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Note: y is both the horizontal position of transplanter in Frenet coordinate
system, that is the lateral error of transplanter, m; @ is both the heading angle of
transplanter in Frenet coordinate system, that is the heading error of transplanter,
rad; w is the virtual control variable, m-s2; u is the control variable, rad.
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Fig.l Principle diagram of path tracking control for transplanter
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Note: XOY and X'4Y are the inertial coordinate system and Frenet coordinate
system respectively; S is the reference path; C is the instantaneous rotation center
of transplanter; H and N are the center of the rear axle for transplanter at the
current moment and the next moment respectively; A is the point closest to point
H on the reference path S; dy is the lateral error increment of transplanter, m; J is
the front wheel angle of transplanter, rad; v is the motion speed of transplanter,
m-s”';  is the axle base of transplanter, m.
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Table 1 Control parameter settings
Z4{ Parameters HUE Values
KA R ] Sampling period 77/s 0.05
TR 4k Prediction horizon N, 10
B 45 Control horizon N, 10
2t T8 /ME Control minimum w4, /( ©) -57
& 45 KAH Control maximum u,,,, /( ©) 57
23 1|38 B A/ ME s
Control increment minimum Au,;, /( °)
2 I3 B K E 5
Control increment maximum Au,,, /( °)
AL & £ |
Control weighting coefficient R
iy B AU B 230

Output weighting matrix Q

() (a,=0.1, b=0, ¢,=10)

— — — /() (@=0.2, b,=0.3, ¢,=10)

B K
Basis function value

01 2 3 4 5 6 7 8 9
1IN 45 Control horizon

A £ N n ANIERE g, WE n MERBIIRERF, b, N n A
BREFRE T, o, NEE n DMERBEA— T n=1,2.

Note: f,(f) is the n-th basis function, a, is the scale factor of the n-th basis
function, b, is the shift factor of the n-th basis function, and ¢, is the
normalization constant of the n-th basis function. n=1, 2.
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Fig.3 Morlet wavelet basis functions and their distributions
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b. Change rate of lateral error
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Note: NB means negative large, NS means negative small, ZO means zero, PS
means positive small, and PB means positive large; VL means minimum, L
means small, M means medium, H means large, and VH means maximum.
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Table 2 Fuzzy control rules for ¢,

AHX 1# [ % Lateral error y
Relative curvature «, NB NS 70 PS PB
VL M L VL L M
L M L VL L M
M H M L M H
H VH H M H VH
VH VH VH H VH VH

@ z 0o
4, Fan, 205 .onk
(P O}g\ﬁf 2 ﬁﬁ\“\\z‘ﬁ ot

£,
. o ,)/ ey, Y Later®

B 6 #rd LA &

Fig.6  Fuzzy rule surfaces of output variables
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Table 3  Fuzzy control rules for ¢,
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Note: X is the horizontal position of transplanter in inertial coordinate system, m;
Y is the vertical position of transplanter in inertial coordinate system, m; 0., is
the heading angle of transplanter in inertial coordinate system, rad; Scopel and
Scope2 are oscilloscopes; X7V, is the XY graph; Vehicle is the transplanter

