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Abstract

Research on Automatic Navigation Control Method
Based on Cascaded Control Strategy

for Agricultural Machinery

Taochang Li (Mechatronic Engineering)
Directed by Professor Jingtao Hu

Abstract

With the accelerated process of agriculture modernization, wheeled agricultural
machinery with automatic navigation capability has broad development prospect. At
present, automatic navigation control for agricultural machinery mainly refers to the
lateral control that controls agricultural machinery to track predefined paths and
keeps the lateral position error between agricultural machinery and the path within a
certain range of accuracy. Since navigation control methods play a decisive role in
an automatic navigation control system for agricultural machinery, it is necessary to
conduct intensive research on agricultural machinery navigation control methods.

Being application-oriented, this dissertation specializes in the agricultural
machinery steering control method, the path tracking control methods based on the
position and heading deviation as well as the path tracking control method based on
the desired yaw rate directed by cascaded control strategy. Subsequently, based on
these methods, the dissertation proposes agricultural machinery navigation control
methods based on cascaded control strategy and achieves automatic navigation
control of agricultural machinery. In order to verify the effectiveness and the
feasibility of the proposed methods, the dissertation also carries out the experimental
studies of the agricultural machinery automatic navigation control system.The main
research works and contributions of the dissertation are summarized as follows:

(1) For agricultural machinery steering control problem, an adaptive sliding
mode control method based on a nonlinear integral sliding surface is proposed for
agricultural machinery steering control. The steering control method can guarantee
that the steering wheels of agricultural machinery track desired steering angle
commands promptly and accurately when the agricultural machinery steering

subsystem suffers from uncertainty factors and external disturbances. First, the
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dissertation researches the model of the agricultural machinery steering system and
models it as the second-order dynamical model which consists of the first-order
inertial model and the pure integrator. Second, the dissertation designs a transition
process of the system control response according to the executing capacity of the
steering system and the control objective, and proposes a nonlinear integral sliding
surface based on the process. Further, the corresponding sliding mode control law is
designed and the prompt and non-overshoot response characteristic of the steering
control system is obtained. Meanwhile, the dissertation also adopts the fuzzy control
method to estimate the uncertain bounds of system equivalent disturbances and
realize the self-adjustment of the switching gain of sliding mode control. Thereby,
the control input chattering is weakened.

(2) For agricultural machinery path tracking control problem, the dissertation
proposes three kinds of agricultural machinery path tracking control methods based
on the position and heading deviation, namely, an optimal PD path tracking method,
a path tracking method based on fuzzy adaptive pure pursuit model and a nonlinear
optimal path tracking method.

In the study of the first path tracking method, the dissertation deduces the
system’s state equation whose state variables are the lateral position error and its
derivative, and utilizes the LQR method based on the state equation to determine the
proportional parameter and the differential parameter of the PD controller. The
optimal parameters which meet a certain performance index are obtained.
Consequently, agricultural machinery can optimally track desired paths.

In the study of the second path tracking method, the dissertation discusses the
pure pursuit model and analyzes the look-ahead distance parameter’s influence on
path tracking control accuracy in detail. Then the dissertation proposes a fuzzy
controller whose fuzzy control rules can be adjusted in real time and uses the fuzzy
controller to determine the real-time look-ahead distance parameter. The path
tracking control method based on fuzzy adaptive pure pursuit model overcomes the
shortcoming of the small angle proximate linearization of agricultural machinery
model in the design process of the optimal PD control method or other traditional
control methods; it also solves the real-time adaptive determination problem of the
look-ahead distance parameter of the pure pursuit model. Therefore, the robustness
of the pure pursuit method for different initial error status gets enhanced.

In the study of the third path tracking method, the dissertation deduces the space

parameter-driven nonlinear relative kinematics ‘model between the agricultural
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machinery and the tracked pafh, and proves the rationality and feasibility of
designing control method based on the model. Then the dissertation deals with the
* model by input-state linearization and uses the optimal control method to stabilize
the linear model obtained by feedback linearization, and then attains an agricultural
machinery path tracking control law which is irrelevant to travel speeds and optimal
under a certain performance index. The nonlinear optimal path tracking control
method does not need small angle approximate linearization and constant speed
hypothesis on nonlinear agricultural machinery model. It is robust to change of
travel speed of agricultural machinery.

(3) For the consistency problem of the lateral position error response when
agricultural machinery suffers from large disturbances, the dissertation introduces
the yaw rate control into the path tracking control and proposes a path tracking
control method based on the desired yaw rate. Then the dissertation focuses on the
study on the yaw rate robust adaptive control method. The method firstly establishes
agricultural machinery-implement yaw rate dynamics model and analyzes
agricultural machinery dynamics characteristics with traction or suspension
implements. Then a robust adaptive control law is proposed and its stability and
robust adaptive property are proved by means of theorem. The robust adaptive
control method can guarantee that yaw rate has the desired response performance
when the agricultural machinery suffers from the implement load variations and the
external disturbances.

(4) Based on the above developed methods, the dissertation carries out the
application studies of the cascaded navigation control method in the agricultural
machinery automatic navigation system. The dissertation elaborates the solution
methods of related realization issues of agricultural machinery navigation systems
and focuses on the automatic navigation control experimental research on multiple
continuous paths based on the cascaded navigation control method. The feasibility
and effectiveness of the proposed navigation control methods in the dissertation are

verified by the experimental results.

Keywords Agricultural machinery navigation; Adaptive sliding mode control;

Robust adaptive control; Nonlinear optimal control; Fuzzy adaptive pure pursuit
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(4) AERNEERIEZNBHRAFRBRE AR ERFL, REK
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EEAUR LGRS AN ERR, WHRKHRIERZRRERD,
SR VLK B S, XMa R BEEN T EEREE S, H2EMHRNRK
AR B ERL T R SMBRBAERET . B LEE LKL
ARSI ST R EET 2 e B A ekE S Shrid, RANUSER 772
SERBURHLIOMLBE B, WTTSEIURNL B3 SMmEHT BREXMSMALXK
BRI R TE RsER T AE HEH G| BAr & 8E U R K1k
i, 3F B 2MRVUEEE MR, X7 SR A E.

