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Anti-disturbance predictive control for path tracking of unmanned
agricultural vehicles based on safety distance
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Abstract: To enhance the path tracking performance of unmanned agricultural vehicles in complex working scenarios
with multiple obstacles, this paper proposes an anti-disturbance predictive control scheme based on safe distance. This
control scheme leverages the autonomous learning capabilities of predictive control to achieve efficient obstacle avoid-
ance maneuvers for unmanned agricultural vehicles in complex operational scenarios through interaction with the work-
ing environment. Initially, an extended state observer is designed to accurately estimate the unknown disturbance within
the agricultural vehicle system and incorporate it into the nonlinear predictive model, thereby improving the precision of
state prediction and disturbance rejection in the path tracking control system. Subsequently, an automatic optimization al-
gorithm for the reference point of the agricultural vehicle is designed to prevent excessive steering during path tracking.
Then, a novel obstacle avoidance penalty term is constructed based on logarithmic function scaling to ensure that the agri-
cultural vehicle maintains a preset safe distance from multiple obstacles during path tracking. Building on this, the cost
function is integrated with lateral offset and heading offset information, combined with the obstacle avoidance penalty

function, and an anti-disturbance model predictive control scheme is constructed by solving the nonlinear constrained op-

WisHER: 2024-08-02; fEEHHA: 2024-10-18

BIEEE: &K, jsun@ujs.edu.cn

E&WH: ExRARRFEETH (No.62203189, No.62373170): VLA HARRFAIEETH (No.BK20220518); H [H 1
LEREREETIH (No.2024M751187); TLIFKFEMBAAEETH (No.22JDG044)

Foundation Items: National Natural Science Foundation of China (N0.62203189, No.62373170), Natural Science Foundation of
Jiangsu Province (No.BK20220518), China Postdoctoral Science Foundation (No.2024M751187), Research Foundation for Talented
Scholars of Jiangsu University (No.22JDG044)



ERg SRR ST B T RN LER AR BRI T - 87 -

timization problem online. Simulation results demonstrate that the control scheme proposed in this paper has superior

path tracking accuracy and can effectively avoid obstacles while adapting to different safe distance settings and obstacle

positions.

Key words: unmanned agricultural vehicle, path tracking control, model predictive control, obstacle avoidance

0 35

gt b, RFAE N 3 BT N T2 3R R
Bl NJTEAE B R PR P S BRI BAR AR K. Bl
EARNIAA I HERE, o AR R EEHORAE SR
FEAE Y 2% 2 AR AR N 77 A 77 T R R th B K7
AN AR TN RN AR RS R, [ A SN A
NG 7 2Rk, nTIagy LR LA B
B A3 553 (proportional integral derivative, PID)
R RN 5 LV oI B SN -8 ok I 7 SN
Hoof% #7700, Jorh, PID %88 th T3 5 T S2l
(R P T A )32 P T AR ML A R B R 8 AR
1M, PID il {E Ny —FhAER AL 2 o SR,
SR TR XM E RS, B2 TIERME TR
PR BRI, X PR 7 HAE RPN IR R R
Gurb PR FE AR E M. AR R R LR AT IR R
G ERETE, SCER[7I3RH T —FhJE T ZPrig i
SRR AR PR BRI TV, AU B E NS RIER
HIgS T EHRIG S, BT TR R ERERE . AR
M, FERNEYAENGERES, JEe T ) AN 2y
oA R, (HPL RV R T H EIX— A
7, R T I NRHUAESEBRE L 5N 1R iz )
PERE.

N T A RIS RYEN QR &AM, BT
N 5 AR I #% 1] (model predictive control,
MPC) ik, DAMRALAR ML AR B R R S e e
MPC AT 458 il 22 8 1 K S B 2R S il D, JFG AE Tl
INF[EJSE B N I B A e S, JFREA R B = ) R G
frodin N BRI 7 B AR BRI AR T, MPC IR
Tk S SRR A i) 1) R A e SR B0 R, #
RGREWNESFE fi. CHR[91 BT T —Fh 2t
I AR SRS SO BN 2R PR R TV, R T AR G
TR TR BRA A SR AT IO R A, BRI T AR B A
PREFPEHRITERE o SR, 2072 A R B8 1) 2 50 10
DNARST A AA AR i 22 AN AR B 22, TG i I B ZE
XS T2 HEBRACM AT MBI, SEI AL E
W EEAEE . WAk, TR AR BT DL H A AN
SER RGPS, #m 7 HAERNAE L ST

RN HBR . N T IRE RGN PULTERE, RIEN
RN, Sk 3R T R L MPC HE 22,
H2 2 f U R R R P B il T BB 4R il B MPC IR
ittt iie s, —J7 s S % A s 2
WEESE 1, ARG AW LRI IR i R0
H & Hugs 7, JE T3 KRS 2% SL 3 x)
IR B AR AT BN AT AR AR BN R SE I v, T S
WM S PrTPirear ) s iR . Rk, X
PPt MPC HESEAE 2 e Lae N\ skt i it s
PP MPC #4318 2 PN, HZ 214k
A PR B S T R A, X PRI T HAE R AL
SEIF RS E R o

