. machines

Article

Numerical Simulation and Experiment on Excavating
Resistance of an Electric Cable Shovel Based on
EDEM-RecurDyn Bidirectional Coupling

Yinnan Feng 123, Juan Wu "23*, Chenhao Guo 1?3 and Baoguo Lin 1>

check for
updates

Citation: Feng, Y.; Wu, J.; Guo, C.;
Lin, B. Numerical Simulation and
Experiment on Excavating Resistance
of an Electric Cable Shovel Based on
EDEM-RecurDyn Bidirectional
Coupling. Machines 2022, 10, 1203.
https:/ /doi.org/10.3390/
machines10121203

Academic Editor: Antonio J. Marques

Cardoso

Received: 5 November 2022
Accepted: 6 December 2022
Published: 12 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3

College of Mechanical and Vehicle Engineering, Taiyuan University of Technology, Taiyuan 030024, China
Shanxi Province Engineer Technology Research Center for Mine Fluid Control, Taiyuan 030024, China
National-Local Joint Engineering Laboratory of Mining Fluid Control, Taiyuan 030024, China

*  Correspondence: wujuan@tyut.edu.cn

w N =

Abstract: The electric cable shovel (ECS) is one of the core pieces of equipment used in open-pit
mining, and the prediction of its excavating resistance is the basis and focus of optimization design,
such as excavation trajectory planning and structure optimization of the ECS. Aiming to predict the
excavating resistance of an ECS, a computer simulation method for the excavating resistance based
on EDEM-RecurDyn bidirectional coupling simulation is proposed herein. Taking the China-made
WK series ECS as the research object, a 1/30 scale model of the ECS was set up, a prototype model
test bench of the ECS was built, and the kinematics solution and force analysis of the excavating
process were carried out. According to the actual excavation conditions and excavating process of
the ECS, a discrete element model of the material stack and a multibody dynamics model of the ECS
prototype were established. The EDEM-RecurDyn bidirectional coupling simulation of the excavating
process were realized using interface technology, and the excavating resistance levels under different
speed combinations and different material repose angles were simulated and analyzed. In order to
verify the accuracy of the simulation results, the feasibility and reliability of the EDEM-RecurDyn
bidirectional coupling simulation were verified by physical experiments. The results show that the
simulated excavating resistance is basically consistent with the excavating resistance measured in the
experiment in terms of peak value and change trend, which verifies the feasibility and reliability of
the EDEM-RecurDyn bidirectional coupling simulation to study the excavating resistance of an ECS.

Keywords: electric cable shovel (ECS); EDEM-RecurDyn co-simulation; excavating trajectory;

excavating resistance; scale model

1. Introduction

An electric cable shovel (ECS), also known as a rope shovel, is a mechanical excavator
that is widely used in ore mining operations of open-pit minerals, and is one of the
key pieces of equipment for open-pit mining [1]. In recent years, with the increasing
demand for ore resources at home and abroad, the production scale of open-pit ores
has gradually expanded, and higher requirements have been put forward for electric
shovels [2]. Excavating resistance analysis has always been the basis for all kinds of
excavation equipment to carry out excavating trajectory planning, structural optimization,
vibration, power consumption, and other calculations. Therefore, accurately predicting the
excavating resistance of the electric shovel is particularly critical.

At present, the discrete element method is one of the main methods for scholars at
home and abroad to study excavating resistance; it is mainly based on discrete element
software. According to the parameters of the material that is to be excavated, the material
particle model is set up in the simulation software, and an analysis method is used to
simulate the actual excavating process through computer simulation. Coetzee, C.J. [3,4]
verified the accuracy of the discrete element method in predicting the full rate of excavator
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buckets through experiments, and the experimental results showed that the error of the
full dipper rate predicted by the discrete element method was within 6% at all stages of
loading. Huang et al. [5] realized the visualization of a loader loading process based on
EDEM software, and they compared the movement rules of different particle-size materials
by simulating the excavating process of such materials. Meng et al. [6] compared the
four different shoveling methods of the LHD through EDEM simulation and proposed
an optimization scheme for the bucket trajectory to improve the efficiency of the scraping
operation. Zhao Lijuan et al. [7,8] simulated the cutting process of a shearer based on
DEM-MBD simulation, and they built a test platform based on a similar theory to verify
the feasibility of the simulation and the reliability of the results. Bi Qiushi et al. [9,10]
proposed a numerical simulation method for electric shovel excavating resistance and
excavating energy consumption based on EDEM-ADAMS co-simulation; they simulated
and calculated the excavation resistance and excavating energy consumption, and built an
experimental prototype to verify the accuracy of the numerical simulation results; however,
when analyzing excavation performance, they set the crowd speed and hoist speed to
a uniform speed to simplify the calculation, without considering the acceleration and
deceleration process, and without analyzing the influence of different material repose
angles on excavation performance.

