20254 7 A
a6l 4 M)

M K 2 (T %) Jul. 2025

Journal of Zhengzhou University ( Engineering Science ) Vol. 46 No. 4

XEHS1671-6833(2025)04-0024-08
BT 20K i 77 3% B R 41 BR 12 BR BR 52

/A", = A, N
(1B K2 A 558 TRE5E W I 450001;2. FhefR 0l zh & 2 E &S 082 W & H 471039)

W OE. AT AEASRIOY A TRNEMTAERBOREHEERS , FRETHLAAFFLRETAEEER
AP AR\ AL T R RS BRI X R E A TS R T 2RI F ok T R 4569 3%
BREHFAE, KA ZREAGRA RS (PID)EH AREENEAN L EHE  ERARERARET 5 MEE
Bk TR R BRI A, ERAV A TR B TR IR BN T RAERR M LR

S P T ARl e A R M XTSRRI, BL LA A 0 R M G SR
@A Yoh, B, A, SRR, BARE

FE S %S TK262 XERFREARD A

A WL B A5 4 RO AR R AR HEBh R
Wl & R R T B R AL A B T A
BRAEA B0 WL T Al A 77 7K DL K B
(0 )P SR AT 2 S 8 I B W T AR PL I A R 4
HRARHL A Bh P A A oy,
mh B AR ML 7 A X 2 5 A A BB OR E AT DL TR
TINORS 755 250 b 4 B A T A ) AR P A A ) R A
k&R,

LAk, [ N D22 38 BT R AR BIL Y % A0 IR B 4 ol
HEAT TR BRI ST, IR 4 T — SR Bk . R E
BRI P ST R 2 T i i ML A AT B A R e AT K
1, R M FPID 54 7 2 TF & H v R 45 &R 4 DA 5
IR IVE . 1% R G0 AT LA 7N B 2 1) A bR skt e
BRI BRSO T T BP M4 M 4
IR B 2 A e A LT R B ek o A R B X
T SN A R B 26 A B 1% S U 57 3 AR AR AT 5
BeAE TR, B — & R, NS R
T TR B A 23 AT Y R Mk ML 1 2k
PEAR SRR 5 vk DARH [n] 15 22 R0 0 RE A S AR 45 0
R A AL B A S (RO T 2N TR H
P 3% A 1 X 2 A A 3 R A ) 5 ) AR X A 2 PR R
PBIE T2 46 e Sr T P ALY B AR 4 B ) o
AL R Kalman 3§ 37 A7 85008 Br W A EE 52 PR

I 5 B #:2025-01-03; &7 H #§ : 2025-03-20

doi:10. 13705/j. issn. 1671-6833. 2025. 04. 019

[ 52 W, S BT AR RD 5 R X A R B ML Y B
£ 81 1 B <L R BU I YA b 13- T L /R
A o R B 5 2 B0 AN A BT BE B 4R T AL
H 3l ALY B R R B H RN A i AR
TE 5 5 [ 428 MR 4 o1 Oy ik i 45 45 5 O ik B AN TR
(R RF s LI P E A% G2 (Y PID 4 il B A 25 4 15
B R O SR A AEAR LB AR IR BRI g2
s I o2 s o - S o R o e W o B D SR )
ORGSR AR A B R AT LA
3 o X Bl ) ST AR TR AR R G S B
AN HA AR5 A& B 1, (B2 BOR R i R AR
I 7 FOE B B A SR R, R T R SR A S
PRAGHERE N A A S B TR 4%, Bt AT
AT B P SR Kb 3 25 WA IR 3R 96 1 4% DS B 5 3 A
J, AR ML R Ge AT AE S 5O i 1 P B AR IE &R 40
ARaEE " AP AR IR i B AR B — &R A
(18 5 A =l 20 P 4 o ) 76 2 2R i AR VR R85
oY A o B L A o A A P RN AT 1Y A 3
PEA REBA PR AR WX 27 [ 428 10F A7 B B A5 2R AEL 1)
PR SRaE e

AR SCHRE T — B 3 T A IR ] 2 0 AR B A
PREFAR ], 7R EALE 5] A —AS R AR B s ok £
R HLTEIZ 3l 32 5] R G2 sh AR 4k DL AR T

E£TH HEAAREEERIIA (52106030, U23A20340) 5 H, 77 5 55 6 5 55 9% % JF S (SKLD21KM 14)

EZE B =AM (1992— ) 3B B B A AN RS4RI BBz, 1, T2 G 0kl | A ST 4a il i o 5 K AR R HL
ZG AN A , E-mail ; wuzhenlong2020@ zzu. edu. cn,

SIARI  RIIE B, X LD, BT 23K i 77 vk A A AL B AR BRER R0 [ 0], RN R 22 4 (L2 AR ,2025,46(4) 24—
31. (WU Z L, LI L, LIU Y H. Path tracking of agricultural machinery based on fully actuated control approaches[ J].
Journal of Zhengzhou University ( Engineering Science) ,2025,46(4) :24-31.)