[E,  ARBLAE Mba R b AN T 3 G 1 22388 21 fE A%
V) CHIHZRHFF . PR, FEEREE) . IXEERERAGH)1IAF
TEAML B RN B R BE A &, b n] e
I iFE. DRI, el 2E AR b A 0BT X e e
B, AR HLBR A3 B B 2 4 T s ) Bk Y
g 2 e MWE 8 e R G — D E B S,
AN - W12 B A AN Fo0 FL ] B RS I Re g, A
WL BE S S e B DL AW AR A S50 2% 1. 7
PNV HLEE NI, H B B REHEAR B T N AL
WhAE, PR ERREae AU R E SRR
—Fh g AL S E 20, MPC & B T AR H#E TS AR AL
2 BB 2 G b e v BT, S N R AT N
FARAEE N, AT NRILIRAE T — A R %
A6 PR BRI o SR M . BE LB J2, MPC I H F %
IREIE T NARMLEE W 5 1 k7 5 158 BA W
A RERE SN, T SEILAE S AR 5T I = 3L
R, FET AR LRI MPC 7V B AT 55 E N
AERLRPNRACT R, AT IR RN A EE
THE B A (1) [R ) BETF R A5G4, IR AE B AR
FRBE AR b 3 gk A =T, sk 18]
PR T — Fh A B 2 SR A 1 MPC #2128, IF
W FC R T2 e R30I FHUBE R R R . %32 HI )
F— ANz i 2 (control barrier function, CBF)
KE @A X I, ¥ CBF REE A SRR %
PR MPC LAY i, DT S5 LA £ 22 4 1) o
PR Heng . SR, WERTTVE 2T RO AR



.8 - BHRERLE A

YOHUE XN T 2 b, X LR AENL 28 A TE
WP RS Y A M % T AR WLIK RS 1 AR
PR, X FARAITIEAE SR ATAT MR T PR AR, H
B IR ETC A, BRI NV BT IR
I, XETTEEIFAE H T A T AN LS A2 ER R
FEH R

NPT OR R MY R, SCHR[20142 T — AR
L PR T 4% ) (nonlinear model predictive con-
trol, NMPC) BEFET7v%, IR BE G  ALR AL AL
N R, A BUAS R H P HG N T R AR T A T IR
S EERE . IX PR NMPC 3k i 77 VA AN 2, T H
BABARKTHE A . SR, 207 MR H AR L
PENVIREE T Z FRFNRS), PR RGEH B R4S
NAERR. thak, EFFE I 7T R
MPC 3t [ 5122, (H X SR 78 1k 78 43 % 8 5|
BB 5 ARG 18] SR ) B 22 A R e, 3 n
SRR FH R 2 A R

KRB AEALIR TG NARMAE Y ZR G Hh 8 5 40
Blie) i, 2 tH— P T 2 A R R I R AR ER R BT I
Mz HJ7k . AL EZETTIRIN T .

IR BRIAE 2 4, ARG AN—FhET
XoF 50 o AR T P A T IO, X — AU S T s
SO 4 R 30 B A R BEAS A M L, 2 2 AR TR )
AL TE f B AUE o AHEL T JE T CBF 24 o 1) a7
G, AR SCARE H 11 Tk B SRS 1) ) S 9 R B R, AR O
P 1 mERE I R IEPEAI AL . HhAh, 5 CER[20]H
BT FRHOR B A T R R AR T AR L, A SRR
TR A T DR AR SR RIS, REfE 4TI 224
DX 3y ] N RS K, A R e 1 B R SN 4 R
EREER A e R A7 T 52
Bk B S5 A N P B 0T A R R A ) R

FERIAN R 20, A SO SRS I 2515 2 48 3h
fili tHE 51 AN NMPC BUAE R o, $id iy 1R T3
PIREHAIE ;s BLAMIRA 7275 S, 5l B A
s 22 FHTL 160 i 22 A g FGAS Ry 0 m SR B Al 22 98 10 T
MTARAL T B8 A7 R ER P I VERE o AHECT STR[9]
SO PR Al 22 R A M ST A A i 22 1 T R AR L
N R T N R kS NI DA R P R G
T I NERHAT PR .

ASCHLGERWT: 1N ETLENRYERZER
PE RGNS B AR 226 f A, 55275/
MR T 2 AR B B A PR R 7 Rt B3
0 IR B4 RS54

1 RARNBERRERESRGEE

1.1 BBRIRERSN HFEE

AL AN ATIE 2 A AT i ) S AR K
S AN AT R, WAL E SSRGS
R AR ER IR IR B B 0. FEEBEAHT, Kk
A7 Bk O AR LIRS R T4, mlkg
RIREE RS A L BRI RN LS Sh AR,

YA A,
/
/ /
5
A 3 T
| R, A
Vlmm ey ™
/7 | P/ \
7 ] pa H R
/ A
£ a /1
' /\0,‘& |
/ V2 R >
o X, X X

K1 R R =

B 1R, SR AR LI B B RIA A5 1 2 A
X TR AR KRR R XOYHEIR ), x~ v 0,550
BLE R AL BT . AT BT F, O ARTRC 6 10 £
VTSN FRTAT IO, L NG, 4O
R, 5P AN ) 18 5 e L
ERH A, L, NEmiE .
SRR ERR U 51 G E I LT 1
gk, HhG6=[g, g - g, - |BERIE
I BEHE D () bR . (33 5% AR A K 28 F A
th, GIEASHREE S PRSI H AR, Rk S
AR T ERRE M PR . BRI,
AR 2 N IEACHEE A, X B T et 21
RESH . e RS, (x,.y, ) ¥
SUNTE AR AT A G, BB IEASREE A PO
— A AR g(x,, ) FRG I R R (1
BES, YIEER—RESE A, He(x.y,)=
g(x,0, ) MFHELAMELRSS ST, BIK
LI S RS IE A SR FI B e L 2 A 2R B L
B, B MR R NI (D BRI FAR



ERg SRR ST B T RN LER AR BRI T ©89 -

i) 7L
Pg(x,(t).y,(t))=arg min (|g,-O I +
g,(x,(0).3,(1))
le,..—o (D

IR, ISR R S %
Mg, HEBSHLFI. BHELAFX(O)EE
% fg MALERGE, BE ) Firs.

