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Abstract: With the development and upgrading of intelligent mines, research on the unmanned
walking of intelligent electric shovels (ES) has been carried out to improve the moving efficiency of
extra-large excavators. This paper first introduces an electric shovel’s primary moving condition in
an open-pit mine. According to the moving characteristics of the heavy-duty crawler, the artificial
potential field (APF) algorithm is improved to plan the moving trajectory of the electric shovel and
carry out simulation verification. A dynamic model of an electric shovel is established. A fuzzy con-
trol tracking method is proposed based on preview displacement and centroid displacement devi-
ation. The robustness of the tracking algorithm is verified by multi-condition simulation. Finally,
the electric shovel prototype is tested through path planning and tracking experiments. The exper-
imental results show that the improved artificial potential field algorithm can plan an obstacle-free
path that satisfies the movement of an electric shovel, and the electric shovel can quickly track the
preset trajectory. The maximum deviation of the track tracking center of mass is no more than 10
cm, and the deviation of the heading angle when the shovel reaches the endpoint is within 2°.

Keywords: unmanned electric shovel (ES); path planning; trajectory tracking; artificial potential
field (APF); fuzzy control

1. Introduction

Large mining machinery front shovel excavator (ES) refers to an excavator with a
single bucket capacity greater than 12 cubic meters, which integrates two functions of ex-
cavation and loading in the mining of open-pit solid resources. Taking the WK-55 ES as
an example, it is suitable for mining and loading operations in large open-pit mines with
a scale of 20 million tons and above [1]. As the annual mining volume of open-pit solid
resources globally reaches billions of tons, the demand for large-scale ES will be huge in
the future. With the development and upgrading of intelligent mines, it is necessary to
research unmanned intelligent ESs to improve operational efficiency and reduce accidents
caused by human factors [2—4].

By installing a positioning device on an ES, real-time location information can be
obtained to realize the path planning and trajectory tracking of the ES. Li designed a per-
ception system for the shovel and tested it on a 1:10 scale shovel experimental platform.
Through the combination of real-time kinematic (RTK) and inertial measurement unit
(IMU), the system yields information with centimeter-level accuracy [5]. Bijo Sebastian
proposed a physics-based autonomous navigation path planning architecture for tracked
vehicles that considers slippage and terrain slope. The proposed path planning method
consists of a planner and a simulator, and its effectiveness is verified by simulation and
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experiments [6]. Kim proposed a complete coverage path-planning algorithm that consid-
ers earthwork characteristics and environmental constraints. The cost function of the al-
gorithm takes into account the accessibility of the dump truck and the external conditions
of the working environment. Furthermore, an evaluation scheme capable of generating
quantitative results of path similarity is proposed [7]. Guan proposed a real-time mapping
method for terrain traversability estimation and path planning for autonomous excava-
tors in unstructured environments. Learning-based geometric methods incorporate topo-
graphic features extracted from RGB images and 3D point clouds into a global map for
the planning and navigation of autonomous mining. This method can adapt to changing
environments and update terrain information in real-time. Experiments show that exca-
vators can navigate in unstructured environments composed of complex terrain features
[8]. Methods based on APF are widely used in the motion planning of mobile robots such
as drones and cars [9-12]. Nazarahari uses the APF algorithm for the path planning of
multi-mobile robots in continuous environments. Moreover, the improved genetic algo-
rithm (EGA) is used to find the optimal path between the starting and ending points. The
algorithm’s effectiveness for the robot path planning problem is verified by simulation
[13]. Fuzzy control algorithms are currently widely used in the tracking control of exca-
vators and other mobile devices [14,15]. Hanh derived the mathematical model of the two-
degree-of-freedom electro-hydraulic excavator, and established a trajectory control
method based on the fuzzy self-tuning neural network algorithm [16]. Liu proposed a
trajectory tracking control strategy for autonomous underwater vehicles based on fuzzy
re-planning of locally desired trajectories. The effectiveness of the control strategy is ver-
ified by simulation [17]. Zhang proposed a multi-objective trajectory optimization frame-
work based on the pseudospectral method for excavation trajectory planning in autono-
mous mining scenarios. The effectiveness of the proposed optimal mining trajectory is
verified by a large number of simulations and experiments. Compared with other com-
monly used methods, the proposed framework is more competitive in terms of mining
time and energy consumption [18]. An accurate dynamic model of tracked vehicles can
improve the performance of control logic in critical driving scenarios. Tota established a
nonlinear mathematical vehicle model of an articulated All-terrain tracked vehicle (ATV)
in the Matlab/Simulink environment, and analyzed the steady-state lateral behavior of an
ATV on flat roads. Aiming at the motion analysis and control of an ATV, an eight-degrees-
of-freedom mathematical model of an ATV is established. A linearized vehicle model is
proposed to analyze and characterize the steady-state and transient behavior of cornering
under slight lateral acceleration. The proportional integral derivative (PID) logic based on
torque and speed is proposed, and the angle controller of the hitch is designed and veri-
fied [19,20]. Sharma proposed a method of intelligent target recognition for a multi-robot
system based on intelligent distance measurement for path planning. This method is
based on intelligent distance measurement to find the expected path, which allows a
multi-robot system to reach its target following the shortest path without collision [21].