54 #

RARTe 45 T A W ) 7 s B AL AR BRI 4 25

F 82 M), AR AR ML A 12 2l R P ST B A R AR B
Tt 5 v i 22 3 ) AR ST i AR L A 22 B
T AR A g A BE R 40, O 2k T A IR A O ik ikt
RS E e e E i EAaiBE (i SN R VR A
GUIRZS WCSCEE T8 A M BR B R R O B A
SCHIT B G A O 1 S B S A R A [ 5K
B PR B AS [ 5 4 O 92 0 B X LR AR SO
BB R

(1) K A HIL 224 114 Db 22 B0 7 = B B e Ak 0y 4
RGUIE A v il R o A, S BT Rt T
HZH RGN,

(2) 3833 51 A S8 B 1Y J5 2R i A SO et
Y 4 B il 6 B R TS B, A TR R R S
ST S5 i

(3) R 4R AL 3k, r i B AT 1 A8 AN [R] 3 8
T el s PID P A A T4 B e pr

1 KRG EEREMESER

1.1 BIRVEBERRERFEEIEHNFEES

PhAe AR v i DL B R AR 5% 1) S 46 3K 3l =X
() A AL 2 50 R A 5 %o G, AR Al TG R A i /NI 1 A
JEORAT Bl AR B R A R R R E S T
WL AR ARBR RO B AL AR BL I AR IR
B BEME 1 s, oy G ig A7 gk
AR AR L B R EWR R AL
C HaREHT.O B IEXHEFHSH KK LR
B LRI ; o NRETFRFE MM 0, N EWM
ATl A5 0, SRR 1] F 5 L, A A A R 1 D 22
6, =6, — 60, AL 2=

ylr

><V

0

B1 RUBEERIETEE
Figure 1 Schematic diagram of agricultural machinery

path tracking

FIE R RNAEAT IR R T AT A
A S A LA R A AT Bl R v - T () A7 7 A A

FH A 22 3 5 4% 6 D I B SO — A
Fh S8 30 L T 50 D0 T 0800265 ) i
oS (SHOR R RG RS A SR )
KA MBI B AF R Gh e IR T
R ) T B 1 o R 22 L AL
(22 0, M R GRS ik, AT 78 A LB 0 B O 2 30
Ty O R

L_=-m|v|sing,_;

o0s

AH: m 7 R A TR E R BL G R AR RO
BHEF (p=—-1) BUZ BT EH (n=1) J7 MR BEAT X 2 %
PRARHEATIRER 5 k ASH R d RITHE
I R R A7 ) AR N AR SR B
1.2 HBEURNERRS
Ry 7 AR BIL AR BRI A o A 0 B, AT LY R
HLA A0 0 47 B 7 1] DA B X 2 2% B 4% 14 BR B ) 47
BEE B AR SO 32 425 0 A HIL 4230 Sy D 1) 1) i A 7 3
i, AR B &1 5 18] (n=-1) ZREESH MR,
"G U T E X .
x, =L ;
x, =vsin 0 (2)
KoL R ] feg 22 1] i
Bl (2) B F ) o (1) B3 =3 1)
ATV LRI

X, =Xx,;
k(v -%7)  v(v? -x0)? (3)
x'zz + u+do
I+ kx, L
st x =[x, x,]" e R WAGHRES I u =

tan & W ERLEE L

I R A T A AR

EX 1 KRHMERSNI 4 B2 v M, B2
BRI R, T (d <, |d| <

EX2 MTEEMAEMx, ¢ R, v e R, #jfifi
b )
e ) s

P53 WAL X1 2 OB, DT DL
S R SRS, 65 (3) S 1 ARG
ABNE 2 A D & B AT LAAR 3 DL R 23K R
st

oA T ECH U M), (4)

RO 8 b )

A fC-) = 6() = —————;