Aiming at the problem of predicting electric shovel excavating resistance, in this paper,
we take the China-made WK series ECS as the research object, we set up a 1/30 ECS scale
model based on a similar theory, and perform kinematic solution and force analysis of
the excavating process. It is difficult to accurately predict the interaction between the
dipper and material particles with a single EDEM discrete element simulation or RecurDyn
multibody dynamics simulation. Therefore, in this paper, we establish a discrete element
model of the excavated material in EDEM and a multibody dynamic model of the prototype
model in RecurDyn, we simulate the excavating process of the ECS by EDEM-RecurDyn
bidirectional coupling simulation, and the excavating resistance under different speed
combinations and different material repose angles is simulated and analyzed.

In order to verify the feasibility and reliability of the research method, the ECS scale
model test bench was built and used to carry out the excavation test. By comparing the
simulation results with the test results, it was found that the simulated excavating resistance
is basically consistent with the measured excavating resistance in peak value and change
trend under various working conditions, which verifies that EDEM-RecurDyn bidirectional
coupling simulation can accurately predict the excavating resistance of the ECS.

2. EDEM-RecurDyn Co-Simulation Method
2.1. Construction of the Electric Shovel Scale Model

In order to facilitate the simulation and analysis of the ECS excavating process, a
3D model of the WK series ECS produced by the Taiyuan Heavy Machinery Group was
established, as shown in Figure 1a. However, the size of the model was too large, the time
required for co-simulation was too long, and it was difficult to verify the simulation results
experimentally. Therefore, in order to improve the simulation efficiency and facilitate ex-
perimental verification on the basis of this model, a scale model of the ECS was established
based on similarity theory with a scale of 1/30. This is shown in Figure 1b.

This paper refers to the size of the China-made WK series ECS, based on the similarity
theory, the real shovel is scaled at a ratio of 1/30 to determine the specific structural parameter
values [10-12]. The meanings of the structural parameters corresponding to the front-end
working device of the ECS scale model are shown in Figure 2, and the specific values of each
parameter and the geometric dimensions of the dipper are presented in Table 1.
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Figure 1. ECS model and ECS scale model: (a) an ECS model and its main structural members
(@ A frame, @) dipper handle, ) boom point sheave, @ boom, &) saddle block, ® dipper); (b) a 1/30
scale model of the ECS.

C )

Figure 2. Structural parameters of the ECS scale model: R;—boom point sheave diameter; Ry—crowd
gear diameter; [ 4 p—boom length; [op, loc, lop—the distances from the rotation center of the saddle
to the bottom of the boom, the hoist beam, and the tooth tip; H—height of saddle rotation center
from tooth tip; a—material angle of repose; f—angle between boom and horizontal direction; d1,
6y—angle between Ipp, loc and the parallel direction of the dipper handle.

Table 1. Structural parameter values.