At present, there is little research on path planning and trajectory tracking of large-
scale ESs. Due to the complex mining environment and the difficulty of driving heavy
mining machinery, the skidding and slipping of the crawler in the moving process can
easily lead to an ES being unable to reach the specified position accurately. Therefore,
unmanned walking control is the core of realizing the intelligent operation of ESs [22].
The contributions of this paper are as follows:

(1) Based on the improved APF method and combined with the actual working condi-
tions of the shovel, an obstacle-free path that meets the requirements of the shovel
movement is planned;

(2) Real-time control of ES preview distance and centroid deviation in trajectory tracking
based on a fuzzy control method. An ES can quickly adjust the heading angle direc-
tion and track the preset trajectory in real-time.
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The article is broken down as follows: Section 2 introduces the main movement mode
of ES in the open-pit environment; Section 3 studies the path planning and simulation of
ES based on the improved APF algorithm; Section 4 proposes a fuzzy control method
based on preview distance deviation and centroid distance deviation for ES path tracking;
In Section 5, ES trajectory planning and path tracking verification experiments are carried
out; Finally, a conclusion is given in Section 6.

2. ES Walking Condition

One of the basic requirements for an ES to accomplish autonomous excavation is to
realize autonomous path planning and tracking according to work requirements. The
main construction environment of an ES is the open-pit mining area. Since an ES is a heavy
mining machine, to improve the safety of its driving, the road is usually leveled in advance
with road machinery to avoid danger. Therefore, the obstacles on the road in the mining
area are mainly other construction vehicles and stockpiles. The shovel needs to avoid
these obstacles to reach the designated position. The principal moving conditions of an ES
are shown in Figure 1, which are mainly divided into three operating conditions: straight
driving, curved driving, and V-shaped driving:

Condition 1: As shown in Figure 1a, when there are no obstacles on the road, a shovel
will choose to walk in a straight line to reach a specific point. In the straight-line condition,
there are two situations, forward and backward.

Condition 2: As shown in Figure 1b, when there are rocks and mounds or other con-
struction vehicles on the road, an ES needs to walk in a curve to bypass the obstacles on
the road. As with a straight line, there are forward and backward options.

Condition 3: Figure 1c shows the V-shaped displacement trajectory of a shovel. After
the excavation of the current location es is completed, an ES needs to be moved to replace
the excavation location. Due to the large tonnage of an ES, in situ steering will increase
the wear of the tracks and gears and cause the ground to sink. Therefore, an ES needs to
first retreat to the middle point and then to the new excavation location. This condition is
called a “V” shaped movement.

@ (b) | ©

Figure 1. Driving conditions of ES. (a) Straight condition; (b) Curve driving condition; (c) "V" type
driving condition.

3. Motion Path Planning Method
3.1. APF Method

The APF method has been maturely applied in mobile robot motion path planning
[23,24]. The basic idea of APF is to construct a repulsion field around the obstacle and a
gravitational potential field around the target point. As the controlled object, the ES is
simultaneously affected by repulsion and gravitational force in the compound field com-
posed of these two potential fields. The combined force of repulsion and gravitational
force will control the movement of the ES and search for an unobstructed trajectory on the
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map. The gravitational potential field is mainly related to the distance between the controlled
object and the target point; the greater the distance, the greater the potential energy value of
the controlled object; the smaller the distance, the smaller the potential energy value it experi-
ences. The function of the gravitational potential field is shown in Formula (1):

U (X) =50 (4.0, (1)

Here, 7 is the proportional gain coefficient, p(q,qt) is a vector, which represents
the Euclidean distance |g—g,| between the position of the controlled object ¢ and the
position of the target point ¢,, and the vector direction is from the position of the con-

trolled object to the position of the target point. The gravitational force F, (X) of the

att

corresponding negative gradient of the gravitational field is:
Fu(X)=-VU,, (X)=n0(q.4,) 2)

The distance between the controlled object and the obstacle affects the repulsive po-
tential energy of the obstacle. When the controlled object does not move to the influence
range of the obstacle, the value of the repulsive potential energy it receives is 0. When the
position of the controlled object is within the range of the repulsive potential field of the
obstacle, the magnitude of the potential energy it receives is equal to the sum of the two.
The distance between them is negatively correlated. The greater the distance between the
two, the smaller the repulsive potential energy the controlled object is subjected to. The
potential field function in the repulsive potential field is:

