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Fig. 2.1 Forces acting on a tractor-trailer combination
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+ W, cos als+ Fuxh, (2-6)
L EoABRodic, &EgotlBneRo x>
wERIhb,
Fin=xnFyn, Fin=AnF:n
Fro=xnFir, Frn=x0Fin
@2-D, @2-2), 2-3) RE#EIL Fon, Fux 20
ETBHE,
an X +anpFentasFon+auF.
=5y, sin @+ by, cos @-D
2-0, @2-5), (2-6) REXEVLL Fu, Fux &
ET 5L,
n X +anFn+t @ Fon + 6 Fr,
=b,, sin a + bycose 2-8)
(2-2), (2-3), (2-6) AL EVZL Fopp, Fux %W
*ET5L&,
U X + @32 Fromy + @5 Fomy + @34 F
= b, sin @+ by, COs & 2-9
fefZl, fREDfIFI A, B OEFRLUTOX 5
5%,
ay = mz(hy—hy)
@13 =—(Cxn— Cxr) Fo+ A+ 2n) A+
a5=0
au=cnly—h— 4
= —m(hy— ha)
@22 = Ciepy + 30e2) oA ry
s = (Cxnn — Cxe) o — s
==+ b+l
a1 = — Cmrhy +mhy)
a2 =—1
@3 =1;
Ga=h+L+L+1
bu=—Wr(h,~h)
b=Wr(—cxnlo+h— 5

by = W, (hy— hy)
boo =~ W, (Crale + b6)
by = Wrhy + Wb,

byy=— Wrly + Wrl,+ Wi,

2-7), (2-8), Q-PARFTHOHBEATES L,
ROLSlhs,

AX=Ba

RHDFTF X kDB &, KOAK b,

X=A"'Ba

=72L,

(2-10
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G Gz iy Giy b b,
A=t a2 & az{l , B=|b, b
@Gy M2 Gzz (ag by by
¥
x= FzTZ , a:[sina}
Fen cos &
F.

(3) —ETEE v — 5 OBEHHER

(2-10) K Z, Fou=0, =0, x2=0, ¢cxa=0
ET e, PSR —ETREck b, LR
i, fFFloABRRA (2-10) U Toksks,
X=A""Ba 2-1D
2L, 79 A X BRKRDOXD>imib,

@Gy Gz hy X
A=\t G @, X=|Fn
Q31 Q32 Q34 F,.

(4) —HHEERE + v — 5 OEEIHER

(2-10) AP, v F S0z BHROTATIE
HiRG F=0 &35 &, +v—5 BN EEHEI
eh, LEERZ, FEX (2-100 BETFo L5tk

5o
X=A"'Ba 2-12
L, fIA, XBUTFDX 5 i,
@y Gy Qs x
A=|o @ @4, X=|Fn
@G Gy s Fen

2. 3 ETINERWEHE
2.3.1 P39 PL—SHEEHT
(1) +3720XEEHT
BEREEHOBHHERYERT2D0OL 72720
TEHETIE, R2L1IKEEIATW B,
(2) rv—-FDXEHET

FL— I OEEETICOWT, BEOBE LEHR
BrHHEEETIE, P —SOBELUEENEDLS
DT, UTFDX 5 cEERELHEREED 220
BRI CERT b,

(i) ZEHE

—Eh TR T L EUERE O L - SEBEEITLKD
W, FREFREERBOLORER2.2IEEIRT
WD,

(i) FRERAE

PLU—-SOBRBEREBOEBOMERXRDDZCHI
b, ROFEELXARE L, ~RCBEHOLER
1.2~1.4 [t/m*]*® oflhb0T, 22T, t
Vs e s BEmoEX 1.2[t/m] L L,
DEOBRBH T HIFIL L v — S OREIEE D LK
FTs, DT, +r—7oRRIckEd 3,

@O —EosmBrNr-FonT

—EoHmB - OoMERATER B
2.990m, 1%1.800m T, HRAEHEE L 2,000kg
ThHEH, P V- OBRBHEEEHG OB E, T
V=S DELEARS by, ROELD - BREER RS
Lt IR LeRERESTERENRKD
(2-13), (2-14) KTKDBI B,

ha__0.834-965-+2,00Q-7w [1.2-1,000-1,8-2.99
= 965-+2,000-7,

+0,875]

Q-1

g s
L,

965 ©ZEHEO bV - SHEHEE (kg]

0.834 : ZEEEO b L~ SELEEX [m]

0.875 | tv—SDOWAEETOEX [m]

Table 2.1 Main dimensions of tested tractors

mr m hy h Ly b
[kg] [m] [m] [m] [m] [m]

Tractor HOET&%W& Max['g/e;]o city Ballast
I 25.7 5.13 No
Yes
11 48.5 8.70 No

1,600 0.847 0.390 1.850 0.682  0.910
1,960 0.847 0.390 1.850 0.614  0.910
2,930  0.980 0.390 2.09  0.809 1.130