Parameter (Unit) Value Parameter (Unit) Value
R; (mm) 58 H (mm) 247.3
Ry (mm) 20 a (%) 40
l4p (mm) 450 B () 45
lOB (mm) 160 (51 (O) 14.8
loc (mm) 186.5 47 (°) 20.43
lop (mm) 255.8 Dipper (mm) 120 x 110 x 100

2.2. Kinematic Solution of the Electric Shovel Scale Model

The working process of the ECS can be divided into four steps: excavation, rotation,
unloading, and returning. This paper mainly analyzes the excavating process. In the
process of excavation, the rotary and walking mechanism of the ECS does not work, and
the boom is fixed, that is, the pose of the boom in the coordinate system {B} is determined.
So, the ECS scale model can be regarded as a 1R-1P system, that is, the rotational motion of
the dipper handle around the ¢; direction and the prismatic motion along the ¢, direction,
as shown in Figure 3a.
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(b)

Figure 3. Establishment of the coordinate system of the scale model: (a) general posture; (b) initial

posture (I1, lb-horizontal and vertical distance from the saddle rotation center to the origin of co-
ordinate system {B}; I3—the distance from the saddle rotation center to dipper tooth tip in vertical
direction of the dipper handle; 6;—the dipper handle rotation angle; do—the dipper handle elongation;
dpp—initial value of the dipper handle elongation).

In this paper, kinematic modeling analysis of the electric shovel is accomplished based
on the product of exponentials [13]. The structure of the platform is presented in Figure 3a,
and we establish the base coordinate system {B} and target coordinate system {W} as shown.
Prior to the kinematics model, the following process variables are introduced: Tgy (g)
represents the homogeneous transformation matrix of the target coordinate system {W}
relative to the base coordinate system {B}; Ty (0) represents the initial pose homogeneous
transformation matrix of the target coordinate system relative to the machine coordinate
system; ¢1 and ¢, denote the representations of the actual spinor of the A-axis and C-axis
in the base coordinate system {B}, respectively. Thus, the forward kinematics model from
the platform-based coordinate system to the target coordinate system is

Taw (q) = elé1l®relé2lda Ty, (0) (1)

For the axis of rotation, the spinor is { = (w, U)T, v = r X w, and the spinor of the
translation axis is ¢ = (0, V)T, where w denotes the orientation vector of the rotation axis,
which is a unit vector. Where r represents any point on the rotation axis. The specific
motion matrix form of the rotation axis is mathematically expressed as

E[é]e _ |f[“ﬂe (I - e[d)}&) ((f] X U) + (f](fJTUG‘| ,(2) 7& 0
01x3 2)
elélo = [(I) o0 ,0 =0
Obviously,
~ T
~ T
Uy = (0 -1 0)
1 0 0 I1+13
0 1 0 —dy-+!
TBW(O) = 0 0 1 2% 2 (4)
0 00 1
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Combined with the relative position relationship of the coordinate system in Figure 3b,
it can be calculated that

{:1—(00112 1 o)TT )
&H=(0 000 -1 0)
Therefore,
cosf; —sinf; 0 Izcosty + I;+dpsinf; + dygsinby
Tan(q)= 6[61]916[52]d2TBw(0) _ su(;@l co(s)Gl (1) I3sinfy + I, — d250591 — dypcosby ©)

0 0 0 1

The values of I, I, and I3 are determined by the body structure of the ECS scale model
itself. Therefore, the position and attitude of the dipper tooth tip relative to the body can be
obtained through the values of the 6; and dp, thus, completing the solution of the kinematic
positive problem.

The solution of the kinematic inverse problem of the ECS scale model is to solve the
values of the joint variables 6; and d, according to the posture of the dipper tooth tip.
Therefore, the body posture transformation matrix T can be set to

M 2 3 ix

T "1 T2 T3 iy @)
r31 I3 133 I
0 0 0 1

"1 T2 113 Ex
r=|ra rn 3|, t= |ty (8)
r31 T3 133 tz

where r is the rotation change matrix from the body to the dipper tooth; ¢ is the translation
change matrix and can be obtained by comparing Formulas (6) and (7).

ty = I3 cos 01 + 11 + dy sin 61 4 dpg sin 61
ty = I3sin 6y + Ip — dp cos 07 — dag cos 0

)

The expression of the dipper handle rotation angle ¢; and the dipper handle elongation
d, can be obtained from the above equation.

(ty =)z + (tx — 11)(d2 + do)
(tx =)l — (ty — I2)(d2 + do)

6 = arctan( )(91 #90%) (10)

dy = /(b = )P+ (ty — 1)? — 152 — dog (11)

When the body posture transformation matrix T is known, the values of 61 and d; can
be obtained by Equations (10) and (11), thus, solving the kinematic inverse problem.

