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Abstract: It is difficult for hydraulic excavators to achieve high-precision path tracking in complex dy-
namic environments, a hierarchical control architecture was proposed based on time-varying GVF. Firstly,
the normalized time-varying guidance vector field was constructed as the upper planner, and the conver-
gence term was designed based on the Euclidean distance function to drive the system to converge to the pa-
rameterized target path globally. Then a dynamic feedforward compensation term was introduced , and the
null space projection mechanism was used to eliminate the influences of time-varying path geometric defor-
mation on the tracking performance of the manipulator, so as to ensure the dynamic tracking ability to the
target path. In addition, the ultimate boundedness of the system under model uncertainty and external dis-
turbance was proved by Lyapunov stability theory, and the quantitative relationship between disturbance in-
tensity and tip trajectory deviation was derived. Furthermore, a singularity avoidance mechanism was pro-
posed to ensure the uniqueness and continuity of the global workspace solution of the vector field corre-
sponding to the tip trajectory of the excavators. For the independent hydraulic system of the valve port, the
lower controller designed a coordinated control strategy of oil inlet flow and oil return pressure to achieve
high-precision tracking of the output commands of the planner and improve the energy efficiency of the sys-
tems. Finally, the effectiveness of the algorithm was verified by simulation.

Key words: guide vector field(GVF) ; time-varying path tracking; independent metering; flow/pres-
sure control
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Fig.1 Excavator kinematics model
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2 JE MR B AT S 4 P L VB R A AL e 3 2
T REERIR N
Vn(b) .

8 pa(b):‘Qn(b)iAn(b)y’+ dy (1) (4)

Ao Vo V23 o WP L 2 AR5 Q. Q43 R W
S T A A IR O k5 p o, 90 0 R PRI R T 5 A VAL
590 Ay WO S THT AR 5 3. Ry it W PR AR B PR Ak 5 o, (2) 9 WS
RO AR 2E AR AR .

L {91 1 930 5 3 G 15 T AR AR . BRI RT TR A

HZJFU%*T? ST, = kius by > Oy‘jiﬁo lﬂ/nﬁ
Q.= gR.u Q,=gRyu (5)

Hor . g=V2 kkik,=CW J1/0 . Cy R F
L H

R.=[s(u) Jp.—p. +s(—u) Jp.—p. ]

Ry=L[s(u) Jp,—p. +s(—=u) Jp.—p. ]
I p AR TR T 5p, M lA R T

Y I AE R ALE T i 35 v Ros

T,=J.(¢)(A,P,— A,P}) (7)

Horp (g 113 R i U e R R
1.3 BT [EE15H %1 R

ARCHLFS ||« | F % n 4k i) A Rk OJL B A
B, Rt —AuAEm R g (2, 0), T2 48 AL
WRHIB 2=y (2, 1), x=(x,y, ) WSFF5] T H
W HAREEEE C A FAE R LU BT,

ik 1 BRI AR C (o) 76 AT 2 & 5 i % £ 0
i T A (TR EE A ) B AR FMRIIE T — 45 TR K Y
B A S AR B B E IR T —A 8,

231 HUAUE VT 2R S 47 B e 3 H AR g R
COMBIEMMSHES s (2, 0)H

(6)

- 1813 -



hE LM T AR 28 37 B 2 S 2026 4F 8 H

s*(x,z‘):argmion*r(s,[)HZ (8)

Hi g2 CORMSE IR (s, )RR s MK S
B R, 5" (e, ) BT r(s, ) 3 2 YRR G
R /N S8 s G Blan ., 27 C(o) J2 B, [5]
Lo B s (a, 0 )45 B A7 X g [ ) A5 ) =450, B
2 (a, )={r(s,1)|s€s (x,0)} (9)
Hr, o' (&, 0) 2R LA 55 R S & x i
B IO Y R R A AU S AR 1 L RDEAR . 5 5
oAk gy X TE . il B xR 2 (e, ) 2R
ANB A . G SCD S BT A A 9 S I A7 B e 45 1] H:
TEREAR C(o) il Ay W 1) i A 42 4
D:{Jc—y‘yéx*(x,t)} (10)
Vycax (x,1) (11)
Hop BRE R D (o, )2 5 A 53 3 B AR 10 5 i iR
LR m S DML
w1 24 H b P AR B I ) A2 A ORI A2
2 ) I A SOREAE i A7 AH DG ok b 4 W I ) A2
MO OC AR o X TR L Ay S (ARG ) L PR AR B A
TEZA M BNZ AR EE A S H /s WD &
A AR B I R 3 O VA M — e L i b
SCRE Xtk — 2 3 B HRR
2 L2 EXEGUPMWSE (x,0) EH
sz, ) RAE—PImRME,
P U VAN A ) s AR SCA 8 LR &=
Yy o A LAWA & XA 1Y AUAR 2D o B 14T AT [ 5 1Y
L WAEB M (2, )€ U B FS, 50
A 2R Sk IS AR (R 5 T SRR kb 15
] 42 37 1) 280 X B R AN AT Y, B AR )
A AE 0 A AE T A G SR AT DA A7 B Ml
—/> AT BB Y 1] 2 >k Rk Ao S A
X3 ARl T (s, )58

D(x,z‘):Hx—yH

T(s’[):f)r(s,l) (12)
ds
e 3T 1Y SR U 1) 1 E A
T (s,t)=T (s (x,1),t) (13)

w2 T (s,0)7 Hbs B ARTE R B2 98 L4
Y2 8 o B RE Ay = r(s (2 ), ) VI & 7
O TR PSRy ey I g L 2=
PLE A, 5 72 7R B ] 28 AL i L 2 i
T (s, £) A3t 28 bk A . A% SO b B 42
TR S HAL T84 T (s, 0)| = 1. {0785 b5
FH b 0 5 5 s A I L 7 2 ) ki B 7T
REAR A 1. B 45 160 ik 370 1) AR 75 44 R o 4 L 0
AR T =T/ T | 72 S B Y 2 B B
UV EN AR

%2 BRI r(s.)TEs EXTITA 2
- 1814 -

PR AT GO . oAb B r(so ) FE ¢ X BT A 1
sWIE AT 1Y .