2

1 1 1

—k -—| 0=pl9.q,)=p
Urep(X)z 2 {p(%%) pOJ ( ) ’

0 P(CI»CIU)ZPO

(©)

Here, k is the proportional coefficient, p(q,qo) is the vector, its value is the dis-

tance |g—g,| between the controlled object and the obstacle, the direction is from the ob-

stacle to the controlled object, and p, is the maximum influence range value of the re-
pulsive potential energy field of the obstacle. The repulsive force F,, (X) of the negative

gradient of the repulsive force field is:

1 1 1
g S Vp(a.q,) 0<p(q.9,)<p,
Fop (X) = (P@’%) Pojpz(q,q,) plod) 0<plea)sr 4)

0 ,0((], qt) 2 p()
The total resultant force F,,, received by the controlled object is:

Fy=F,(X)+F,(X) (5)

rep

Figure 2 shows the shortcomings of the APF algorithm that may lead to unreachable
targets and local optimal solutions. When the distance between the obstacle and the target
point is close, under the action of the resultant force, the gravitational force on the con-
trolled object will be 0. However, the repulsive force is not necessarily 0, which will lead
to the problem that the target cannot be reached. Furthermore, under the action of the
combined force of multiple obstacles, the combined repulsive force on the controlled ob-
ject will be equal to the gravitational force of the target point, and opposite in direction,
which will cause the controlled object to continue to search for the moving path forward.
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Figure 2. Disadvantages of APF.

3.2. Improved APF Method

The gravitational force will be too large when the ES is too far away from the target
point. This can cause the planned path to cross obstacles or the route to be less smooth.
As shown in Formula (6), the threshold value p, of the influence distance of the gravi-
tational potential field is introduced. When p(q,q,) > p, , the gravitational force of the

target point to ES will increase and decrease, it will be smoother, and it can smoothly
avoid obstacles. The gravitational field functions are shown in Equation (6).

1
. Enpz(qut) p(qfqt)gpd
U (X) =1} ©)

S1Pap(4:4,) P(4:4,)2 Py
The negative gradient derivation of Equation (6).
—-gradU ,,(x,y)=-VU,(x,y)= —VUVHM (x,y);— VU'HM, (x,y)}‘

= —n(x=x)i=n(y=y)j=n| (x,=¥)i+n(,-)]]

=ny(x—x)’ +(y-3)" =np(q.q,)

F=-VU, (x)=|-gadU,,(x,y)==VU, (x,))==VU , (5, )i-VU . (x.7)]

p(g:9.)<p,

att

@)

-1

1 - -1 - -
=5 (G =x)i+n(y=3)7) ==51P [(x—x,)i+(y—y,)/1p(q,q[)

- - 4 5 5 L P9d)Z P,
:%npd[(%—X)i+(y,—y)j}p(q,q,) :%npd\/(x—&) +(y=3)"p(2.4,) (¢4

-1

1 1
=577pdp(q,q/)p(q,q/) =5 1Pu

The force F,

att

(X) corresponding to the gravitational function is shown in Formula

8).
* no(a.9,) pla.9.)<p,
F(X)=19 1 8)
() S71Ps p(q.9,)=p,

To improve the applicability of the APF algorithm, it is necessary to change the prob-
lems of unreachable goals and local optima due to the balance of co-repulsion and gravi-

tational forces. First, a repulsive force adjustment factor p"(q,q,) is added to the
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repulsive force potential field of the traditional APF. The resultant repulsive force and the
attractive force of ES are zero at the same time when it reaches the endpoint. At the same
time, the repulsive force F,, , of apartof the obstacles is introduced into the gravitational
force of the target point on the ES, which changes the force balance state of the ES during
the traveling process. The repulsion function is shown in Formula (9):

1 1 1
. ~k| ——-—| P"(¢.9,) 0<p(q.9,)<p
Urepl (X) = 2 [p(% qn) po ] ( ) ( ) ! (9)

0 p(4.9,) 2 py

In Formula (9), p(q, q, ) is the real-time distance |q - ‘1,| from the obstacle to the tar-
get point, and 7/ is a constant. The corresponding repulsive force E,Zpo is shown in For-

mula (10), where the direction of F,

rep

, is that the obstacle points to the ES and the direc-
tion of E:p2 is that the ES points to the target point:

. :{(E-Zpﬁﬂ;z)vp(q,qv) 0<p(g.9,)< P, 10)
o 0 p(4.4,)= p,
o )
pla.q,) p )P (a.4,)
(11)