2.3. Force Analysis of the Excavating Process of the ECS Scale Model

The force on the front working device of the ECS during excavation is shown in
Figure 4: point A is the center of gravity of the dipper handle; point F is the center of gravity
of the dipper; Fj is the supporting force of the crowd gear on the dipper handle; F;,; is the
crowd force of the dipper handle; F;; is the rope hoist force; F; and F; are, respectively, the
tangential and the normal excavating resistances of the dipper tooth tip; G; is the gravity of
the dipper handle; G, is the gravity of the dipper and the material. We simplify the gravity
center of the excavated material to the gravity center of the dipper for calculation purposes.
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Figure 4. Force analysis of the excavation process.

The tangential excavating resistance F; can be further decomposed into three parts,
including the lower lip excavating resistance Fjj, the resistance caused by speed Fj5, and
the resistance generated by the material extrusion on both sides of the wall Fy3 [12].

Fr=Fy+Fo+F3 (12)
For F;1, what can be obtained is as follows [14]:

Fy = o(vgd*N,, + cdNc + yv*dN,)

N, = 0.5(cote 4 cota) /En

N = [1 + cotacot(a + ¢)]/EN

N, = [tana + cot(a + ¢)]/[1 + tana cote/EN]
En = cos(e+ ¢) + sin(e + ) cot(a + ¢)
a=(m—9)

(13)

where o is the dipper width, - is the material density, d is the excavating depth, c is the
material cohesion, v is the speed of the dipper teeth, ¢ is the digging angle, « is the material
angle of repose, ¢ is the internal friction angle of the material, ¢ is the mechanical-soil
friction angle.

Following references [1,14], Fj; and Fj3 can be calculated through (14) and (15):

_ odv*y[tanasin(a + @) 4 cos(a + )]
27 Tsin(e+ ¢+ a+ ¢)(1 + tana cote)

(14)

2d3(cote + cota) sin(e + 1) Vcot? a + cote cota

Fi3 =
13 Bosin(e +a+ ¢ + 1)

(15)

The normal excavating resistance F, perpendicular to the speed of the dipper teeth
is produced by the extrusion reaction between the dipper and the material, so it can be
derived in terms of the corresponding material properties of the dipper and material [1].

Frtany

Fy= 120y
" 1-Ctany

(16)
where ( is the proportionality coefficient and usually among 0.3~0.45 [1].
According to the static equilibrium principle, the combined torque of all external

forces on the dipper handle and the dipper assembly to the instantaneous meshing point O
is zero; therefore,

Y Mo(F) =0 (17)
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Substituting each variable into Equation (17), we obtain:

_ FEre + Gy + Gorg — Fyry
T'ti

Fii (18)
where r; = lpg;

rm = lcH;

r1 = logsin0y + o cos 61;

ro = lOE Sil‘l91 — lEp Ccos 91;

ry; = lop cos 0y + lcp sin 65.

The projection of the external force on the dipper handle and dipper in the direction
of the straight line OG is zero; therefore,

Y FE=0 (19)
By substitution of each variable into Equation (19), we obtain:
Fi = Fisinf0y 4+ F, — Gy cos 01 — G, cos 01 (20)

2.4. Establishment of a Discrete Element Model of Materials Based on EDEM

The main material excavated by the ECS under actual working conditions is the ore
after blasting; the vast majority of particle sizes are between 200 and 400 mm, and the
maximum particle size of individual ores is 900 mm. Since the size of the ECS scale model
is 1/30 of the actual size of the ECS, the excavated material used during the test process
should have the same scale [15]. Therefore, in the process of test verification, 10-30 mm
limestone particles were selected as the material to be excavated. To improve the accuracy of
the EDEM simulation, a 3D model of the limestone particles was established with reference
to the shape of the limestone particles, as shown in Figure 5b. Then it was imported into
the EDEM software and in order to improve the efficiency of the simulation, it is filled with
four spherical particles, as shown in Figure 5c. The set particle size was 10 to 30 mm, and
the mass fraction of each particle size is shown in Figure 6.

