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Abstract: Because the road surfaces of the underground roadways in coal mines are slippery, uneven,
with dust and water mist, and the noise and light illumination effects are significant, global positioning
system (GPS) signals cannot be received, which seriously affects the ability of the odometer, optical
camera and ultrasonic camera to collect data. Therefore, the underground positioning of coal mines
is a difficult issue that restricts the intellectualization of underground transportation, especially for
automatic robots and automatic driving vehicles. Ultra-wide band (UWB) positioning technology has
low power consumption, high performance and good positioning effects in non-visual environments.
It is widely used in coal mine underground equipment positioning and information transmission.
In view of the above problems, this research uses the WLR-5A mining unmanned wheeled chassis
experimental platform; uses two UWB receivers to infer the position and yaw information of the
vehicle in the underground roadway through the method of differential mapping; and tests the
vehicle on the double shift line and quarter turn line in the GAZEBO simulation environment and
on the ground simulation roadway to simulate the vehicle meeting conditions and quarter turning
conditions in the underground roadway. The positioning ability of the method in these two cases
is tested. The simulation and test results show that the vehicle position and attitude information
deduced by two UWB receivers through the differential mapping method can basically meet the
requirements of underground environments when the vehicle is traveling at low speeds.

Keywords: intelligent coal mine; ultra-bandwidth; pose estimation; unmanned driving

1. Introduction

The intellectualization of coal mines has led to the development requirements of
continuity, standardization, intelligence, fewer people and informatization for the auxiliary
transportation system. Wheeled mobile vehicles are widely used in mining, transportation,
coal mine safety control and rescue. Accurate positioning is one of the difficulties of
intelligent realization of wheeled mobile vehicles, especially in the harsh environment
and limited space in the underground coal mines. Therefore, it is an important research
direction of coal mine intellectualization to break through the key technologies such as
high-precision positioning and navigation in underground space, unmanned driving of
auxiliary transportation equipment, comprehensive dispatching and intelligent transfer
of auxiliary transportation in accordance with the special environment of coal mines
and the requirements of intelligent development of auxiliary transportation. Ground
mining vehicles use RTK-GPS technology [1,2] to achieve high-precision positioning, but
this method cannot be used in underground, where GPS is rejected [3]. The research of
vision [4,5] and laser [6-8] SLAMs is an active field, but their application in degraded
scenes and low illuminance, especially in the dim, dusty and mist-filled environment
underground, has caused great difficulties.
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Wireless communication technology has been applied to the positioning and infor-
mation transmission of underground equipment in mines. Common technologies include
WiFi [9-11], Bluetooth [12], ZigBee [13-15], RFID [16,17], ultra-wideband wireless carrier
communication technology (UWB) [18,19], etc. At present, UWB is mainly used for mobile
target positioning in coal mines. By installing UWB positioning base stations along the
roadway and installing identification cards and positioning terminals on equipment, the
distance between the target and the positioning base station is automatically detected and
the target location relationship (approaching, crossing, far away) is accurately identified.
Compared with WiFi, Bluetooth, ZigBee and RFID, UWB has the advantages of low power
consumption, high performance, high measurement accuracy and strong robustness to
multipath effects and non-line-of-sight environments. It can be widely used to build com-
munication and positioning networks in underground coal mines [20,21]. The research on
the use of UWB positioning technology in underground environments mainly includes the
following contents: Wu et al. [22] used two ultra-wideband (UWB) modules to estimate
the position of vehicle plane motion. Field tests show that the estimation error is less
than 3%. In Li et al. [23], the experimental results in different motion conditions show
that this method can provide robust and accurate position estimation for coal mine robots.
Zhang et al. [24] proposed an on-demand precise tracking (OPT) based on ultra-wideband
(UWB) and inertial measurement unit (IMU). A fusion unscented Kalman filter (fusion
UKEF) is designed for energy-saving tracking with customized performance. Simulation in
the GAZEBO platform and field experiments using P440 UWB nodes in indoor and coal
mine laboratories have verified its feasibility. The results show that OPT is efficient and
practical, balancing performance and energy consumption under appropriate parameters.
Compared with the existing event-triggered extended Kalman filter (ET-EKF) scheme,
accuracy is improved by 10.3% and the communication rate is reduced by 11.4% in the
coal mine environment. Alonge [25] proposed a scheme for velocity and position estima-
tion in the ultra-wideband range positioning system. It can be applied in environments
where the GPS signal does not exist or may fail, and the positioning task does not require
accelerometer measurement. It is experimentally compared with particle filters for use in
localization environments. The results show that in terms of the amplitude and variance of
the estimation error, the best result can be obtained by using the differentiator and Kalman
Bush filter to estimate velocity. Cheng [26] proposed a distributed location algorithm based
on particle swarm optimization (PSO) to solve the problem of distance measurement errors
caused by reflection, diffraction and diffusion on the rough sidewall surface in the mine.
The experimental results show that this algorithm reduces communication costs and delay
of location in this chain wireless network.