1 + kx, L



26 LN s | S QU )

2025 4F

Af(-) =d,

AASCHAHE X 1 g X 2 T4, 7 ik
RGEX (4, KL BT AFC-) BIEEELE ]
WMEy,H detG() # 0, WRGEWEETRAFEN
M RSN

2 = HISREYIR T 5 Y S i e AR

Pl fw A9 BT H bRl R S (4) fE P i it i

Y A K T 4% B T, AR L A4S B 7 X 2 7% A% i

AT BRI, T 7= AR A4 A 1 i 22 A0 1) D 22 AE AT BR

) P9 B % A B IR A0 R 4 R A R ep

WL EEEH, AT EERNGIASHES, B
Jegh h DL LA 5 1 E X

A, =4 A A, 15

P(A, ,.)=[P P, - P]

5

0
PL(A0~H—1) = P(Ao~n—1) |:I:l 5

DA _ : : : : )
( 0~n*]) 0 0 .. I
_Ao _Al _An—l

EFE1 XF Yu>0,0 34,,i=1,2, LR

HR L Re A (D(A, ) < - i=12, K&t

[\

ST B, WA — A BB P, W LT A
E
D' (A, )P(A, ) +P(A, DA, ) <
-uP(A, ). (5)
N mﬁﬂlmﬁﬁ%m+%4%%%%,
A7 — A IE A P, WAL
(«p+i1) 1P+P(tD+’uI) < 0. (6)
2 2
B EARANGE (6) I I HE 47 B, H) n] 45 3]
AEX(S5), U,
2 YRS AR08 R
(4 2Umt, AT LASE 8 AR s ek A s i 2
u=-G"( -)(AOle(O”) +u’);
. 1, ., 01 (7)
u =f(+) +—p P, (A, )x o
de
X e NIEEBHEMIER; p KRG A E
S
I B PR 4 R R (B AT DA S 3 DL Y
BRIX 35, .

@#,e(o) — {x(0~1)

Kb w AAEES E W IEEL
TE 52 BRI - 22 G0 R 3 Wi S30R A R DX e A
AJ LA i 3 2 R L AR AR R e, 1 O
/N & W RPEAT IR Y
ERA R R (T ARG (4) TR
MEILLUT AT RS
F+AX+Ax=(x""), (9)

GRS (®)

.
pPI(A4, )x"
S AL (10)
B 3F 2400 (9) shAr B B, T LAS A AR OIR

S EE A

W<x(0~l)) —

OV =d(A, Hx"Y + ° 0 (11)
0~1 W(x(0~1))
HF G (4) PR LT AR 0 R R
S= R, (1)

i (1) 5 (12) JF A
S<-puS+ (x°")'TPw(x"),  (13)
MAERX(13) 1 (xR, W (x"Y) B4y
PR A7 T ) A5

(7 )TPW(x) <p(x) [ PR +
PG P e (18)
4e

S F R AR R (13) i (14) HE 4T 4 895 ] 72

S’S—ILLS+8O (15)
Py A T 7
S<S(0)e™ + (1 -e™), (16)
M
Bt (16) T % ¢ — o B
s< 2. (17)
M

M (17) ATLAR L, Y 0 — o B, REHRE
KshE) O, ,(0) IIHEERIX I, iEEE,
3 EHISREIKRE
MR 2 7 00 B, OF 45 A R LA TR R R
(4) AT BLG 40 2000 BB A 25
w==G6() (A, x"" +u’);
18
R B L R IR
4e
o o AT i B O 7 (0 00 R G4BT, 7T L
IS ASHE B F 5 Z o ok i 4 0 2 op



54 #

RARIE , 45 FE T A R A 5 35 B AR LB AR BRI 4 27

WREARAAEGE A, - P (A, ). TEXNSHEE
M F e R HEATHEHCHS , BBV A2 XTI R &R
BT F AR B X — S5 BRI AT , T S BUERE Z e
R AYBEHC, AT AR AL P A A BB, W T RS
AWMSEHEFSZ, HlE A, URAES 5%
H e R, WA LT &R ke,

®(A, , ,)=HFH ', (19)
Hrp,
A =-ZF'H '(Z,F); (20)
Z
H=H(Z,F) = ,detH(Z ,F) # 0, (21)

ZF"!
F DL B AT A 4 R 2% BT VB A Y R
SR A, | P(A,_ ) SEATRMEEE, o] LK 2 508 B
F5Z#%itN

Z=11 1]; (22)
po| 40 23
_|: 0 _5:|o ( )

45 P S HOE R4S 6 5K (20) Ak (21) iR fe
DI 45
A, ,=—ZFv '"(Z,F)=1[20 9]; (24)

H= H(ZF)= [ ! _15} detH(Z,F) #0, (25)

FRLL T IR
(tD(AM) +%I) TP +P(<15(A0~1) +%I) =-1, (26)

WA AN AT
P'(A, )P+ PDP(A, ) <-5P, (27)
5 A % (26) 5AGEX(27) 38 o K A 0] 15 LA
TER .