(b) ()

Figure 5. Establishment of particle models: (a) The limestone particles; (b) 3D model of the limestone

particles; (c) The material particle in EDEM.

30 mm(5%) 25 mm(10%) 20 mm(40%)
15 mm(35%) 10 mm(10%)

Figure 6. Particle size distribution.

The main performance parameters of the material are particle size, Poisson’s ratio,
density, shear strength, cohesion, internal friction angle, compressive strength, etc. Among
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them, shear strength, density, Poisson’s ratio and related contact parameters play a major
role in EDEM simulation analysis [16-21]. Therefore, following reference [9], we set the
material properties of the particles and contact parameters of the dipper as shown in
Tables 2 and 3.

Table 2. Material properties of the pellets and bucket.

Material Poisson’s Ratio Shear Modulus (MPa) Density (kg/m®)
Particles 0.35 1.35 x 10° 2540
Bucket 0.30 7.9 x 10* 7800

Table 3. Contact parameters of materials.

Material Coefficient of Restitution Coefficient of Static Friction Coefficient of Rolling Friction
Particle-Particle 0.65 0.30 0.08
Particle-Bucket 0.65 0.28 0.07

Since the natural accumulation angle of the ore after blasting is about 40° [22-26], in
order to verify whether the material parameters are reasonable, the natural accumulation
surface of the material was simulated by EDEM. Firstly, we added a square box with a
length, width, and height of 500 mm in EDEM to stack the particles, and we filled it with
the set material particles. Secondly, after the particles had stabilized, we removed one
side of the box and let the material slide freely under the force of gravity to form a repose
angle. Finally, after the particles in the box stopped slipping and the speed became zero,
the natural accumulation angle of the material was measured. The process is shown in
Figure 7.

Velocity (m/s)
1.01 x 10°

Velocity (m/s)
1.01x100

8.09 x 10-1 8.00x 10 §
6.06 x 10-1
4.04 x 101

2.02x 10!

9.35 x 10~

(@)

Velocity (m/s) Velocity (m/

- 1.01 x 10°

8.09 x 101

6.06 x 10!
4.04 x 101

2.02x 10 X
9.35x 10 ) l 9.35x 10~ v
e
() (d)
Figure 7. The simulation process of the natural accumulation surface of the materials: (a) Material
filling process; (b) Material stabilization process; (c) Free slipping process; (d) Material stops slipping.
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In the above figure, the particle color is used to represent the movement speed of the
particle, and the color changes from blue to red as the particle velocity gradually increases.
The natural accumulation angle of the material was measured by the angle measurement
function in the EDEM post-processing module, and the measured repose angle was 39.88°,
as shown in Figure 8. Therefore, the parameters of the particles were set reasonably, and
the next step of the excavating process simulation could be carried out.

>
>

500

400

(9%}
D
[«>)

N
=
(=]

/

Vertical Position(mm)

0

(=]
N
o
[e)

0 100 200 300 40
Horizontal Position(mm)

Figure 8. Measurement of the natural accumulation angle.

2.5. Establishment of a Multibody Dynamics Model Based on RecurDyn

We used SolidWorks to establish individual components of the ECS scale model and
perform assembly and interference checking. The completed shovel scale model was
imported into RecurDyn, and RecurDyn was used to add material properties, constraints,
loads, and other simulation parameters to each part. Secondly, according to the classification
of the kinematic pairs in RecurDyn and the actual motion of the ECS excavating process,
the kinematic pair constraints between the components were defined as shown in Figure 9
and Table 4; the spherical pair constraint was added between the hoist rope, the hoist beam
and the rollers; the FCur-Sur contact was added between the hoist rope and the boom point
sheave and the rollers to simulate the characteristics of the hoist rope. Since the excavating
process of the ECS is mainly achieved by the crowd motion of the dipper handle and the
hoist motion of the hoist rope, the prismatic pair between the dipper handle and the saddle
and the revolute pair between the hoist drum and the dipper were added to the drive.
The change trend for the crowd speed and hoist speed can be divided into three stages:
acceleration, uniform speed, and deceleration. In order to reduce the sudden change in
driving force caused by acceleration mutation, a smooth transition should be ensured at
the corner of the speed, so the step driving function was used to set the crowd and hoist
speed. The set driving functions are shown in Table 5.



