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Abstract

In dynamic warehousing operations, new energy heavy-duty forklifts often experience reduced for-
mation control accuracy and increased collision risks due to sudden changes in road conditions (ad-
hesion coefficient). To address this issue, this paper proposes a data-driven strategy for adhesion
preview perception and adaptive adjustment of safety intervals. First, alongitudinal dynamic model
of heavy-duty forklifts considering road adhesion limitations is established. Second, interval Taylor
reachability analysis is introduced to compute the minimum safe braking distance under different
road conditions in real time. Finally, an improved model-free adaptive cooperative control (MFAC)
algorithm is designed to achieve adaptive adjustment of formation spacing according to road con-
ditions. Simulation results demonstrate that this method can effectively reduce formation spacing
and eliminate collision risks under fluctuating road adhesion coefficient conditions, improving op-
erational efficiency by more than 31.86%.
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AT 4.0 IR SR RALERAHERNE ST, BT EAGV) S e X E R H
B KEHE RIGHIERRE, CRBEBOVE DGR R KBRS K & B 3Gl 3 510 k%O 2l
Wit EAIAMUBZERTE TR IE SRR, WA= RAZME T . M5 B pe b 1Y
PRt VOB SCHE . R REIR A X, R AR ARHRB L S K I B R ), AEANER . REVR
SRS SRR A AN AT B AR E T o Oy 1 3 — 28 I VEIR R G AR ML AR, X 249 FA 12 4T (Platooning)
FORPNIZ AR . 8 2 B Re R R HI[1]-(3], ¥2 6 XELBUN 22 R AR ERA, AMY e & 1T
IIE AL (R N R Se i, b R R N I e S R T R RERE B B, SEIRGR . AR, B
X2 G BAAE S R TV P 855 H £ 0 288 T Wi 26 A R M UR R ) B2 R Bk AR 4] [5]. %%, AN E R A HE RGH
WAE 10 WA b) . Bfar sy HE O B D) i BE S AR AL IXERAE YN m) Bl ) SR I B A A
AR SEATE . FR, TV Rs T R R AR . ELbrfElt, XS LT
TR EE R I I R DR R [X DA K AT BRAFAE T BT O 2R I A PR AR AR R o aX G PR 3R UK T EEAE
T BB ) RAERZ HATT TN RAR, H o B AL 0.3 (R /AMTGIKIIE 0.8 (TR A L1
N2 18] DA 12 59 B A A2 il 5032, i3 18 %2 i) #E (Constant Time Headway, CTH) 5§15 & 8] #f (Con-
stant Spacing) (1) Mg, AR B TH B 25 AR BRAR HAE B 1. 7EIX PR “IAEEHARAL” B T, 58
N T IERWE IR, KGR IE R 4G 2. AT, — BgmBAE NRENE X3, BRI R4 AL
5K HIBN T3 R MRS . I, SR 40 42 (Leader) R S8 AR L IEAT S S B, )5 B 4 (Follower) 52 fR T-#&
515 % 11 (] R BE R IR IR, W o R AR R B R R IGO0 . FEIX PP LOLS, A5 40 42 ) SR o S M
VIR SR 4k, B 5 5 B MEME R g B R S [6] [7]-

Ak, B SR REN R IE R AR LU T WARFE R IR YE . BORIEE T BOLEHIL . 18k L
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BT BR T BRRVE (A R 8 AR B0 FO S PRI & ol xRS B O AN 1 45 AT 2 TR 3 0 22 PR
ARG, ERMOIZEHI RS “HeR” 5 “wa” ZRBARES. R LERAREELR, &
SR E TR, RREGNAE G RIS, WTCE RO PR 554 oK ARl . R,
AR AR S B —Fh B A% TR AN T PR BE AR . ShAS VAR B 22 i 5, I 1 36 L U B et A 22 4 ) B 114 B 1) 42
Tii, CLBCAHT REUR 2 AR R AR e A IS v e i A o A G SRR 272 1R (8 (9] ASSTANRRE 1 ) 4
Wish /128 TR NEERIEI A VI, WF TR T 265 F 0 AR s PE RO BR ). EEETTiR: AL T
A FIR T B 22 A Sl SRR . SR T A AR RN Y N 22 4 [R] FRE SRE [ 10] o