ARSCE R R Y BAE B . B
ly(a,t) | =0, Y (2, )€U, BRI TT LLEE G A
A7 8 B R) A% A S S0 B R U B, 1 AR RS2 45
BT L R R G R . 0 TR AR 1R
WEFE T R G AT AT PR A SR I E C (o) I 22 4k
T E 00 18 L AR AL RS A i K R % T 1)
AR5 SR B

24 GIARSE R EESE I (x,1) H
TR m A SMEnE T (2, ) IELXHT
25 1]

o, (x,t)=1I,.,— T (x,)T (x,t)" (14)
Hor, 1, R R AR . RS I (2, )BT
E R ER S T (s,0)IEAZK 72500, T
T '"T"=1.%I(x,t)v=0v—T(x, )T (2, 1) 0,
T " (x,t)v=0, HFotlFYWLFHH D,
WAL (e, 1) o {UR B8 4 1) 43 it

% 3 X TAZ IR AL AT AL B AT AT
B 1E) 2, 47 (2, 2)e UL Be B 3 (3) Ao LAY E &5 1)
i D (x, 0 )W B [ S5 AE . 2R

aD
max H»,~(x,l)?(x,z‘)

(z.0)eU

2o, W AR C 1 B B S

i 3 PHEY ) E Y ] Jw S 8 0D/de v LA B
o3 i R B8 ARSI B I DD 2k 3 5 AN 1 Ay L Y AR
C(r)BERFME R 3h 3] C (24 Ar) B, 5 25 0 fig 45
AL B B P 2 o) B H o 5 BUR I AU S B
BR sl IR AR 15 4 S A e ) I AR 1 B
S I AN 7[5 R S I VB TR U E i 7
I (2, ) BB, M2 98 A8 S AL T A 18] 43 1
RIAT S50 3) H AR i 42

Aef A5 ) f 7 FEAR S AN K] 3 s o AR SCHFY
) A% 0> 0] AT U 235 A LA A J2 18 o

—_— -~

N
Ca+An"\

=q9,<v, (15)

D(x, t+Af) /
Sy x(x, 1+ At

B3 METmEmErsia
Fig.3 Basic structure of time-varying vector field
A (LA e Fp e r]) 7RI
1~ 37 B 4 E T B XA n 4 B FG 25 1) B B
A AR EEAR C(O) (ZHALA A r (s, 0)) BT



LT AR | e 1] ik 375 ) HR Ok 7 T A A AL A R A i —— 22 R 0

Ay (a2, 0) (1) | = o, 61542 40 0L B
RIPGEEEESHE =y (2, 0), T HRIER S
MAT B A G B 4 ISR C(¢) I 52 A BR R 1%
Fsf 75 % A% 14 I 23 i Ak

M2 TERAERAHABREH) KT
fi 1 37 9 R R 4, BT R & S R R T R B
[F) 9] 5 42 1] R s s AN (AT B8 1R R G s RS B L9
Tl N MBI RE T iR e AR IR R SR REFE .
2 LFEHEZI %EEHKIT

) A I — 1 A2 SR ] 1) A ke O 56 e HL
F L It AT AR E PERYUERT . B g P S

235 5l APRE G Lipschitz # 22 1) ™ 4%
B, B G(0)=0, It .4 D=0/, G(D) >0,

KICHE—D GRE R Bos 6] £,>0

2
H#,G(D):;arctan(/e,D)o

£ L6 HFEHG E X H(D)=

J1—G(D)" . ARl LR & X

Gz, )=G(D(a,t))

H(x,t)=H(D(x,t))
4 Y HAREK AR AR AR L B 0 G (2, ) A
H (e, ¢) o i 725 8 2 i AR
B SE 2 AR B S5 I L T AR 5| S g
iGN

y(x,t)=—p(z,0)G(x, 1)

(16)

D(x,t)
D(x,t)

+

77(2,1‘)1—[(1,t)T*(s,z‘)—H»,‘(x,l)aETl[)(I,K) (17)

5 LA N = A gk Or E OIS
Y] 1w} 3z Sl 550N 5 A3 RSN [ A AT
AR S H L 5 1 G AT e X E A il 24 ) O vk
FA LG A SCHE T 2 80k Iy B 50Tt 1) &5 3 19 J5 1A T
Yo B4 . PRER G AN H B 5T R SR ) 16 3 Bh
Vom0 1= DO & O ST 1 e W =3 g S R 7
AR YV )32 2y DR 32 I AL D7 2 BRI I A 1Y B
L 5 T P s ST 1) S ISR

ARSIt i A2 1) 37 BB PLR RRE «

DX F 42 48 HL 5 R AE B 9 IR 2 &
(20, 0)€ U B30 2 (¢ ) #B 5 W Uz Wi 83 )42 H A
AR C(o) (A 2)

2)H T BB 3. BB P AR I T (, 2).

B O v (e 0| = o,

(512E6).,
VAR U A 5 bl — > I B2 O % 1 4R
(i i 1) & sUTEFZ 48 ML b 19 42 ) 2 18] vh i) 22

W ORIE R GEE W TAERN A i A2 XEL,
A, %ok T B R S L T a2 8 G U Ab
B s AN AT GA (Al 4) o I HL o BIAE 7R B 22 il 26 19
LT o RGAFE TR B IL T X e 5 e S
Y R ) 8 e T 0 Bl 1) — B0 Bl s 4R
Ly(x, ), MEH S e ke masm B,
ORI H FEAE B A X T AR A A
T EA G, X0 IRAZ I8P A B0 X
H b B A2 1 fe K 22 02 A BRI . 3R 50 00 5 K i
i 225 B T T 5 B Y A A (AR 3)
5) S S AT M AE 2 B) bR 45 ) W PR . X
R 2 WA ST B A AN B T ) & D Y 7 ) 1Y
e TR D(fri 3) .
21 BEEEBERSHT
Fleel (RIIZIPLIARAE Ry o, 2 a2
BCLEERBERRMNELHNZ —. &L 0<a<
LS — A7 xe = (1 — @)’ + ax WG LE [
1 b W SR S AR 27, XA R i AR ME— 1Y,
i 8RR AR AR C 10—y /N T a5
T o B 2 B . FIA u=| 2 — 2
v:Hy**I*Ho S0 w4 v || < | A Bz B
BN AT
A1 X T ROPAERE H bR AR C, 0 N A
RO G TE R rp O B Ry 2 0 (25 18] - AR FRL”
H &R T AR EE BRI R .
%6 X UE W AT SUTEAZ MR AIL 45 2R S PR ARl ok
LT AT, BT B A 3E A 38 3 5 ) BE 5
D) Cn 9 o 30 3 B2 7 [ ) AT B R R R Ak 2208 AT
51322 BLFaE SC 1, AR il 4 i v B R )
wH Y&k e HAELE,
T (x,t)'D(x,0)=T (s (x,0),1)"D(x,t)=0
(18)
51323 WRJLBLAS PR B ek By A B 2 — IR
Aoz ) &, HA ) i ny ek 4 s ), B
VD(x,t)=D(x,t)/D(x,t) (19)
gl 4 Ha T KR BLAS B 25 pR 20 Ly~
apunov B P=D"/2.Y(x,t)e U, LI F 45 % X
BT