Machines 2022, 10, 1203 10 of 17
\
Figure 9. Movement pair settings.
Table 4. Kinematic pair constraints.
Component Kinematic Pair Component Kinematic Pair
Saddle block-Boom Revolute pair Boom point sheave-Boom Revolute pair
Dipper handle-Saddle Prismatic pair Hoist beam-Dipper Revolute pair

Hoist drum-Bracket Revolute pair

Table 5. Driving function settings.

Cogﬁ)ﬁffﬁon Excﬂ;l;::tmg Crowd Driving Function Hoist Driving Function
High- d . . . .
e)l(%avsalzieoen 9s step (time, 0, 0, 3, 30) + step (time, 6, 0, 9, —30) step (time, 0, 0, 3, 15D) + step (time, 6, 0,9, —15D)
Medium- . . . .
23233;&81?“‘ 12s step (time, 0, 0, 3, 20) + step (time, 9,0, 12, —20)  step (time, 0, 0, 3, 10D) + step (time, 9, 0, 12, —10D)
Low- d . . . .
excavation 18s step (time, 0, 0, 3, 12) + step (time, 15,0, 18, —12)  step (time, 0, 0, 3, 6D) + step (time, 15, 0, 18, —6D)

2.6. EDEM and RecurDyn Bidirectional Coupling Simulation Analysis Process

The excavating process of the ECS is the result of multifactor coupling. The geometric
parameters of the working mechanism, the kinematic parameters, the rock characteristics of
the material, and the interaction between the dipper and the material directly or indirectly
affect the excavation process and the kinetic characteristics of the ECS, so the DEM-MBD
bidirectional coupling principle was used to build a bidirectional coupling model of the
ECS scale model excavating the discrete element material based on the interface between
EDEM and RecurDyn.

The bidirectional coupling simulation of EDEM-RecurDyn is within any time step of
EDEM. RecurDyn transmits the kinematic parameters, such as displacement, velocity, and
acceleration of the coupling components calculated in the time step to the corresponding
coupling parts in EDEM, which then recalculates the influence of the coupling components’
position change on the force, position, speed, and other parameters of the material particles.
According to discrete element theory, the force and torque of the material particles on
the coupling components are calculated, and the data are transmitted back to RecurDyn;
RecurDyn finally recalculates the dynamic parameters of the coupling components ac-
cording to the theory of multibody dynamics, thus, completing the bidirectional coupling
transmission of data in a single-time step and so on until the end of the simulation.

In the excavating process, only the dipper and the excavated material will have an
interaction force, and the rest of the components and the material will not interact, so in
order to improve the simulation efficiency, the walls and export functions under the External
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SPI module in RecurDyn were used to export the dipper as a wall file; the generated wall
file was imported into the EDEM environment; and the simulation parameters were set. We
entered the simulation interface to open the coupling interface to perform the bidirectional
coupled simulation of EDEM-RecurDyn. The bidirectional coupled simulation process of
the ECS scale model dipper is shown in Figure 10.

x()—~F()

. DEM = MBD
F(t+1)—x(t+1)

4.Bidrectional Coupled Simulation 3.Turn-on the Coupling Interface

Figure 10. Bidirectional coupled simulation process.

3. Simulation Result Analysis
3.1. Simulation Result Analysis under Different Speed Combinations

By the method of EDEM-RecurDyn bidirectional coupling, the excavating process
under different speed combinations was simulated and analyzed, and the simulation
results are shown in Figure 11. From Figure 11a, it can be seen that the excavating resistance
changes trend under different speed combinations, the size of the peak, and the location of
its occurrence are basically the same, which is because the excavating resistance is mainly
affected by the excavating depth, and the impact of the speed is very small. The selected
speed combination basically has a consistent excavating trajectory, and the maximum
excavating depth and its location are basically the same. From Figure 11c,d, it can be seen
that with increasing speed, the crowd power and hoist power also increase, and the hoist
power is about two times the crowd power, explaining that the hoist motion plays a leading
role in the excavating process.