2. RGRESHRIh
2.1. ERXENENFER

FERIE FE 4 BAFZE ] SRS 11T, A0 U ST RENS S e 578 SR B P 1) 30 0 2 AR . 557 Y % (Heavy-duty
Forklift) 5 8830 fl - £ 80 % EAFE R 2. B, X AEEFRMERE R, fitfdmaity, HiE
PELOUT, R M 2 RAERIZIE . X TR RN EE s, FATOE AR RTRE )y 7] A IX

B 5 3P4 .
AR AEshf G, BEHN X ERMNME) )15 R LLERIR N
MiﬂzF;i_F;)i_Evi_F‘ri_Fi (1)
dt ’ ’ ’ ’ €

Horb, M EXERERE, v ARREE, FOyBNEREERIIRE) T, F, b FAE S8 R4
e, F, NN F, WESIE, F, WY

K8 S U ARSI UL 5 mis), S0 F, = L.C,p v (L e it
MR F,, = M gf cosa ST M, BHAR, [ RNRSILIIRE, o NEIHBE . *FTHaelR Rz
X%, WNLHIERE) ) F,, 52 3 DhZABR S, THI1sh 70 F, , W52 BRT-PAT AL B e S I SE

FHE B, EA XL B R A B AR R AE IR AR . FRATT AT DO BT 2R B ST —
AP IR

T, +a; =4, 2

X a, HESERRIERSE,  a,,, SR RGN, 7, Sy H . T B AR 5)
R, o, FEEBOR B AR, 3X 9 ks B 1 e A [R] FE 42 11 47 R 1 Bk
22. BEFHBELRIER

A TH B0 AR g R TR S R R G R . A B T2 9D 8 AR5 0 3 KT
F AR O B R s

P = H-F, ®)
Hop OB . T EE XA, SIS GRS a,, 0
Ag. SH-& “)

4 T P TR R TRt = DO I B A MBI 0 ATRE 0.8 BRFE R 0.3 LR AR,

N T ERE IR X — L R, BATE]I N MagicFormula (BEAR A 0 B . FE G2 2 EE T)
F R R A MR Efshidfed, & F B 7 uM,g , BIFKENEBIRE(A>20%), LNEE
Jixifie B S gmIAE I S, X R R4 U A B DU - g BRI LR FE A, AR
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W ENRAX, FECBhEE 2P R
R, ASCE B L R EE U -
U= {ui | “Hpin& T€ < U; < amotorfmax} (5)
Horhe el MR, WA p MOA—ANBERLE s B HFBIREI u(s(1)) -
2.3. BF 2RI M U FFDL) BB
BT H A YA PR A S S R AR R A I B A ARk FEALE AN R R ), B T AL
R SRR S EA R . AT AN KB 19 BAR, R e B 3 B 38 i g =)
BT, BRI XD )15 RGN RPN ZI A N Dy 2R PE B R 11] [12].
Z R & XN BN RSt
T (o, (k) = [y (k1) =y, (k+ 1| + 2, (k) =, (k=1 +1]e, ()] 6)
Hrry, (k) Nk W2 B, w, (k) AN BOREL £ (1) KT u, (k) Kl B HoEsE, H
RO T XRS5 K (Lipschitz)iE 82 261 . 1B 2R AL, R E KR N:
Ayi(k+1):¢f,i (k)AU, (k) )
Hork AU, (k) =[ Au, (k). Au, (k=1),- A, (k= L+1) | AP 3 LAMERRR R, ¢, (k) SRR
£l 4y B 7 B FE % (Pseudo-Partitioned Jacobian Matrix), & SEZHF AL T R GiAE 24807 TAE s M sh & REE .
AR ILAAE T EATEMRE Y ER B4 SR, S TsE & IaretE, ma2kix
LU AR SRR S TE 6, (k) RIELAGTHRE . MR TRE RBORAR S B MR RA G, Hfi e
TR R % 108 o iy HH 4% 22 SR JRR RN B R 0 2 AR
2.4. YmBATHEIEHN SRS EH#E
2 X EWRELF, FATE XwmPIRFRNGNE - HREE# (Leader-Follower) 4544 . WA ES 1 &
B (R 5N Ol n & JaBE X%,
TESUBNIRZEE R G XT3 NREEE, ST RANE EEEIRZE ¢ (k) 52 LN:
ei(k)zyi—l (k)_yi(k)_Li_dsafe,i(k) (®)
H L AXEBRSKE, i (k) NARTRE M EENSI &L 2R N7 S8 % e
(StringStability), A7 B {RIRZEAERERESL P ASHOC, B
Je: ()], = e (R, ©
4h4 FFDL ¥y, guAPIRASEAL T DR N — N2 BB A RS, BEIHR 5 20 A m i 52 m
ANEREAR R YR, Bl S R A SR I — B . R AL RIX R “OpEIZ R + H P p A
FIXZEEN, R JE SR8 =3 et B IE M 0] FR TR B 57k 5 MFAC #5461 33 24 5E 1 FRg 5.
3. BiIEMREERSIEHIRE
3.1. ETRXER#MALA TR ST