20 4 80 FERLLK, BEEHBAEM LR EEEMNREHEARN KRS R
B, HUARRISMAZHRBERATIE. BEOE SRR RANL
HEIEER AR, AHLSMENA TR SMERRER AT, ETH
BN 5 AR LS RGeS ERBUR i B85 B IR EUE SAURHER B,
BE RIS SIS RN AIERR, AT GRE RS 25
B2 H TS FHRI SRS FET PE MM SMALKIEAE
&, FHEHAEERBYIRMIIIEE, BEREZRAZKBMETHEWEKN, REN
BBEERE.

WEARPEEMNASENERENALE R, MRIEREE. ERIERENM
SEPUIR M T HAGRE. EN2REEEMREBRNEAKERER GPS (Global
Positioning System), 4% 5 ##J GLONASS M EKILI} RS . ERERGE ST,
GPS N FH &R 2 . HE% GPS N A MBS EIE, SHE GPS E M AE AT
B S ERBER VAR NE DAL 2, FLET GPS MRILFMASL D
B NATRF R #8228, XH S MRS X EE T GPS &R KEURNLKI 4T
RBEBEWRNERAMELHTHR, HERILSBEZAMNMENLERR,
AT SEIRAR ML I B B0 S A 512,

FEXL B A ET GPS MRV EMARLF R TERE RN T ERZ
B, H—RRERVNNESHEMEIMEMEESEEMITEESER, 2
Rl 2K GPS BRMKEURNINERGE R . B—ForkEP b vt 7 ikadiesk
MR EES SMAZKERB R, FMTEFELSREHN GPS &ilhl, X
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HRV S EHREORARKER, TR T . AN BAKIE GPS [
RISMELZ GPS ESHEMER, LLEGSHTHRKKAIEEHY
PR, EMEEHETHREZSEMARK, NHSBSM AL TETHIET
THE. AEFRFEE INS (BHESHRS) 51#F GPS MALF, EZHA
AT LUB I R B B RHLNESE R, THEEERER GPS 7522 EH
B THE, SHRST LB HUEEE K TR RYLE, FEINT
R SMARL B BEMT A, BiERXEHET GPS TRMIRI S
REHRESBRTIHEE BIBICRKBRIINESER .

HATLURVNENMBREELHEETTLER, RESMREEREMATEMRT
e, BEEEEEREARNBERE, MIRERBEERRERFEET ZERE
A EARAERENRIMCEEER, #MEBHETSERSHEHRILTM
BHEIR LU, ZRERB NG BRABARS N 24 RBE R HER & KR
HEAR, ERISMTIREEEHSEEREESNEBEEAR, HLINRSR
MEBEENEREESIZERBRETHNRERELRBIBRERE, ERXH
BT UMM AS I ERETNE, FENARENSHEN AR,

MRILE B SFEHRERRBIVRKE, ETFHBIIEM GPS KIRILF
B H RN SRR R, S5 S5 (L IR R L IR A BT K1
WERES, EFHERENRISRAEHRZEEFERIFOTTHENESE. =
Ve TR o 0L R B AE S B B R B AR IFIE ST, XA T A
ERTRWEMASENEENTZEE RIS ARKMER. T GPS A% E
fAR, FETULREBBMARNOERLERSS, AMMEET GPS FHE
HIRABE T ZHNA. W, AEHNAERE, ANEHRILFRARS
EE R RIBATR S, TXRIOARE) (REEE) FEARETES,
B AER LA BV 3T AR MLA TR A SR M B SR, B MU A R L AT s B3R
HERE -

1.3 BRI RYSMES T ERRIR

R BMBHTERZIRN B3I SMEHREN R, KAERIE3T
EHARZGRLFRZOMA, BEMEI A SNERNRENERSEERZRN
2. A% BEPORNUERFFRIUK .. RILE mEH BT RIR AR
PR B s 1 7 VR IR = 75 T R 1 R AR AL B 30 B RIS 7 3T s IR .
1.3.1 RBEEFRIR

E A= TRV EIE S E M3 SR A MR R EHCRE. R
EFHLMEETE, KEETRESRELE. AEHPEBELET, BER
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Fig. 2-6 Schematic diagram of the three-levels cascaded navigation control system for
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Tab. 2-1 The tractor parameters used in the experiment

¥ 5

FE 3115kg
R 2188mm
HEYRE 3800mm
GIE N 1600mm
JEHBE 1730mm
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Fig.2-10 Automatic navigation system for the tractor
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Tab. 2-2 The rice transplanter parameters used in the experiment

2 ZI=A

. RE 563kg
R 1100mm
A 5 1780mm
JEH 5 1780mm
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Fig.2-11 Automatic navigation system for the rice transplanter
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Tab. 2-3 The combine’s parameters

¥ G

e 9910kg

e 3750mm
L2k ¥ - 8000mm
AR 2445mm
JE K B 2230mm
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Fig.2-12 Automatic navigation system for the combine
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Fig. 3-1 Electronic controlled hydraulic steering system of agricultural machines
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Fig. 3-2 Electronic controlled mechanical steering system of agricultural machines
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Fig.3-3 The step response curve of agricultural machinery steering system based on traditional

sliding mode control method
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Fig.3-4 The step response curve of the probosed method in the paper
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Fig. 3-8 Steering control response curves based on the proposed method at 0.8m/s
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Fig. 3-9 Steering control response curves based on the proposed method at 1.5m/s
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Fig. 3-10 Steering control response curves of the tractor based on PID method
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Fig. 3-11 Steering control response curves of the tractor based on PID method with fast response
speed
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Fig. 3-12 Steering control curve based on the proposed method at speed of 0.6m/s
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Fig. 3-14 Steering control response curve of the rice transplanter based on PID
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Fig. 4-6 The geometric expression of pure pursuit model
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WFAEERABRRPRALIR: p ARVEINEESHE, VEFSHE. AX
PRE RN I SHAT BN (2 f N IE(p>0), WA EHT BN KO F5 25 i R b 6
(p<0); RARVMBENES LR, 4 HRIANFHRENERLERE, AF
BRI, X ERVERERBIETHT MANN KB RMCERERNIE
(d>0), REEPERZEMN PR ERENF(I<0); L, ATHER: 4
HRVAFTH AR BARALHEMAZAKIRE: O WRIGEER RINLEIE
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WRIBE 4-6 FHJLARER, WLIREHFSEEEBIRRTRR. Q4845
KL N
VXg=(—1/p)—(—l/p)cos<1>=(cosCD—l)/p (4-14)
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'Y, =(-1/ p)sin ® (4-15)
EEf AT A PNG T, B ARERE
"X +'Y =17 (4-16)
M (4-14). (4-15) F (4-16) A[1&