2
n 1 1
Frp =2k ———=—| p"" (9.4
) (p(q,qg) poj (-4,

In addition, if the ES turns in situ at a large angle during actual work, it will cause
the track to sink and make it difficult to turn. According to the heading angle requirement
of the final target position of the ES, the concept of a virtual obstacle at the target point is
introduced; that is, a new repulsive force field is added to the target point. The newly
introduced repulsion potential field has always acted on the ES, and its repulsion direction
is always opposite to the heading angle of the final ES. The introduction of a new repulsive
potential field can firstly solve the problem of an unreachable target and local optimum.
Secondly, it can automatically align the ES when it reaches the endpoint. Its repulsion
function is shown in Formula (12):

1
E/’lpz(q’qr) pt(q’q’)sp’

1

Eupdp,(q,q,) 2.(q.9,)=p,

Uy (X) = (12)

p, 1is the intermediate distance threshold of the target point to the ES repulsion potential

field and x is the proportional coefficient. The repulsive force F, , corresponding to

3

the repulsive force function is:

IA
A}

* wp(a.q,) r(4.9,)
Fopy==VU,,(X)=1 1

v SHP p(4.9,)=p,

(13)

The resultant force field and resultant force experienced by the ES in the improved
APF are shown below.

U:)atl (X ) = U*

att

(X)+U,,(X)+U,,(X) (14)

repl
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¢

F

total

(X)=F, (X)FF,, (X)+F,,(X) (15)

Figure 3 shows a schematic diagram of the force of the modified APF on the ES. The
planned path of the ES will become smooth due to the requirements of the heading angle,
and it will face the body when it moves to the final position. The improvement of the
gravitational and repulsive potential fields enhances the applicability and planning ob-
stacle avoidance capability of the APF.

A
Target
Y g
Target heading angle
direction
7’
ol
/'/ . l{
-------- < wioy tt f
: _-Position2 "4
/', F
/
7
/
P g

-

Planning path
-
Ll

Y X

Figure 3. Improved APF path planning.

3.3. Simulation

In order to verify the path planning effect of the improved APF, different road shapes
are designed according to the three actual driving conditions of the ES. By using the im-
proved APF for path planning, the corresponding results shown in Figure 4a,b are the
planned paths with different curved road boundaries, and c and d are V-shaped working con-
ditions. The V-shaped path is essentially composed of two paths, the backward phase from
the green point to the orange point, and the forward phase from the orange point to the red
point. ES first rewinds from the green starting position to the yellow midpoint and then moves
to the red ending position. The large curvature steering problem in the initial planning path
will lead to the oscillating behavior of the ES during the movement. In order to make the ES
move more smoothly, based on the APF planning, the planned path curve is smoothed based
on the cubic B-spline curve. In Figure 4, the blue line is the planned path of the APF, and the
red line is the path smoothed by the cubic B-spline curve. The green arrow in Figure 4 indicates
the heading angle direction of the ES at the start position and the end position. It can be seen
from the simulation results of different working conditions in Figure 4 that the improved APF
can better plan the driving trajectory of an ES according to the set obstacles, and the applicable
working conditions are more comprehensive.
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Figure 4. Multi-condition simulation of path planning. (a) Complex curve boundary; (b) Common
curve boundary; (c) Common V-shaped boundary;(d) Complex V-shaped boundary.

4. Trajectory Tracking Method
4.1. Kinematics Model of an ES

The running mechanism of an ES is a crawler device, as shown in Figure 5a. Assum-
ing that the linear velocity of the center of mass when an ES is moving forward is v,, the

turning radius is R, and the distance between the grounding centers of the left and right
tracksis B, this distance is conventionally called “track width”, then the track speeds on
the left and right sides are v, and v, . The position of the center of mass according to the

three-dimensional model of the ES:

% v,

r

R+B/2 RTB/2

(16)
From the above formula, the steering radius and centroid velocity of ES can be ob-
tained as:

R B(v, +v,)
2

y _vtv

‘ 2

vr—v,|

(17)
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Figure 5. ES movement analysis. (a) Steering movement; (b) Plane movement.

Figure 5b shows the plane motion analysis of an ES crawler. The differential equation

of motion of an ES center is shown in Equation (1
Xx=v_ cosf =
y=v.ssinf=

0=

8).

v, +V1

v, +v,

y Y +y,

2R

(18)

Integrating the above formula can obtain the position coordinates of the center of

mass of an ES in the plane coordinate system.