Machines 2022, 10, 1203

12 of 17

high speed excavation 20 - -
medium speed excavation ——high speed excavation
80 - low speed excavation ——medium speed excavation
—— high speed excavation smooth ——Iow speed excavation

—— medium speed excavation smooth

—— low speed excavation smooth e 15r
60 - g
2
= K]
g 5
3] 2101
S 40 - c
= g
©
o
X
20 + wo.sr

O 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750
Displacement(mm) Displacement(mm)

(a) (b)

high speed excavation

medium speed excavation

low speed excavation
——nhigh speed excavation smooth
——medium speed excavation smooth
——Ilow speed excavation smooth

w
o
T
@
:

high speed excavation

medium speed excavation

low speed excavation
——high speed excavation smooth
——medium speed excavation smooth
——low speed excavation smooth

N
3
T
o
T

g
=}
T

Crowd Power(w)
o = =
3 o 3
T T T
Hoist Power(w)
IN) IS
T T

O 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750
Displacement(mm) Displacement(mm)

(c) (d)

Figure 11. Comparison of simulation results under different speed combinations: (a) Excavating
resistance; (b) Excavating quality; (c¢) Crowd power; (d) Hoist power.

3.2. Analysis of Simulation Results at Different Repose Angles

Due to the repose angle of the material after blasting being complex and changeable,
not necessarily the 40° repose angle, in order to analyze the excavating performance of the
ECS in different working environments, the ECS excavating process at different material
repose angles (35, 40, and 45°) was simulated. First of all, for changing the restitution
coefficient, static friction coefficient, and rolling friction coefficient between the material
particles to generate different repose angles, the corresponding angle parameter settings
are shown in Table 6.

Table 6. Settings of material contact parameters.

Stacking Angle Coefficient of Restitution Coefficient of Static Friction Coefficient of Rolling Friction
35° 0.6 0.25 0.07
40° 0.65 0.3 0.08
45° 0.4 0.43 0.09

Under the condition of ensuring that the quality of a single excavation is basically
the same, the crowd and hoist speeds of different material surfaces were determined by
a trial-and-error method, as shown in Figure 12a,b, and the corresponding excavating
trajectories under different material surfaces are shown in Figure 12c. It can be intuitively
seen from the figure that with increasing repose angle, the hoist speed of the hoist rope
gradually increases, while the crowd speed of the dipper handle decreases. This is due to
the fact that, with an increasing repose angle, the distance between the material and the
ECS itself is shortened, and the distance that the dipper needs to extend when digging the
material is also shortened; in order to ensure that the dipper can smoothly detach from the
material stacking surface, hoist ropes need to be retracted for longer lengths.
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Figure 12. Comparison of simulation results under different stacking angles: (a) Crowd speed;
(b) Hoist speed; (c) Excavating trajectory; (d) Excavating resistance; (e) Crowd power; (f) Hoist power.

Figure 12d—f presents the trends in excavating resistance, crowd power, and hoist
power with time when the ECS scale model excavates at different repose angles. It can be
seen from the figure that with increasing material repose angle, the maximum excavating
resistance and the maximum hoist power increase, while the maximum crowd power
decreases; the change trend of each parameter with time under different repose angles is
basically the same.

4. Analysis of Test Results

The degree of coincidence between the simulation results obtained based on the
EDEM-RecurDyn bidirectional coupling simulation and the experimental results obtained
by physical experiments determines the theoretical and practical significance of using this
method to study the ECS excavating process. Therefore, in this paper, an ECS scale model
test bench (see Figure 13) was set up to conduct excavating experiments, and the feasibility
and reliability of the research method were verified by comparing the simulation results
with the test results.

