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JC 2% A% 3 1% B ( constantly variable transmission,
CVT) W] LIRSS T O ANE i S0 AL B b, At h bl
FERERFEEEENIZT, AR TRERmad . %
PP R S S ARG v, I RS R R EN T 5
FATEANE, CVT W] AR ] P S SRS 1 1) 0 2
AT, XN NSRRGRME T RIS AT I .
SR, CVT 2 FBEURHLM I “BREH BN, B 364
BUINE BRI, A B 2 56 T HER LB R T T e
BFRAR, IR AL R S TR I AR AN [F] 2
DR, EWMEPATMARENE, SBingEre. Hik, A
AR I A WAV FEHR SR AR Lok R 4 A
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WEFE, 40T 0 375 K TA800 Hifir ML 37 Ha Fr WL
13 T AR, BT AR G R B, SEDL T HE LA
Ohra) o B2 R ER AR ], 5A% 4 PID £ 07V EM EL, %07
IEAEAN T YA TN RE 08 48 40 S0 AL o 52 BR e R 2 P
1% 39%. EhRH LSO Rk T 1 5 R PID 42 i 5 0 4
PLALREAT 7 AT ), A RS FEAE 0.2 m/s LA .
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WRH: 2023-03-20  BITHM: 2023-04-26

EEWH: EEESFETRTE (2021YFB3901302)

gt R4, W4, #B%, WA, BERTRARNLE 325
HARMKEIE . Email: wucc@cau.edu.cn

doi: 10.11975/j.issn.1002-6819.202303133

http://www.tcsae.org

JER BRI AL T G, Bt 1 TR LA R0 G R
B, SCEUERIAL E TR ], A0 TE (R R R
FERTHE T PRAR AR, P b Ml Jof B 45 o) 8 %) i 22 ] 0k
0.012 m/s. ZHANG 25" 32 7 —Fh B0 PID f2 1 5%,
SIEI T 486 o AL B A5 A B ) S RIS R 4% bl 38 P MR R
FEIX%) 0.5 km/ho 32t 25T LR X DF1004-2 %6 246
RN 6 B R B R E S50 J iR, Wit 7T
2Pk AV 48 (linear quadratic regulator, LQR) Hi%
P T o) B, I T A I 42 K P A F) 0.03 m, T
FE R AV I E] 0.05 mo T DLUER IR TG1254 36
PN AR, it 7 T 7 B O 2 R0 I £ O 2 1Y)
H BRI A v R )y, SEBLRTEEE E 0.5~3.0 m/s
(1B 2R PR A% S ER BRI, AL 1) A O 25 32 1) i K I
FaGELE SO A o 24T To N AR BT 58 1R 42 2 g T B B2
NG i Jey 0 B K J2 e AR L S IR A AT 3 A I
YIRS BT AR AR M BRI 4 R AR A, B
L R R LB A R AR e R Ve U, ARAER
TGS SO ATHOE . 45 b, YRR AL L
FEEPOT AT ASEIL A [ . R RO 3, SR
SRR AR A TR I S B BAR. REINL T M. 4T
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T, TR IR RS SRR AR S R R
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1.1 ERIMREREE

P 1 AR 78 0 N 25 B 4 4 AL A IC 1 4% ) A4
FEOAFEEFARZ . BERRIZ . ZHPATE 3
gre ERMRNENT NERALIZ SR Bt 4 R NS,
KIS R RE T oL VI e . J= B LRI R AL BE B A A 558
H, NGV ERRIGEEZ S L. FATEGZ, L
B bR 4 A A i L5 B o

GRS

4 Jeb H AR,

A

—»[ s 5 15X S ]47

Ak
EEIEES

JR BRI =

TE: ¢ NN RG], 53 v N HAREE, ms'.
Note: ¢ is the current system time, s; v, is the target speed controlled, m's .
B 1 RALBIEIZARAM ik 425 A
Fig.1 Optimal speed regulation control process for
unmanned tractor
L1.1 2/AXE