X,(1)=(x,(0).9,(1).0.(1)) 2)
Hordr, x(¢), y,(¢), 0,(¢)5 59 ) ¢ I (19225 1
HAbR S B YRR S SRR A o

E1: A TETEEyeR", Fy|AF2-85:
(B i=yTPyo

wHX=[x, v, 6,] MRELRE, REEH
BEE RPN 3) PR,

X,=Vsind,

y,=Vcos, 3)

0,= thané
t

I B AT EhOEAR B SR G ) F AR,
X @ FiR.
x(k+1) =x,(k)+TVsin0,(k)

yt(k+1) =yt(k)+TSVCOSHt(k) 4)

0,(k+1)=0,(k) + T, 1-u(k)

Horp, TONRFERS A, w(k) N ECRE T B2
&,

=iy

X @ " ERR N (5.
X (k+1)=f (X (k),u(k)) (5
SR, AR IRERE S | ZE AR 55 P S BN AN
B DR 3 BRARR T A5 R R 0 1) R s A D R BB S
JE o MR SCHER[4]0 BT, 3% AN E 1 TR 2 R R
iR 42 P RS PR R o BRI AN o IR 2 X A
BAEERMEm, AEX 3 HEA—MEH
TERHE AR E EAE AT d, HTRIERG N
AN MAMRI SR, FFIEE u=tan 5 1E N BRI
fil, X Q) m—PHE R 6.
xX,=Vsin0,

v,=Vcos0, ©

.V
Gt— ftu+d
I ) RTER BV B S R RIS B A,
X (D FiR.

x(k+1)=x,k)+TVsin0,(k)

y(k+1)=y(k)+TVcosb, k) -

egkn):@w)+n(fumq+dwﬂ

Pl dih /e L s

BRI 1 B AN BB d RS i,
H e (8,

|d (k)| <1,
|Ad (k)| =|d(k+1)—d (k)| <,
Hpl LIRS

X (D ATRLE A (9.

X (k+1)=f(X (k),u(k),d(k)) (9
1.2 AXH¥R

AL TR — P 5T 22 4 B 3 M Bt i 2
HlrE, BAAERDT.,

FRE AR IR R TEFE I R G R A LS
av, DARTE R GULETH 6 A FH ARV IR 5E AR A 1 (R
RN MPTILERE, FIFRAES S S S0 IR
ORA R EL, B RS RS

GAFR BRG], & TR
O W AP AR BRI AN L R PR AL AZMLH] A% O
FE TR AR DT O Gl N2 BE BNES, DA IR AR
MUEBS AR IR RIS AR T, AR SRS OR R — A
TR LR, Wk RA N w4 tk. thoh, 7rdk
BEAEPAT R T, B ORRHLRE W R & 2 Tl
MBS ERERIRA, RIE TR IES M.

2 ETHEHMA NMPC 25 2518t

2.1 B
TENMPC 1, i 8] k (e il 5 41 it 5 /s
A REC AR,  F AR PN Bl a4 B
KA (8] T AT SR N o . — i, AR BRI EL
J (k) nl i B TN AL 45 tH 1) RGOS A HlR N 5
EANZEBRARmZEY, Bk 100 Pk,
J(k%:ﬁéHX(k+Mk)—XEAk+nM)HZ+

n=1

N
Sl u(k+nlk) = k+nlk)ll & (10
n=1

Heb, XOUIRERE, X RESHEIIL . u iz
N, u o NIEHANRSEE. EEQ. RA
BUE -

BT (D, J(k)TE— P RRA:

(8



. 90 - B 51

AR 7%

x,(k+nlk) —x (k+nlk)
J(k) = DN vl k+nlk) =y, (k+nlk) || +

n=1

0 k+nlk) -0 (k+nlk)

Stk k) -kt ) an

Ho, AT x,(k+nlk) —x
v (k+nlk) AEBEALFR R B RGURA AL bR 54
SEMFR P T X YRS W2 . 5] =
A, IR 2 ] BT B RTE SR 1E R 22
MR N MM E, AR RCRE,
Ab, FITIR AR FERERS IR, BN T R ALK
5 55 RS A R A Al R IRV -

[(3k) =5, () (s, (k) = x,(6)) + (3,06) ~3,00)) (3,() 3,5

(k+nlk) Ry (k+nlk) -

%Tkﬂutﬁﬁ,ﬁiﬁkﬁﬁ%# ot i)

(o FUBRE T, 5 X T BRI e, | &
@%ﬁ%ﬁﬁﬁﬁﬁﬁ\%ﬁmmﬁﬁmﬁﬁ>
DB A S 2 o

AUATIE, HTREMZERI, h (O "
1, I kB R BR AL 558 AR ST, LS
il s LR T EL MU T I TR k1 25 g (x, (k). v, (k)
RILLE R A HIAT 0 b 5% 8 g (x, ()., (6) )
VIR B, BRI 2 8 S AT L PR
bR (x, (k). v, (k) ) BIN T k957 i g, (x, (k). p, (k) ) A0
sgx,(k).y, (k) ) BT ELARIN BB B2 TR,
B R . WRIRZE IO E U (12) Bk,