(28)

{14. 866 7

1.883 3
1.883 3 ’

0.366 7

HP(A, ) =P(A0N]){ﬂ A
[1. 883 3:|
P, = . (29)
0.366 7
4 FEWIE

Shy T S b 8 AR ST B A A o O I LA R
R 65 M 5 AR I 3 O M 0 ) E A fE T 0L S R
G TOLP AR RIS 58 T 4T PID #5i | A Bt P 4% il
SR ST I A O i R B S ST
B %h iR 22 (MAE) 5377 # iR 2% (RMSE) X A [7] By
BT 7= 26 0 B ) 1 22 AT g Y i

PID # il #8 H ARIS BOEBCH K, = 100,K, = 20,K, =
80; ABTHMEH A F S8 b, = 0.01,0, = 400,
w, =0.3,
4.1 HREIRTAREEHFENITLE

W AL R IR 7 2 A b 55 275 A% ) RS B o7
BOMA (0 0 0).(1 0 0), MHEERHLAIE
SEATHEE R v =3 m/s, ERIMHIEE N L=2m, &
AN k=5, RO AT RS R ok 4
ANB B, BB AN [R] B R 0 AR B P s AR R A ML 2R
TR TR A AT 3 R85 o SCR B B 3h i ik
Fd=vg(t)cos0, , H,

0,0 <1t < 3;
3,3 <1t < 6;
t) =45 30
g(t) Et—3,6$z<9; (30)

2sin t,t = 9,
K2 FIE 3 RRFEARME LOU T, R AL G A7 5k
i B 52 B Bk 4 Fh O [E) B By ok AR S B
I, 2R 48 0 R 16 D 22 -5 0 1) i 22 b ey ozt 2k

12}

N QAN

~ AN VAR VAR VAR VA SN VA v
£ f ——— AR
4 0.8 — B
= ——PID
E o6l —— B
2

0.4}

02}

0 6 12 18 24 30 36 42 48 54 60
P i /s

B2 1 e 2 e R gk

Figure 2 Output curve of lateral deviation response

3

2H

14 2 /rad

-7 — A vkl

0 6K 1‘2 1‘8 2‘4 36 3‘6 4‘2 4‘8 5‘4 60
i [6)/s
B 3 (e fm 2= 0 S 4 il gk

Figure 3 Output curve of heading deviation response



28 LN

2RO D

2025 4F

oI 2wl DU FEbn E T 00 3 Ff AN ] A9 4%
77 V5 X R AL AT AE 4 A A R B B 2 25 B AR 47
BB 4 T N e 2% AR G A 1] i 22 D BE A S A B E
{61 m BHL, (U225 R A PO S I iE s, &5
Ao A e o K HL B T I ] o, TSR T PID 4 A
JPEE, B b TV ] B R G AR A 1R 25 BN W
o AT AL S PID $2 5 U5 ik, 7 A SR
e Y A IR 75 2k B9 AR TR AR BLX A [ B B i
22 P A AT BRI, 23 52 B OR AR P B A2
AR S, AL 4 90 7 S I 1) A R RS K 3 B 7
6], S BOH BT /N B AR E R A SO
H A A A Ok R R R 2 /N R BRER AR T
PID #7765 A YU HIIr ik, 3wl UFE
Hy 3 AN ] Y 45 ] 5 0k AR AT LU AR R BIL A4S B AE AT
i A b AT i i 25 WG SCE R (HR A BT S
SRR 7 3, SR AR SCER H A8 9 4 07 ik A SO
FH A B T B S, WA SRR B

i 3 5 LS, 0 AR AL AR AR S [ B B A A7 B
1L R R A R 1] R 22 B RS BEAT gE T, O AR A
MAE 5 RMSE W) 33823 30, 3 e fE T 0L R, R
FI PID #il | H UL il 5 A SOy 4 Bk il 07 i AR
Gk 1 1% 22 (0 MAE 5 RMSE (9%t b, gk 1 fiis