ERMREGERBE . RILELARMEKZ K,
A e N AR L B AR B A2 1 5 81 2 2% 1P, L, d, vy,
FloeosFasCryen o) Hod [ L FI d 23 BB IR ST S INE
BEL SR, r RoR HARAR AR, QAN . U
BENAEVRENSH, o R\ ¢, FoRa)
JIELR, QR L N ANEREE IR, b RN A A
M

FAR 438 v, HOAS ) 2 BEAE 45k XML X . RATLAR
FUHEFE R Ml R A 7 R AR & 2% e U i
AR TR MALE, ARk X S B R,
N TR RATROE L. BRI A R T 228,
FIE AR 5K F AR I8 B 2R & 5 18 2 A IR,
NNBE — A EAE, fEARNLRE NS DL T 22 4 1 i A7
2%, BRI B,

TE A MV PR 82 224 i 3 A it R kB2 8] R RS RE AT
L PR IR (BN ADig i E (=R AN RS E (TR =" A L /PN
MR BRSERAEAT . Tl 3 6 3 S50 SR SR Im o i o
R AR 25RO, i S RIN I 2% 51 R R BB U AR
AT BB R MR B, 38 23 IR Rl #ER 22, iy
P, fE4 R b B E R AL, HLRIIE 24K ¢
LA RARNURES. B isaRaEs, IRmfRl . K
RERE, ARVLISEIRIR Bt 2%

1.1.2 B3R E

TR B E R R U A A ) 2 BT ROR,
Wit 1 B A FE R b Dok B 22 8 ML ZH S B0 1 A B A
R, gEmrszm Ryl & Br e fEL & . 23R )
G RIRAR BRI E S B i 8oy, L, HEEH
LA CIBAFAE W T, ] BEis O S . BREE RS,
T R AE 2 R BRI 25 AT ZE AN TR E R R

(1) ] R AR A

Vo0 B K1) 1] A e RN AR D 2 Y B O I A
N VUR 2 B R PE R B, ORAE 5D JURI = AR 1 22
Mk mtt, FHIEMRRH E— P8R, FEERNSHR
P h 2 B ffe o

spe M ) B VR 7E 12 Bl R0 K T R R R, T
TENBRMUAEML XS PN 1) B PR e 75 5K, B LRI v
L R TE AT S AR IR A T FE R R T R
R¥FFPRR . R A PARE FIFE AR VEREE 7, Hi N B e
W E AR E X, Bl j() =a() =50, Hda R
W, m/st, s BHoREERE, m. BV ERAREI:

minJ(s(r)) = f" (1) dt (0
FEi 2 LRI A0
s(ty) = 8o
§(to)) = v
S.t. S(tl)zvl (2)
§(t) =ap
§st)=a

A 1 WATIERTZ, s, 0y ARG ZY, s, s AR ERAE,
vo AMIGIERL, vi WEVRIESE, ag NVIIRINESE, a, N
H AR INIE S o

MAZ & o i ar 4320 (D i X008 DY 2 3
A, B:

s(t) = @+t + o + st +autt (3)
HAM oo ~a NF R I, SHEEEMEHN
v(E) = $(8) = @) + 2at + 3ast” + 4aut’ (4)
WRBHER AR
@
A=|"]Aer? (5)
Qs
ay

(2) ZIRBtT

B FIL JB] 37 A 0 228 T it A T R ) B PR A
SEREARIMATHE T, 3875 DU AT BRI I 18] 58 BoAT BEAE
%, FZEORMAE A R AT A, H 4R 3 5 L i) R 3
A" EI R AR M ] R
max J(A) = jtﬁTﬁ v(A)dr,

fo

Vimin < V(t) < Vimax

(6)
5.4 Gmin SV Smax 1 € (19,19 + T ]

jmin < i’.Y(z‘)gjmax
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A T, R, bR R g g DLRBGERE 4 N PRAR
B KA AL R R LT B R, SEIVRA R . v
NIKIEFL s Vi NIRANEE s e WIRKIEL s i
NEAINTEEL s e NIRKIRSE 5 i NIRDERE, X 2E
A AR L) R

B 20 TR B AT B B LICAT T E R IR AT 3 5
HWH AT 3 EBURIEE LR B, X RS R
AR X GRS R R OR S E  EE
3 ARSI BB RR 20 vt R A
/ML, IR JEE R ER JEE AT AR S B THEL A 5 -