LOS

BERTRERR AR ST, ST AR LS b A 2 1)
MIBRES . BAKTI S, BRE d (k) WARNUEER S
PEAF) o R TS, TSR

(12>
2 2
/(x,-(m—x,(k)) + (k) =y,(k))
& =0,-90, (13)
Horft, N RRERYEAEL B, TR R 3
Eopa(K)BIE R, a, T AME b, 8 15 38 11 g )3
?@‘Ao

dobsti(k) = \/('xt(k) _xobsti)2+ (yt(k) _yobsti)2(14>

o, (o, (k) oy (k) ) AR BRI ALR 1 (xp(5)-

Vi K)) R HIE 2 21
PR N £ ) 22 Ak, AR e — M/
PEESARE, BN “RAeE” d g, DAL
Rt 4 2 (8] ) (A1 B 46 AR B AE 2 TS 150 08 (1) 2 42
BELL . BEFRm (15 Fis.
4 Mear (15)

d obsti 2

HAf, rop WIS AR, w, NRILE &
BoTE s 1 ATRBLT RN AR
FEHEBLZERBEKT ST, B IOET 5]
N HR AR Wl (16) FR, RS RS
Y2 18] 1R BE B R A TR 1) 22 AR B I, TR e Fl AR T3
MM TIETT K. B R 2 FEhGI, 8RR AT

+r

safei — safc

AR AR 2 FH o
do su'(k) _dsa i
lg( : . fy ) Nobst
d:obsti(k) = a l 7‘/fobst(k) = zgobsti(k)
i i=1

1

(16)

E2: ARSI EBEIE P, BE & AT
IR G R RF A 6 3E B R R P, AR R AR
¢,mM%&mﬁ§%%%%&%%@%%%éﬁ

Bz oh, BitiXx —AIE ) EEREAUE A A% A R LR
(& 25 49 B Ak 5% ) 69 BRI B, AT SR ILAR A o A

3B & 09 B A 5
AN, R R E A TR L (10D
Fre e, w (7)) prx.

E,=u—u, an
Hep, HEEHIREw (k) En (18 fis.
u (k) = (W-d(k))’; (18)
gi b, AR mEemA (19 Frs.
=680 b (19
HE T R IR i 22 A A A A8 0 00 AR BR 2
X 0 R,
J(k)= 2” E(k+nlk)l s, (20)

o, WO IR BE,  H A R A R 4 o)
ENEEEAR. X QD ~X Q23) for, £



1

SRR ST B T RN LER AR BRI T <91 -

JIA bR KR Oy RS H b B 2> A L R] DL Y

MPC HIPERE .
W= [Q 0] Qb
0 R
Q:uﬁag([wiwlvﬂswgmi) (22)
R=[w,] (23)

Horbs wy v wy v wope w, a3 R B2 Al 2 A T
T e I s 22 6 T 00 e 4 1) TRUARN 4% 1) 2 RS AR T
(A R EL
2.2 IRBITUMEHIHESR

IR ARNURT R 7 A 2 PR ), AR E
JE T I S MR 29 A S R A R, I
e (200 MG B, B NMPC %4k & — A%
FERIAAN SRR (24) Fros AR M IR i)

N
Py:U (k) =argmin > | &(k+nlk)l 5, 29
U(k) n=1

X Q0D R RNISE) L RANIRLI R

X (i+1k) =/ (X (ilk),u(ilk)) (25)

min u <u(ilk) <maxu (26)

min < (ilk ) <max i QD

Her, i=kk+1,-k+N: 3 (25 HNRHIZF) ¥

Py A, Fo X (il ) R (il ) 23 500 24 i B %) &

T i Z R A A R A s (260 R

ou=tand M) AE 2] K, maxu NI H &= & KAE,

minu AR ER/ME: X Q7D 4R i

29, mina EEHIRY R EB/ME, max i AEE]IY

IR s i (k) AR w 18 B SR B o] f 1
Hialk)=ulk+1)—u(k).

SR AR S IR R 1] A B R 4% o 1
g, il (28) Fm.
U"(k)=[a(kk) i(k+1]k) i(k+N=-1[k) ]

(28)

AR AR T4 o R, U %A e 4
)58 — AN JC AR AR X R SEBR N @ (k) =
i(kik), SEhrzdlEm 29 Fix.

u(k)=u(k=1)+i (k) (29)

RGOSR FH OB R 2 R RS ) 46 %
T, BEMRAEAE S MR BES, RS 511
[ERUESE9 DI R I ZEP0E S i PUBE Sk (EZ B AW S
2, RGEAWHITRENMAM, HELHNTESH

PRI MRE B EREE . NMPC BIEIRAE A T Fim o

HYEL R NMPC 2 57

BN KIS ZPRE X (k), 2% F5 X (K )wu, (k)

ST S (k)

1. B EAEE @R, Fas bl i 5k N, L0025 £ 4 2 3, B, » 42 S Bk 11 BRL S 40
YRR, IR UL B AR

2. BEE I 5] &= 0, 36 00 25 50 B 25 ML 4 HLAK 4T 5
3R DR TP, , Bl 8T B8 X (), (k)5

4R )~ QT RARIELEMEPRAL I B, 33 0 (k)

SR QOB A HT A w (k)5
6. ¥4 L u (k) BN ARHLIZ B MR, A B — I ZPRE X (k+1); 15
Bk k+ 1520083

R TSR — AR, ARSI T CasADi EFF K
F2J7, {41 IPOPT R fF 2%, G Hi8Y I th 5 A2 = A
WU (k)FF, MANSENX (k) X, (k) u, (k)
2.3 SIAPEHLM A4S BTN 5 I AE R

BT T () AT, WS T8
IR & R ER o AR SO S ORI &5
(linear extended state observer, LESO) PME %
PR HER d AERY IRREZE, F
FIN O, P T ZERME, Y TR I 25 .

e, =0,-0,
A V A
0=, utd+fe, (30

d=p,e,
Horp, dNTFHfsHE, 0, a0 e, -
B, N LESO AT i3 25 K% i /& Hurwitz £ € 1
FAE AT TS ER, AR e B 2
BB, Bk GD .
[ﬁ1vﬂz]:[woa1,w(2)a2},wo>0
_21(2-40)!

il
He, w, NLESOMIAFTE, o N REL.