p==2"X,/L} (4-17)
mE 4-6 O] HEEHES

"X, =—dcos,+4L,;’ ~d" sin0, (4-18)
g (4-17) A (4-18) ATBLUEEREEIINT
p=-2"X,1L}

=2(dcos@,—\|L’—d’sin6)/ L

432 g BEREEEEIRIE RS

BB (4-19) &, WE—AROSH, PIREH L, XA
SR/ B T B AR L B AR R B B R

NGB R IR AT LAB AT, MRTULE BB AR, RISEER
A R AT B R R T B R B AR, NATEAE RIS BIIR S, AR R4 A i [ B
LR, XA T MRG0 R BRE; &2 34 3T B B
RALLIE B K R TH SRR W R R, BEaNNERE, B2
R R BIIRT, XAR M T B R G 0 R FELE B BRI

T IR AW AT AN, SR B E B /AN B B L 5 N R A5 B R I R
SR, B AMHE T DRI B E R B A A S E MRS, B
[ S B BT UL BE B 37 B S AR S R AL B0 2 AT R SRS VA, X L 0 AL
EEE AR SRIEE. Fl, ERIMEARESRES, nEELENA
BRI — A BT OLEE B, R IE S B R % B B B M S 1

Sl B b AT LR B SR AL B IR . MR ZE UK R E
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EEEMEE RN ERENFRE, MU AITHES. EH
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Sk 18 5E I H VR B AR IR, R HH — AR 42 o AR U T % VR R £
B2, TSRO SR O S B8 ok B E R S RTULBE B . O T SEHL LT,
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4.33.]1 EHEFIRETRER

HRIE R AUHLEE B 0 A s AR FBTRI SR IR W A BT T VR, A SCIR MR
IR B R PR 3 R 2 O AR AT RIA I T

L, ={a(S-|E)+(1-a)S-|E)) acl0 1] (4-20)

WHEEH;
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L,——RIEEE R R &
E— MM ERENENTE;
E,—MimiRE M2 E;
S B EH R G BIRE R EE:
o —— RSB Fa AR U I R R
XAMERAT R AR BN R AR, B T R AU £ SR
2. EEEANRA, BETERNBEE.
4332 BIRERBTE
fTanE R, FELBAMNERERKN, EWHEBRREPEX
PR ZE R E DRI R R E R B R, UMNEBRERDN, WDALE
REMNE, WAMARENNE, UMRIERVRERERE. FIEEH
R B K

p

d

a=k412 (4-21)

ﬁ¢,h——%%%ﬁ,%T%ﬁbwzo,mhsgy)%

M—RERBRKEEME, I—PKT|d,,| K%

p— BRI )
R4 p MBUE R, BREREAEE 47 FRI 3 HES.
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Fig. 4-7 Self-adjustment function curves
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A, L—RYLHER;
y——RIVBEEAEE FRERLR);
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5 =arctan(2L(d cos@, — /L, —d* sin6,)/ L) (4-23)
e d e 'd
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Fig. 4-8 Block diagram of agricultural machine path tracking control based on fuzzy adaptive
pure pursuit model
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Fig. 4-9 Simulation diagram under different initial error conditions
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Fig. 4-10 The tracking error curve for different look-ahead distances
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Fig. 4-11 The tracking error curve for fixed look-ahead distance
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Fig. 4-12 The tracking error curve for adaptive look-ahead distance
22 BTN, ASSCIRH RIBORT IS R 48 R B R PR BRI T AL TR LB
B faie B R IR R IR BRI R TR, RRERERERREE, AR
FAREVIIHREZERSEEREFHENEMSENE, EMBIET AR B TIERH
ITHAME .

4.4 FELMRMBBREERTTE

EF XTI 75T B T B B AR PR ) VR I/ A R AL TR R Y
s, AR S5TEHEETLRNIEE S SN RIS EREERTE, %
HEANESEN AT M E PSSR EE /K, HRT DAELELE
ERSRERE, MAFRESHEHESITREELR, NEENZRLCEFRE
FaE=y =
4.4.1 T AS ORI IEL S RUEXMT EFFEE

RSB ZRERCENREFERAMNEREE—ENANFERZN, FEik
EF T —MEHF AR XA AN ERENBAER . A8
SHARRREN—A R LR HREABIER (Frenet KRR, WG EXAH 4R
RHPIIURNL S BRI N B 2R . RIS B2 R AERTE S R

-61-



BT B SR P A LU B 3 SIS R T VT

& 4-1 R, EH s AHERABIMKSE, AXKRIAZTRSE.
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4 R RARTE
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c(s) —HEZ R

e MLSERR A E AR R, Al IR BRIV S B A AR ERENST
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(4-24)
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o —NiREEHEN FEESH s KIFH.
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B, RIBRVIIETE AR AHRE S B EURIIE SHALR R T RIS
MR, W (4-25)FT 7R :
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ST
() =V (x() -
dg
wmFY o0, mso, #MWTURE
dr dg

V(x(g) <0

FrLRE SRS SRR EE e BT M, RET, BRE.

E¥,
HTERIEZRERNES, A5 s EERESH B8 mmEm, 8
s HETIE) ¢ Bk R L, FTOMRIE R 42 WA, ETFRSHIEIIEE
PEATHE ) D7 B ot R T LB B AR B R R .
4.43 BEFZ=ESHEERFHITRIGE LB AT ITE
EFALGHA (4-28) BEBITBA-RSEELEL I — NS ES
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Fig.4-13 The design diagram of the nonlinear optimal path tracking controller
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[0 1] m (4-34)
= x+ v
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WIEEHRGHILTH, R% (4-34) REEERER, BARTERN. i

# LOR Hit, RERLAFE— RN EHNE. EIEERAERER
(4-35), HBEME-HEREHIE (4-36).
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ﬁ¢,g{32}@ﬁ%§§%mmuw;
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Py =ar (4-38)
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Fig.4-14 Straight-line path tracking effect diagram
*4-1 HEBRRERERES T

Tab. 4-1 Data statistics of the lateral deviation of the straight-line path tracking