(3) HfE KR

X (6) WM AR RIEIERE R . AR, eIkl 2 R
RN M SERH YRR, BT LAASHIE 7825 R A B ik kAT
K. BARRLT, FHEE DRI S AN
BB R E RS IS 2, B A SR 2 0 iE B 0.
FESE PR AR I, [ U158 7 A 1) 25 25 T it 2] DL 5] 3
AN LR R, B HARAREIRE a, 79 0. XK
SR A (KD FEEAT m R SIRAE S 0 A S R 2 1R P 220 3
1T n REIEIRAE, R

Vtarget_VO
Vi=———meN"

m

z‘1'1’18.)(
T,= 2 neN*
patll @

v €{vo+iV,iell,..,m}}
telty+il,,ie{l,...,n}}

[ vV, AREIRS TR RS DK, vige AARIEVE
PR EFME,  ta WARIGIRES BACKFER 8], T, AR IR
SRR DK, WK 2V =Av, T,=Ar, Kig
RSB RFERS K T, 30 T, SRR LT
FIH T, 470 F 5 R
T,>T,=eT.,e>1,ecN (8

R SEH 2 M m R B EG R R, HNEE
JIEE N4 55 e 2 ) AR 3o R R JE A 2 T R AT
JE RSN R B, fE e S R EAR TR, HE T,
R T, VRS . BRUCRIRI = A 1 it 2 22 /0 i AR LA B
IR EEIZAT A T, S, 8 T>T,.

XHRF—AN HARRAE 5L (4,v1), BBEHRE AT (t,v0) HHATIUIR
ZOAIE, ] mxn S 2RI AR ] (B 2) .

—— Ry S 2 s Hard constraints unsatisfied

TAv D i /e f# Z) J Hard constraints satisfied
Y B AR 25 Optimal

T,n; 6Av velocity reference line
E’ iit L /4 * jilf s Starting point
£ 3av Zﬂ%@?’ o FRTRE A Targrt
S 2Av / /////%/,/ sampling point
45( Av /% /ééé/é( 2277 ] Search direction
B AO . . . . Ar FRALIN ] Unit time
—Av

260 0 2Ar 4Ar 6Ar sar  Av HADEEUnit velocity
I 18] Time/s

B2 FHARIBAERMAE
Fig.2 Numerical solution diagram of single step programming
D9 AL H I R X — 2 R, RE R
FEAE IR REE Vo FESEBRALFRH, 9 78— AL

EISATHEE, FEARTT A b, R R A R R K
B2 /IME, AR I 18] 2 i/ ME 2 o R AE, K
F A AR AL R U, R IR

20 2 AR 4G ORI, HL AT AT R TR 2 A L
AR A T (&3,

—— ANiif L1 £ 5 Hard constraints unsatisfied
— il £ ff ) A Hard constraints satisfied

7Av IR 2 Optimal
= 6Av velocity reference line
£ sav K it siStarting point
E 4Av J/ / Eﬁ N ep
z Av //,// o HFRRAE A
g ;A‘ ‘// /////‘/// Target sampling point
Ji:( IAE ////////[// 4% J7 [flSearch direction
H 0Av = Ar A ] Unit time
—1Av L L L 1 I 37 o Unit velocit
Vonr On 26 aar oar sar v FALAEUnit velocity

][] Time/s

B3 RAHRTHEZINT

Fig.3 Variation trend of solution space under stronger constraint

(4) ZhAHEI

BARTEOLR, T NARHLAIRAT IR A2 1] 25 RE A% DL i
I HERR BRER R St (0 25 i 2. B NRHLF AR
FUR A — R S ROR AT B 2y, BLR R
RIS A — 2Pk, BIEE A+1 JORRI BB Aa IR S5 & O
Kl th B A S RS