AR SCH BB W I B 5 N NMPC H1, IR 51 A
d(k), BAEGRAELERR M Gnl Q4
FERIAG R R 22 (25) ~3X (27) Frikig
WAEME) BAL NPT R I 5], HAHE 2R 2
FizRe

TEPUHR AR T B (RAE SR Y, A RAFE I
Z85 0] FH SR A AT AR MR i), DA SE AR ]
SR

3D

,i=1,2

i



Co B S HAR

H %
AR

)

‘mmm@

safei

NMPC IR AR
i, (k)

x, (k)
¥, (k)

2% {3
Pl’

e
X @+110) =7, (XG1R), u, (ilk), dk))

6, (k)

d k)

[ L SORAS LI & ]

0, (k)

x, (k)
v, (k)
6, (k)

x, (k), y, (k)
B2

~ % N
P,U,(k)=arg m(m) S & (k+nlk)ll (32
U

an=1

A, (32D i B RHLIS B 2= L H ORI 45 2
w, Bkt (33) ~ (35) iR,
X (i+11k) =£ X (ik).u (ilk).d (k) (33
(34)
min i <, (ilk ) <max it (35
H, i=kk+1,-k+N; 3N (33) RRYLIEZ) ¥
21 sAE; X (34) AFEHIEL N, maxu. minu
S AERENDFE; X 35 A EZ
W, max i mina 7 HAEHIGE WD FUE; a,(k)
N w AE BT R BE I ) 3 &, A (k) =u(k+1) -
u(k)o
SRR 12 A E 26 14 B ) 0] A AT 21 e A 35 ) Y =
Hl, st (36) Fiars
U, (k) = [ii,(Kk) ii,(k+1]k)

min u<u,(ilk) <maxu

i (k+N=-1]k) ]
(36)
LhrfEflEmR 3D FiR.
w(k) =u(k—1) +ii(k)
Horb, dig(k) =i, klk)-

TEG SRR, ARGV EHILE 2T
PeAbE, 35 LA O 24 R0 E 210 BPIR S W96 4 kAT
T RX A E GRS, R RS
B RS, H RSN TE 2% AR AR
BERER . SRR R L AR

PLPt NMPC [ B 4# ] IPOPT K fil g%, LAkt
R kA BN O (k) FH, NS ENX (k)
d(k) X, (k) u(k)e

(37

>4
7 % ) A "
/ /
0 ZA
Rz B A

He T B ER AR R ST I NMPC AESE

B0vE 2 LT AR AL (86 NMPC #4632

BN I ZPRAS X (K), 2% 550X, (k ), (k) BEEN A THE A (k)

R P Bt (k)

1B AE QR Pl N, AL 28 11948 25 B, B, 1 5k i B 2
LR, IR U 2 4B

2 WAL < BB 1) k=0, JF46 52 AL 28 4 BIRR &5 O WA LRI 46
R

3. B GRGO) TR H kI 2010 d (k)5

4R ORI FI B P, ARSI X, (k) (k)

S ARAE T (32)~30(35) FE L ML B, 3845 41 (K )

6. MRHER G LT w (k)

7 AR u () RN D, AR — I ZPIRES X (k+1); BB k< k+1
L TRS

3 HEWIESSHh

N T BRAEAR SR H I 7 VA TE B AR BR R T ) R
G0 A AR DA SRR AT AT 1, RS AR AL AT
XL FL . fEf B, RALEHEE L, N 2.4 m, AW
[ B2 B R o3 mis, SRRERT T E 4 0.01 s,
S BRAT IR S5 8 AR R i, R AT R
G5 () 49) 4 B 4 2 AR 38 B 5E M (x,(0),2,(0),6,(0) ) =
(0,0.5,0).

3.1 BREFIRERMERES R

N AT VP Al A ST HY 1) A% R B AR P 4
PERE IR IR, ATy 8 AR E Ak
WUERER — B BEL ML AR S H BT, S
NMPC 5292 1732 4 FH 1) Stanley 42 1) 807E k47
X LEAIE AT o

(1D NMPC: il AEARA 24) ~ 29

(2) P NMPC: =il 4 H Ak =L (32) ~



ERg SRR ST B T RN LER AR BRI T ©93 -

X GD:
(3) Stanley % ffil] #% : Stanley % il 48 H 14 1
X (38) Firrs
L

=t (kL +k,L (38)
u vcos(ﬁr—et)( P os+ d os)

Hr, kv k EINIEREL
DL 3Rzl ds M50 B R 1 s, IF4E
S E = (39) Fias.