In order to realize more integration, intelligence and standardization of auxiliary
transportation in coal mines, we have designed a WLR-5A mining unmanned wheel chassis,
which is completely controlled by the unmanned driving system without the original cab
and personnel operating mechanism. The wheeled sliding chassis adopts a modular design
and is composed of a power battery system, drive system, steering system, control system,
hydraulic system, environment sensing system, etc. It has four-wheel steering, four-wheel
drive, battery quick change, loading quick change and other functions. The slippery road
surface will cause the wheel to slip, and the uneven road surface will cause the two wheels
equipped with the wheel odometer to have different mileage. Both factors will cause
data acquisition errors in the wheel odometer. In addition, the dust and water mist in
the underground roadway of the coal mine and the significant impact of noise and light
illumination seriously affects the ability of the optical camera and ultrasonic camera to
collect data accurately. The UWB positioning technology has low power consumption,
high performance and good positioning effects in non-visual environments. Therefore,
this research aims at the above problems, using a WLR-5A mining driverless wheeled
chassis as the experimental platform and two UWB receivers to infer the position and yaw
information of the vehicle in the underground roadway through the method of differential
mapping. Moreover, through the simulation of GAZEBO environment and the simulation
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of the roadway, the test vehicle selects a double lane changing path and quarter turning
path. The method is tested by simulating the working conditions of vehicle meeting and
quarter turning in underground roadway and the error analysis of the results is carried out.

2. UWB Pose Estimation Method

Ultra-bandwidth wireless communication technology is a carrier-free communication
technology. UWB does not use carriers but uses short energy pulse sequences and expands
the pulses to a frequency range through orthogonal frequency division modulation or
direct sequencing. Since equipment A and equipment B use their own independent clock
sources, the clock will have a certain deviation, which will directly affect the measurement
accuracy. Because the propagation speed of electromagnetic waves is the speed of light,
a small clock deviation will also have a great impact on the measurement results. The
bilateral two-way communication method is employed to add a distance measurement
method based on the time of arrival of the signal to the distance measurement method
based on the time difference of the received signal, and the two communication times
can be recalled to compensate for the errors introduced by the clock offset. As shown in
Figure 1, the bilateral two-way ranging method requires six steps to complete:

(1) Device A sends the polling data block, records the transmission time T and opens Ry
after a period of time.

(2) Device B should turn on reception in advance and then record the time T, when the
data block is polled.

(3) After a transmission delay of Ty, 1, device B sends the response data block at T3
(T3 =Tz + Tyepiy1) and then opens Ry.

(4) Device A receives the response data block, and the recording time is T}.

(5)  After a transmission delay time of T2, device A sends the final polling data block
at Ts (Ts5 = Ty + Trepry2)-

(6) Device B receives the final polling data block and records the time at this time as Tg.

| | |
| Tround 1 > TreplyZ — "

| | Ty | Ts
Device A Time
Ty Ry Ty
\ \ / \ \
= s gy
1 \\ : Tprop \ 4 ’II : 7})7’0}) II 5 ‘\ : 7})7’0}) \
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Figure 1. UWB bilateral two-way ranging process.
According to the above process, the electromagnetic wave flight time Ty is

Trouna1 X Troundz — Treplyl X Treplyz
Trouna1 + Troundz — Treplyl + TreplyZ

)

Typrop =

The measuring distance is obtained by multiplying the electromagnetic wave typing
time by the speed of light. The error always introduced by the DS ranging method is

ku+kb>

Error = Tprop X <1 - (2)



Energies 2022, 15, 8524

40f17

where k; and k; are the ratios of the actual frequency and the expected frequency of the
clock of device A and device B, respectively.