F1 3IMAFERBMETHEERZENSIT

Table 1 Statistics of lateral error at different

stages of the three methods

¥ il MAE/cm RMSE/cm

T BB LGB 2 BB 3 BB 4 BB 1 BE 2 BYBE 3 HrBL 4

PID 13 7 5 1 64 25 9 3
Adtit 50 25 5 1 83 42 9 2
Bl 9 2 1 1 22 2 1 1

MR 1 T i ECE AT LU R L AT B i
Az B 4 NS TE B B R AR B sh i LR R
L5 i) PID 456 7 vk 5k A ST 45 il 0y ¥ i R Go kK
i) i 22 PE B W) LA P E M 1 m 4b MAE 5 RMSE 1
AR AL S BB A T SR FH AR SCH Hh 1 4 i Dy vk e
S P A AT IR B IF MAE 5 RMSE 14 72 46 9% 3h
TR/ R/ INME B 5N 53 A0 R O R
Fe/ME 3% 26 WA 3 T 4 IR s il 325 B0 AR ML I A R B
PRI AR TSR PID #65 A o, 4
AT I A2 2% 0 A AR M 3R 5 DA R 37 ) 22 R 1 R S0 TR R
45 MR B, T LA A U A AL 7 A X S % i
PR EAT BRI B R T BB A8 B 4F b 1 A% R 4%
(VR ML R 5T W 2 AN R AT 55 75 2K
4.2 AHEIRTEHAEOTL

T 32 51072 30N BB R 19 22 50 DL AR b 34 855

14 22 B 1 55 DR 2R A B2 ), A AL A A AR e L o 2
Ay, PR HEAT AN 2 00T B9 42 ] D7 ¥ X e i T
DA R P ol A2 vk e aod A A L A A 0 e
Z75 BRA I M R AN ) S BRI, IR 4G 5 7 Ok
BE— 2B YR SO $ 1 A4 4 5 O 05 R A T A B0
PES RSN, 45 LU & CRIPEREPE A 1545

| = }
IAE,, =g( ;MAEL. + 2} RMSE,) , (31)

5 A L2505 (4 A7) s A7 248 A b N AT Sy A8 A D
RAL T E 2% B AR M 0 ko= 5, R ALEY AT Bk
JEv h1,1.5,3 m/s, [H@ERHLAYAT B E v 58
¥ i RAT I E 3 m/s, ES B AR E R
5,15,25 7E AP SE B0 [T 5 T 225 PR AR A0 1R A bR i
BN (1 0 0). (1.5 0 0).(2 0 0), 4=
2 AR 0 1 3 5 AL A AT g B 1 R A AR L R
W)Y LAGE o PR BE VR 48 AR AR, B RN R AT A
Wr.#5 TAE | (A /N D356 I A ML 4 0 %k 2 2% B 42
F14) BB S5 R 5 S 2 ) R R A 2

K4 A S 20508 K PID 546 A did il S
AR ST P4t H 8 43 1 1k INE R 8 4 ) i 22 e 1z T 2k

25

[ Y
2.0 pi-sesa

B 15 bS8 S
w
E
=
&1
< Y < P
- i ;| I— il
05 ---- o2 [ A— & ________ ¥
{ ----PID B 1D .1, [ — PIDF
! Eﬁﬁtﬁfﬁﬂ Eﬁﬁtﬁfﬁﬂ H puh sl

0 6 12 18 24 30 48 54 60

I [A)/s
4 HESEHMELAREETIMAENEDRZ

Figure 4 Lateral deviation of three methods at different

3() 42

speeds with the same reference curvature

25
20 #' RS - »—\‘.—. oo
§
H
= l|
iﬁ 1.5H i M S R 6
= i
E |
K ofses B e e e e A
! k=25
[ — _A il [Ny =7 | I L
) %ﬁﬁ ............... %ﬁf" =
---PID: e PIDFSGHI - e PID il
H puh il Eﬁﬁtﬁﬂiﬂ =E7 k7 Kt
0 6 IZ I8 74 10 ?6 47 48 54 60

I /s
Bs5 HEEEARNSEMETIMAFENEEEE
Figure 5 Lateral deviation of three methods at different

reference curvatures with the same speed



54 #

RARIE , 45 FE T A R A 5 35 B AR LB AR BRI 4 29

M & 4 RIS W] LLE Y AR MLAT 3 R al
S A MR kR AR BAR 3 Rl OR TR Y 3 i
AR 1 22 5 (A 1) i 25 e A A TR0 1Y) R e o 1
ZEMHE ARFEASCER A T IR VER T RS 1E
AN T B BT 7= A ) R A 15 25 B I N 15 B Y 1 X
AN TR] B VR S0 58 B AR SO A 4 ) 5 vk A T A
ORTA 8