®1 NEHEHIRFHEHISH

P ZHE
0=diag(3.1,0.1,0.1),R=[0.05],N=16,
minu=— \/?,max u= \E,min u=-0.5maxu=0.5
0=diag(3.1,0.1,0.1), R=[0.05],N=16,
minu=—/3,maxu= \/3,minii=—0.5,max ii=0.5
w,=16.[ 1.5, = [32.16°]
k,=6.6k,=145

NMPC

P NMPC

Stanley #4 il #%

0,0<1<3
2.3,3<t<7

t
——-0.7,7<t<11
d(t)=110 (39

%m“f}nsxw

2cos(mt), =15

Bl 3~ 5 /R TR HLIENMPC. i3 NMPC LA
N Stanley 2l 23 E H T ELf B 45 . B3 7]
B, SR ORI I 2% REAE RS 1A Ak THEE S ),
R FE T A T NPT NMPC FU AR St 1 5
LRI T, T 3G 58 T R Ge X P 3l I B g
1o EAFTRNEFRRNINT S5 B IRE SR, K
R AR BR R S A HLLE R AR R A i ARSI E . AT
DIEH, TwEEMLSHERAEEIEELS S
BHIWENLIAEE T, A SCHE H BT NMPC AHE % 12
(1) i F% 2 #6055 /)N T Stanley 25 1 2% A1 NMPC ()
WM. B S RR T RIERES B AERES
JIT 7 A R [ s 22 . 26 o @ AT, mT e
MELRNTE 10 s FIRFIRIY fU2 5, 3 FhAS [A) 28 ol e s
TER P NRHLEI S TR T 0.1 m (R ERER R %,
Hordr, $Hi4 NMPC 1 NMPC # % T Stanley 2 i ,
TEERERPERE LRI B /N Z . REHI ML, Pt
NMPC H A5 /N IR 22 AR R i s [, A
MR T NMPC £ Sl , 4524w Bk 72 5 B0
B AR E R . T AEGENMPC, Bidl

NMPC 7E [0 MBI L o ) & Pt X
JAZh T HLENMPC 5L RISl T Al L -

2 -
1 -
g
m 0
&
—1F
2F
-3 i | | 1 Il
0 5 10 15 20 25 30
A fE/s
K3 RSBl dflhiTEs R
30
2R
e e ----NMPC
B 7 _ - - - - HiHENMPC
/ - - - - Stanley# il
{ |
20r || | g
\\ 2645 535 9_|3 935
15+ N\ - x/m
= T ‘\\\

10| 9625

X \
625 3

ANS \

£ 962 SO0 /|

= o \
SN

o ]

9.61f

N /
.3 /
24016 2402 24024 1
x/m //
O - -

=5 0 5 10 15 20 25
x/m

K4 BRATIRERI 07 A5 R

-------- NMPC
7 HiHiNMPC
------- Stanley#% il
03 i
i
g 021
;@ i
E 01!
= i =
OIS e -y PP A\
-0.1
-0.2
_03 1 1 1 1 1
0 5 10 15 20 25 30

A1 /s
5 I i 2 A e it 4

BEAL, e BVl 3 R 5 S A B AR BR IR TR
HE» ASSCUARA I 2805 TR 7 O MR [ AR 73 4 0] 428 72



- o4 - HHRE

AR 7%

Spap NV TR, Wisk (400 ~X 4D Fs.
5IAE:zZ:1( LOS(k)‘TS) 40

Smne= (| LK) T, x1) (41)
HEACERER TR REUNE 6 s, FLPENMPC H] 6,
0.2, f&T NMPC Fil Stanley, #K [10,,, % WL
P NMPC 5 Gt 75 HE AN 12 1 Ji 30 P9 (- 2 28 0 i 22
BN, FR G R S R LA (7 i 22 T AT T
N 9300 86 1) i 22 () AR o LHE NMPC 1) 8,0 N
0.3, KT NMPC {3 F Stanley 5l (1] 15.80 0pup
AL & T AW ZE KN, B2 FE T i 22 FF 28 (1 i
6], X R W HU At NMPC 78 9520 K i 0] 2285 f 22 75
MR ELF, B s iR E k.

W3 W R NEHLR G AR 2k HAE LA 5
R 2GRS Y R R R . s 530
ik BIRHAT SR — 80, A E NS % e
FHIF o

E3: REFPEAYEIZHMRER, Hikik
B 69X A F A R B AR k. [EAFAAs B AZ 8 A
R A 5B HAE A NS HKE R ENWPC F

PLHL NMPC (1) A 3 B 1 15 B RA T 00 e 3 12
BHE31W 8, BWERATTRIZE b, a,ik
BHZHF MR 2~LI PR, Hh, L, NEEYH O
MEIZHEBRANEEER, HilEd, ., —L,,>0-

®2 b ESE

dsafei/m b d ji 1E
2.0 ’
I ~NMPC 18 - Il NMPC L ;
1.8+ [ iiiNMPC 16 B HitENMPC | 5 g 13 o
1.6 [ stanley il [ Stanleyif 2.0 10’
14}
14} 14 25 107
1k 3.0 10°

A (] AR A3 4 X 2 2 /m
[ere] (=}

[=)}
T

6 RIEELERERE

g BRIk, ARSCHE BBt NMPC Re % R
HUAEA BRI [F] N HERf LR B 25 1 45, R LA 4
(w7 [R) RSN RS R 2 o AR T Stanley
il g, PUP NMPC B A 2% 1) B ER 1k e %5
T NMPC, $i4k NMPC B 508/ 1 % i) i 72
PR AR, BEOE TR AL R IR ER R GRS E
PE, IR PRER A SRR SR T P RE .

3.2 EEMEEST

N T IRAIRIFCRMLES A PR IR 2R G075 BE 5 7 1H 1)
R, AT 3MARMER R, bals
Wie 2 FEWT W RN RHLRGAEA A 24 0E B
TR RN .. H, R R BELS SRR,
Ws 2 kRS, R ERERNO0.15. )
SRR 25 NTHd, Wl (42) FR.