Although UWB can help to correct the drift of x and y coordinates, a single UWB
receiver cannot provide reliable heading information. If you want to obtain vehicle heading
information through UWB positioning information, you can use two UWB receivers to
obtain vehicle yaw information through differential mapping. The course drift can be
corrected by considering the influence of translation motion. If the vehicle is estimated to
move forward for a short distance, the vehicle position and attitude can be estimated based
on the incremental progress of x and y of the UWB receiver location information, as shown
in Figure 2.

UWB local !

base station !

! UWRB local
I base station

Location area

Yy
Global * =
coordinates UWBtag » = UWBtag
ﬁ Vehicle trajectory E j
UWRB local UWRB local
base station base station

Figure 2. Vehicle pose estimation by UWB.

Figure 2 shows the schematic diagram of UWB estimation of vehicle position and
attitude. Specify a coordinate system on the vehicle. The origin is located between two
UWRB receivers. The x-axis points forward and the y-axis points to the left. With the
incremental movement of the left UWB receiver and the right UWB receiver, the vehicle
advances its coordinate system origin by a quantity As and changes its advance by a
quantity Ay. If at time t, the location coordinates of the left and right UWB receivers are
(x,(t),y-(t)) and (x;(t), y;(t)), respectively, the updated UWB location coordinates at t + dt
are (x,(t+dt),y,(t +dt)) and (x;(t+dt),y,;(t + dt)), respectively, and the incremental
expression of the vehicle location coordinates and yaw is Equation (3):

xr () —x, (1) +x (H4dt) —x; (1)
Ax 2
Ay| = yy(t+dt)7yy(t)J2ryl(t+dt)7y1(t) ©)

Ay \/ Ax2+Ay?
D

In Equation (3), D is the distance between two UWB receivers. If the estimation of

position and attitude is (¥(t), 7(t), ¥ (t)) at time ¢, then the position and attitude of vehicle
at time t + dt is Equation (4):

f(t n dt) f(t) Xr(t-‘rdt)—xr(t)-z‘rxl(t+di‘)—x,(t)

g(t + dt) — g(t) + yr(t""dt)_yr(t)‘z*‘yl(t"‘dt)_yl(t) @)
P(t+dt) P(t) /A2 TA2
T




Energies 2022, 15, 8524 50f17

The estimation equation of vehicle speed and heading angular speed (5x, z7y, &72) is (5)

N (xr(t-‘rdt)—xr(t)—2&-x](t+dt)—xl(t) ) /dt

Ox
~ (yr(tert)*yr(t);yl(Hdt)*]/l(t) ) /dt

oy | =

w; (\/Ax;—l—AyZ)/dt

Q)

3. Establishment of Experimental Equipment and Simulation Model

In order to test whether the algorithm is effective under two typical working con-
ditions (i.e., meeting in a confined space and quarter turn), two vehicle driving routes
are established for testing. One is a double lane change route, and the other is a quarter
turn route. The ROS system can establish the algorithm for controlling the robot. After
debugging the algorithm in the GAZEBO physical simulation environment in the ROS
system, it can be directly transplanted to the physical system for testing, which can greatly
improve the efficiency of algorithm testing. Therefore, the WLR-5A mining driverless
wheeled chassis model is established in the ROS system, and the driving test is conducted
according to the two planned routes. The location information of the UWB receiver is
obtained by publishing the location topics of the left and right UWB receivers, and it is
tested in the algorithm. During the simulation, the vehicle driving path was recorded, and
then the algorithm was cloned to the WLR-5A industrial personal computer of the mining
automatic driving chassis, and the algorithm was tested.