AT B0 IR 2 B b K, #
RIFIEPOFE W TH AR ARG R B, 58 k1 IRELRI

%E%ﬁﬁﬁ%k&ﬂﬂ@ﬁﬁ%&ﬂi%%&[xz]
RIS AT MR 3,

vo(k+1) v, (k)
- < imit> [te < e_limit
[ ag(k+1) [ o |7 OIS vemio la Bl <a.
[ volk+1) :[ Vieal(k) + Grea(K) T, },,HJ’@
aO(k + 1) areal(k)

9

V Vi
A GZ]?ﬂﬁ@ﬂ?iﬂidﬂﬁiEiﬁi@ R/ [al]?yﬁiﬁiﬁﬂiﬂff
R EARIRTS s v s P e RSB S 15 40
R H RS R RRZE

BT T, B, (BTE T, I ) B ok i v A ) A
/T’tn Elj:

ag(k+1) = e (k) (10D
NMPRSRZE v, Fla, N
(Ve) _ [Vo(k)_vreal(k)) (11)
d, aO(k) - areal(k)

(5) R

MILFE R RGAWE R ILEE S H Mz (4,
Jil 2 PR A e R R . BARKBR T, B
B B L ol i 2k (3R R R VR DRI R R
HE ST L 2 2R il 2. H I R £ ) O P R
ATET B RIAE 51 v AR S SMESRAS
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1.1.3 #&HPATE

P ] 2 e 82 Sy ES AR R 4 4, ERER LRI E fan it o
JE P ds LRI JZE SR E AR, IR 24 50 R GE (A
tys I (4D THE R EEH] H R vy, B

Vel = V(tsys)

AR EEHIRAENE 5, ZFaot ook i E br
PEGIIRE v FILEE SRR A D E I SEBR TR v,y T
HEIRFE e,, 1 PID #8875 B bR KSR K E
IrEE, JRR AR IR B4R (vehicle control
unit, VCU) R4 K W E 55 LLiR % e, #HIR BN,
VAR B A 1. AR HARHE S BT (transmission
control unit, TCU) R4 TR R INHUES L R, T
s, 3 EAL N AL I R ek, BT 7 R
H b i 5 SR R 22

a2)

R LR _ RELR
Hard constraints unsatisfied Hard constraints satisfied
R it 2 | BRI R A

Control-planning inconsistent point

Optimal velocity reference line
Av FA7# E Unit velocity

FA7 IS (8] Unit time
6AV

A

<

v
At 0 At 2At 3Ar 4At 5Ar 6At TAr 8At
7] Time/s

B4 2RI RoAr Fe R AR B K
Fig.4 Multi-programming periodic solution set distribution and
optimal velocity curve

Vi

HJEPID
A

CU

TE: e, NHIEIRE, mss T, ARSININEERE I, %: e, NHIE
R, % 1, M, Nem: R WAEEIE: vy J9SCZEHUE, mes™.

Note: e, is the velocity error, ms '; T, is the engine torque request, %; e, is
the torque error, %; ¢, is the torque, N-m; Ry, is the transmission ratio; v, is the

real vehicle speed, m's .
BS #UTEkEsHRaER
Fig.5 Flow chart of velocity control of execution layer
Rt
RV EENERE, 2022 4F 6 H D/INE B UK JE AR
HAE A, FEAE R 2= XA B ZEE AL & VR A5
THRK: . I ERHE LA 6, 1E A DF2204
CVT MRl KSR N 25 R 5,
AR FOR U B k. ke 2K
158 m, £ RfFAL$EFE N 8 km/h, ke 1 T3
& 4ka/h (B 7)o RATELAR T, EARIL -
WE 8 AN RIE AL, BER 15 s R — U4 Ja A R
(14 8) o #RHE DF2204 Jo AL Hi i AL AL B o
VR 7 S R i LR S 24, Ik 1

1.2

B E A

A THRAHSERHL B. HE MRS C. 15 B0 D. ez m bl E. K&
BRI

A. CVT(constantly variable transmission) tractor B. Integrated navigation
system C. Computing unit D. Steering-by-wire motor E. Precision seeder

B 6 RKILIIZHML L LE
Fig.6 Test tractor unit and equipments
4466 540 - T 7 \ o )
h l, -—- Eﬁ]ﬁ?iksnalght line operation
4466520 !
g 66 520 | ,’ - - — $i3kTurning
= ! I
_\Zi 4466 500 | ,’ 1’ s s Starting point
" 4466480 | { + o #44End point
4466 460 | ' + ik fiSpeed control point
N 5
ﬂ@ (\cé\
£ ¢
Z<East/m
B7 UREKAELAEX
Fig.7 U-turn operation mode
100
g [
7.5 'r——J ‘———1
—— (- ——
5.0 1.