model; InputP is the processingg pmodule of controller inputs; Fuzzy Controller is
the fuzzy controller; FL_PFC is the PFC controller based on feedback
linearization; LTV_MPC is the conventional MPC controller based on linear
time-varying model.
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Fig.7 Simulation model of path tracking control for transplanter
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Fig.8 Simulation experiment results of path tracking for PFC
algorithm in this paper and conventional MPC algorithm
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B, T EBEMRITH L SEME 44,
I 4 B i) S AL ATBE T ) — 2, I XK 2k GNSS
RGFAFEBNAE A A KBRS ERHUA AEE, RE
A v 0T~ v S AR AR R SR TSRS AR A A v 1 AR AR 2R
NRARARE, PR TP AR R IR AR A A AL,
PARARYE 550 A AE R 1) 1 e e v T A AR &R, A X Ty
) SHRRBLE AT E DT M B S, A4S BHERLAE 4 H
P REAT B 372 B AR s A R A A AR AR
FERPEARPR R T, TG iE 1 3 BRELEAN 2 Bk IR
AR S % i Ae, TR 4 A5, BITa6H 1A
N0, TEAEEE v=0.5. 1.0. L5m/s =FiEHL R, A
AT PFC 5L RGN LN 22 AT IR, &%
AR IR S5 R A& 10 from . EAFEENEE T, A
3 PFC SR REAEIH BN LA RUREE S H 812, HiT%
P PR, RSB . RIROIMRSE TR R R
Wiy, A I % 22 A7 AR R R Bl e s AR BB 1 b
T B v TS A MK, HA ) i R 0 R 22 ) Y LA
HLHAE S IR A AT . A,
v=0.5 m/s i, FERHLER AR ERER I ) B R 465 1275 5.9 em
(IR E RiIE), BHELBARM MR Z Y 1.4 cm,
iR R R bR IEZE N 2.5 cms M3 v=1.0 m/s B, 4
PR AR PR A A ) B KX iR 720 7.5 em (HEBRAE E AL
ML), FABRARRE A AR HEZE DY 1.7 cm, /22 BR AR A 1)
PRUEZER 3.6 cms MIHE v=1.5 m/s I, SEBOLER AR SR
R KRR ZE N 9.8 em (HHILTE D £, ELZk#K
BRARHEZE N 2.7 om, HHZESARREARIEZE N 5.5 cm.
XFEC AT HT AT A, AERRATL S AT R A ) i R A0 R 2
L AR R AR 1) A 7 22 AR T 28 8 A28 8 1 s 4 222 i 5 A Mok
JERI SRR R, EARIEUN, I HAHREE T H4
FEAT 5 M 2 B AR I bR 22 AH E AU, R RGEHIRE
JEEoF A b 2 R 25 2% e A i R AR A B AT o ) B e 1k
25 b, AR PFC Bk AR BRI B4 hKS B2 55 68 e 0 2
FRRAALAE Y ) S2 PR EEK



Flk T2 (http://www.tcsae.org)

2024 4

58
ARl [(@\4u9:4 b
Working speed v=0.5 m-s™ Working speed v=1.0 m-s™ Working speed v=1.5 m-s™!
— — — - 5% 5 Reference path SR 44 Actual path
5 5 5
4 4 4
3 3 3
g E g
= 2 = 2 = 2
1 1 1
0 0 0
-1 -1 -1
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25 -5 0 5 10 15 20 25
X/m X/m X/m
a. IREFFN IR
a. Tracking trajectory
BB Line segment AB  wesseeseeees B BtLine segment CD ~ —-—-—-- B2 B Line segment EF
0.10 0.10 0.15
£ £ £ 010
5 5 5
§ 5 5 005
T E E
5 y £ 20
- : - =
A Hd H
i e £ ok —0.05
& -0.05 ¥ = =
i = #-0.10
—-0.10 —-0.10 -0.15
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
X/m X/m X/m
b. ELERBURER R ZE
b. Tracking error of line segment
£k Bt Curve segment BD ~ wweeeeeee i B Curve segment CE
0.10 0.10 0.15
E E £ 0.10
g 0.05 o S 0.05 : s | "
5 it 5 ol 5 005
T& s : TE ‘."".,*:. § :":
2 0 4 £ 0 ) 2 0 ’
N = = 005
= —0.05 = —0.05 =
S = # -0.10
—-0.10 —0.10 —0.15
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Y/m Y/m Y/m
c. ML BURER 7
c. Tracking error of curve segment
B 10 A PFC B kb2 Iz @ a) i 2 R
Fig.10 Field experiment results of path tracking for PFC algorithm in this paper
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Fuzzy predictive function control for the path tracking of transplanters
using feedback linearization

LIU Wenlong'*? , GUO Rui*** , ZHAO Jingyi**

(1. School of Mechanical Engineering, Yanshan University, Qinhuangdao 066004, China;, 2. Department of Electrical & Information
Engineering, Qinhuangdao Campus, Northeast Petroleum University, Qinhuangdao 066004, China; 3. Hebei Key Laboratory of Special
Carrier Equipment, Yanshan University, Qinhuangdao 066004, China; 4. Limited Company of Yanda-Yihua Electromechanical
Engineering Technology Research Institute, Qinhuangdao, Qinhuangdao 066004, China)