BE (K (ms)  FENFREm BRXEZm  AHMETHREm)

0.6 (1) 0.23 0.11 0.04
0.6 (2) 0.11 0.10 0.04
0.6 (3) 0.24 0.11 0.04
0.8 (1) 0.08 0.10 0.04
0.8 (2) 0.17 0.11 0.04
0.8 (3) 0.19 0.10 0.03
1.0 (1D 0.20 0.10 0.03
1.0 (2) 0.26 0.10 0.04
1.0 (3) 0.26 0.11 0.04
1.2 (1) 0.30 0.10 0.04
1.2 (2) 0.17 0.11 0.04
1.2 (3) 0.08 0.11 0.04

S8 0.11 0.04

(2) HLEBAREER

BT AR L W TR, AT T BRI B4R thk B 12 R iR
U, EEMEREEA LHEEENMAELRRE, RAEHERNMA—FE
25 BR 1R AT I B 5 — 4% L 4R B 43 T T AT B A TR IR AY A R IR0 B B R R AR, AR
PSR 25 I - B R 4E AR R BR AR AR R VLA Hh R BRER R AR, WIE 4-15 BT
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Fig. 4-15 Curve path tracking effect diagram
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REIESFNa4, SR —IKEKBREREER, EBRAMERICRME 4-15 Fir.
BEE ERER, H1T 0.6 m/s 0.8 nvs BRI 1 M2k B AR ER BR S 00 % =K
FH T 2% 3 SE 56 I3 FH I it 2 1 A% R TRUSE MR 47 1 I 9 th SR A0 LR AL RN, B
FRE LR TN, BTLURERNL B GTRALE A2 & HO B BE R B i 2 g0
Bz M EES T UAE LR RN E S &R EZ AN RE, R E
BERE. ERBIBHIERWE 42 Fix.

42 HEBREREREZRES G
Tab. 4-2 Data statistics of the lateral deviation of the curve path tracking

EE (K (m/s) HIRERS T A 22 (m) BRREm)  HRHEFHRE(m)

0.6 (1D 0.03 0.18 0.07
0.6 (2) 0.20 0.18 0.08
0.6 (3) 0.12 0.16 0.07
0.8 (1) 0.12 0.16 0.08
0.8 (2) 0.06 0.15 0.06
0.8 (3) 0.17 0.17 0.07
B8y 017 0.07
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WIER 4-1 FF 42 iR, ACRBHTEAERF MBI ERZE CRAL
Fis A F B A RERRE ERERNER) T, #es6E 2050 B4 fh2k
BAIRISRERE, E T A HFEREXRE. MAEARKERELMT, BRER
B & FR E AR A AR, EI A S TR MR S RHAT BIER TR
RAF T A T iENEES AR REFNEEE.

MR NBEEEAS TESRZREREERE, XEF N RILEREH
B APERAN, MNRZEDHAETHRBAL, BEVMRERIITEREN
R R B B A AL I E SR TSI BN ABA MR RIRAN, H
FRIASPNESLEHBREESEIFENSER.
4.4.5.3 5 PID F3ER9 1 BE EL B

BT H—SRIEASCR B IS, A RS ¥ A PID $= %77 A BT
K. 4T 0.6m/s. 0.8m/s I 1.0m/s =FlE I H & BB RIELR, SMERE
TS RER, SREEN FREE, SHEENREERITEEIZER T=
WSEI ORI T . A I BN S AR Se 16 A A B R ZHER ST U
b4 RN 4-3 Fiass

% 4-3 ASCHES PID FEERIRERIBLA I

Tab. 4-3 Deviation data statistics comparisons between the proposed method and PID method

AT PID AT PID
B (m/s) BARE BARE AxETERE  SNETERE
(m) (m) (m) (m)
0.6 0.11 0.15 0.04 0.07
0.8 0.10 0.20 0.04 0.09
1.0 0.10 0.26 0.04 0.12

{RyEZR 4-3 FiR, PID J7iER0 B2 IRER AR 5 AR SCOT AR MR REAH EL I 28
%, T1HSEER R, SMRELI IR HEZRZE, KRRNERE —EE
TEEL PID £HSH, LEELNL (MELMERSERESRL) HENE
A, FY PID HEXN THEENENARE ST, B LR — PRk
TR FENEES A RIFHEENE, SFRAFRRNEREE.

4.5 REING

AEHRT ZMARFRE T AR W E B EERERITE, R PD R
VLB 2 IR Bl v, AR IO O S AR L B AR R R R T YRR AR R M B
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CEH . BTN R BRI R BUE B SE I R ML B IR E
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VRS2 PD BRI LEIRMS 28, BARFAR - hRIRIFNRNSE, A
E RV BRI ERARTE., TERIELRERATERER, RAE
FE At PD I SHE ST BT R B 3) SR H LR, BARRE IR EZENL
SHEEEIE K 0.02m, ARAEZEH 0.04m.

TERER B & B 4B B IR AR IR IR T R R e R T R PR 4R B
RERL, FEPE AT T SE B RY P BBT AL EE B8 S 500 B AR BR R S BUR B RN 5
SRE BT %40 T 45 SR T — PSR 5 B MU U T 7E B2 TR B IO R SR R %, BETIR
FXFpEM R Sk L B EN A ENMES S BEESERINEEE
RV o TR B S A B B B R IR BRI B, IR ERERIE T
VR T 8L PD 7 iEEE B 4l U7 R W v AR R R MR B3R AT A A R
VRS T B AR v T 4liE B R BT AL RE B A SE R BE N E R, SRR
THBEERREFENRENGEERSHENENEEE. FTERIELR
WESERERER, RRETEY B E N8 SR S H 6 7 kBT ik
PLE 3 AT SIS, BRAREIRERLSHETHEDNT 0.05m, & KRERERR
ZHESTE DT 0.08m, FFHEZE/NT 0.03m, TEHLSERAIELKEK.