3.1. Experimental lest Vehicle Setup

As shown in Figure 3, the WLR-5A mining driverless wheel chassis is adopted and
the whole vehicle is explosion-proof. The vehicle is composed of frame, front drive motor,
front steering motor, rear drive motor, rear steering motor, main control box, slave control
box, light box, etc. The vehicle is a four-wheel steering, four-wheel drive type, with dual
rocker arm-independent suspension at the front and rear. The UWB used for the test is
installed in the main control box and the distance between the left and right UWB receivers
is D = 750 mm. The UWB receiver is connected with the on-board industrial computer,
which is used for the processing of the above-received vehicle information data, and the
processed data are shown visually on the display. See Table 1 for the technical parameters
of the WLR-5A mining driverless wheeled chassis used in the algorithm.

UWRB receiver

Auxiliay control box Battery box ~ Main control box |

Rear steéring and Front steéring and
driving axle driving axle

Figure 3. Test vehicle assembly.
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Table 1. Technical parameters of WLR-5A mining wheeled unmanned chassis.

Item Value (mm)
Vehicle length 4600
Vehicle width 2200
Vehicle height 750
Ground clearance 300
Wheel radius 900
Wheel width 300
Wheel base 2020
Track width 1900
Distance of two UWB receivers D 750

3.2. Establishment of Simulation Model

According to the technical parameters of the WLR-5A mining wheeled driverless
chassis shown in Table 1, the whole vehicle model is established in ROS. Because the vehicle
speed during the experiment is 5 m/s, the vehicle tires are solid tires, the suspension spring
stiffness is large and the vehicle is unloaded. The vehicle is simplified as a rigid chassis
in this study. The transmission mechanism and steering mechanism in the model are not
modeled, and the four wheels are each controlled by the GAZEBO plug-in to achieve
four-wheel steering and four-wheel drive in the model. The established model is loaded
into the GAZEBO physical simulation environment, as shown in Figure 4. The components
of the simplified simulation model and the connection mode between each component are
shown in Figure 5. In this model, the battery box is set as base_ Link to perform coordinate
transformation based on this component.

Figure 4. Simulation model of WLR-5A.

The topological relationship diagram of nodes and topics in the simulation process
is shown in Figure 6, where /trajectory is the vehicle driving path publishing node, and
the simulation path settings are defined in this node. This node releases corner posi-
tion topics (/vehicle/Joint1,2,3,4_position_controller) to the four steering knuckles of the
vehicle to achieve four-wheel steering. Speed topics are issued to four wheels (/vehi-
cle/Joint5,6,7,8_velocity_controller) to achieve four-wheel drive. The steering and driving
topics realize the simulation control of the vehicle in the GAZEBO environment through the
GAZEBO plug-in. GAZEBO will publish the joint state topics (/joint_states) between the
joint points of each component as well as publish the state topics (/GAZEBO/model_state)
of the models in GAZEBO to pass to the gazebo_model_publisher, which will include
the right_ UWB_Receiver and left_UWB_receiver. The receiver’s position state is released
by adding Gaussian noise to simulate UWB positioning information. After receiving the
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m_f r ¢ revolute

noisy UWB location information, the localizer performs noise reduction processing and
location estimation to obtain the position and attitude information of the vehicle. The
publisher node also publishes the vehicle attitude information topic (gazebo_vehicle_pose)
to compare the accuracy of the location algorithm.

battery box
(base_link)

bat £ m fixed bat_f b_fixed @ bat_r m_fixed
front_motor_box front_beam rear_motor_box

m_f r ¢ revolute m f m fixed m_r m_fixed m_r r _c_revolute

| front_right_carrier

| front_left_carrier | main_control_box auxiliary_control_box

rear_right_carrier | | rear_left_carrier

@ ™ UWB 1 fixed m UWB | fixed

c 1 r_w_revolute

front_right_wheel |

| front_left_wheel |

right UWB_reciever

rear_right_wheel |

rear_left_wheel |

| left UWB_reciever

/gazebo_gui

Figure 5. Link and joints relationship of simulation model.