=== 4 A I RIFE 53 Global planning reference speed

N Uﬁi{ﬁ,ﬁSpe]@d control point

0 25 50 75 100
I 5] Time/s

B8 AS&MLARXREEESE

Fig.8 Speed control scheme in straight line operation mode

xR1 BHMEERKNEESH

Parameters related to local velocity planning algorithm

JHJ# Velocity/(m-s
[38)
W

(=]

125

Table 1
24 Paraments HUH Values
FARIEE v /(ms 1) 0.56
B EEE Vi S5 111
BNty /(s 7 -1
T RKIESE @y /(s ) 1
BRI fin/ (s ™) -2.25
%kﬁi&j‘mx /(m'sfz) 2.25
kT A T,/s 02
FERERREM 6125 K T, /s .
KSR A KT RE T (/8 X
I ] RAEHL n 8
THJEREEH m 6
BB £, 2 50

2GRS0

HRAE AR AN AL S PR 7 5K, 0 3 L BRI R 22
P RE . BREZ 1) BRER 1R 22 48 n VAN A L R 1 i
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PARARNE &, e BOR ShHLEE . RS HLHHHE 1 70
W IS e FE AT R T I AE PP Al A S AL AR S DA 2 A R 4
5N BRI

2 U B 10 Ok gt 4R Wi i E
B AHAERON HRZH, 0k AR P B R Qo e 4
BRI Z e RERAT B AR K, TR .
BRAEAATAR 158 mo X RRZLFI RIS 92.48's, PR i
171 m/s; RIGL PR 93.61s, “FRIHE 1.69 mis.

*2 U BEIARERITIRRE
Table 2 Operating speed of U-turn operation mode

Mo BFHATREBIRI L, 5 AL i ik i vh o3 45
B, PR RIS, BISAE o MiE (B 9.
5t AL, 50 Ak B A . 7 2 5 i BRI
8.26%- 16.36%, BRFE-FIIME. F %5 W FE K 7.65%-
14.23% (K 4), FRARSCHEIZNIISE B 0 B ) .
Ton i A R A . BRI ER B R TR, RO
Mim BA S, SRR SR RARE (B 9D . S5XTH
AL, 6 ZH R [ R B A X6 iR 25 S 3 ME A 10.42 em,
B KAEHN 46.31 cm, 4 A FEAK 0.56%. 2.14% (£ 5),
KRR U RSB AN A, SRt 21t

SiH Ttem Ly TR S TN
Time/s Average velocity/(m-s )
X} & 21 Control group 92.48 1.71 R®3 BEREZUTER
56 2H Experimental group 93.61 1.69 Table 3  Statistical result of velocity error
AHXTHE 72 Relative error/% 1.22 -1.20 Wi H Item MAD/(m's') RMS/(m's") MAV/(ms)
Xt ZH Control group 0.25 0.36 1.37
ik 9a F1E 9b, AAATHEE PR, HEERE RE& 4 Experimental group 0.14 0.18 0.59
N \ A 8 T2 s I R s It A 8 . T [
wﬂ% ﬁﬁ 0 ]}ﬁ‘ﬁﬂ‘ﬁﬁ ° I/\JT]Eo.te:I\/II\?ADDjijS/?hX:r{izjlig‘t;so%sdﬁfigzjf ,RxSA?; tjl?eﬁf()jgt/ﬁij;ilasqul:rel? MAV is
X HE 4 Control group the maximum absolute value. The same below.
2.25 i 4% 2H Experimental group
" 00 R4 MREFEREXEE
% Table 4 Acceleration and jerk comparison
3 17 BH Ttem MAD VAR MAD VAR
3 150 X REZH Control group 0.23 0.081 6.15 62.93
% 125 R 5841 Experimental group 0.21 0.068 5.68 53.98
(.) 2.0 4.0 6.0 8.0 1(.)0
i (7] Time/s TS5 HEEBINRESTLE
a. I Table 5 Lateral absolute error comparison
T’; a. Variation of velocity T Item P41 Mean/em B o fi Max/om
% < %} &2l Control group 10.48 47.32
% 1 :§ "E X464 Experimental group 10.42 46.31
o 0N | S .| g <
N it i3 HE— GBI, SRR SR AT A
e e W Rt L VAN, APIRALLE VR T LT R,
% i [ Time/s 5[] Time/s Eﬁ]*ﬂ%ﬁ%@iﬂﬁﬁ%1&o 5xtHEHAHL, e