fEIE BB AREES T EMR T EERLTETT NS (H$KE
K-S WHWIELERNATT B EER,; REHARTETFTRSHEE
A 3 PR B F R B BT IR B TR W AT AT MR R A B R AR SRR
RUHAT IR R RS P AL R AN IR B AR AL i, B RIfE R —taedein T &
ot B 54T B TN R LR Z IR HE, BRIt EEPAFES
JE LR PR RGHAT R R AN IR UL, FInE A TR L A & 21
MR B SRR B . FERIESEBBIELIT 4 RER, RAETIEEERMNER
(] SRR T E AT R B BE A IR EINL B3 S i HISE IR, HEBREMENL
SHESEHRZ N 0.04m, B RIREN 0.11m; HEKRERENENTETHRER
0.07m, HANREN 0.17m.
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Fig.5-1 The control diagram of the agricultural machine path tracking based on the desired
yaw rate
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Fig. 5-2 The schematic diagram of yaw rate model of the agricultural machine
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Fig.5-3 The diagram of yaw rate robust adaptive control
h T AEREE AR R R R AR R AR SR H AR R,
EBRRGEMN 2 RS EER 5105 (5-15) Fl (5-16).
K

G, =—= 5-15
T (5-15)

-78-



55 B T IR AR B R BRER I IR 5T

E\:EF‘ ’ Kss = Gy 5=0,C;=0 ;

T, h %8 SCREBY I 8] 35 3
1
'”:Tms+1
Heh, T h—WrSs A a5
H—%, BLRER (5-14) BROTER
y=G,(1+A,()+A,(s)d+d, (5-17)

HA, A MMERRTANREERNAHESE, BHG REG I~

(5-16)

ERBERIZE,

HTHBEAG), A, ()R d XWHEEAREERERMNARZNE, FHEEA
HERGEREEPENESE QENERIMERE, ACRBITRESEBENE
HIE (5-18),

1
5=1TQ'(K7¢1¢; ‘C%}’)
1 (5-18)

K=——y_ e
/,LTmK }/des

58

EEF’ e:ym_j/;

Y NEFEREG, K,
QM ARXTIY h 1 S AL 88 28 ARB IR &%, HABUEME S w, .
AT ITESE, ASURE B QW T B KRB IR B AR
1
T Ts+1

(5-19)

Hob, T USRI A

FeTEHE (5-18) pysstkae, TEITHNTER 5-1 #HTRIE. £
RZBENE T EHIFHPFEHBMSHE,
B8 5-1 (Barbalat &) 'Sl ¥ ro) h—FELEH, FH

lim [|£(r)r <o
UlES)

lim £(£)=0 .

-79.



TR S S8 (R WU B 30 SR BT R
BB: WRg@). sOFR, FR)FHATR, WH

}im g®)=0

SETE 5-1: WERENBRWL|Q<|l/A, ()|, BdEEBENERE (5-18)

AT LA AR 12 A S R R I R A
a) 7€ Lyapunov B X Fa&R¥#kE, RAFS5SHEA G, —BHREE

fouilng
OoE

b) FEGERBEEHAMIETHE, BHEHREEM TR

c) EAERERERE

UEH «

HEIEH a):

HMTES (5-13) H-MERLK, I THRIEARBERKESSERBG, —H
MBREEPESE, STEBHTETREMTENBEESE AENER . BENERES
% AEN RS BT R LT &40

QAR AL S SH A BUHE A

QB NES, FNEENBTHREHTRS.

Wk, ACETEBEMEEEERERE (5-13) WEEG,, M TEEX
ANEE, AEFEBEMEERIEN

5 = —GQ y+06 (5-20)

HET RS2 T BB F M2 B P RE I8 R 200
¥ G,G,

5, G,+(G,-G,)0
R O hy BAfr 3 35 KB e e 28, WAE[O,w) W, Ow~1, BT AT LUHER

(5-21)

57; ~G, (5-22)
BT AR LLACHZE SR [0, w) 1, BT &M SR m T ER, RE
(5-13) 524 AT LUR A —M B S iR Hsh &40k, AMERIE T & BOR GL.
BeAh, BT LLSR /BT3B HE A 5 B I DA A 32 oR A B Oy -
7 __ GGd-9
d,” G,+(G,-G,)0
HF T d TEREMTH, BERELEH0,w) N, I EAEHH[0,w)

WQM,%MW%EwO,MWﬁE%#®%&IO

e

(5-23)

- 80-



5T ETHEREAEEKEERE R

Z b, %#E Lyapunov B ¥ (Wi (5-24)) MSHABNE (5-25).
V=e*+1K? (5-24)

o
el 5.25
T K. =° (5-2)

m Ay

He¥, K=1-KK_; |
A>03RE BIEMNEREURE .
B AR
P =—2e <0 (5-26)

FrLL, %A BERNAE (5-25) ARIESE B R A TE Lyapunoy B X T 2REE,
BEFESEERMG —HHIREERE.

Z I EE P AL )5k

HIRIEH b):

RILHBHEHTEBETARNEEIMEERENEFRRIERANEE
PegE, 7F DMLY, WUBMRZEEHTHNIES, TEHIERNREN
FREMSE . KU PSR MR 2 N &I E R L.

RiE /NS UYL (5-17) T4, EtMEEh B AT EHIRE
MIFE B BN

0@, () +A,(s))] <1 (5-27)

Frbh, RERFRHE BIRAH IS Q MALRE AN RABHERE .

BHFNAAREUERNRESEE A () TEFMAGNRSER, K
SMRAMEWFELRESRERE, WLUEL ARG ET B EN IR E.
Xt REE B HEREENEWEZRBAHEIA, (), TUTUE-DKE
PETR E HEARF IR3E

|-0A,,(s)] <1 (5-28)

E RER L Bk &M (5-28), SR B st B A R Tk
AR EE.
Z e KSR bFIE.
BRI ©):
T a)iE L REF M (5-26) FJA0:
V<0
PR,
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Fo TR BRa T SRR R MEAURR B 3 ST 17 BT 5T

fém:%qmm—V@»<w (5-29)

FRIES| B 5-1 (B[ Barbalat E¥) HIHEWR AT 40,
Iim@.,—-»=0 (5-30)

o

FiLl, YRSHEERSIHEEIENR, RAQENEHE (5-25) ALK
12 AR i I E R RS R E R TR

b, BEAFMERL ). b B,

.