9

afP:VPTH,,«a—D (20)
at at
iE 8RR AR VP=DVD, ®T
513 315 h 4518 .
VP(x,t)=D(x,1) (21)
JFHEEH Y D=0K .VP=DVD=0. % &%
Pzéwzépﬁﬁﬁﬁﬁﬁﬁ%ﬂ%

- 1815 -



hE LM T AR 28 37 B 2 S 2026 4F 8 H

P 1dD" 1 aD aD
- = D + _ T T T
at 2 dt 2 at at

-SSR T = W P G DR E

D (22)

VP/D 1 T.f
a—P*VPTa—DfVPTH D (23)
a a " or

i 7  Lyapunov PR 80U LR R G 1Y
WS 2 5 38 Sk 43 AT R B A AR B AR 1 2 AR L 1
IAE N R G R e PR AL T OCHE T AL
22 BA—HFERRE MR

A SO 1 H — A BB TE T AR R B
F1%) 1L S 05517 R (] IR A D R G ) AT S e o 5 A
PE. BB R I AR 5 S ) i 3 5 i AE S th =R
FM YR s & MR . &l 4 Jr 7R Sy 72 [ 5 3
J5 vk ) = OGBS M LA BUBUR .

—

—
< ~
4‘();, 1+Ar) C(HAI)\\

Yy(x, 1) ]

/
4

El4 BT SEEFHEHESEHN
Fig.4 Time-varying steering vector field control
signal composition
9IRSl 2 AL A S LIS ) A AR W SR o3 B
TE NSO
VP(z,1)

e G t)VD (2 t)
HVP(x,/)H

yola, t)=—G(x,1)

(24)
5 A2 L SR UT B AR VIR 7 1) Vb 1) 43 X
Sy U1 1) 32 By i
yulx, t)=H(x,t)T" (s,2) (25)
F AN e i N A e I 173 = 3 1 7 0
T%.:Iﬁ:

'/"1‘(.1?,[):7111'(1‘,Z)aa%(I,l‘) (26)

SR PR IE B R AR ] i b BLA AT R E o,
T B P AT I — LA T X TR AR [ 3 A
G0 L 5 (e, ) B AT 5280
B X T I A2 1] 5 3, A7 AR TR i 0 g (2, 1), 23 %
FOLTC L E WA H bR B8 AR 049 3h A 28 46, DA
IR Z GE IR Sk .

AR SR 43 AT 46 S R BT 4 oy A 0H —
KX = AR . Al
ws(a,0)s M wo(a, 0) Fl oy (x, 0) % AN 4K 581 s

- 1816 -

y/(a:,l)HZ'v,.c

] s S 85, FR A AT 46 4 i, G S E B R R
p(a, )W EEHIE R, 5 HAH wo (a2, ) 4L,
MR IST [ O 5 250, Bk S AS AT 48 A0 i L AR R DR R TR
T PR X 32 Bl 08 B A
PR, A% 3 T E O AR
y=nys+ yr (27)
51225 Y(x,)eU, M4 ys=y,+
v B EUE 1,
ik 81 MR | R 2, FE R T b i R B
A SBEEMEIESLT (2,0)' D(x,1)=0,
Gy W WS 5 ) 1) a2 g I S BN wiy, =
M T IE M,
lyetyu| =G+ 1 =1.
Z 5 |y | = v 0| pys + o | =0, JRIF R
7+ ylyg (| —v)=0 (28)
BT W g = 0, 0 % R B 230 X IEAR .
v:—wﬁé'vfr+/(wfé%)z+vf—HwT|\z (29)
sl HTAAGEXEM, g AT
T

A A 2
—GHVD'T =0, ws| =

0<v,— v, <n<vn+u, (30)
51227 HIAzR—>RHEBAAEG . s>
0, X T G & % .oW R o o ®
2(1)=—BG(2(1)) M FAL BRI 5 1F 2(0)=0.
ﬁ}imz(t)zoo
ik 4 45 SRR AL A SR AT R ) IR I 20 X6
AL E (x(L), t)EUNt >t ZFE a=w(a,t)
LB L (2 (1), )€U,
A2 PLAMKI R 1~ 3 R B AR 6T B
B I B A N, 51 B 4~7 ¥ Lyapunov T 81k
i S g5e . 2N R G RE s Pk 48 4
=y (x, )IHF C(1),
ik 8] ; }4 i Lyapunov PRl P=D"/2, 4%
WRBIEIE L a=y(x, ), B T 8 A0,

Plx(2),0) Wt S5k P= P dr OP

o a
P
dat

VP'y +—. AR (19) a3

. aD  JaP

P=—9GVP'VD + gHVP'T" = VP I, —= 4 —

(31)

Tyl 2hryXL(18) ., VP'T'=D'T =0, i

1M H 5 2R 4 n] 15X (31) 5 J5 6 T AH B AR L 3t
BEAR T . VP'VD=DVD'VD =D, &1 14

P=—73GD (32)



LT AR | e 1] ik 375 ) HR Ok 7 T A A AL A R A i —— 22 R 0

ML 1 P=DD . XA L8 D= —5G,
H 5B 6] g > v, — v, >0,

A5 HE 7,08 Lyapunov pREAY S 505 2 i
MLV IR 5 H b5 48 2 0] i R 5 A8 b S8 I Rl ok
FER I LA R 0 T B4 1 B 8 eR AR LA i
U A PE T . AL AT AR TR R AL G R S B bR
AR 22 [) A 0] ) B R 5 L AE UH — Ak B AR ) i B
I5IF T %R S s 2 %, X — ot R
UE T AZ 38 HLAE ) = 345 T il 8ok
23 EBEMSW

HISCE U 7R BAR S 00 R 42 9 MLk O 2k T
ok g A a=y(x, ) AR B W R B
(x(2), e USRI HAritte C(1), % & 30w
18 By AR G L 9 ) 32 Bl R OGR4
2 qi= v, (2, 1) qu=(qu, qu» quz ) & J2 15 ] 2%
4 0T AR R B0 A 2l 8k B [l SR 4R A Bl
c(1)=Cer (1), c2(2), 5 (2))BIAZZLE s [FIHS i 1
Y Iz B 2 AR R R R RGBT R G R
AT 22 R S Bl %o 45 ) v R 7 AR S

RGEXT N 6,=(5,,0,.0,), WSFR K
WHE =y, (x, )+ 0, g=(q1,qs qs). B
e SRy T A ] 5 A A TA) B RE R L AR R T (g)
W S S Bt R R =y (&, £)+ 6,

A7 i Lyapunov Bk  fEAE £ H AL
o, |0 |<arER T AZ LK R E Y
B b 8% 42 B4 s 2k B B8 PR D (e, ) 76 A BB i) P
TRAFUICSH

8% 5 AT IR e <v, — v,

A3 ETHREsSHsh AR 45533
6 St AR 4 IZ AL RAT B WA
BF 220 X% ;B A7 (2 (20), 4)€ U 75 il w =
y(x, ) P R RS 2 (0)=u+ 6 B9 3L YL S H]
DI IEAARLE .