0,0<t<3

d(t) = 2cos(mt),1=3 (42

£3 o hESE

(dgapei = L o)/ M a;%MH
1.0 0.6
L5 1.0
2.0 2.0
2.5 4.0
3.0 6.0

K7, B8 a1 B irai ik, Ko,
K10 S 2 T H T s R, B H 75
A5 2 MMM AR M HER, B2 853 1
PIaE R, BAmE, E7THE 2 RE T K
Ve LR A R R B, AR E BT
S T HREFRRIL, R A AR AR R AR AL K AR KR
REHR RN E . EI8FIE 107 A E R T ARHIAEE
LR B AR R R R P R R 22 . R 242
B3 mi, TRREHLKCRLHESHRTE L,
TNBNHERBEEAE 5 s A 58 SRR Bl R J5 ~F 2 Wi 8
BB PR ARG o A8 H A TR 1 22 42 BE S 2 1
T ENARHEIRE = AT BB A 11
FIAL, YLl as o SR AR, RESS S TIE AL
F), BABGRPINEETT. B 12 BR TEERMEL
FAET . NN X 22 4 F 5 4 I (10 38 e
1o Horr, BESKENTENKIN S E iR, 26



1

3

BT A BR RS TE AR LR AR BRER A0 T 2 ) <95

RN T NN SEBRIZ B A%, 15 5 1B 2 MR

RAHUEML I 22 22 X3

LR ERTA, AR HPIHENMPC, Af AR
WUEAR % i B e T seBLsE R DI RE, IR AEig R
RS BAEE EREDIRES . RIS, 242 S E R 2%
MR IS, 3T 22 PR RS A B AT e Y &

VAR
10
e
——d _=10m
sl safe
dsnfezl's m
SSE S dsnfe—2,0 m|
61 dsnfe_ Sm
............... dsnfe=3 Om
R f
4
F —
oL PN
0 N
2k
.| L ; I
0 3 15 20
7 TR [F) 2 A 1 1 B 2L
6
- dsafe 1.0m
——d_=15m
5r----d, =20m
~d =2.5m
............... d =3.0m
4
E
H
E3r
=
#= s
2r L
1 -
. \ . . wi
0 1 2 8

SRR WL 2% PP T 42 1) 7 %

8 TN [ 22 A B A ) L B A B 1]l 22 1

BESRE

BERTE NARHLBR AR B ER R GEAEIBAT IR P T
RAEN AT NI, ASCIRE T —F2E T

SEUREEax

S, ASCHR I R BT TN ) 7 S B —
Ho —J5M, ASCBC I HCIRAS LI 25 Ae 5tk
FFREHERL A T TE NN A B B33, fRAE 1

16
14
12
101
s|[— 5%HE — 1w \
g || duTlim----d =2m )
= 6L dsafe=2.5 7 [ —— dsafe= .
e /
4 ke
2F
0
) . . . .
0 5 10 15 20 25
x/m
KO TR Rl 2 4 iE B I 2L B AR e e 7 1 45 R
5.0
—d _=10m
45t d=15m
----d_=20m
40r d"=25m
I ) d,=3-0m
E30F
e
E25F
= i 2
201 N
L5 "
1.0F
0.5 \
0 ; . ity
2 4 8 10 12

6
B A]/s
B0 B ANIR] 22 4B 5 (10 21 G2 i A5 e e A 1]l 22 10 S92 )1

2.5

20F

15

1.0

0 5I IIO 15
i 8] /s
11 T RR AR TR it 5

PRI S P IR R RS B s 55—, JEa A2
T2 A B B IR AR S I SN AR, SEBL TR
r B ORI 2 B RS Y e, B 1 K



. 96 - B 51

AR 7%

y/m

EE7 7
- - - - HiPNMPCHE I
A

)
SN\
5 .
oF - 'F‘\\ b
\ . . ) N . )
-5 0 5 10 15 20 25
x/m

12 SRR B R

PEMbIZ SR B NRHLI 24t b, B4 AN
SIS S5 RIS IRAIE T A SCHR H I ST T 246 05 SR 1

ATAFHERRARYE . RRITHF IO SR AT

T RELRE Sy, I — 2 1 ey 8 o SRS 38 LA AT
BHEE

EEPEE

(1

(2]

B3]

[4]

[3]

[6]

71

(8]

[

REE, EFE, i, 55 AT AR 3 3 AR B BE R AR [1].
BHERE SRR, 2019, 12): 107-117.

KANG M Z, WANG X J, HUA J, et al. Parallel agriculture: intelligent
technology toward smart agriculture[J]. Chinese Journal of Intelligent
Science and Technology, 2019, 1(2): 107-117.

FARAG W. Complex trajectory tracking using PID control for autono-
mous driving[J]. International Journal of Intelligent Transportation Sys-
tems Research, 2020, 18(2): 356-366.

LIU Y J, CUI D W. Application of optimal control method to path
tracking problem of vehicle[J]. SAE International Journal of Vehicle
Dynamics, Stability, and NVH, 2019, 3(3): 10-3-03-0014.

DING C, DING S H, WEI X H, et al. Output feedback sliding mode
control for path-tracking of autonomous agricultural vehicles[J]. Non-
linear Dynamics, 2022, 110(3): 2429-2445.

TIAN Y, YAO Q Q, HANG P, et al. A gain-scheduled robust controller
for autonomous vehicles path tracking based on LPV system with MPC
and Hoo[J]. IEEE Transactions on Vehicular Technology, 2022, 71(9):
9350-9362.

FU W J, LIU Y, ZHANG X M. Research on accurate motion trajectory
control method of four-wheel steering AGV based on Stanley-PID con-
trol[J]. Sensors, 2023, 23(16): 7219.

TR, BUEE, MR R AR B & R I TR A ER R ).
PG 581, 2023, 40(7): 1287-1295.