b. MR R

b. Variation of velocity error

c. i AL

c. Variation of acceleration

)

2250
2 000
1750

min

error/m

(r

KRB H
Engine speed/

T 1) % % Lateral

0 50 100
5[] Time/s
d. BERELL

d. Variation of lateral error

I [7] Time/s
e. REWUFEERZLL

e. Variation of engine speed

= 2% 30
g = 9.2 20
= E5Z 0
== ! zZ
0 50 100 =83
I ] Time/s I [ Time/s

£ R BIHUAHAE AR

f. Variation of engine torque

g. R I FEAR AL
g. Variation of instantaneous
fuel consumption

B9 URRKARXNKLER
Fig.9 Test result of U-turn operation mode
ExHEAME, R4l Rz FAME . BITRE.
BRAKHE T BIBEA 42.31%- 50.75% F1 56.99% (£ 3),
2 WY BT 45 S50 00 0 ol R R R R 2 T AN ARG R A ) AR

HIE LR, BHT 2K T 63.36%; R4l K35
WLHLEE B 2 LT (B 9d, % 6), oy Z A
60.26%; RISV FEIE N % 3.55%, J7 ZPBRAK 71.25%,
SMIMFERG 237% (R D). HEAHBRHS LT,
RENHUG R HIAE . BERH MR AR A, THBR TR
S R RAE (R 8), ASCHIEN KL
BURAAAE RAFRIIMEIVER, R 5 Il ot
FEER—

®o6 KRS HIER LRI

Table 6 Comparison of engine speed and torque percentage
Ligtd A L

Wi H Ttem Engine speed/(r'min ") Percentage of torque/%
“F35{H Mean /7% VAR “F33{H Mean /7% VAR
X4 Control group 2 032.85 23639.21 17.75 32.14
W e
s 2024.52 8661.91 18.03 12.77

Experimental group

®7 PUMIERREL

Table 7 Variation of fuel consumption index

TiH PIE E SR
Item Mean VAR  Total fuel consumption/L
X} B8 4 Control group 13.75 14.16 0.35
R4 Experimental group  13.27 4.07 0.34
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*8 HEARIITRIRE
Table 8 Driving speed of staight line operation

x9 EHEITHRIRREXLL

Table 9 Comparison of operation quality in straight-line operation

TH I [ S Yyl
Item Time/s Average velocity/(m-s™")
X4 Control group 132.57 1.77
REE 41 Experimental group 132.82 1.77
%R % Relative error/% 0.19 -0.19
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Fig.10 Test results ofstraight line operation
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AN T 6.03% F1 13.68%. T35 4 X6 B A1 75 72 43 ) A
T 1.55% M1 3.59%. RANWLIEE T 2N T 31.78%, K
SNV T 2> LT 2208/ T 25.13%, Bk ke 7 22 /)N
T 31.82%, G IHFEFFAR 2.48%

N . Laxt iRz
MRERE  OWEE PIREEAT IR 22
: - EREE Jerk/ Lateral
Velocity error/  Acceleration/ -3
1 e (m's™) absolute
BiH (ms ) (ms7) error/cm
Item P S B P P
T ot v M g spag s
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MAD RMS MAV MAD MAD
xof i ZH
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group
I 2H
Experimental 0.13 0.18 0.61 0.19 0.059 5.91 5840 3.53 12.62
group
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Table 10 Comparison of fuel economy indicators in
straight line operation