I'(t)={D(x,t)<G *( g

UV, Uy
<k B ; 7R G032 B R E R R 2% FIOR T 3 5 e
i, Lyapunov b8 ¥ P 1 B [8] 5 5048 S

N S
P=VP'é+—-=VP'y +VP'6+

)} (33)

g
at

IR 2R3 F P=—9GD+ VP'o,.
WM =max| o, | 4. CHMP=DD.4H
D<—9G+M<—9C+w (35)
HE XS AIY HAL Y a > G (0B Gla)>
b, WL . W EME3INEKMET. YD=

LT

UV, = Un

(34)

G '(

P
7

= (36)

UV, Up
D<—8+M<0 (37)
Vi AR W S IE AR IMEI S PR . TEE
Btk oy frrp  An i 3UEBH 7RG T e &
AR W AT RS eR B B /N R U R
(s 18] S Bt KAE) M — 0 + max | 0, | << 0. 44 E W)

U3 Bk 2] 2, 4] U3 B F5 BRI D AT RIS SSCST 1] hy

D,
T(Do, [0): l‘()+7( (38)
0 — maxH 0, H

K, 2> T(D,, t<>)HﬂL’7€x(Z)GF(t)Q

Lk IEARWEUET(

g D(x, t \
| on RS A B 5 |
Y BECERER=GT (=)
|R . 'm :
l‘ R(38) |
NG G //’

5 WRPIBWHMELRTE
Fig.5 Positive invariant set of bucket tip

trajectory convergence

i 8: T (1) RGAE T T B R A, By
A B R 2R 2 W A X S, BB pR AL
D (., ¢ )& o] [m) 14 4 1 4 DR WL s A AE AT A 7 1m)
O B3 i £ I AT B LA (] 55 38 A 42 6 i A 24 IE fi
255 T BT A 7 1) 0 B 0% 22 i ) S ) L 5 3K
AR T (1) J2— AR GE 2k C(2) B IR AT 3 48
1 BJE AR i 3 45 th . 2% 1 B TR,
Z G0 SR H AR AR C (o) s AT P i
SUBIIEARAEL (1),
24 FHRAABESN

AT S AR TE 1] 13 P 03k e — B E S AT 1)
MO Bk UL, 42 B 1A 9 b T BE R iR
fr B . AR AR AT 224> S5 Y fc ol L 2L
0] B o A ROE— R USRS . AT R T —
ol 2 S5 o R SR AL ) 3o B R R SO B G
FEHRHL A SR AT RE AR 8 M B3 H AR B AR .

LT AR A AR A C X TAR R
x € R, E LR IE i B WL A

f(:c,z‘)zargmion*yH (39)
yel

Hrp L,y Hbrigie C ErfER A . SF1ER 2,
BB " (2, )& Z A 0K (B E Z2 1
U)W FR 2, Ry A S e N, € U
X8 AL x, W7 1) d A3k ST E R
N AT 2 (1) AT BRIFTE] 7, . 3 2
- 1817 -



hE LM T AR 28 37 B 2 S 2026 4F 8 H

ld|=1  a(4)=x,¢U

X9 MWAEEA Az, R i
/'ﬁ%%i‘jx*(xp):{yl,yz, ”',yu}’%l@ﬁ

2D(x,) |(y,— 3" T ()]

YiFy

limz(t)=d

(40)

D(x,y,)= 2

vy
o, g i  y, B A SR FE 5% A5y, 09 U ) e %
i o0 BEE O 5 — 1k JUART RS 1 B RS 1Y 52
D(x,, y, ) BB N y, I B 2y, 1 5 /N AR
2D(x,)

minH v,y

5ls8 HWhmd=y(x,y B 558
x,» Bl 2

HEHE0<D(x,,y,)<

o

G2 ) (41)
H(x,)
BUET B AE &, AP SN T e Sy, MR C R
HUB R RN R R E S — %
S5y XY T ) 1) i R w(x,, ) F d.
TE AR B 5 72 UL T R B SR 1
E XA AR KB K (x,)=max & (x,,y,)

XA RS, W G/H> K (x,). W R 55
8 JE 1 LA AT ] 5 ) B 3T 25 S5 L B, R T3S,
6T A GPHH =1, % T AR AT 2, # A

Glz,)>K(x,)/ Kz, + 1,
i 9: MBS HR TR 2 & = s AT IR &
% G(x,)>K(x,)/ JK(x,}+ 18, RE A e JE
B HEA AR AR, O TR B N ME— 1 (]
L R GER BB BB RS 10 s B0l | —
ZN B LT B Yprew s TR GBI A ME— I, S FE Y
Vorer BRI B B T RS SRy €2 (2 ) VE A 2L
5§ o LT INY R4 2R B R TA R 2 R
WAL RS IR NN S 2 o IR (VA -l = S S
KFR . XFBBA B T8 G i 80 Bk 5| R 1Y 5
A 5EAE A, BV 030 R T I 2 5 A S AR
T ESCHE ST R RS AWERE T
B 25 J5 G N T R AT ] R IR R A
BEE VR BARSE BN 30k 59 A7 80Pk 36 I DL SRS 4
TR 4Rt 2) .

3 TEEHBRT

AT ENL T AE LR G0 R S DT AR A

P A1, I T PR 2 i s 1 TR0 S U AR

BT T — A A s T b R 9 A 4

MG . HAROR UL T (R R 3 S I A 4 L 2

W 10 SR e 7 7 ) 3 B O A ) 8 AT R
- 1818 -

SRR P 0

BN AE LV R W) G A x,s HAR AR C=r(s,0); BRI KL
G(D); E—M 285 55 e
1A 46 2 (8) oKk fie f Ak ) R0, 3R WUBT A o ik $5E RS
1*<IP>:{y1vy2’ "'vyn);
2. FI W A5 75 5 A
Rz 2 BOY R A
3 (x,,y,), BUTAT R SR (E
Ty €x’ A K(x,)=max @(x,,,);

4. BT S S AT IR SR A
mE G/H>K(x,)
S ALK [ Bk S b — I 20 I Y e/ R 4
B0 Yeuns
Y G/H<K(x,)0
AT A T & G/H>K (),
BB }?/, maxs 202K /?/< "*’_/,max;
A3 A S5 T35 5 L A RS L s
5. M= C27) R B AR T
10 AR =7 57 A
AR IR g HIE 7
6. BT b — B 2 BB 8 Y e = Ve
7. 3B 1] 3 [0 2 455 Ay A 1 g