DING C, WEI X H, MEI K Q. Adaptive second-order sliding mode
path tracking control for agricultural tractors[J]. Control Theory & Ap-
plications, 2023, 40(7): 1287-1295.

ZHOU B C, SU X, YU H J, et al. Research on path tracking of articu-
lated steering tractor based on modified model predictive control[J].
Agriculture, 2023, 13(4): 871.

WANG M, NIU C H, WANG Z F, et al. Model and parameter adaptive

MPC path tracking control study of rear-wheel-steering agricultural
machinery[J]. Agriculture, 2024, 14(6): 823.

[10] ISIDORI A. Nonlinear Control Systems[M]. Berlin: HeidelbergSpringer
Berlin Heidelberg, 1989.

[11] YAN Y D, WANG X F, MARSHALL B J, et al. Surviving distur-
bances: a predictive control framework with guaranteed safety[J]. Au-
tomatica, 2023, 158: 111238.

[12] HU Y, LI B Y, JIANG B L, et al. Disturbance observer-based model
predictive control for an unmanned underwater vehicle[J]. Journal of
Marine Science and Engineering, 2024, 12(1): 94.

[13] LI Q, LT H M, GAO J B, et al. Nonlinear-disturbance-observer-based
model-predictive control for servo press drive[J]. IEEE Transactions
on Industrial Electronics, 2024, 71(8): 8448-8458.

[14] 7552, XUB T, MR, 45 HETERAE S8 — BURK FHLE AW A 5

R[], B BB SRR 2R, 2022, 4(4): 533-541.

SU Z, LIU DY, SUN D Z, et al. Path parameter consensus-based for-

mation and obstacle avoidance control of autonomous underwater ve-

hicles[J]. Chinese Journal of Intelligent Science and Technology, 2022,

4(4): 533-541.

VLB, 25500, YERNIE, 45 . R B R RE S M. Trik. JURS R

B[], BHERN A SHOR AR, 2024, 6(1): 17-32.

SHEN TY, LI Z W, FAN L L, et al. Embodied intelligent driving: con-

cept, methods, the state of the art and beyond[J]. Chinese Journal of In-

telligent Science and Technology, 2024, 6(1): 17-32.

[16] TK5%, SCIH, FWeZR, 55 . 3T ootk TD3 S IO HURE 2 fe ) 77 72
WEFE[I]. B Re Rt HEOR S, 2022, 4(2): 223-232.

ZHANG Q, WEN W, ZHOU X D, et al. Research on the manipulator
intelligent trajectory planning method based on the improved TD3 al-

[1s

gorithm[J]. Chinese Journal of Intelligent Science and Technology,
2022, 4(2): 223-232.

[17] ZENG J, LI Z Y, SREENATH K. Enhancing feasibility and safety of
nonlinear model predictive control with discrete-time control barrier
functions[C]//Proceedings of the 2021 60th IEEE Conference on Deci-
sion and Control (CDC). Piscataway: IEEE Press, 2021: 6137-6144.

[18] ZENG J, ZHANG B K, SREENATH K. Safety-critical model predic-
tive control with discrete-time control barrier function[C]//Proceedings
of the 2021 American Control Conference (ACC). Piscataway: IEEE
Press, 2021: 3882-3889.

[19] CAI' Y Y, WANG G, ZUO ZY, et al. Safety-critical control for non-

holonomic tractor-trailer systems using control barrier functions and

differential flatness[C]//Proceedings of the 2024 IEEE International

Conference on Mechatronics and Automation (ICMA). Piscataway: IEEE

Press, 2024: 864-869.

SOITINAHO R, OKSANEN T. Local navigation and obstacle avoid-

ance for an agricultural tractor with nonlinear model predictive control[J].

IEEE Transactions on Control Systems Technology, 2023, 31(5): 2043-

2054.

[21] SANCHEZ I, D'JORGE A, RAFFO G V, et al. Nonlinear model predic-
tive path following controller with obstacle avoidance[J]. Journal of In-
telligent & Robotic Systems, 2021, 102(1): 16.

[22] RUBAGOTTI M, TAUNYAZOV T, OMARALI B, et al. Semi-

autonomous robot teleoperation with obstacle avoidance via model pre-

dictive control[J]. IEEE Robotics and Automation Letters, 2019, 4(3):

2746-2753.

BT . N PID HORE“ B FIz i BoR [J]. 4246 TH, 2002, 9(3):

13-18.

HAN J Q. From PID technique to active disturbances rejection control

[20

23



ERg SRR ST B T RN LER AR BRI T ©97 -

technique[J]. Control Engineering of China, 2002, 9(3): 13-18.

[24] GAO Z Q. Scaling and bandwidth-parameterization based controller
tuning[C]//Proceedings of the 2003 American Control Conference, 2003.
Piscataway: IEEE Press, 2003: 4989-4996.

[25] WANG L, ZHAI Z Q, ZHU Z X, et al. Path tracking control of an au-
tonomous tractor using improved Stanley controller optimized with

multiple-population genetic algorithm[J]. Actuators, 2022, 11(1): 22.

(fEZE 7]

&
Wi

HEHEE (2002- ), &, LHAKFHAFL
TAESBm A, FEPRIT AT ALK
MURSE RIS ) 5

{

&M (1994- ), 53, HlE, VL RE¥EE
SEE LR, FTERA RN
TENRHRG . PiHPiseml. e IEN
ECTHIEST W e

TikE (1983 ), B, fL, LHRE¥EE
A B IR E K. Bd%. W4 S0,
FERAFTATLENBI RS W]
it 5R %,