1
2

) 1 .
v :Iydt :EJ.(V,, +v, )sin Odt

x= Jicdt = —J(vr +v, ) cos Odt

(19)

ezjédtzﬁj(v,m)dt

T T
Let x = (x, »,0 ) be the state vector, u = (Vl ) Vr) be the input vector, the matrix

state equation of Equation (18) is shown in Equation (20):

1
—cosé
2

lsin o
2

D < =
Il

4.2. Trajectory Tracking Strategy

1
—coséf
2

lsin o
2

v,
' } (20)

During the operation of an ES, due to factors such as track slippage and slippage, the
actual driving route will be far from the initial set trajectory, which will affect the working
process and efficiency of the operation. ES trajectory tracking means that an actual ES
travels according to the desired trajectory set in advance and accurately reaches the spec-
ified position. The vehicle’s heading also needs to be consistent. Figure 6a shows a
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schematic diagram of ES trajectory tracking. There are two virtual ES positions at different
times on the preset trajectory. The actual track is at the position and attitude at the ¢,
time. To complete the trajectory tracking task, the ES needs to reach the virtual position
the next # time, and the heading angle should also be consistent.

A Y Virtual position 2 A ¥ ¥y /
ACeR NS
i
’ C G yed
= Presct A3, o
trajectory _ . ]
Virtual position 1 7
4%, .0) P
: / 2
/ Current actual position ]
|' 1o (Xg, Yo 95
- _
O X O X
(a) (b)

Figure 6. ES trajectory tracking diagram. (a) Trajectory tracking; (b) Tracking method model.

The pose of the ES can be monitored in real-time through RTK technology. By calcu-
lating the deviation from the preset trajectory, the speed of the tracks on both sides of the
ES can be adjusted actively so that the ES can keep the pose of the virtual target point on
the preset trajectory at the next moment. Figure 6b shows the preview deviation and cen-
troid deviation during ES trajectory tracking. The point O is the position of the center of
mass of the ES, ¢ and is the heading angle of the ES. The centroid position coordinates

and heading angle information of the ES are collected in real-time through RTK as
(xo,yo, (0) . The preview point C is a point at a distance L in front of the center of mass

of the ES, and the preview distance L is flexibly adjusted according to the traveling speed
of the ES. Therefore, the coordinates of the preview point C can be obtained:

21)

X. =X, +Lesing
Yo=Y, +Lecose

A and B are the points searched on the preset track, and the coordinates are (x,,y,) and
(xz,y5), respectively. Among them, point A is the closest point on the preset track to the
centroid O of the current position, and point B is the closest point on the preset track to
the preview point. Meanwhile, do is the centroid distance deviation, that is, the distance

between the ES centroid point and point A; d is the preview distance deviation, that is,
the distance between the preview point in front of ES and point B. Thus, the preview dis-
tance deviation and centroid distance deviation of the ES at the current position can be
calculated as:

d= |(y3 =)o (xc _xA)_(xB _xA).(yC_yA)|
VO =20+ (- x, ) (22)
d, :\/(yo _yA)Z +(x0_xA)2

It can be seen from the above formula that if the heading angle direction of the actual
position of the ES is inconsistent with the forward direction of the preset path, the preview
distance deviation of the ES will always exist. The deviation of the preview distance will
make the ES track speed adjust until the ES position coordinates and heading angle are
consistent with the preset track. Figure 7 shows the flow of the ES tracking method.
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Figure 7. ES trajectory tracking method.

Fuzzy logic controller

[

Calculate preview deviation
and centroid deviation

4.3. Fuzzy Logic Controller

The ES adjusts the speed of the tracks on both sides according to the preview devia-
tion d and the centroid deviation d, to achieve the purpose of trajectory tracking. The

two inputs of the fuzzy controller are the lateral displacement deviation e(f) and the de-
viation change rate ec(t), respectively, and the output is the speed difference u(f) be-
tween the left and right sides of the ES. The lateral displacement deviation e(f) is related
to the preview deviation and the centroid deviation, calculated by the Formula (23).

e(t) = d(¢) +ad, (t) (23)

In the above formula, @ is a positive gain coefficient, and its value is related to the
curvature of the trajectory. In the two inputs, the actual universe of the lateral distance

deviation €(?) in the tracking process is [—nl N ] , the actual universe of the error rate of
change ec(t) is [—nz,nz] , and the actual speed difference of the output is [_7’3,”13] . The
universes used in the variable universe fuzzy control are [—O'1 s 01] , [—0'2 R 0'2] , and
[—O'3 N ] , respectively. The scaling factor of the lateral displacement deviation domain is
k, . The scaling factor of the deviation rate universe is K, . The scaling factor of the velocity

difference universe is K. The variable universe is obtained by multiplying the actual uni-
verse and the scaling factor:

o, =nk
0, =nk, (24)
o, =mk,

The number of fuzzy subsets is determined according to the requirements of the
fuzzy logic control system. Too many subsets will reduce the control precision, while too
few subsets will increase the computational burden. Therefore, the number of subsets of
the two inputs, lateral displacement deviation e(t) and deviation rate of change ec(t) is

