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1.BDS (BeiDou Navigation Satellite System) base station 2.BDS dual antenna
3.IMU (Inertial Measurement Unit) on the body 4.Vehicular terminal 5.IMU
on the boom 6.IMU on the stick 7.IMU on the bucket 8.End of excavator
bucket
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Note: xp5zp is the vehicle body coordinate system, x, represents the forward
direction of the car body, y, perpendicular to x;, and point to the left side of the
vehicle body, z, axis perpendicular to xy, plane and upward; xy.z; is the local
construction coordinate system, x,points east, y, points north, z, is perpendicular
to the local horizontal plane and upward along the local vertical line; y, ¢, 0 are
yaw, roll and pitch angles of the body respectively, (°).

B 1 ACENGHE LR R L
Fig.l1 The position and posture measurement system of
excavator bucket
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Note: x0z; is the local construction coordinate system; x;0z, is the car body
coordinate system; O(0) represents the joint between the body and the boom and
is the origin of the local construction (body) coordinate system; O; represents the
joint between the boom and the stick; O, represents the joint between the stick
and the bucket; O; represents the measuring points at the end of the bucket; a; is

the length of the boom, represents the linear distance from point O(0) to Point O,

m; oy is the length of the stick, represents the linear distance from point O; to
Point O,, m; a3 is the length of the bucket, represents the linear distance from
point O, to point O3, m; Sy, 2, f3 are the measured values of boom IMU, stick
IMU and bucket IMU respectively, (°); 6 is the pitch angle of the car body
coordinate system based on the local construction coordinate system when the
car body is in motion, (°).

B2 BT EM B

Fig.2 Geometric structure diagram of excavator
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1.The length of excavator stick 2.The length of excavator boom 3.Rotary
platform 4.Cable sensor 5.The length of excavator bucket 6.The end of
excavator bucket 7.BDS dual antenna

e AR ARAR R XRRAR LR, YRR RIEL, Z B BT XY P A
FHYCT B AR S Ak X Y. Z T AT

Note: The X axis of the vehicle body coordinate system points to the east, the ¥
axis points to the north, the Z axis perpendicular to XY plane and upward. Make
the longitudinal direction of the slide rail platform parallel to the X, Y and Z axes
of the vehicle body, respectively.

A3 AZRAEARET S
Fig.3 Model test platform of excavator
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Fig.4 Dynamic testing of excavator model platform
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Table 2 Dynamic test results of three-dimensional coordinates at the excavator model platform bucket end
B2 K i I8 B 1Z3 75 k) VG e RN R 22 R AR 2 SIS i 2 B175 R i 2 <30 mm £ 5 b
Bucket end movement ~ Movement Number of Min absolute Max absolute Mean absolute Root mean square <30 mm data
speed/(m-s™) direction data deviation/mm deviation/mm deviation/mm deviation/mm proportion/%
X 406 0.01 21.17 7.18 8.87 100.00
0.1 Y 400 0.05 4233 13.22 1691 91.00
A 396 0.24 37.24 16.37 18.27 95.71
X 480 0.01 23.25 8.81 10.74 97.85
0.2 Y 479 0.03 41.89 14.87 18.15 90.19
V4 353 0.09 4745 15.85 18.85 90.37
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Fig.5 Pictures for excavator action testing
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Table 3  Static test results of three-dimensional coordinates at the
excavator bucket end
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Sampl X-axis Y-axis Z-axis Calculated value N — - J N
ampie deviation/mm deviation/mm deviation/mm and true value {/E—F y X~ Y\ Z3 &EE ﬁ élé*ﬂ‘ ) ﬁ#ﬁ{ﬁg ﬁ%{ﬁ (%U:HE )
] NE) — r w@ﬂml Z (B P S A0 e 22 A0 220 D7 iR AW ZE 20/ T 20 mm,  H4
2 730 687 6.15 1176 X 22 <30 mm s & I AMET 95.35% . [F]— B Z1,
i gﬂ zg ?ﬁ gg fRSAE S Sl CBRUEMED 9 AR AR A 7] FR) R 25 35 7 AR O
s 13.09 1499 254 2021 ZESY N 27.49. 26.30 A1 23.50 mm, ¥J/hF 30 mm.
6 3.23 1173 -1.18 1222 e 6 s, NFZIEHLY” Sl RS ARG 1 3h
7 -3.62 -2.65 10.56 11.47 N O N — o
g 138 979 1168 15.30 PEd R, e S R = AR PR AR S AN LS (36
9 8.08 1229 6.74 16.18 UEHED A R =4 i sl LA, 2L AR =
10 17.69 447 267 2063 YEAR bR S 5 Al A S IME 118 B AR — 3
R4 BRENF R LRSS R
Table 4 Dynamic test results of three-dimensional coordinates at the excavator bucket end
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Fig.6 The spatial trajectory diagram of measuring point at
bucket end
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Method and experiments of excavator bucket position and attitude
measurement using BDS and IMU