Table 2.2 Main dimensions of tested trailers

: Capacity m h, hs / I/ /
Trailer type (kg [kgt] [m] [m] [r;l] [Hsl] [r‘eﬂ
Balanced 2,000 965 0.390 0.834 3.085 — 0.543
Unbalanced 3,000 1,075 0.390 0.735 1.600 2.330 1.051
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0.425 | P —SHEDA TRy VB [m]
0.543 I ZEHRFOEL o B BRI OB [m]

@ ZEAIEBE L v — ST
“EERE v -SofAAMTER B
3.600m, 18 1.800m T, FAREHEET3,000kg
THD, " - OBEBEREEG nOBE, b
VS DBELERE by, RUED - HEEM R
L, i LkEEcE ST EThFThKko
(2-15), (2-16) A TRDBI 5B,

. 0.735-1,o75+—3,000-rw-[iTQTf%%%%%E¥§T§7§-+0.98}
1075+3, 000+ 7,
(2-15)
= L8] 11:007755:33’,0 00000. rrww 0.93 @-16)
oL,
1,075 | ZEHEEO L - SHEHEHEE [ke]
0.735 @ ZEEEO NV -SELEAGS [m]
0.980 : FL—SOMBEETHESX [m]
0.930 : PV —SHADA T LY I B [m]

1.051 : ZREEOEL « HEHR O RS [m]
2. 3. 2 MERBEEH ) IEHRE

(1) HEFREK

BESHE b h 5 A RE, BREEEOED
MR AR S oo, BHEEROHERE
CEWT—EDELZRL, HhOFEHILELWET
HHERET D, BT 4EEOETREBOMSE

EFTHBMEETHD, FORAET, ETRBEOME
BIZL -~ TRIEDBERE, v -0 AL
TV —=FhbBLNAHREREE L2 ROA SV —
Z—DERKENECIDHIREA TV 5, TD
a3, Yv -0l bogkEE L2 RD
ARV —F-DRRKENP TR 5 HERRE-
TWBIERFRETD, LicdisT, EfEEmL
Hig OSBRI T BB L BHERTTE & O
FHREha2FDbOTH S, EHlBRCE
T, ERVERS —BOBEER I E L@ O
T, HIE&EROWBIEAMEL, HEREEER
D EIRED B RSI O E R ¢, LHIREE F, &
DR e F; X WEtBEE b, £ TEEERORK
BEEYRDHILDIZ, C-10XbD0EREBEH
=cCrte, HEB DR AL=0, HIEHOLE
n=xn=xp=0&3 %, —EH-&GE v -5+
BAPOERE F U — S oW T OHERTE R 129,
(2-1D, @-12 KExZThFrBVTHERT S,
2.4, 2 %) B)FE BE

DB TR b KRG 3, BEHERE
DOHEBBIC R T—EOMEERT, Wb, Tofk
KBEENPHHEETH D EERET 5, £ T,
HEREETOHIBNEEE L, AKX TRDH B2,

L=V2/Q2 %)

2. 4. 3 RmRE2ENA

(2-10) XX HkofTFIOFERNI BN B,

2-1D

BRITE 2. 3 IR Eh TV B, X=Da (2-18)
(2) M hIEPLEK fefZl, fTADRKRD X S5 iRb,
HHROE D IEFRE & 12, HEBOELSDEL L du i
HRHELOLTH 5, HBREOEITCH L D:A*R=%1%J
T, BEREETOEBENTHIERICTZ 5D, & Aoy i
BEHOEN ) EARK LS LWELEET 5, Th X
LOELE2JIIRIATVB, Y= Fery , a:[sina]
2. 4 BERITFE Fou cos a
2. 4. 1 RKHEE Fo
B E (Maximum Deceleration) & 1, & Lichio T, BEREEROBEE ¥ KRR TRDE
HEm OB ER OFE ISR AECET SRR hs,
¥=dysina+d,cosa (2-19)
Table 2.3 Coefficients of rolling resistances and adhesions
Concrete Mowed grassland Tilled soil Swampland
Coefficient of adhesion 0.65 0.65 0.50 0.35
“Coefficient of rolling restance 0.04 0.10 0.25 0.20
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BREFOBEE L0 &b, ToOHENI
b b CEREHOAMBIENI G- T B, &
OHREOERAEIRREZLBERA LFTL T
5, COERAEYEL S, BEEEHITNIH
B, BeirEgd, Lich-T, Q-19XPor%
0wl, EEERORRKKLEMNALRD LIS,
LOBARSERATRGCEBEROREMIEY B

H+5,
2. 5. BRRUEBE
2.5.1 pPL—FER

HAOBEREREROREEIE T, HEhEER
iU PR AR ¢, REEE 20 km/h (5.56
m/s) RiFEOS DR OEBEE>»HBTEE E L
TS5 mBPREETE BHBEENZRETZ 2 &,
¥, ZEREOEWMEYEE LA 1/5(11.3") Fi
OEHER TEBAER L v EILRBERTE S
BIXEETHEHREIRT VB, AFETIE, =
h OB BT OHBIERER R EMRERFHET 5
T DEHEHE L L TR, Efe, tT 2781 &
I OHIEHMEEE & BRI BRI T B 7c®, 5274 10
REEES. 3m/s HIBWEE L L CHV LR
2o

by — 5 B BRSO BB AE R VRS RE
CRIETEEBIN22RERTWE, b -5
HEELHGOLB BRI, —E8_HE
Vo SRITTEERE N v - 3R 1 ) ZoHEMNERE
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Fig. 2.2 Effect of trailer types affected on braking
performance and stability