N TR RS T SR E A SRR A, EAR S R MR R IE R 4. LR RK
FR N A5 1] BE VR BEN L o A% S 00 18] 52 1] BN 1 T 200 1 B T SR AR OSSN AR Ak, A 2 AR AR 5 A B T T 5
KA o ASCHI X TE 2 H (Interval Taylor) RIIATE 7%, 6 4G BA ) % 4k BEAT 7™ 3 IR AE 2 P4 -

DOI: 10.12677/mos.2026.155083 200 e RSE TR


https://doi.org/10.12677/mos.2026.155083

BT %
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T BT A e N 5 B I A P B 0 T A IR e 0] P 3 1 DSBS
Bt SO, 24l U SRR, B Z AU IR E . A IER . 130 ST 4
I 5 35 T D R 0 25 PR

BT KRR, Bl T B AT T B AR B S, WA — B I A X B
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Sk R R FTINRIF B AT, X T 0% . o, (2) ST UL RIS ok b3 A

JH RS R - MRS LE - A s (HID R R, RATAT DU M3 S R G ek . 35
MR BT fa Tk 2 A, WA A Z 4. N T A TE 5 DL R SR PR R, A SCH B IR R A Pk
N RS 22 ARG ., (K) -

Viz (k) vffl (k)

k)=v.(k)- + - +d 11
=) e 2 0 2, (0™ n
AP — IURME T E 2EIR s 55 . I o IR JE I AR S AT S B BT R A BRI ) shig
ITHRRE 7% dyNEESITUR. 2 4, (k) (OaBEETNEE RE) DT w1, d,. (k) bERTE Sy N G
ONFE FEE 5, AT AE 470 3 )2 T A s 1 P DRSS

3.2. FEMRBATHIEBZEHH

AR Y A G A1) B & SRR T TEAR ORAR BE b ER T AR T R IR FE o AR SO —F “ R UL
AN WU AL TG A A ) £ MG B B L S BT R G, AR SN PRI AT 77 B A I B TH T ERAS
YR ZE 8 — X RN BB E R e AR I T AR KRS, %45 B2 i81d V2V (Vehicle-to-Ve-
hicle) B 15 HEH T 1& 45 4 BA I I BT A J5 BE 4