set to {NB, NM,NS,ZE, PS, PM ,PB} . The membership functions for lateral displacement
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bias €(t) and rate of bias change ec(t) were chosen as trigonometric functions, consid-

ering the feasibility of each fuzzy subset and its accuracy in fuzzy computations. The
fuzzy range for the rate of change of deviation is [-30,30]. The ambiguous domain range

of lateral displacement deviation is [-0.45,0.45]. The output velocity difference fuzzy do-
main range is [-2700,2700], which corresponds to the speed of the motors on both sides

of the track. The membership function distributions of the three are shown in Figure 8.
The fuzzy control rules are shown in Table 1.
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Figure 8. Membership function of input and output. (a) Deviation rate of change (ec ); (b) Lateral
displacement deviation (e ); (c) Output speed difference (v ).

Table 1. Fuzzy control rule table.
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Figure 9 shows the ES fuzzy control tracking simulation based on preview deviation
and centroid deviation. The initial position of the planned path is (0,0), and the end posi-
tion is at (30, 30). The initial heading angle of the ES simulationis 7z /4 . In Figure 9a, the
initial position of ES is set as (2, -2), and the velocity of the center of massis 2m /s . The
initial position of ES in Figure 9b is (0, 5). The starting point is above the planned path,
and the centroid velocity is 1m/s . Figures 9¢c,d show the variation trends of the centroid
deviation, and the heading angle deviation with the iteration of the ES calculation path
point during the simulation of the two working conditions, respectively. As can be seen
from the figure, the ES can quickly track the planned path under both conditions. From
the changes of centroid deviation and heading angle deviation, it can be seen that the
fuzzy control tracking effect based on preview deviation and centroid deviation is better.
Under the speed of different working conditions, the ES can respond quickly, and can
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track the preset trajectory within 5 m —and the centroid deviation and heading angle tend
to 0.
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Figure 9. Trajectory tracking simulation. (a) The initial position is on the right; (b) The initial posi-
tion is on the left; (c) Centroid deviation; (d) Heading angle deviation.

5. Experiment and Discussion

In order to verify the applicability and effectiveness of the ES unmanned walking
scheme proposed, based on the actual motion planning of an ES in a mining area, proto-
type experiments were carried out for different walking conditions, and the experimental
results were analyzed and discussed.

5.1. Experimental Setup

The weight of the WK-55 model ES put into production is 1460 t, the bucket capacity
is about 55 m3, the height of the whole machine is 22 m, and the crawler is as high as 2 m.
In order to facilitate the experimental test, the experiment was carried out on the proto-
type of the WK-55 model ES which was scaled down at a ratio of 1:7, as shown in Figure
10. The prototype comprises a working device, electrical system, cab, and crawler travel-
ing mechanism. The lower body of the experimental prototype is a crawler chassis, and
the upper car is connected to the crawler chassis through a circular slewing bearing plat-
form. The external 380 V AC motor can realize crawler walking, turning on the vehicle,
bucket lifting and propulsion, and other actions. RTK equipment is installed above the
prototype, including orientation equipment and positioning equipment, which is used to
collect real-time pose information of the ES, including spatial position coordinates
(x,»,z) and heading angle ¢ .RTK carrier phase differential technology is a differential

method for the real-time processing of carrier phase observations of two measuring
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stations. The three-dimensional lidar installed on the side of the ES prototype is used to
scan the surface of the material to be excavated to perceive the distance between the ES
and the material surface and provide coordinate and heading angle information for the
ES to adjust the displacement. Data such as the speed, frequency, current, and voltage of
the drive motors on both sides of the crawler are collected by the sensors installed on the
ES and transmitted to the sensor data collection box. The PLC system of the ES is installed
in the electrical control cabinet behind the vehicle. The PLC can establish long-distance
communication via the wireless transceiver through the mobile workstation.

Positioning  Directional | Sensor data | Wireless Base 1 | e
Station

antchna = antenna | collection box | ranscciver ‘

Elcctrical

control ] Mobile ‘
; g : |
cabinet Workstation [ poer i
= \ Supply e

LiDAR &

Figure 10. ES experimental prototype.