Bl 6 g AR 22 s A il 28 FLAS TR A7 B 3 2 1)
PEF RV WE I A B 8y 1AE, FIXT LA
L6 AT LUE R AL R AT e B S S %
PEAR AR Kk AR AR A SR ] PID 56 8 A BT
2 SECHEREVEMN F5 A7 TAE K T 4 B4 4 7
B IAE,, WEEIARSK B W B R e, I A 7= A
RGBS . X R WAL A4 AE A A i 45l AT 55
N HEAT RN B SR A AR SCT $ S 4 ] O ik AT LA
i AR ML 4 3 8 R v A5 b BR R S 25 AR

040F s
035
0.30f

_0.25

1020}

0.15F Zmdz

0.10

0.0

I4E,

PID {5

55 i

3 e 1210
S s olsleld

— 24222

k 2123535 02.82.6 )

BE6 ARAFESAEMETHIIEHE

Figure 6 Comparative simulation at different speeds

and curvatures
5 #ig

B AR R L Bl B 52 0 T AR B0 275 AR
F R 2 42 o I AL, 5 8 B AR L A R B BT B i &
AV LA R AR BLAE b 25 558 B9 22 4 1 45 R J0AS Wl 7 T
AR SCER T T A UK 1 O 05 A A PIL B AR R R
P AW BT T B A E T A IR R G
PR o Iy S uG R W] TR AR ST LT A%
AP HITR 2R GEIR 25 AT LA 83080 AT 3 B0 A 3k X3
FECT PID $ifil 5 A PUH il 7 vk, BAT B e A9 %
WG S EE . T — 2K T AL 42 4 10 55 42 51
B AR 3l 5 A7 S 56 6 ik A SC T i O vk A
Rk,

SR

(1] Tk, BRI, E%E, 5. o ANANUAE L 2R 5
FARZER[)]. ol TFE2=H, 2024, 40(8): 1-18.

[2]

[3]

[4]

[5]

[6]

[7]

WAN H, OU Y Z, GUAN X L, et al. Review of the per-
ception technologies for unmanned agricultural machinery
operating environment [ J |. Transactions of the Chinese
Society of Agricultural Engineering, 2024, 40 (8): 1-
18.

BRUT, B, B, A RERH R RS R
HJ]. HhibZH, 2013, 39(4) . 322-346.

CHEN H, GONG X, HU Y F, et al. Automotive control;
the state of the art and perspective[ J]. Acta Automatica
Sinica, 2013, 39(4) . 322-346.

T Y&, M, ZhM, S5 /N g A =l SRR
HUSAL g PID ¥l g5 3t (1], &l TR %)k,
2019, 35(7): 12-20.

DING Y C, HE Z B, XIA Z Z, et al. Design of naviga-
tion immune controller of small crawler-type rape seeder
[J]. Transactions of the Chinese Society of Agricultural
Engineering, 2019, 35(7) . 12-20.

HBRE, S8, &, % RILSN A K IEE R
WG )], AR AL R, 2015, 46(2) : 1-7.

BAI X P, HU J T, GAO L, et al. Self-tuning model con-
trol method for farm machine navigation[ J|. Transactions
of the Chinese Society for Agricultural Machinery, 2015,
46(2): 1-17.

T, R, SHIRE, 4. T PID 426 (9 Hi Hi AL
A m RS 1], RAMEBES, 2009, 31(6): 211-
213.

LIAN S J, CHEN J, JIA H Z, et al. Automatic turning
control system of tractor based on PID control[ J]. Jour-
nal of Agricultural Mechanization Research, 2009, 31
(6): 211-213.

B, BB SC, R WL Bk s R Y b AL
L Sk s 1 Pkl ek (D] STRHL TR S A, 2010,
46(21): 216-219.

HUANG P C, LUO X W, ZHANG Z G. Control method
of headland turning based on improved pure pursuit model
for agricultural machine[J]. Computer Engineering and
Applications, 2010, 46(21) : 216-219.

FE/NVE, BA A0, ZRENE, SR, B 8 AU BB AR
R 2R Ge A A A oAk 7 2 [0 ] RO pL A A
#, 2018, 49(1) . 29-34.