W 1 AR R e e L B i AT e BRERORS 2 5 [ i
T 7 4 1 A% 78 DRI Az 2l e PR AR E R RT4R T L 2
TAR AR A5 5 2 A5 98 5 1813k 1 10 0T B2 A Ak
A [l R A o R R R R T P [
s 1l HE P AL 1A 6

fiecazs

a P
lp -> >
TR
P pi
lp. 2 p 2 2

Elo #HilimESDiHENDHEETLIEFIER
Fig.6 Synergistic regulation control block diagram of

oil inlet flow and oil return pressure

BT HE T B A0 TS A

aQ,
0= K,Q K Qo+ Ky

dt (42)

Q= Qi rer — Quctua
Ko K Ky R 31 75 38 50 25 5 Qu o AR A T
Queva A IR Q. I IRZE
TR R AR

Qo = Cy A, () J20p,/0 (43)
s AL S Il ek T AR s Ap, O R R 22 5 Cy h ik i
R o AR B,
BT il 4




SEF AR 51 1 B B R R LB R B e —— s WR L %

—K.p. +ij +Kddpe LA - FL VR R IR R S p W B ELAR A, i —2 . R
¢ dr 44) N § o s - B
R ( oG A SO TR A S B T 4R T B9 b
ei b, ref b
S ) — S = Ju = j( S 3 42 122
J—/QEP :K[;\K[‘Kl)ﬁﬂ}‘l—‘\jjﬁﬁi‘u%%ﬁ ;])h_rer%j:jﬁ/?\ﬂ—‘\jj ;ph %13: b u%m%%ﬁ*ﬂﬂ*&lw‘ﬂ‘% EF‘ E’J%/TIEEE/—R
WIBRIE S 5p. iR 2% ik
4.1 HT”“#itszTﬁﬁ/Eﬁ B &l 58 HiE
4 fFE %
LRt WA B 5 Ak R R Co(s) R 7 T
HRE A 17 2R Ge A A B 38 L A T 45 i HL Eﬁﬁé:
T+ (T, T2) 0<s<L,
i s—1L
O,+r 1 L<s<L,+L,
. bis s—L, w
_“m< > L 2
s—L.— L,
Tyt ——— (T, = T\) L+ L, <s<2L +L,
[ (2L,+L,) =
005(717 2 )
O,+r (21 + ) 2L+ L, <<s<<2L .+ 2L,
sin (——— 2 -E)
| L. 2
Cr()= s—2L,— 2L,
Tt ———— (T, = T\ 2L+ 2L, <s< 3L,+ 2L,
( 3r s—(3L,+2L,) =« )
s(—m——mm———————— e —
Ot L. 2
O, +r 3L+ 2L,<s<<3L,+ 3L,
n( 3r  s—(3L.,+2L,) = )
sin(————o—
ST L. 2
s— 3L, — 3L,
T, + ”17 (T,— T,) 3L+ 3L,<s< 4L, + 3L,
s—(4L,+3L,) =
COSs ( T I—.E )
O,+r (a1 + 3L.) 4L, + 3L, <<s<TAL,+ 4L,
sin (7t — S &L T obl) ,E )
L. 2
AP Lo EBWAREE L, b R OREBE 0 B2 5 Sk B A1 192 —> EGES — R — Ehﬂ%@
#50,.0,.04. 0, Jg WA B I B0 88 45 5 Ty Ton T T R §§§§§§§§§§§§§§§§§ H1107¢
R R AN N
%ﬁﬁ/} f_gll,)_]‘_ m /\Tﬁ ,J_-—,‘ . o ::::::i\\ \\\\\\\\\\\\\\\\\ f :; :f ; ;
SRR B TR 1, 45 00 HL— A ) A N
~0.5F :
U A5 0 04 4R AR 25 16 0 B 3 14 R 2222£§§§§\¢é5222222?’”\§§§f?/“/
12 1 R 7 0 51 % R U R O O B 8 S B A A 7 NN -
Eal _?///; Q\\\EEQE\ 7 \\fh\’l{iﬁﬁ
A TR N NS
ALz, Y . 2o ;(
*1 supicn RN
Tab.1 Parameter initial value settings 0 22%; Wy \\ A N\
R Yo i)
/) | 10 [EREE/(mes D] 03 NG
AR /()| —40 WL 26 20,5 ‘I‘O%f 7 f e e it ]
sl e /() —30 R R R 1000 Qa2 § INNNNRNNNNIRNN v, AN
Y i B AR 2 253 R EENNNNNNNNNNNNNR SRRy
[i] 7 e e R (0.0) G(D) E X5 2.1 23 25 2.7 29
o
B ey (2.8.—0.7) H(D) EX6 e 1%§ O
[&] = ST A=E¥-%t 1z
EJIE K /m 0.8 WRFEHIRE | (180.15.0) ) M7 MRS TN Eh = RERIE
0 /m 0.8/7 T B (120.10.0) Fig.7 Square target path tracking mining under the
guidance of vector field
i TAZ ALV Wi 7 B B4 B AR S 2 rp =)
Vi IR B 25 32 BB RUR B 8 1 L R G AR Ltk F,=0.02sin(1 + 5¢)+ 0.02sin(2¢)
Ko A HEBH 7 45 R B 52 L SOAS SCORE B 3 #8E F,=0.02cos(1+ 4¢)+ 0.01sin(¢)
y

1819



hE LM T AR 28 37 B 2 S 2026 4F 8 H

VEIAESZ IR AR A 1&T 8 BT s o L 36 ik Al Y A ST
07 B AZ SR ALAE R R B AR A R

(AT 3) .

B 1) #/s
E8 EFEZHEIRERTHRESEM

Fig.8 Bucket tip interference signal simulation in

normal digging process
BT I 7 i 37 1 S ML) R T A2 4
BLA 9 7 i 46 4 B8 T35 3l 2 SE I A i 3l )
PR 6L R 16 2 8% . /T RUR . i TAAAE LS
T B 37 2 il 45 S92 e O R %3 R A 4 B T I
P T i 22 HE AT 52 B IE B R TR 2 A
o TR B O A A X A A AR T AT RS v
PREE A1 9 B o BRER R 22 NI 10 o sl i I
FEAL S AT M (L 7 8 69 R B 10 22 03 ol e 2 SR A

52020 LA L 1 IR FE R AR 255K .
— iy -

~ 030
‘v 0.15H
&r . 0
®E 015
-0.30
0

10 20 30 40 50
I 1] #/s

B9 sHEAFRBERSREOIE HIRmL)

Fig.9 Boom and arm angular velocity

<o
S

o
(S}

ERii

gl(rad = s g/(rad

L -l
oo
F NS

command tracking(square target path)
0.0l p

i

JRI
TR 9 15

(=}
I
|
|
|
I
|

g
<

gl(rad * 57

&b

0.01

m"] —»—o.oosm

- B 015 -

K | 9 ., : 15,

10 20 30 40 50
i} 1) #/s

El10 zHEIFREEECREIRRE (I ARBE)