/vehicle

Jvehicle/Jointl position controller

[ wenictersoint1_position_controller/front right steer |

/vehicle/Joint2_position_controller

[ vehictersointz_position_controller/front_left_steer |

/fvehicle/Joint3_position_controller

[ venictersoing_position_controller/rear right steer |

Nvehicle/Joint4_position_controller

[ wehiclersointd_position_controllerirear_left_steer |

Jvehicle/Joints_velocity_controller

[vehiclertoints_velocity_controller/front_right_wheel |

fgazebo
fvehicle/Joint6_velocity_controller

H /zazebo/model states |

Tgazebo_model_publisher

[ venictersoint6_velocity_controller/front left_wheel |

Jgazebo_vehicle_pose

\ fvehicle/Joint? velocity controller

[ vehiclertoint7_velocity_controller/rear right wheel |

\ vehicle/Joint§ velocity controller

[ vehiclertoints_velocity_controller/rear left_wheel |

Ivehicle/controller_spawner

Figure 6. The topological relationship diagram of nodes and topics.

3.3. Setup of Test and Simulation Environments

Jgazebo_right_uwb_noisy_data

Igazebo_left_uwb_noisy_data

Juwb_localizer

Considering that the main driving conditions of vehicles in the confined spaces of
underground coal mines are two typical driving conditions, namely, meeting and quarter
turning, in order to test the positioning of the algorithm under these two conditions, this
study sets up a double lane shifting driving path and a quarter turning driving path to test
the algorithm. In the test site, the test area is a simulated tunnel covered by UWB signals
through which vehicles are traveling in this area. The coal-rock wall is the boundary which
cannot allow the vehicle to intrude into the boundary during testing and simulation. At
the same time, we assume that the signal cannot pass through the coal-rock wall in the
coal mine, so we ensure that the vehicle can receive at least three signals from the base
station at any position along the driving route to achieve positioning. Based on the above
boundaries and assumptions, we have made the UWB base station layout scheme as shown
in Figures 7 and 8 for the test site.
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Figure 7. Site of double lane shifting driving path.

iUWBJ i UWB_2

o= = Path
frlZet) =
¥ U= o] N

\\

\

i UWB_6 i UWB_S

19m

15m

i UWB_4

14m

i UWB_3

10 m

Figure 8. Site of quarter turn path.

In the double lane shifting driving path shown in Figure 7, the length of the outer
edge of the test site is 19 m and the width is 8 m. The vehicle driving path is shown by the
dotted line in the figure. The location of the global coordinate system is shown in Figure 7.
The UWB base station is located at four corners of the outer edge of the road. The location
of the UWB base stations are UWB_ 1 (0 m, 4 m),UWB_2 (29 m, 4 m),UWB_ 3 (29 m, —4 m)
and UWB_4 (0 m, —4 m).

In the quarter turn driving path shown in Figure 8, the outer edge of the test site is
19 m long and 14 m wide and the road width is 8 m. The vehicle driving path is shown by
the dotted line in the figure and the vehicle turning radius is 3 m. The global coordinate
location system is shown in Figure 8. The UWB base stations are located at four corners
on the outer edge of the road. The positions of the UWB base stations are, respectively,
UWB_1(0m,4m), UWB_2 (14 m, 4 m), UWB_3 (14 m, —15 m), UWB_4 (6 m, —15m),
UWB_5 (6 m, —4 m) and UWB_6 (0 m, —4 m).

4. Results and Discussion

Taking the WLR-5A mining wheeled driverless chassis controlled by a CAN bus as
the test platform, the ground test site with fixed routes and arranged UWB base stations as
the test environment, the GAZEBO physical simulation environment in the robot operating
system as the simulation platform and the two typical driving paths of quarter turn and
double lane shift as the test conditions, the algorithm is tested through the combination of
simulation and experiment, and the vehicle position and attitude estimation test results are
obtained, At the same time, the error of the test results is analyzed.
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4.1. Results of Double Lane Shifting