5.2. Communication

Figure 11 shows the control structure for the unmanned ES walking experiment. The
system is divided into two parts: the ES and the mobile workstation (PC). The PLC in the
ES is used as the lower computer, and the mobile workstation is used as the upper com-
puter. As the control system of the ES, the PLC mainly controls the motor speed of the
crawler on both sides of the ES through the inverter, and can monitor and collect the run-
ning parameters of the motor in real-time. RTK establishes communication with the PLC,
which can obtain the current pose information of the ES in real-time and transmit the cur-
rent pose information to the PLC in real-time. The data of the sensor RTK module is con-
tinuously updated at a frequency of 10 Hz. The parameter information of the specific sen-
sor used in the experiment is shown in Table 2. Trajectory planning and path tracking
controllers run on mobile workstations. The interactive transmission of data is realized
between the mobile workstation and the PLC through the OPC (OLE for Process Control)
communication technology under the local area network. An obstacle-free movement
path is planned in the workstation through the received map information, obstacle infor-
mation, and material position information. The trajectory tracking controller obtains the
speed difference according to the current position of the ES and the points found on the
preset path, and sends the calculated speed of the crawler on both sides to the PLC to
realize the unmanned walking of the ES.

RTK i Lidar
Material
Current 1 i
.................................. Position__ i e i e S e i
E HE Map & Current Position & - i
H o & o Cujrent )h:ItJacl A — speed difference u :
: Track | PLC Poditio}  Terrain =1 Path . Fuzzy Data :
| Controller 1= E' Map | Planner "| Controller Processing :
s 4 P 0 & o s
oottt ee oo mmcemceeommemmmeoe)  Beemeeeseiceesmessssssssscesesasessesssssscssesasessessssssmssssassssanssssenn !
Electric Shovel Mobile Workstation

Figure 11. ES unmanned walking control structure.
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Table 2. Sensor parameters.
Sensor Name Sensor Model Sensor Accuracy Frequency
RTK P3-DU Beidou P051t.10n1r.1g accuracy: centimeter level 10 Hz
GNSS Direction finding accuracy <0.2°
RoboSense: Horizontal angular resolution 0.2°/0.4°
Lidar Number of lines: Vertical angular resolution Up to 0.1° 20 Hz
80 Accuracy (typical value) Up to +3 cm

5.3. Discussion

The experimental verification is carried out based on the three basic working condi-
tions of ES movement. The scene pictures during the experiment are shown in Figure 12.
The tracking effect and the change of centroid deviation during ES tracking are shown in
Figure 13. The coordinates in Figure 13 are related to the location points set by the base
station. The default coordinate origin of the RTK module is far away. The longitudi-
nal/transverse displacement is a vast number in the original coordinates. We selected the
point about 5 m from the base station as the origin coordinate to process the data. The
blue line segment in Figure 13 is the planned path. The red line segment represents the
real-time displacement trajectory of the ES. Figures 13a,c are the displacement trajectories
during the ES line and curve tracking experiments. It can be seen that most of the two-line
segments overlap, and the two trajectories are the same. Comparing Figures 13b,d, it can
be seen that when the vehicle is tracking the path, the ES centroid deviation is maintained
within 5 cm, and the maximum deviation is 10 cm.

Obstacle 1

‘Obstacle 2.

Obstacle |
P

Figure 12. ES experimental environment.
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Figure 13. Experimental results of ES trajectory planning and path tracking. (a) Curve tracking
path; (b) Curve tracking centroid deviation; (c) Line tracking path; (d) Straight line tracking cen-
troid deviation; (e) V-shaped tracking path; (f) V-shaped tracking centroid deviation; (g) Curve
tracking heading angle deviation; (h) Straight line tracking heading angle deviation.



Machines 2022, 10, 707

17 of 20

The ES comprises an upper working device and a lower moving device. A slewing
mechanism connects the upper and lower parts of the ES. The RTK is installed on the
upper part of the shovel. Therefore, RTK measures the heading angle of the working de-
vice on the shovel. In the tracking experiment, the preview distance deviation of the track
moving mechanism is one of the control quantities. The heading angle calculates the pre-
view distance deviation. At the beginning of the experiment, the heading angle deviation
of the upper and lower parts leads to the deviation of the preview distance in the track
tracking process, which leads to the deviation in Figure 13f,d.

In Figure 13g, the ES has a relatively large heading angle adjustment in the early
stage, and the ES heading angle direction gradually tends to be stable in the later stage.
The ES’s heading angle adjustment range is small during straight-line tracking. The chang-
ing relationship of real-time heading angles during ES tracking is shown in Figure 13g,h. Fig-
ure 13g corresponds to the path of Figure 13a,h, which corresponds to the path of Figure 13c.
The first half of path (a) is a curve, and the corresponding heading angle change trend is shown
in Figure 13g. It can be seen that when the ES tracks the curve path, the heading angle con-
stantly changes with the path point. The second half of path (a) is a straight line, which is the
same as path (c). It can be seen that when the ES tracks the straight path, the heading angle of
the ES changes within a small range. The heading angle of the ES will be slightly adjusted until
the endpoint is consistent with the target heading angle.