Fig.10 Tracking error of boom and arm angular

(=}

ST
gl(rad * s

ddd

[

velocity command ( square target path)
AR SCHR L R — TR A T 38 R 1
i 37 1 o g S I LR Y AR A L LI SR AR
SRAF G A L ik T 0 g 2 0 1] R g B SR R
SEIALE L AR 11 BT 8 R AR B B0 OB A
A Tl g G P A TR DA R — R
WA

- 1820 -

0.7p

0.5

0 /\/\/\/W
0.1

0.1

0.6 |
—09F
-12}
-1.5F

-LEG 10 20 30 40 50
Hsf 1] #/s

B11 #HESFXTRETHE HiREL)

Fig.11 Joint angle of boom and arm

ZhE g/rad

SAF g/rad

(square target path)
1 2 (35) AT e sl () IR Sk A2
D(z, )<< 0.038 m, It i 2 4 AL 147 2R 52 Bk £ 8 5
H b i A2 2 1] 1 BE 2 oR B Ak an i 12 s

0.16

£
SH 0.12
o 0.08

2§ 0.04

0 10 20 30 40 50
It 1] #/s

E12 EEEEHTHECIEARBKE)
Fig.12 Change value of distance function
(square target path)

BT JZ 42 0 A b B0 e 7 42 ) 45 X 0P 1]
PSP R i A S S (BN i S W R DR W)
B 2 ) AE B A B TR P9 L B 13 BT L A ks
N T3 TS A S A T L B T RE IR
IV &

i g?O'A — R — 3 ----184
S 0.15[fv -
010
fﬂ? 0.05
0 10 20 30 40 50
It /s

13 ZhE 47 ik E 6 @ il Bz E 38 € R ER
Fig.13 Pressure command tracking of boom and arm

hydraulic cylinder return-oil chamber

i 10 O B UEAS SCT7 AR 12 48 AL 32 3] 5 bl
T 328 BB i B L R ARV 0 Y IR A2 RE T (i R
2) . 7E 35 sAbTF IR BT AWK 0.075 s K/NH 2
m/s B3R w5 5 A5 S M B AL P L S2 4 PL 1A 2R
VEMP 30308 5 26 i 15 A I 7 v s G bR T 7 5 ik
5 VE S AUG 1) 42 37 5 i 45 A D00 LG I 37 O
HOF LRI S L BAZ IR IL A FAE e AR L 3
T S FF G B R A A 14 B L B AR 5 H AR
Ao 22 1) B P e RO A B P 15 BT
42 METEFBREKEZEEEFELRIE

SOl — DRI U6 BB IR IC A RTEAR
23 () B W) b 67 L G 16 e . AT LU B B X



LT AR | e 1] ik 375 ) HR Ok 7 T A A AL A R A i —— 22 R 0

0.7r
05 I ~
03F \
0.1F
0.1

T g/rad

st ol 5 R £5

0.6

|
=2
©

|
—_ =
[S1 ]
T

AT g/rad

|
—_
=)
(=)

10 20 30 40 50
Bt ] /s
14 EBHETHEIFXTRE
Fig.14 Joint angle of boom and arm under

strong impact

0.16
Eon| WhEFEERMMARER
& HA HIKEREN /
s 0.08 \

Fif 4] #/s
E15 BAEHTEBRHTLE
Fig.15 Change value of distance function under

strong impact

-0.3 — —y
~ ~
» 05t/ cu=s0) / Clio+Ar) i
& -07 _.__4__\.4_‘_. _____ \__’.
- , Vinl1)
09 A

16 EEFIISTHREER BIRKRERERERE

Fig.16 Time-varying circular target path tracking

mining guided by vector field

0 R A5 DR R BE A ol DX I, B — [T 5 % AR 1
T I 1k 4 5 5 B AR T 7 R BOo3 BB AL A
MG o SR o B b AR 3A7 A 28 Jm BRAVE < R 1K
o3 Bl 5 75 FEHT R AT PR RO L AR A S L
AT AL L T BV b 3% S bl B S R R
THHE

AR SCHRE A B A R R T 3 o 5 AN A 1
Gy a5 AU ST B AR S B 4 I
PRV . TR IR E AT - O I 2 1 48 6
I ¥ 24 J3E Rl A g AR A1 A o 847 B L B A8 AR 4 A
i E ) F AL, S B A2 R DL S BRSO
s TP BT oMl R A R ML R 3 e ) e 3 Y 2 EO
AR 5| 5 04 O B T AT 07 36 1 1) F AR AR Al

1A BUR T T RV B L 37 5 b A B
1) 250 6 A0 R () A, 1 R 0 76 AN 7 W0 1R 5 B IE B 1Y
5 O T B AT 58 1A 2% VR Ml T i) o 8 3 55
SRR E B WL 2, e AR S8
1k bR Cy (s, ) ok 4 38 A5 /9 1 42 8 JE B #r
%ﬁé:
Cy(s’t):{f(s,z‘ j|:|:T’C.OS<S>+(X0+"U(f)’[):|
y(s, 1) resin(s)+ Y,
K BB B AR AR o () B AR 10 7K B AR 3B
(X0, Yo) BEEAR Cy (s, 0) B RO A8 4T
x2 SHVKEELE

Tab.2 Parameter initial value settings

B/ | 20 PO 03
SHRET /) —45 Wi S48 2 18
Bl /() —30 B R AR S 2000
i e (0,0) G(D) 55
B (2.8.—0.7) H(D) X6
FJE 48 /m 0.3 WA | (150.21,0)
%%fj?lf%);/ 0.025 Je A | (115,18.0)

] 4.1 795, 3k it k4 1 4% SR B B A ) i3
FELRFL R M 0 ) R S8 AT A 4 A R G 1A
17 B 7% B B 108 25 40 &1 18 B 7% Bl R VR 4R 5ok
B R BRI 2ZE B AR AE 700 LA, H 5 s Ji MR R R 22
B LY RAE 406 LhIN 5 b FF U G 35 Y R R 22
B HAE 3% LAPY L i R B FE R OR .