Abstract: In order to improve the control accuracy and robustness of path tracking system for the transplanter, a fuzzy
predictive function control method was proposed using feedback linearization in this study. The kinematic model of
transplanter was established using Frenet coordinate system. The state feedback method was applied to the nonlinear
transplanter system to make the closed loop system become linear system. The Morlet wavelet function was selected as the
basis function in predictive function control. The control law of path tracking system for transplanter was designed by the
predictive function control algorithm. The weighting coefficient of lateral error in the performance index function for the
predictive function control was adjusted online by designing fuzzy rules according to the lateral error and the reference path
curvature. The weighting coefficient of change rate of lateral error in the performance index function for the predictive function
control was adjusted dynamically by designing fuzzy rules according to the lateral error and the change rate of lateral error. The
simulation platform was built for path tracking control of transplanter using Matlab/Simulink software. The simulation results
of the fuzzy predictive function control showed that the lateral errors of straight path tracking asymptotically approached zero,
and there was no overshoot of actual driving curves at different operating speeds for the straight path tracking. In the straight
path tracking, the in-line distance of the fuzzy predictive function control was 1.2, 2.3 and 3.3 m, and the in-line distance of the
conventional model predictive control was 2.6, 2.3 and 4.6 m, respectively, when the operating speeds of transplanter were 0.5,
1.0 and 1.5 m/s, respectively. In the case of curve path tracking for the fuzzy predictive function control, the maximum absolute
values of lateral error were 0.7, 2.4 and 5.1 cm, and the standard values of lateral error were 0.4, 1.5 and 2.8 cm, respectively,
when the operating speeds of transplanter were 0.5, 1.0 and 1.5 m/s, respectively. In the case of curve path tracking for the
conventional model predictive control, the maximum absolute values of lateral error were 4.3, 5.5 and 7.8 cm, and the standard
values of lateral error were 3.1, 3.5 and 5.0 cm, respectively, when the operating speeds of transplanter were 0.5, 1.0 and
1.5 m/s, respectively. The average operation cycle of the fuzzy predictive function control algorithm was 0.012 s, which was
0.004 s less than that of the conventional model predictive control algorithm. Compared with the conventional model predictive
control, the dynamic performance, control accuracy and robustness of path tracking system for transplanter were improved on
the premise of ensuring the real-time performance by the fuzzy predictive function control. The automatic driving control
system of transplanter was built to install the satellite antenna, satellite receiver, angle sensor, electric steering wheel, controller
and vehicle-mounted touch screen on the transplanter. The field experiment was carried out with the automatic driving control
system of transplanter. The field test results showed that the fuzzy predictive function control had the strong robustness to the
changes of operating speed and reference path curvature. The transplanter tracked the reference path smoothly and effectively.
The maximum absolute value of lateral error occurred near the intersection of the straight path and the curve path. Once the
operating speeds of transplanter were 0.5, 1.0 and 1.5 m/s, the maximum absolute values of lateral error were 5.9, 7.5 and
9.8 cm, the standard values of lateral error for the straight path were 1.4, 1.7 and 2.7 cm, and the standard values of lateral error
for the curve path were 2.5, 3.6 and 5.5 cm, respectively. The fuzzy predictive function control can fully meet the actual control
requirements of transplanter, and provided a reference for the research on predictive control method of path tracking for
transplanter.

Keywords: transplanter; automatic driving; path tracking; predictive function control; fuzzy control; feedback linearization;

basis function



	0 引　言
	1 控制方案设计
	2 控制算法设计
	2.1 插秧机运动学模型
	2.2 反馈线性化控制器
	2.3 模糊预测函数控制器
	2.3.1 预测函数控制器
	2.3.2 模糊控制器

	2.4 算法实施步骤

	3 仿真试验
	3.1 试验参数
	3.2 仿真试验结果

	4 田间试验
	5 讨　论
	6 结　论
	参考文献