REH 5-1 [ B BB R ST 1R I R B I B T HEAT 1, BREE T 5
G e AREPENERA, THEERSRE. TSR I RIE
HRRETERERENERA, BALHAPTRAFERSREN, =56
TEeEE bk 5-1 FE®. THETHR 51 FUER.

| 5-1: BEAPTRANEERRENG,, LBHRIITRATERESR

%, PREPTRENREHEE |G

ass

#1E, RE|0GA, ()| <13, iR
FEHE 5-1 PR,

it 5-1 IEE ER L EHE 5-1, AFER.
5.5 (FEIHE

ATETELR, BATA IR IR H IS8 BE N7 iR E R
S 48 B UL R B UE A SO VR B A T R K R A AR
TEE SR R R HUE R 28R 5-1 iR MTETEEABENE

M SHIEWT:  K,=0.1854, T,=0.3, I,=0.2, T,=0.02, A=02. AXFE
EAT AR LR B SE %, BEEIE AR E B BRI R SR, FAERE T
B A S22 A O S R O Y O BL S, TR AR AT B A I AR R A 3 R 47 ) g 07

B, BRPUT REFERRZS R 2T (A B8 w07 J 5050 LA JCBR
R IE 5% 45 5 B IR 9 A AL P W B AT L SE 3
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Tab.5-1 The parameters of the yaw rate dynamics model

2% ZI=A
L 18500kg/m’
m 11340kg
Ly Im
L, 2m
Ly 4m
Cr 2400N/deg
C, 5000 N/deg
C; 4000 N/deg
v 1 m/s

(1) 43 A 3 B AT B R i B
REHEBEAEERAN 7, =5deg/s, M BTFIREFELER, FHRAFR
iR BB AR PID 7 iEX B A AT, HERWA 54 Fox.
MEFRTLAE N A30T7EAH RFHIS MRS REER.
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Fig.5-4 Yaw rate step response curves
(2) FEAEH (ET0 0T BB IE 38 B 2 1 0 pY
VREFAEEEIF TR (RIRF Sdeg/s MHETFIRTE 10s MBIRS
b, AR R =R AR AR ERAT S, HERMAE 5-5 fox. A
PESERTHM: FRANERTEHRERRRE, ERM 10s LHFHEBK
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Fig.5-5 Yaw rate control response curves with constant disturbances
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Fig.5-6 Partial enlarged curves of yaw rate control response
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SN, FRERA DR SRR A AT RS, RS RWE 5-7
Fik. MAFEG R LLEM: A7 R LUEE BT MRS Bh 2 R i v
gE, TMHEHAMMITEAGARERRSREER.
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Fig.5-7 Yaw rate control response curves with low frequency disturbances
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Fig.5-8 Yaw rate control response curves with steering system steady state error
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(5) PREFIE XSS I RS A 15 5 i ma Y
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Sdeg/s. %N 0.5Hz MIERZAES, RAAERAARIFE. &N JTEM PID J7ik
AT ELSE Ry, SEU 4 BRI RE 2 W A SO R HAR P A U7 5 B D PR R
Brikge, WA 5-9 BN
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Fig.5-9 Yaw rate control response curves when tracking sinusoidal signal
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(G ) HRIRAAZNE 3 EWRMIATIERAT R, EMABETHEREA
HENSREHRSHEHE, HNATANHAERIESR. BiERFII
HBRINT

BB 1. E—OBERMEEHE (G, RBMEEREREBHRIAE
MEEEE (FEHRA) UEELERERS, HERILSBEZENALER
ZFAIRE . RERBAEERET (4-19), ]

p=2dcosf,— L’ —d*sing,)/ L}

B e R L AT B O B B 28 p o ZEIBERBIAY h K RTALEE B S HOR A
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5 T R A O B BRI O
T SR R R L |
BB ¥CRANEEAEEEEABNESR (GO BEER 1 RENH

VEREAEEENSZHN, FFEHEIRIKLTTHEZAEE, RERES
¥ B E N R (5-18), BP

k2
= 1_Q(K7des G, 7)

K= e
AT K, %

MR RINBIEE A, WTERN N BE A EE R ENREE A EE
Ak .
BB 3. BEHEREER (G RI\BSE 2 #iE W EE m AR
WLk, FREESEG-25) HEHRIE RS SERRA, i
PR LR SRR BT R IR B 1, BB BRI B 3 S
HEB.

PHE4:. EESE 1-3.

AH L 2.4 THHARRBRIFMBEHRENELRTFE, HTHEARRET
BRI, BT AR A 2L, SER P A SCATIR th B i B & M I
EMSHEHESRPAEANSEAER . SRABAKREHNRE, BTF
FH . BT A E o F S RO A T g A s R U R IR, XEXR
PFUEPLHRIRE . Ak, SEIe R ol B 4 15 B35 TN 18 1) A A X 8 (o A% %
BB A EIESATIARME, ASRIERR ERLIRE .

(1) B BRI R SE 56

XA LR FEBRA T AR NEMTHR N f1E5E. 78RR IE o
BRY 70cm K7 BEHR LI B3 SHEHRS. B 5-10 RRIKATHEE
% 0.8my/s i, EEHEELHABR THBAREIRERMME: B 5-11 2R
PURIAT IR A 1.200/s B, ZEA VLA AR BN T RBEREIREZN L.
WX B AT LS5 ER—EET, RIETEMICHLE R 2R BR
EMAEREF . XYWH LA ABRZRAR, AIC7ET AR BB
WA EMN . B4, RIBEIBRENRESERZHERUEST, F
NTEER THE BT, RERE W FHERN 0.0Im, i7HEZE N 0.02m.
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Fig.5-10 The path tracking error curves at the speed of 0.8 m/s
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Fig.5-11 The path tracking error curves at the speed of 1.2 m/s
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Fig.5-12 Path tracking error comparison at the speed of 1m/s
AT E BRI LR TR R e AR, AT T 2R R R I B AR R
B, FRARVREREZENRSRERIBHITEES T, L
BHItERMR 52 Fin, RPGEAZRERBFERITEROFHE. RE
Gt &Rk —H e B T AR SCT7E U
R 5-2 ARTERRERES
Tab. 5-2 Error statistics of different methods

Tk RELNEFEI{E(m) FAEZE (m) BRRZE(m)
AT 0.01 0.02 0.05
B ER TV 0.04 0.05 0.11
LQR ik 0.05 0.04 0.10

5.7 REING

ENESBRAMBTROZNE T, RIKEEARENNFEESRER
W, WM SBET A RME N BRI EN SPEGITRRE. v TH#
PIXA B, AR ERR R T R R A R R AR BR BRI R T R O
W HE TR R E 1 B B R R R — S B A L B R SIS A R
#l. BFEERAEEH SRS 4 ENARTTERE R ERE A
HE, BEAEENAETIHEMEAEE B RREER T RN REEER
PR T RIVKBIEAEE SR BENERTTE, BAEL T RILEYBE AR
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o TR R SR AR LR 19 3 S A7 TR