Figure 9 shows the experimental and simulation results of the position and attitude
estimation of the double lane shifting driving path. Figure 9a shows the experimental and
simulation results curve of the x-direction position estimation of the double lane shifting
driving path. In Figure 9a, the vehicle is stationary for 0-5 s and continues to move forward
after 5 s. The x-direction position estimation value increases with time. The position
estimation curve obtained in the experiment has some noise, but the experimental test data
are consistent with the real data points in the experiment process. The position estimation
result in the simulation basically coincides with the real result curve. Figure 9b shows the
experimental and simulation results curve of the y-direction position estimation of the
double lane shifting driving path. The vehicle is stationary for 0-5 s and continues to move
forward for 5-8 s. The y-direction position estimation value is 0. When the vehicle runs
for 8s,14 5,19 s and 24 s, the vehicle starts to turn and the y-direction position estimation
value changes. After 24 s, the vehicle returns to the original driving lane and the y-direction
position estimation value is 0. In Figure 9b, the estimated curve of the vehicle position in
the y direction in the simulation process is consistent with the real curve. However, the
position estimation curve in the experiment has some noise, and the real vehicle position
data points have some fluctuations during the experiment, but their trends are basically
consistent. Figure 9c shows the experiment and simulation results of the vehicle yaw in the
double lane changing driving path. Compared with the estimated yaw and the real yaw
in the experiment in Figure 9c, the vehicle is stationary for 0-5 s and continues to move
forward for 5-8 s. The estimated yaw is 0. The vehicle turns in 0-14 s, the yaw changes
from 0 to —0.4 rad and then changes to 0 rad. After entering another lane and driving for
14-19 s, the yaw is 0 rad. In 19-24 s, the vehicle moves to the original lane line and the
yaw changes from 0 to 0.4 rad and then from 0.4 rad to 0 rad. After 24 s, the vehicle will
drive in the original lane with a yaw of 0 rad. We can find from the course angle estimation
and the true course angle curve in the simulation that the estimated value of the course
angle is consistent with the true value curve of the course angle. Although there is noise in
the estimated value of the course angle in the experiment, the course angle curve can still
reflect the change rule of the course angle during the vehicle’s traveling.

The experimental and simulation results of the double lane shifting driving path and
vehicle position and attitude estimation shown in Figure 9 demonstrate that the vehicle
position estimation method proposed in this study is consistent with the real vehicle
position estimation in the estimation of vehicle driving direction, side direction and yaw.
Although there is some noise in the process of the experiment, the results of the vehicle
position and attitude estimation can still reflect the changes of the x- and y-directions and
yaw in the process of the vehicle moving.

Figure 10 shows the error between the experimental and simulation results of the
position and attitude estimation of the double lane shifting driving path. Figure 10a shows
the position estimation error in the x-direction. The vehicle is at a standstill in 0-5 s and the
error of the position estimation results of the experiment and simulation is 0%. When the
vehicle starts to run, the vehicle position estimation error during the experiment increases
to 0.0046%, which is due to the impact of vehicle jitter on vehicle positioning during vehicle
startup. When the vehicle runs smoothly, the position estimation error decreases and
tends to be stable. In the simulation process, the vehicle is in an ideal environment and
its position estimation error is basically 0%. During the experiment, the estimated error
of the vehicle position in the x direction is within 0.005%. Figure 10b shows the position
estimation error in the y-direction. The vehicle is at a standstill in 0-5 s and the error of the
position estimation results of the experiment and simulation is 0%. When the vehicle starts
to run, the vehicle position estimation error during the experiment increases to 0.08%. In
the simulation process, the vehicle is in an ideal environment and its position estimation
error is basically 0%. During the experiment, the estimated error of the vehicle position in
the y-direction is within +0.4%.
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Figure 10c shows the estimation error of vehicle yaw. The vehicle is at a standstill in
0-5 s and the error of the estimated yaw of the experiment and simulation is 0%. When the
vehicle starts to run, the heading error of the vehicle is large in 5-10 s, 1420 s and 29-30 s.
This is because the algorithm has a large yaw estimation error due to the vehicle’s swinging
while turning. In particular, the estimated yaw error in the experiment is larger than that in
the simulation environment due to certain noise in the UWB. However, the estimated error
of the yaw obtained from the experiment and simulation is within +2%.