The drive system and sensor measurement system of the test bench are shown in
Figure 14. The crowd and hoist motion of the test prototype excavation device was realized
by two separate motor drive systems, and control of the motor was achieved using the
upper machine LabVIEW software and single-chip microcomputer control of the motor
encoder. A dynamic torque sensor was used to measure the dipper handle crowd force in
real time, a tensile force sensor was used to measure the rope hoist force in real time, and a
rotary encoder was used to measure the dipper handle elongation and the hoist rope lift
capacity. LabVIEW software works with a data logger to capture, store, and display sensor
measurement data. The test bench system structure is shown in Figure 15.
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Figure 13. Electric shovel scale model test bench.
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In order to ensure the reliability and stability of the measured data, the excavating
test under various working conditions was repeated several times and the collected data
were averaged. The data measured by the torque sensor and the tensile force sensor were
processed via MATLAB to obtain the change curve of the excavating resistance with time.

Figures 16 and 17 show the simulation results and test results of the excavating
resistance at different speed combinations and different repose angles, respectively. In
order to display the change trend of excavating resistance more intuitively, polynomial
fitting was performed on the data, and the original data were transparently processed. At
the same time, in order to verify the feasibility of EDEM-RecurDyn bidirectional coupling
simulation and the reliability of the results, the maximum excavating resistance and its
occurrence time in the simulation and test are compared, and the correlation coefficient
(R?) is introduced to describe the matching degree between the simulation results and the

test results, as shown in Table 7.
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Figure 16. Comparison between simulation data and experimental data of excavation resistance under
different speed combinations: (a) High-speed excavation; (b) Medium-speed mining; (c) Low-speed
excavation.
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Figure 17. Comparison between simulation data and experimental data of excavation resistance

under different pile angles: (a) 45° material surface excavation; (b) 40° material surface excavation;

(c) 35° material surface excavation.

As can be seen from the table, under different working conditions, the simulation
results of the maximum excavating resistance and the test results have a relative deviation
of about 5%. The relative deviation of the maximum excavating resistance occurrence time
is less than 2%. The R? value of the simulation results and the test results of excavating
resistance is about 0.9, which shows a high degree of coincidence, indicating that the
EDEM-RecurDyn bidirectional coupling simulation can accurately predict the excavation
performance in the ECS excavating process.
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Table 7. Comparison between simulation and experimental data under different working conditions.

Different Excavation
Conditions

Maximum Excavating

Maximum Excavating
Resistance Occurrence

Resistance/N Relative Time/s Relative Correlation

Simulation
Results

Deviation/% Deviation/% Coefficient (R?)

Simulation Test Results

Test Results Results

High-speed excavation
Medium-speed
excavation
Low-speed excavation
45° material surface
excavation
40° material surface
excavation
35° material surface
excavation

59.47 60.48 1.67 4.47 4.40 1.59 0.9473
60.31 62.88 4.09 6.15 6.23 1.28 0.9064
56.95 60.33 5.60 9.19 9.34 1.61 0.8865
63.54 67.82 6.31 6.07 5.96 1.85 0.8824

59.74 62.17 391 5.84 5.94 1.68 0.9502
54.20 55.99 3.20 5.95 591 0.68 0.8962

References

5. Conclusions

(1) In this paper, kinematic solution and force analysis of the excavating process of
an ECS were carried out, a computer simulation method for excavating resistance
based on EDEM-RecurDyn bidirectional coupling simulation was introduced, and
the excavating process under different speed combinations and repose angles was
simulated and analyzed.

(2) The excavation test was carried out by setting up and using an ECS scale model
test bench, and the feasibility and reliability of the research method were verified
by comparing the simulation results with the test results. The results show that the
simulated excavating resistance was basically consistent with the excavating resistance
measured by the test in terms of peak and change trend under various working
conditions, which verifies that EDEM-RecurDyn bidirectional coupling simulation
can accurately predict the excavating resistance of the ECS.

In addition, this research method can be fully used to optimize the excavating trajec-
tory, excavating resistance, excavating efficiency and so on of the ECS in future work. On
the other hand, the theoretical calculation of the excavating resistance can be verified by
bidirectional coupling simulation, and the excavating resistance parameters in the theoreti-
cal method can also be modified by the simulation results, so as to obtain a more accurate
theoretical calculation model of excavating resistance, and the research method is also
applicable to various large mining machineries and excavating machinery.
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