. - AN
i w0
Engine speed/ Percentage consun); tion/ JvliiE=1
BiH Item (r'min ) of torque/% (L.h?,) Total fuel
— ~——consumption/L
VI r% VI % TR ik P
Mean VAR Mean VAR Mean VAR
X HR 2
Control group 1976.94 34081.48 18.67 36.74 13.63 14.39 0.50
R R
Experimental 1974.2523248.73 18.27 27.50 13.27 9.81 0.49
group
3 & 1
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Minimum-jerk velocity planning and control for CVT tractor
velocity regulation

WU Caicong, WEN Long, CHEN Zhibo, WU Sixian, ZHAO Xin, TANG Xiaoyu, YANG Weizhong

(1. College of Information and Electrical Engineering, China Agricultural University, Beijing 100083, China; 2. Key Laboratory of
Agricultural Machinery Monitoring and Big Data Applications, Ministry of Agriculture and Rural Affairs, Beijing 100083, China)

Abstract: The target velocity jump has caused the low-velocity stability and fuel economy in the whole process of autonomous
agricultural machinery operation. In this study, optimal velocity planning was proposed for the field operation of agricultural
machinery in the constantly variable transmission (CVT) tractor. The global and local planning objectives and constraints were
collected from the autonomous agricultural machinery. The minimum-jerk polynomial velocity planning was then designed
using the Bellman optimality principle and optimal control theory. The velocity-following control system was also developed to
realize the stable velocity cruise of autonomous agricultural machinery in the field. The velocity planning was modelled as
multi-stage decision-making, according to the time series. The optimal decision was achieved in the jerk optimal control at each
stage to realize the state transition. Bellman optimality principle and optimal control theory were selected to design the
minimum-jerk polynomial velocity planning. The minimum jerk cost function was subject to hard constraints, such as the
maximum and minimum velocity, acceleration, and jerk. The soft constraints were utilized to realize the driving task in the
shortest possible time. Numerical solutions were used to reduce the difficulty of the model. Polynomial piecework fitting was
generated to fully meet the smooth and continuous optimal speed reference curve under the hard constraints. The performance
of the control system was significantly improved to prevent the velocity jump and varying conditions. The velocity stability and
fuel economy were realized in the CVT tractor. The feasible solution space was obtained in the numerical solution. The end
states of tractor motion were taken to heuristically search for the optimal solution under hard and soft constraints. The
numerical solution was obtained after sampling. The unexecuted portion of the previous cycle’s solution in each planning cycle
was utilized to achieve the time consistency of the unmanned tractor. The executive layer controller of the unmanned tractor
usually tracked the reference curve generated by the planning algorithm with high accuracy and responsiveness. However, the
replanning was performed to discard the remaining part of the previous solution, when the motion state deviated significantly
from the target trajectory under external disturbances. The U-turn field experiment showed that the mean absolute error (MAE)
and the root mean square error (RMSE) of speed decreased by 42.31%, and 50.75%, respectively, compared with the control
group. The average absolute value and the variance of acceleration decreased by 8.26%, and 16.36%, respectively, while their
jerk decreased by 7.65% and 14.23%, respectively. The variance of engine speed, torque percentage, instantaneous fuel
consumption, and total fuel consumption decreased by 63.36%, 60.26%, 71.25%, and 2.37%, respectively. The straight-line
navigation velocity adjustment experiment showed a similar optimization trend. The MAE and the RMSE of speed decreased
by 9.45%, and 11.14%, while the average absolute value and variance of acceleration decreased by 6.03% and 13.68%,
respectively. The average absolute value and variance of jerk decreased by 1.55% and 3.59%, respectively. The variance of
engine speed decreased by 31.78%, the variance of engine torque percentage decreased by 25.13%, and the variance of
instantaneous fuel consumption decreased by 31.82%. The total fuel consumption decreased by 2.48%. The stability of speed
regulation was significantly improved to reduce fuel consumption during operation. The smooth control of velocity switching
can fully meet the requirement for autonomous CVT tractors.

Keywords: tractors; continuously variable transmission; autonomous driving; minimum-jerk velocity planning; fuel economy
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