The error analysis of the experimental and simulation results of the double lane shifting
driving path and vehicle position and attitude estimation shown in Figure 10 demonstrates
that the vehicle position estimation method proposed in this study has a certain deviation
from the real position of the vehicle in the estimation of the vehicle’s driving direction,
side direction and yaw. In particular, the estimation deviation of the vehicle’s yaw is
large, but the error during the stable operation of the vehicle is basically 0%. Based on the
comprehensive error analysis results, it can be concluded that the estimation errors of the
vehicle position and attitude are within £2% in the double lane shifting driving route.

4.2. Results of Quarter Turn

Figure 11 shows the experimental and simulation results of the pose estimation of the
quarter turn driving path. Figure 11a shows the curve of the experimental and simulation
results of the position estimation in the x-direction. In Figure 11a, the vehicle is stationary
in 0-12 s. At this time, the estimated value of the position in the x-direction is 0 and the
estimated value of the position in the x-direction increases in 12-20 s. The estimated value
of the position in the x-direction increases slowly in 20-25 s. After 25 s, the vehicle turns
completely and the estimated value of the position in the x-direction does not change
to 10 m. There is some noise in the position estimation curve obtained from the vehicle
experiment, but the experimental test data are consistent with the real data points in the
experiment process. The position estimation result in the simulation basically coincides
with the real result curve. Figure 11b shows the curve of the experimental and simulation
results of the position estimation in the y-direction. As shown in Figure 11b, the vehicle
is stationary in 0-12 s. At this time, the estimated value of the position in the y-direction
is 0 and the estimated value of the position in the y-direction increases after 1220 s. The
estimated value of the position in the y-direction increases slowly after 20-25 s when the
vehicle turns. After 25 s, the vehicle turns completely, and the driving direction of the
vehicle turns from the x-direction to the negative direction of y, and the estimated value of
the position in the y-direction continues to increase. The position estimation curve obtained
in the experiment has some noise, but the experimental test data are consistent with the
real data points in the experiment process. The position estimation result in the simulation
basically coincides with the real result curve. The change of yaw during quarter turning is
shown in Figure 11c. The yaw is basically 0 during 0-20 s when the vehicle is stationary
and driving along the straight line in the x-direction. During the 20-25 s period, the vehicle
turns clockwise around the z-axis and the yaw changes from 0 rad to —1.53 rad. After
25 s, the vehicle enters the straight-line driving state, and the yaw remains unchanged. By
comparing the estimated yaw and the true yaw in the experiment in Figure 11c, we can find
that the estimated yaw and the true yaw curve in the simulation are consistent. Although
there is noise in the estimated yaw in the experiment, the yaw curve can still reflect the rule
change of the yaw during the vehicle’s travel.
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Figure 12 shows the error between the experimental and simulation results of the
pose estimation of the quarter turn driving path. Figure 12a shows the position estimation
error in the x-direction. The vehicle is at a standstill in 0-5 s, and the error of the position
estimation results of the experiment and simulation is 0%. When the vehicle starts to
run for 5-10 s, the vehicle position estimation error during the experiment increases to
1.8%, which is due to the impact of vehicle jitter on the vehicle positioning during vehicle
starting. When the vehicle runs smoothly, the position estimation error decreases and tends
to be stable, and the position estimation error is less than 0.4%. In the simulation process,
the vehicle is in an ideal environment and its position estimation error is basically 0%.
During the experiment, the error of the vehicle position estimation in the x-direction is less
than 1.8%.

Figure 12b shows the position estimation error in the y-direction. The vehicle is at a
standstill in 0-5 s and the error of the position estimation results of the experiment and
simulation is 0%. When the vehicle starts to run, the vehicle position estimation error
during the experiment increases to 2.8%. When the vehicle turns for 15-20 s, the position
error in the y-direction fluctuates greatly, up to 8.2%. In the simulation process, the vehicle
is in an ideal environment and its position estimation error is within £1.8%. Figure 12c
shows the estimation error of the vehicle yaw. When the vehicle is stationary for 0-5 s and
runs along the x-direction in a straight line for 5-15 s, the error of the simulated goniometer
results is 0%, and the error of the yaw obtained from the experiment fluctuates within the
range of 0-0.8%. When the vehicle turns, the yaw error increases to 16%. This is because
there is a significant error due to the influence of the vehicle’s swinging in the course of
calculating the yaw when the vehicle turns. However, after the vehicle is stabilized, the
yaw error rapidly decreases to 0.