TANG X T, TAO J F, LIZ T, et al. Fuzzy control opti-
mization method for stability of path tracking system of au-
tomatic transplanter[ J]. Transactions of the Chinese So-
ciety for Agricultural Machinery, 2018, 49(1) : 29-34.

TR, ZAE, BEZ, & WARAE T RH
HHr AL HL AR ()], EH A SR, 2013,
30(10) ; 1287-1293.

DING S H, JIANG Y X, ZHAO D A, et al. The straight-

line navigation control of an agricultural tractor subject to



30 L PN S o QRN 2 1)) 2025 4
input saturation [ J ]. Control Theory & Applications, [17] XI&5%, skig. B IE NS5 MPC % 68 4 8 5L
2013, 30(10) ; 1287-1293. MEERERERILT]. N R 2R (L), 2024, 45

[9] skfeim, EEW, Bk, & BT ke g (1): 47-53.

BRI AR BRERSEVE BT (1], RO AL 4R, 2020, LIU Z Q, ZHANG Q. Intelligent vehicle trajectory track-
51(9): 18-25. ing control based on adaptive time domain parameter MPC
ZHANG H Q, WANG G D, LYU Y F, et al. Agricultur- [J]. Journal of Zhengzhou University ( Engineering Sci-
al machinery automatic navigation control system based on ence) , 2024, 45(1) . 47-53.

improved pure tracking model [ J]. Transactions of the (18] Z&&, 5, XM, 5. WYL S LA IR B e it
Chinese Society for Agricultural Machinery, 2020, 51 ABEEEE )], R PLAE 2%, 2018, 49(5) . 21-
(9): 18-25. 26.

[10] H¥%E, Ghd, Xtk 45 TIOR8 N LI G, WANG Y, GUO L F, et al. Improved pure pursuit
RTINS R i 1 R Tk ()] A Sk, algorithm for rice transplanter path tracking[ J]. Transac-
2017, 43(11): 1931-1940. tions of the Chinese Society for Agricultural Machinery,
TIAN T T, HOU Z S, LIU S D, et al. Model-free adap- 2018, 49(5): 21-26.
tive control based lateral control of self-driving car[ J]. [19] ASTOLFI A, BOLZERN P, LOCATELLI A. Path-track-
Acta Automatica Sinica, 2017, 43(11) . 1931-1940. ing of a tractor-trailer vehicle along rectilinear and circu-

[11] SIAMPIS E, VELENIS E, GARIUOLO S, et al. A real- lar paths: a Lyapunov-based approach[J]. TEEE Trans-
time nonlinear model predictive control strategy for stabili- actions on Robotics and Automation, 2004, 20( 1) ; 154-
zation of an electric vehicle at the limits of handling[ J]. 160.

IEEE Transactions on Control Systems Technology, 2018, [20] @72, XIIF, T4, 5. & HAE VLR I A2 R 10 O
26(6): 1982-1994. HELI]. RALAAER , 2012, 43(6) : 147-152.

[12] TANG L Q, YAN F W, ZOU B, et al. An improved ki- MENG Z J, LIU H, WANG H, et al. Optimal path plan-
nematic model predictive control for high-speed path ning for agricultural machinery [ J]. Transactions of the
tracking of autonomous vehicles [ J]. TEEE Access, Chinese Society for Agricultural Machinery, 2012, 43
2020, 8: 51400-51413. (6): 147-152.

[13] TAN Q F, WANG X, TAGHIA J, et al. Force control of [21] Ti=, 8pfe, Mgsral. KA R LN B SN B
two-wheel-steer four-wheel-drive vehicles using model pre- M R B ()], B Be 5 N, 2023, 40
dictive control and sequential quadratic programming for im- (7): 1287-1295.
proved path tracking[ J]. International Journal of Advanced DING C, WEI X H, MEI K Q. Adaptive second-order
Robotic Systems, 2017, 14(6) ; 172988141774629. sliding mode path tracking control for agricultural tractors

[14] KA, TAF, BRffh, 4. BRT2WMRGE L6 [J]. Control Theory & Applications, 2023, 40 (7).
el — AL BT[], s 2, 2024, 45(1): 137~ 1287-1295.

149. [22] DUAN G R. High-order fully actuated system approa-
ZHANG H Y, WANG W, CHEN S W, et al. Integrated ches: part I . Models and basic procedure[ J]. Interna-
guidance and control design based on fully actuated sys- tional Journal of Systems Science, 2021, 52(2). 422-
tem method[ J]. Acta Aeronautica et Astronautica Sinica, 435.

