph and the catenary unchanged, the offline time between the pantograph and the catenary
gradually increased with the increase in the tension of the contact wire. When the tension of the contact
wire was set to 30 KN, the corresponding offline time was T = 0.0625 s < 0.1 s and the offline rate
was S = 5.21% < 10%, which are both within the reference range of the European standard, EN50318
and the Chinese standard for offline time (T < 0.1 s) and offline rate (S < 10%), thereby meeting the
requirements for stable current collection of a pantograph catenary system.
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(4) The research results of this paper provide a theoretical reference for the next step of field
construction and testing of the stable current collection of the 14 ton underground trolley wire overhead
electrically actuated LHD through a pantograph catenary system. It is of reference value to further
promote the rapid development of new energy engineering machinery.

From an energy perspective, we make the following contributions. On the one hand, we further
promote the application of sustainable energy electricity in new energy engineering machinery.
The pantograph catenary system composed of a pantograph and catenary is used to charge and power
a 14 ton underground trolley wire overhead electrically actuated LHD, thereby ensuring the power
adequacy and continuity of the electrically actuated LHD. On the other hand, traditional fuel scrapers
produce a lot of pollution and noise. At the same time, the towed cable electrically actuated LHD has
poor mobility and a limited running distance. The trolley wire overhead electrically actuated LHD not
only achieves zero emissions, low pollution, and low noise, it also has good mobility and an unlimited
running distance.
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Nomenclature

L1 Lower arm AD and length
L2 The length of DQ on the upper frame
L3 The length of CD on the upper frame
L4 The length of BC
L5 The length between AE
L6 The length of balance bar EF
L7 The length of the bow QF
a The longitudinal distance between the two points A and B
b The lateral distance between the two points A and B
c The angle between DQ and CD
g The angle between AE and AD
EIc The bending stiffness of the contact wire
Tc The tension of the contact wire
mc The unit mass of the contact wire
uc The displacement of the contact wire
EIm The bending stiffness of the bearing cable
Tm The tension of the bearing cable
mm The unit mass of the bearing cable
um The displacement of the bearing cable
δ The impact function
Kd The stiffness of the hanging string
Ks The equivalent stiffness of the positioning device
P The contact force between pantograph and catenary
x The position of the scraper
xm The distance of the hanging string from the moving point
xn The distance from the positioning point to the moving point
xs The displacement at the positioning
T Offline time between pantograph and catenary
S Offline rate between pantograph and catenary
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