BES 17 SRR AR HL-HUE R AR B D AL, AT T AR BLEE S| B B
BRI s . RE, ETITRERT-VA BB AR S FRTEE
BT e A SN, R EEIE T TR AR B B G R
77 vk BE A AR L BRI A B B 4 ET B L DU R A S I P BB 7E Lyapunov & X
TaR#Eke, LEHESSEEE—BINRELEE: TEEEREEZEM
W, BTsBREnMRTHRERS: BAEZRESRERE. &R, B
RSO IOUE T MR A B 0 B B LR I T VI R R S 4 R A B A T VR
BopLERYE BRI 3 M I SE RIE T B TR A R B AR R
Bl VE AT DL B LR S AT S K R A R Bl ) S R AR R
T AR WL I R T P S PR B PO B R FR R B AR AL, RAIE T AR [ i 2 i L £
—5tE, LRBESEHERER, AXFEERALHEMELT, REREN
SEHIMEER S 0.01m, FRAEZHR R 0.02m, F B FHAR W A I B A2 BRER 12 600 T V5
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6 E APASMEBHAZEXRVNBHNEMASEF
HI R R 3

6.1 515

AEERART RIL AN FHEERGN AL ERHERAER, A
FERY NS B MR i RIS B4R 2 18 A X AL S R R BT ¥ 0 25 S EE SR B AR
B 3 S AL T Ml B A b Sk 1) i . SRS A SR R BT AU B 2K S AL
TR SMERTE LT T SAEERER B3 SMEHINHLR,
FRMBEHLRNERBT TN 5T, &RFETLLELEBREAZIIM
BRI MG RS — PR IE T A SCHTIR B 07 AR A AP LR T AL
TR AR AL B 3 S R R SN A B TAT

6.2 RIFEMIZEWHES X

A ER RN BMES RS T, RILKWAX AL EE R ET RTK-GPS 3k
B BAER (EEHRfAEEER) Eid MTi 3REL. WA H R RBUR VLR AR
P A5 B SZIURNL B 3 AT R BRI, BT R AR AL 5 %
SRR e A 5 7 VR AT 4E T ] AT R
6.2.1 GPS RZ Ml *MzH &

REVEEHEATHERES, BT B RSTE T B T A 5 B R
A AER GPS RE&MAL, XHEFES S GPS B AHER. FIHLEX GPS
KGR HAT ERLAME (BH CERIRZ M EAME). GPS REWIR EEZF WM
FR, —FHREATRIKEZRATEENMRS: 55— 8 T RYLKM A M
FEAE AL . BUR T E R GPS R& MR E 6-1 i, HEEIBORN
k422 1A R R 2 AR 2 T E FR 7 i R H GPS REREA & 6-2 Frw,
HIESHRISBARZ BN M EMIRE

EX GPS RE& ) LA B I B RHLESI T ORMREN H(BALH m), RIEL
MR e WA Re, BAHBEASHN GPS REMURFT =4 K [
ENLRE A

e, = Hsin(p)

Hoh, e, SMIEALRE.
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TG et SR F AR VAU B B ST 7 R AT

IR A5 S U GPS REMRL BT = I SE AL R Z A
e = Hsin(0)

Hih, o WPFERIRE,
WiRe, o BHIISHLRET, BHSMLHRTHRRE O FH

(V) WREE,, EWT:

{EX=ex cosy —e, siny 6-1)

E, =e siny+e, cosy

HA:. E, N GPS HIZR ) RE LR E 5
E, 3 GPS Wit B AL iRE s
w RN A .
55, BiREE,, E, B LIS GPS IR IR E A B BEATHLIE .

GPSR%:

6-1 BAVE fa 7= GPS EALIRE
Fig. 6-1 GPS positioning error due to roll angle

GPSK %

6-2 i f =421 GPS EfLIRZE
Fig.6-2 GPS positioning error due to pitch angle
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%6 B RBRSFHIEHITEERI B3 SMARLE RN HFAR

6.2.2 R SHEZEWENEERERZ

it RTK-GPS A UL H #B F|RHYLZE UTM (Universal Transverse Mercator)
AAKT 2 T B AR AR, AR5 B T AR RR AR H T LUK R HLEZE UTM ARHR 2 R B AR AR AR
H B RALIE S AL TR R P B 2447

f&i% RTK-GPS ﬁﬂXE"]:Qﬁﬁmﬁﬁﬁéﬁyﬂ(#w , YUY AHLAE 2 1T A AR
WRRDRMABER (¥, )"), RbSHARRRBIRRSE UTM MR R R4
WA (x%,y9), NEdEsZ#RHATUEIImTrRRRN (6-2),

e I
yN J )}mw yo
cosg sing | |x"™ | |x°
=[—sin¢ cos¢:|.[y‘”M:|—|:y0i|

A, AHEHSRR X#HE YHPERS UTM 8RR X85 Y
B ERAR R, DARRR AR HAERE VR, T AR R R IEEE AL =0,

ERIBEREN, RIGBKAEZHPMERERMEGEFSHNE. AR
PP ERERANE, HAERENE: SRIEHERELMNN, M
RLBRZENT . ERFERMMNRENELT, LRIEBZAMHENLERE
HIER, RVNEARER; LRISEBREZEMERMCEREN N, RN
mARER, RILEBRRZANMERENZN, RARIERRE L.

T 4> BT AR MR B B £k B R AN il 4R B AR I B A XS AL B R E BT

(1) RYREELBREN AN ERETH

BRI G A PESIARR TR x),yp ) BLBER 4 SRR
GYLyYy, BAEAMRA Y,y B 4. BRATWUKBEELABRENELTE
Hax+by+c=0,

R EBZEZABEAAEIRZENEASTUELER (6-3) #ATHM, M
ALEER (6-4) HERERIEELHRZ BNREIER (B/FSHED.