2024, 45(1): 137-149. [23] DUAN G R. High-order fully actuated system approa-

[15] LIL, LIUY H, WU Z L, et al. Controllability, stability ches: part I . Generalized strict-feedback systems[J].
and design for high-order fully actuated systems: special International Journal of Systems Science, 2021, 52(3) .
cases studies[ C]//2023 2nd Conference on Fully Actua- 437-454.
ted System Theory and Applications ( CFASTA). Piscat- [24] DUAN G R. High-order fully actuated system approa-
away: I[EEE, 2023; 851-856. ches: part I. Robust control and high-order backstep-

[16] W], W%, ki, & HTAHmEMmRAE:S ping[ J]. International Journal of Systems Science, 2021,

B3l 2 B sk )],
2023, 44(5) : 53-61.
CUIJ M, LIN F R, ZHANG D,

Sy P T IR ON
et al. Reinforcement
learning autonomous driving trajectory prediction based on
directed graph[J]. Journal of Zhengzhou University ( En-
gineering Science) , 2023, 44(5) . 53-61.

52(5): 952-971.
DUAN G R. High-order fully actuated system approa-
ches: part V. Adaptive control and high-order backstep-
ping[ J]. International Journal of Systems Science, 2021,
52(5): 972-989.



5% 4 RARE % T YR ) 7 15 ) R ML B AR R B 4 31

Path Tracking of Agricultural Machinery Based on Fully Actuated Control Approaches

WU Zhenlong'*, LI Lin', LIU Yanhong'

(1. School of Electrical and Information Engineering, Zhengzhou University, Zhengzhou 450001, China; 2. State Key Laboratory of In-
telligent Agricultural Power Equipment, Luoyang 471039, China)

Abstract; In order to solve the problem that the tracking accuracy of agricultural machinery vehicles on the refer-
ence path was not easily influenced by unknown disturbances and could not meet needs of various operating environ-
ments, the most common front-wheel steering and rear-wheel driven wheeled agricultural machinery vehicles in
farmland operation was taken as the object, and the tracking control problem of agricultural machinery vehicles with
the fully actuated control approaches was studied. The widely used proportional-integral-derivative ( PID) control
and active disturbance rejection control were used as comparison controllers. And the controllers designed with the
proposed control method were compared and simulated in different experimental environments. The results showed
that, compared with the other two methods, the proposed method performed better in tracking the reference path,
more stable in different experimental conditions, and with higher control accuracy and robustness.

Keywords: perturbation effects; control accuracy; fully actuated control; robustness; path tracking
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Task Offloading Strategy of UAV Edge Computing Based on Deep Reinforcement Learning

WANG Feng', MA Xingyu’, MENG Pengshuai’, ZHAO Wei’, ZHAI Weiguang’

(1. College of Electrical and Power Engineering, Taiyuan University of Technology, Taiyuan 030024, China; 2. College of Electronic

Information Engineering, Taiyuan University of Technology, Taiyuan 030600, China)

Abstract; Aiming at the problems such as lack of infrastructure, high task delay and high bandwidth demand in
complex geographical conditions, a multi-stage mobile edge computing system model which combined computing off-
loading and power distribution was proposed. In this model, a server equipped with MEC was deployed near the
UAV to provide computing services, and the problems such as task offloading, power consumption and computing
resource allocation of the UAV were comprehensively analyzed and the measurement methods were given. At the
same time, the types of tasks that the UAV could perform and the requirements of the CPU and GPU on the UAV
were considered. The problem was expressed as a mixed integer nonlinear problem. A task computing offloading al-
gorithm based on deep reinforcement learning was proposed to solve this problem. Based on the improved double
deep Q learning algorithm, the algorithm used deep neural network to find the mapping between UAVs in deep rein-
forcement learning, finding potential patterns from the state space and estimating the optimal action, and used mod-
el-free DRL method to enable each UAV to make quick offloading decisions based on local observations. Simulation
results showed that the proposed algorithm reduced the average offloading cost by 42. 8% compared with LCGP algo-
rithm. Compared with DDPG algorithm, the energy consumption was reduced by 16%. Compared with DDQN algo-
rithm, the task execution delay was reduced by 12.9%.

Keywords: UAV; edge computing; task offloading; deep reinforcement learning; resource allocation