— 4

— Rl

1
)
S o
=~
d

A

gl(rad = s~
<
38

-0.4

SHF
)
oo
SN B

g/(rad * 5!
I
o
[\S)

|
S £
=~

1.0 2.0 3.0 4IO 5.0
sk 1] /s
E17 sHhBAHAEEIESRE(EIE HIRER)

Fig.17 Boom and arm angular velocity command

[

tracking( circular target path)

001y
—‘U) 0 —————————
B0 0708
_E—OAOZ + B F -0.013 f
004 10 15
__ool}
I
n 0 <= —~F A}V —\—-/~
A
= g 0.0l N 0003
=003 (JH i | R R 15 4
0 10 20 30 40 50
k] #/s

18 MBI HEEETREIRE (P BAr#E)
Fig.18 Tracking error of boom and arm angular

velocity command(circular target path)

1821 -



hE LM T AR 28 37 B 2 S 2026 4F 8 H

248 ULAE SR B IS AR [RE B b 42 5080 H 321
bk A L B R SR RE OG0 AR B AR AR G ] 19
7~ 5 B2 (35) mT A0, Ui 84 () 1 ik 850k 42
D(x,1)=<0.029 m, 5245 H #5 B 12 Z 18] 09 fE &5
PR EAE f AN 1 20 IR

08
B 06}t
S 04f
%IE 02F
0.1
-0.6 |
g -1.0 F
E -14F
.;\— _~2 O [ 1 1 1 k J
249 10 20 30 40 50
Fif 8] #/s
19 HBEBIAFXTAEEEE HiRER)
Fig.19 Joint angle of boom and arm
(circular target path)
0.08
=]
IS 0.06
% 0.04
23
= 0.02
0 10 20 30 40 50
st /s

E20 BEESRETUE(IE HARHAe)

Fig. 20 Change value of distance function

(circular target path)
Ry A B IR % A% ) 78 5 Bl o B T I ) 4R
R T, R Al B o ORI 2K (28) 3 H B
21 iR

~ 0.03
0.02

VEHUE
ol /(m s
f=4
2

-0.01
0

i 18] /s
21 B EAT R AMETSE $E

Fig.21 Time feedforward compensation term value

5 #iE

ARSCHEW T —F 3T A GVF 1943 J2 ¥ il
B SEIAZ R AL A FE AR AR 0 SRS R L g
AN BRI ER S s mdl . B o LW L
it ZHb I 2t 21 10— b B AR R i AR )2
A2 256 s AT DA 5 F s AL fg
% A S AR AR B AR TLART IR A8 X LA 12 3l Y 52
M, H&F Lyapunov f2 s PE BRI IE W] T R GL 7R AL
RN 8 Ve RPN B i 4 F Atk b T
U3l o B 5 A AR 0 I 2 A AT OC 3R L e Ah L 4R D
A S R RE L Ak 1R R L ST R 2 R

- 1822 -

2% i AR B A AL . R TR S A B 1l Sy
i AREES W= a wobsi Rl = LI R DA Ry IR RN
W% o PR UE XS T LR 45 45 4 B BRERORS B2 [R) I JeAI% 1
(5] 001 ) R G L B T R GERERL . D HLAE R
WL P 3R 7 AR T I AR (R R A B R
HR Sl R RS T S GG R R R R 22 MR T 504
B3} U 2 B R S eR RS 2SR IE AR AR L HLAE
56 v oy DL Bh T BRI A2 I B A A R R B R

&b
He JJ o

S K

(1] BRRM. ZRIE. LA, & BB B R i oo

3 F G DICE R AT R LT ] EPLA TR, 2025, 36
(3): 414-425.
CHEN Junxiang, JIANG Hongda, KONG Xiangdong.
et al. Research on Smoothness of Mode Switch of Indepen-
dent Metering Systems Considering Time-delay Factors
[J]. China Mechanical Engineering. 2025. 36 (3) :
414-425.

(2] Tilwr, fESCA, Redl, 45 . B AB AL IR O g o7 o AR i R

ge g 4 PERE A [T]. HLAR TR 2 4t . 2024, 60(4) -
101-112.
DING Rugqi, XIONG Wenjie, CHENG Min, et al. Safety
Performance Evaluation of the Intelligent Independent-me-
tering Electro-hydraulic Control System[ J]. Journal of Me-
chanical Engineering, 2024, 60(4). 101-112.

[3] GONCALVES V M, PIMENTA L C A, MAIA C A,
et al. Vector Fields for Robot Navigation along Time-
varying Curves in $n $ -dimensions [J]. IEEE Transac-
tions on Robotics, 2010, 26(4) : 647-659.

[4] REZENDE A M C, GONCALVES V M, RAFFO G V.,
et al. Robust Fixed-wing UAV Guidance with Circulating
Artificial Vector Fields[ C]/IEEE/RSJ International Con-
ference on Intelligent Robots and Systems (IROS). Ma-
drid, 2019: 5892-5899.

[5] ZHOU Yu. BAUTISTA J. YAO Weijia. et al. Inverse
Kinematics on Guiding Vector Fields for Robot Path Fol-
lowing[ C1//2025 IEEE International Conference on Robot-
ics and Automation (ICRA). Atlanta, 2025: 8635-8641.

[6] ZHUP.ZHOUZ. YAO W. etal. HI-GVF: Shared Con-
trol based on Human-influenced Guiding Vector Fields for
Human-multi-robot Cooperation [C] /IEEE International
Conference on Robotics and Automation. Atlanta, 2025:
10. 48550/ arXiv. 2502. 11370.

[7] HU Binbin, ZHANG Haitao, YAO Weijia. et al.
Spontaneous-ordering Platoon Control for Multirobot Path
Navigation Using Guiding Vector Fields[ C]/IEEE Trans-
actions on Robotics. IEEE, 2023: 2654-2668.

[8] LAWRENCE D, FREW E. PISANO W. Lyapunov Vec-
tor Fields for Autonomous UAV Flight Control [C] //
AIAA Guidance, Navigation and Control Conference and
Exhibit. Hilton Head, 2007: ATAA2007-6317.

[9] REZENDE A M C, GONCALVES V M, PIMENTA L
C A. Constructive Time-varying Vector Fields for Robot
Navigation[ J]. IEEE Transactions on Robotics, 2022, 38
(2): 852-867.

[10] LIANG Yueqgian, JIA Yingmin, DU Junping, et al. Vec-
tor Field Guidance for Three-dimensional Curved Path Fol-
lowing with Fixed-wing UAVs[C]//2015 American Con-
trol Conference (ACC). Chicago, 2015: 1187-1192.



BT AR TG I OISR TR AZ LA IR R R —— R s BRI S 4%

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

LU Yang, LUO Sha, ZHU Pengming, et al. Versatile
Distributed Maneuvering with Generalized Formations Us-
ing Guiding Vector Fields[[C] /2025 IEEE International
Conference on Robotics and Automation (ICRA). At
lanta, 2025: 11370-11376.

HU Binbin, YAO Weijia, ZHOU Yanxin, et al
Concurrent-allocation Task Execution for Multirobot Path-
crossing-minimal Navigation in Obstacle Environments
[CJ//1IEEE Transactions on Robotics. IEEE. 2025: 6287-
6306.