SignD = sign(AP x PB) (6-3)

(6-2)

Iax,’,v +byy +c|
(2) RYIRER dhek B2 AN AL BERETH
WHHZE RN c(s), BURFUATIE 18 007 W BB AL R B PV, RILFTH A
B H kR FL.O KRB PC, MILE RIS SR ABEERELR (6-5)
W 5E -

d = SignD - (6-4)
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d= sign(ﬁxfa)- (6-5)

W*J_
. c(s)
6.2.3 R EBRZZENENREBESZE

e T i MTi 3B AR WU ) A R DAREAL 5 18 % 5, B I 07 1) i€
EEHE, FUEB RN ABRAIRAASHM, B J7 miEsEh ENA
] £ .

B MTi KBRS BT A A 01, REESHAAAR R P HXT R
M (BRAARFRL X & Bt fAh oY .

T & MLZE B AR & P A LGB R (6-6) BT

6’M+77+% 06" <m)
0" = : (6-6)
0M+77+—2— (-7 <6" <0)

Hrf, ph MTi ZEEZMERA KR, EXNFELS IR IESERT
ITHAE -
EH, WLUBEER (6-7) HERNBATRIRE.
6, =0" —6° (6-7)
Hreb, PN, WKRRSE SANYILSE SMALRR X 2 HE
Je

6.3 ¥ EAKRNEEIRER A

ROERARNEEEFANSESEB#TIRE, MELENARIEKE
rh 2 G SR Bk B T R TN B Bl 5 2R SE R 1) A Z AR X SR R

RALEE AR B AR S BRI E— R BN BT E,
BRI B AL B AR R B SR A A AR BRI e R A, T RE
SRS T R TR, B RET MR BT RIGUEEMER
LT I SERRE AT GRS, BIYER M ESErARNERERTZ
8] B R B R R .

25 3 S B U B AL B0 R R R AR A T 3 B SR L B R VR AT AR, T
He R LRI SE TN B0 5 1) A R T 25 B SR B i R L& BT VR EAT A . R THT 20 29
DL -
6.3.1 IEIHERARNESRE

T4 Wi B AL L £ K T 2 B b ) B T ROAT LAV B W B AL 1) v IR ) B £k 12 3D
R, RIS R MU R IR /A, e e m TR,
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3% 6 B ZBASHIEHTEERYL B3 SRR PN AT

BEA B AL R 3% [ EAT M AT LUE IS 0 B 6-3 Brom BT IUIATE 4BCO K
k. B, oXRNERMA; L BCRRERME, FLlAErmmiHiEEN
M EAZE, AANHT BC WAKE L A, BET Y BOET R T A
ABCO . 534t BRT 4 BCHNNAFERILH HE EKE.

ME 6-3 By LR R T, ATUESHRVEBRAOM L, Ly~ e Iy
Z IR T KRR

2=l sin@+1,,) + (e cosO—1 ;) (6-8)
BT M MmEL AT ERE, L. REBENTRENR
Lpcmin < 1pc S lgcmax (6-9)

MF L.~ Ly~ Ly REEE, B, 6688 A1 R 2] p B EERE
i LA 254 2(6-8) M R (6-9) (AT K i R LI FE 1 £8 6 o

- -

Bl 6-3 BeA RN IR LM LT R
Fig. 6-3 Geometry description of the steering linkage of the combine
6.3.2 MR AFE AN EERTE
R AN BN EIED, RSP A Rk A 75 M
RFERERBREERA TN SPZI-1 B ER H AR, WE 6-4 Fiox,
HZHIERWEK 6-1 Fizs.

6-4 LR T 1 R T AN

Fig.6-4 The wheel angle measuring instrument
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Tab. 6-1 The wheel angle measuring instrument parameters

2% 1B
BRHE 6000kg
o YE 0-50°
Cioalp = HE 0.1°
L2087 ENE B R el +500mm
HE YR AC 220/380V, 50HZ, 4000W

SPZJ-1 IR ZE s A AR A AT TR % (AR FRARID £, A8 A
#HiE. AT AR RAERN. 2R RNERRT 7 LA diER st
EATLS . A 7l BUATE®E, UERAETESEENME. Hot, Bl
AT AR E, TRINBUEHRIT, BNGREHEHEIE, U
AR HLEEES, [ AR A BT R VR L SR T R B AR I A R ()RR, LUE A
TAE 5 0 R ALES 7 AR RO .

R AR B, BeEEE 0L RERDRMERE AR
AR BER, SRJE R — k2 W A 7R BT R E BN BR SR T —
WS, HMERAERME 6-5 Fias, kA BRI LR W AR
P R T SO SEFR R R A A X N B B R AW T

y= f(x)=0.002x> +0.888x +0.377 (6-10)

Hrr, y AR RN SE bR A
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Fig.6-5 The calibration result of the tractor steering angle measuring device
6.3.3 FEHHERARMNEERTE
RH SR R AR EER TR, WUEERIERRE R
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FRHE R ARNEERENMERNEERNE 6-6 Fin, FHmkliE
Eir e mEm= (6-11).
y= f(x)=0.0012x* +0.518x—0.301 (6-11)
He, y ABHE MR ERARE,
x A Ym S AE R I B2 1E .

SEIGRA/AL
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RS RIEIE

Bl 6-6 fEFRALIE [0 M AR B AR e 45 R

Fig.6-6 The calibration result of rice-transplanter steering angle measuring device
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AT G5 S A G T EAE R Bl B 30 SR Z6 0 i B A SRR AT SE i i — TR ML
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H—, FimkiEn, BURVIEIEH KR, DUEERE R AEITHLER
BNAE;

H—, efkign, EURHLBIERSLAT, ARYEHLRI G 80 Hb 3k ih 48 5 1 B
BT MK B ) B R IR R ), DASEBUR MR M Sk 5 M 3h1E .

6.4.1 FizH K @A IE
A 6-7 FE 6-8 Fion, MEEEEIEERR AB 1 CD, ke BC

I DA; RVWEELTERE W, , B EFECHC, (RAGERN 1, ik

FRBHATHENERREN d,, kR &I E&4HE RN R RE A ER
EAR06,, Hbd M6, RERGELRHE.

SR MUBRERE L B2 BB B A BRI B R E DTS BE L, W, K
PLUATE 5 B % ) f AT H Sk B 1) Eh A, ELBURVLAINLR 5 3k BR R ML IR =
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Fig. 6-7 Schematic diagram of counterclockwise driving operation
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