The error analysis of the experiment and simulation results of the quarter turn driving
path and vehicle position and attitude estimation shown in Figure 12 shows that the vehicle
position estimation method proposed in this study has a certain deviation from the real
position of the vehicle in the estimation of the vehicle’s driving direction, side direction and
yaw. Especially in the process of turning, the estimation deviation of the vehicle’s yaw is
large, but the error in the process of stable vehicle operation is basically 0%. The real-time
requirements for the positioning of underground vehicles in coal mines are relatively low,
and the use of the positioning information of underground vehicles in coal mines will not
be affected if the short-term error during turning is too large. The comprehensive error
analysis results can be concluded to show that the estimation error of vehicle position and
attitude on the quarter turn driving route basically meets the requirements of coal mine
underground use.

g
<

—o=— Estimation error in experiment
—o— Estimation error in simulation

—_ —_
(=] W
LA S B B S S B B L B B B S

<o
n

(=)
(=)
(=)
>
>
>
>
W b
r
>
>
>
o
>

15 20 25 30 35

Error of position estimation in x direction E* (%)

Vehicle travel time ¢ (s)

(a)
Figure 12. Cont.



Energies 2022, 15, 8524

15 of 17

(=)

—o— Estimation error in experiment
—o— Estimation error in simulation

o]
L

35

Error of position estimation in y direction £” (%)

Vehicle travel time ¢ (s)

(b)

—o— Estimation error in experiment
16 L —o— Estimation error in simulation

Error of yew estimation £ (%)

_4:....|....|....|....|....|....|....
0 5 10 15 20 25 30 35

Vehicle travel time 7 (s)

(©)

Figure 12. Position and attitude estimation error of quarter turn path. (a) Position estimation error in
x direction. (b) Position estimation error in y direction. (c) Yaw estimation error.

5. Conclusions

In this study, according to the principle of UWB positioning, the positioning infor-
mation of the UWB sensor is introduced to infer the position and yaw of underground
vehicles through a differential mapping algorithm in the underground GPS free positioning
environment. Taking a WLR-5A mining wheeled driverless chassis as the experimental
test platform, the UWB base station is installed on the ground and the test path is specified.
Taking the GAZEBO physical simulation environment in the robot operating system as the
simulation platform, the effectiveness of the position and attitude estimation method of
double lane shifting and quarter turning is tested through the combination of simulation
and experiment. The main conclusions are as follows:

1.  Aiming at the problem that the underground GPS signal cannot be located, this
research adopts the differential mapping method of dual UWB locators to estimate
the position and attitude of underground vehicles. The algorithm results of double
lane change and quarter turn show that the estimation of vehicle direction, side
direction and yaw is consistent with the estimation of the vehicle’s real position.
The result curve can reflect the change rule of x- and y-directions and yaw during
vehicle traveling.
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2. Inthe position estimation error of double lane shifting and quarter turning conditions,
there is a certain deviation between the vehicle driving direction and lateral position
estimation and the real position of the vehicle. The maximum deviation is 8.2%, but
the error during the stable operation of the vehicle is basically 2%. The comprehen-
sive error analysis results can be considered to show that the vehicle position and
attitude estimation results of the algorithm proposed in this study basically meet the
requirements of underground coal mines.

3. In the course angle estimation error of double lane shifting and quarter turning
conditions, there is a certain deviation from the true course angle of the vehicle,
especially in the course of turning. The estimated deviation of the vehicle course angle
is large, reaching 16%, but the error in the process of stable operation of the vehicle
is basically 2% under the conditions of low real-time requirements for underground
vehicle positioning in coal mines. The algorithm proposed in this study can basically
meet the requirements of underground coal mines for estimating the vehicle yaw.
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