FPREALRI SO T AT IS X T8 0 6 R, BRI A AR H 2R 14 S T AL
B, ISR CE 1R AR S X R g A o SRR AT B AT 5 B 4 AE B O B NI X35
ZHT, HEHSECarn R R . X CORMAZ” MRS AIRAR D T TR RS A TR
1l 2 24 ) I e 51 T 65 A 3 1) R
3.3. BUHRY TR R BiE N EIESI(MFAC) T

B A X ) ) 5 W AR E AN T 20 R B AR &, AR SCRETE T — Pl R O AR [ I R P [R5
il %% (Enhanced MFAC). %% il % 1% 0o JBAE U F ] FEDL $d AR, 78 M 52 72 X G B A A () RiT 42
N SRIN g A 1R 2 R PR M

P H AR AR BRI y, (k) BRUE ST ERERZ By (k) BlE/AMEIn A R 2

D

safe

J (0, (k)) = |7 (k1) =, (kD] + A ()=, (k=) + e, () (12)
Hrf, e (k) REEINENE d,, (k) BHFBNRZE. HETPME MFAC, ASCGIN TRER T 2 1B IERN
AT
1
l(k)—/lo-exp(}wmj (13)
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XA 2 TR (0 B T AR AR I (g, D)), P R AR 5 3 T PR B R T, o 3 i 2K
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3.4. PNREM ST

N T B ORG BAALE 1] 2 3 S B R rp AN R AR 7R3, 6 006 AL H3 A€ 1E(String Stability). £EAK LR
HMAHNS T, BT D, (k) KT o SRS, H MFAC #iil 8 B A RARMARE IR BRI, JHad ™ 4%
(] Lyapunov A& & PE#ra] UIERT: R Z Oy HES LLAERE IR THR Z R A 1, H A (k) FIFBERRT R
SRS A, U2 BN 1R 22 AE AR BE 2% P AR B IR B R o B . X RS M T 4 AR R 2R
2, ZIMEEL LGB NG, REASERMINKRIER, TR T E2RAGMIEL R4,

4. HEEIESSRTTIE

IR S E T @ N Ia B ) SRR LR AL DL B = E N PR X R R B w A M AR N i Eh A
2B D, (k) 5ol OB 5 5E 1 B [Fl% f| (MFAC) SIS (KA 20, AT57E MATLAB H#4 2 -5
B = ERBE AL )5, REEFAMIT =0.02s, (HEIK 60 so BRIHREH RECmu (s) BT AL
BB, RIUBH T BE Sy o S5 X B R AL W14 B 2 5 L th 2kia AT,  BREE 4R H]
= D, (k) MO EE B, IF R4 I v B i 500 T A5t S A EEBEJE DR AT LA R
g B SLAMEAEZRAE LT Xt i, BB “ [ d 7 FEERIRNE : ANEE mu (s) IR W),
RS ASCHFPAT SR SIS S RE WA, DRIMEFE B S BIEN FFEENCER - 2484 BRI

4.1. FEESEENZZEIE

u, (k)= u, (k1) (14)

20

B—
T Dsafe(k)

0 10 20 30 40 50 60
FHiEd (s)

Figure 1. Actual distance between vehicles and adaptive safety distance (follow-

ing vehicle 1)
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BB A AR 4 (05 bR 5 B B4 B D, (k) W1 1 TR, AT LAE mu(s) ALK R,

D, (k) ETURLEE FEARTIIA T, SEhripibl 2 R R B, R B 3 s 5 22 AT LA .
4.2. YERESFEMHT

BRI FREE LU 2 Pron. SWIEE D BES BT, PREE AR R AL X BOd B e s g
ML AT N, RIBURRR AL

60

50

0 10 20 30 40 50 60
B8 (s)

Figure 2. Longitudinal velocity of each vehicle in the formation
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03
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Figure 3. Road adhesion coefficient (navigation position) and prediction esti-
mation of following vehicles
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safe
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Figure 4. Formation spacing error
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Figure 5. Longitudinal acceleration of each vehicle
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Figure 6. Safety margin of net distance
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