The ES path tracking experiments under all working conditions show that the ES will
significantly adjust the heading angle direction at the beginning of tracking to track the
preset trajectory quickly. When the center of mass of the ES reaches the preset trajectory,
the heading angle change amplitude decreases; the final heading angle is consistent with
the target heading angle, and the error range is within 2°. The tracking effect of the ES in
a V-shaped reversing condition is shown in Figure 13e. The first 126 s represent the back-
ward part, followed by the forward part. Figure 13f corresponds to the V-shaped working
condition. It can be seen from Figure 13f that when the ES is in the process of retreating,
the centroid deviation is the same as the curve, and the maximum centroid deviation does
not exceed 10 cm. In V-shaped working conditions, the ES must reverse to the midpoint
and advance to the target point. When the ES moves to the midpoint position, to reduce
the damage to the motor caused by the forward and reverse switching, the motor has to
decelerate from reverse to 0 and then rotate forward. The shovel will then begin to track
its progress. Therefore, the discontinuity at 120 s is caused by the change of the reference
track tracked by the shovel.

5.4. Method Comparison

The PID control algorithm is the most used control algorithm in the industrial field.

The algorithm calculates the adjustment amount according to the proportion (P), integral

(I), and differential (d) of the deviation between the target value and the actual value. The

algorithm principle and implementation are simple, the parameter setting is convenient,

and it has good stability and robustness. It is suitable for all kinds of industrial control

processes for which it is difficult to obtain accurate models. In order to reflect the ad-

vantages of the proposed tracking control algorithm, we use the PID control method to
carry out experiments. The control equation of PID is shown in Equation (25):

1 de(t)
u(t) = KP[e(t)+ . j e(t)dt +T, ” j

i0

(25)
e(t) =r(t)—c(t)

In Equation (25) above, KP is the proportional coefficient, mainly used to adjust the

system’s accuracy; I; and I, represent differential time constant and integral time con-

stant, respectively; e(t) is the deviation between the actual position of the shovel and the

preset trajectory; M?) is the initial setting value; A?) is the actual output deviation of
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the system. The parameters of the PID controller used in the experiment after many ad-
justments are kp = 800, ki =100, kd = 300.

Figure 14 shows the optimal result of the trajectory tracking control experiment with
the PID controller. Figure 14a is the curve path tracking, and Figure 14b is linear path
tracking. It can be seen from the figure that when tracking a straight line, the shovel cannot
finally walk along the track. In the track tracking experiment on the curve track, there is
not only a large overshoot but also a situation of unstable tracking. The effect of PID con-
trol tracking is poor and cannot meet the tracking conditions. The results of two different
control methods prove the superiority of the proposed fuzzy control method based on
preview distance and centroid deviation.
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Figure 14. Experimental results of PID trajectory tracking control. (a) Curve tracking path; (b)Line
tracking path.

Wang Shuai studied the autonomous navigation of six crawler machines. Based on
machine vision, he wrote a fuzzy proportional integral derivative control algorithm in the
control system to control the six crawler machines as they travel along the guideline. He
also built a scaled-down physical prototype of the six-crawler machine and tested it. The
scale of the prototype is 1:34. The size of the reduced scale prototype is small. The tracking
distance deviation of the dynamic simulation is within 0.14 m. The final distance deviation
of the six-crawler scale prototype experiment under the curve condition is dynamically
adjusted between 0 and 0.1 m [25]. It can be seen from the above experimental results of
the ES that the method proposed in this paper has more advantages in heavy track control
than the results of six-track tracking. The ES prototype used in this paper is closer to the
real one. The volume size of the ES is about 100 times that of the six-crawler scale proto-
type. The deviation of the center of mass distance during tracking is stable at about 0.05
m, and the maximum is not more than 0.1 m.

6. Conclusions

In this paper, the research on the unmanned walking of intelligent ESs is carried out.
Based on the improved APF algorithm, the obstacle-free path between an ES from the
current position to the target position is planned, and the path planning simulation veri-
fication of various obstacle maps is carried out. For the trajectory tracking method of an
ES, a fuzzy control strategy based on preview deviation and centroid deviation is pro-
posed. The robustness of the tracking algorithm is verified by multi-condition simulation.
Finally, an ES prototype is carried out through path planning and tracking experiments
of various basic working conditions. The experimental results show that the improved
APF algorithm can plan an unobstructed path that satisfies the ES movement. The ES can
quickly adjust the heading angle and speed to track the preset trajectory. Beyond 10 cm,
the heading angle deviation of the ES reaching the end of the trajectory is within 2°.
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In addition, the proposed path planning and trajectory tracking method can also be
applied to other heavy crawler construction machinery, such as hydraulic excavators, mo-
bile crushing stations, etc., which is beneficial to improving their mobile efficiency and
automation level.
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