Hu Lian'?, Peng Jingyi?, Lai Sangyu’, Feng Dawen’?, Chen Gaolong?, Wang Chenyang?, Luo Xiwen'**
(1. Key Laboratory of Key Technology on Agricultural Machine and Equipment, Ministry of Education, South China Agricultural University,

Guangzhou 510642, China; 2. Guangdong Laboratory for Lingnan Modern Agriculture, Guangzhou 510642, China)

Abstract: High precision and intelligent degree of excavator construction can be perferred in farmland reconstruction in
modern agriculture. It is a high demand to real-time acquire the bucket position and attitude for the intelligent and accurate
operation of excavator. In this study, a series of approaches were proposed to measure the bucket position and attitude of
excavator using BeiDou Navigation Satellite System (BDS) and Inertial Measurement Unit (IMU). A real-time solution model
was established for the three-dimensional coordinates of the excavator bucket end: Firstly, the body parameters of excavator
were measured to establish the body coordinate system. The IMU attitude sensors were installed at the appropriate positions of
the boom, stick, and bucket of the excavator, in order to measure the attitude angle information of each actuator in the
excavator. The data was finally collected to obtain the three-dimensional coordinates of the bucket end under the excavator
body coordinate system; Then, the BDS dual antenna was installed on the roof to obtain the yawing angle of vehicle body and
spatial position. The IMU attitude sensor was also installed on the vehicle body for the rolling angle and pitching angle of the
vehicle body. Then, the Kalman filtering algorithm is used to fuse the dual antenna BDS and IMU output high-frequency and
high-precision position and attitude information to construct attitude rotation matrix. Among them, the three-dimensional
coordinates of the excavator bucket end under the vehicle body coordinate system were rotated to the local construction
coordinate system. Static and dynamic tests were carried out to simulate the actual construction scene of the excavator. In the
static test, the three-dimensional coordinates of the prism were continuously collected at the excavator bucket under each
group of test actions by the total station under different heading angles and attitudes of the simulated operating excavator body
and mechanical arm. The deviation was then calculated between the measured of total station and solution of bucket pose
measurement. The results show that the new model performed better to accurately measure the three-dimensional coordinates
at the end of the excavator bucket. The maximum absolute deviations were 17.69, 14.99, and 11.68 mm (all less than 20 mm)
in the X, Y, and Z axial coordinates of bucket measuring points, respectively. The minimum deviation, maximum deviation and
average deviation of the distance between the two coordinate points of the calculated and the real value (verification value)
were 7.40, 20.65, and 13.57 mm, respectively. In the dynamic test, the excavator was operated in test group 1: where the body
heading remained still, as each mechanism arm acted; Test group 2: the vehicle body rotated in the heading, and each
mechanism arm remained still; Test group 3: The body heading and each mechanism arm acted at the same time, in order to
simulate the actual construction operation scene, such as deep excavation, leveling, and slope brushing in the excavator
construction. The total station was used to automatically follow the prism on the bucket. The three-dimensional coordinates of
the bucket were collected in real time to verify the three-dimensional coordinate calculation of the bucket end. The results
show that the average absolute deviation and root mean square deviation were less than 20 mm between the calculated values
of'the X, Y, Z three axial coordinates and the real value under different test actions. The proportion of the data with the absolute
deviation less than 30 mm were not less than 95.35%. The calculated three-dimensional coordinates at the end of the excavator
bucket were better consistent with the movement track change of the measured total station. The root mean square deviations
of the distance between the two coordinate points of the calculated and the real value were 27.49, 26.30, and 23.50 mm,
respectively, which were less than 30 mm. The accurate measurement for the position and posture of the excavator bucket can
provide a practical basis for the intelligent guidance of the precise construction of the excavator.

Keywords: agricultural machinery; excavator; BDS; IMU; coordinate transformation; position and attitude measurement