YAO Weijia, de MARINA H G, LIN Bohuan, et al.
Singularity-free Guiding Vector Field for Robot Navigation
[J]. IEEE Transactions on Robotics, 2021, 37(4): 1206-
1221.

AGUIAR A P. HESPANHA J P, KOKOTOVIC P V.
Performance Limitations in Reference Tracking and Path
Following for Nonlinear Systems[J]. Automatica, 2008,
44(3): 598-610.

BAUTISTA J, ACUAVIVA A, HINOJOSA J, et al.
Fully Distributed and Resilient Source Seeking for Robot
Swarms [EB/OL]. 2024: arXiv: 2410.15921. https: //
arxiv. org/abs/2410. 15921

LU Yang, YAO Weijia, XIAO Yonggian, et al. Vector
Field-guided Learning Predictive Control for Motion Plan-
ning of Mobile Robots with Uncertain Dynamics[ EB/OL J.
2024: arXiv: 2405.08283. https: //arxiv. org/abs/
2405. 08283

HU Binbin, ZHANG Haitao, YAO Weijia, et al. Coordi-
nated Guiding Vector Field Design for Ordering-flexible
Multirobot Surface Navigation[ C]/IEEE Transactions on
Automatic Control. IEEE, 2024 : 4805-4812.

NAJAFI M, ROSSA C, ADAMS K, et al. Using Poten-
tial Field Function with a Velocity Field Controller to Learn
and Reproduce the Therapist’s Assistance in Robot-assisted
Rehabilitation [ J]. IEEE/ASME Transactions on Mecha-
tronics, 2020, 25(3): 1622-1633.

TREADWAY E, GILLESPIE R B. Vector Field Control
Methods for Discretely Variable Passive Robotic Devices
[J]. IEEE Transactions on Robotics, 2021, 37(2) : 375-
389.

XK . BT g Rk DI PLE R R k(D]
IR« W JRIE Tl R 4 2018,

LIU Yongqin. Design of Die-cutting Machine Control Sys-
tem Based on Velocity Field[D]. Harbin: Harbin Institute
of Technology, 2018.

ZEAT L STy AR Y X-Y & R R A 4
WEFELD ], B« PE I Tl k2, 2013.

LI Bing. Research on Velocity Planning and Contour Con-
trol of X-Y Platform Based on Directional Field Theory
[D]. Shenyang: Shenyang University of Technology.
2013.

KIM K, KIM M. KIM D, et al. Modeling and Velocity-
field Control of Autonomous Excavator with Main Control
Valve[ J]. Automatica. 2019, 104. 67-81.

HE Xiaodong, LI Zhongkui. Full-state Planning of Non-
holonomic Mobile Robots wia Dynamic Velocity Vector
Fields[ C]//2023 35th Chinese Control and Decision Con-
ference (CCDC). Yichang, 2023: 1495-1500.

FREW E W. LAWRENCE D. Tracking Dynamic Star
Curves Using Guidance Vector Fields[ J]. Journal of Guid-
ance. Control. and Dynamics, 2017, 40(6) : 1488-1495.
GONCALVES V M, ADORNO B V., CROSNIER A,
et al. Stable-by-design Kinematic Control Based on Optimi-
zation[ J]. IEEE Transactions on Robotics, 2020, 36(3) :

644-656.

[26] TAN X, WEI W, LIU C, et al. Reinforcement Learning-
based Trajectory Planning for Continuous Digging of Exca-
vator Working Devices in Trenching Tasks[J]. Computer-
Aided Civil and Infrastructure Engineering, 2025, 40(13) :
1847-1870.

[27] YAO Zongwei, ZHAO Shichao, TAN Xiaodan, et al.
Real-time Task-oriented Continuous Digging Trajectory
Planning for Excavator Arms[J]. Automation in Construc-
tion, 2023, 152: 104916.

[28] REZENDE A M C. GONCALVES V M. NUNES A H
D, et al. Robust Quadcopter Control with Artificial Vector
Fields[ C]//2020 IEEE International Conference on Robot-
ics and Automation (ICRA). IEEE, 2020: 6381-6387.

[29] REZENDE A M C. JUNIOR G P C, FERNANDES R,
et al. Indoor Localization and Navigation Control Strategies
for a Mobile Robot Designed to Inspect Confined Environ-
ments [ C] /2020 IEEE 16th International Conference on
Automation Science and Engineering (CASE). IEEE,
2020 1427-1433.

[30] OLAVOIJL G, THUMS G D, JESUS T A, et al. Ro-
bust Guidance Strategy for Target Circulation by Controlled
UAV[J]. IEEE Transactions on Aerospace and Electronic
Systems, 2018, 54(3): 1415-1431.

[31] MINAV T A, LAURILA L T E, PYRHONEN J J.
Analysis of Electro-hydraulic Lifting System’s Energy Effi-
ciency with Direct Electric Drive Pump Control[J]. Auto-
mation in Construction. 2013, 30: 144-150.

[32] BRfRA, SFHLM . 2805 45 . G 1 S7 XU S i I

B 45 R AR LT P [ HLAR TR . 2024, 35(10) « 1747-
1761.
CHEN Junxiang, QI Fanyu, JIANG Hongda, et al. Struc-
ture Optimization of Load Port Independent Double Spool
Electro-hydraulic Valves[J]. China Mechanical Engineer-
ing, 2024, 35(10): 1747-1761.

[33] DING Rugi» XU Bing, ZHANG Junhui, et al. Bumpless
Mode Switch of Independent Metering Fluid Power System
for Mobile Machinery [J]. Automation in Construction.,
2016, 68: 52-64.

[34] CHEN Junxiang, JIANG Hongda, KONG Xiangdong,
et al. Mode Switching Control of Independent Metering
Fluid Power Systems[J]. ISA Transactions, 2025, 158:
735-748.

[35] XU Bing, DING Ruqi» ZHANG Junhui, et al. Pump/
Valves Coordinate Control of the Independent Metering
System for Mobile Machinery[ J]. Automation in Construc-
tion, 2015, 57: 98-111.

(RE K B)

EEB N - £24 .9, 200044 W LA A . BT 10 A iRUE
U i ol . RRIBICAR . £ R GEFER).B.1982
AR B PR SN, BT O O AR A B S R A
% 3 398, KR RIBCTORGE . E-mail:aichao@ysu. edu. cn,
ALK

LRIRGWRRA, M A R TR AR ]G ] g Y IR 0 S R
2 4 B A R 4 A LT, b I BLAR TR L 2026, 37(8) - 1811~
1823.

JIANG Hongda, CHEN Junxiang, Al Chao., et al. Time-varying
Guidance Vector Field-based Path Following Control for Hydrau-
lic Excavators with Independent Metering [ J]. China Mechanical
Engineering,2026,37(8) : 1811-1823.

- 1823 -