BOREEENMMBER TV, BIZ, Vv —50FH
BEEISGNKE LB LEN-T, FOEANE
L3875, Al id—#—imal + v— 5 R
BEEAN100% M2 5 &, HIBENERENS miz
ETR, chicxl, ZHEEHE Y v - 5%, b
VS BEERBTH T T OHEERE ) S5m
By, RRELERAR, Vv - 70BHE
BEHEH2100%5 s, WWLTRETLTL
5. B LoOWBEM» D, —HTRE V-5 T
PO v v —F X0+ 527 2 lI~DEEBEBHEM
KEWLDEEZOND, BIb, ZHURA v -
F0BE, by FEAO 2 BHMITATERRS Fi.
AMERELTWIRWRS, P37 20REEII V-
S OBBEE RN, Bo—E0HTHb, %
fo, SEEB OB EBIAMRKSET DI V1o,
Py —-SOBBERBEAGOBMACHE) P -5 DE
BMEOCHINGEFEMOHEB I~ L BEYDFEE
nitw, LiedisT, b v — 75 OBFHEREEIE
KT rieoh<T, EHEHOBEEIAE Yy,
Zhics T 5 EEEMOFIE B T h L v
7o, Zo#ER, EFEEEOHBMEERIBCET
Th, chEdic, —ETRE NV - FDBE, b
V-5 oBBEEEO-RSH L 77 2 lcEB T
5, Lo, Pr—3oBEBEEOHEINCoh
T, EEEEOHBEMERITIEBIET U,

LicisoT, P—SHTEBEL 57 246~
IV oHBYER I SR Loz L1,
BHRECENLOLERETHE, FRCHEES LT
540,

2. 5. 2 EEEEEORIENR

TR, HERCSSFIHEIATY 32—k
Brv—s5Ro48E ROZENHIN L -5%
D 6 FEEET 10 MEOHERR > THE L.
FOFBRIK 2. 3WREN TV 5, Fif & @A,
—ETHM -SRI EERRE L -5R D
FOHEBEEIBEIT VD XM, BBBH
XU'BBBBRE®H R, b v-FEHEHEEOKN
Ehnbbd, ZOHEBMERVZEMENRLE
hTkby, po—iRwE L v — 5% & HhrugEl
FU—-SREELARTHB, Thikr S 2L b
V-5 OEENTXTHBNE L THRE B D
LE2BNB, U= ORBRBEEIHEN0%DE
%, BBNE RO BBNN B EHRTIR v —50D
HHEEZE M 100% AT 5 &, ToFEHEEE
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Fig. 2.3 Effect of brake systems affected on brak-
ing performance and stability
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Fig. 2.4 Comparison of braking performance and
stability between NBBN brake system
and NBNB brake system
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HEEOH EAYPFETE S, Thiidfic, NBNBE
HEHEAOFMETFTLTLE 5,

MBI < > NBBN 2% 0 NBNB # F /
RO R WD B 2. 4 RS h
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EWFOHEMER KL X NBNB # AR
IhBERTED, Lad, tr—70FBBEEDOE
M Lo T, TOENPKEL D, FlzE, b
V-5 OFREEE S 100% % &, NBBN
BHEROEHE, ZOHBIERE & R ATLEAAIT
FhEh3m, 25 THH0KIX LT, NBNBAl#H
WHROHBE, ThXh3.Tm, 2007%E-TLE 5,
LichiaoT, Prv—gfleyv—*F23%HInd
B, REE - B SOREND b V- T OFRER
WHECT v — % BT H L NTERVEE, %
ﬁmxo%%ﬁﬁoﬁmgﬁ#ndﬁﬁﬁﬁafé
PR DR oI TE B,

2. 5.3 ETREOER - -
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Fig. 2.5 Effect of types of traffic condition on bra-

king performance and stability
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Fig. 2.6 Effect of tire locked and unlocked cases
on braking performance and stability



e SR RAERSEROBREERN 1w BT b AR 411

A max DI TH B, e L, g HEH %
vy 735 E, FOHBER L, A 6m &b,
BREEZERE ane DU IZETT 5, L
Do T, ERFEEIHBINBE, Kvevsrds
BF 2 BN g EfR e = v 7 @i EENEE
L

2.6 ¥ & &

AETIIN L OhDREBICES - CEEEHOH
B2 EFARMEL, AKDOEREXETOR
RHELFTIMBEREL L, P v —SEL, 4EER
ETREOCOEE, MEENAE tv-JoBHEH
B, BERoHERE HEEEROH B IET
Rz oW THRFHL, ROBRENBSRL,

(1) —Ei=&H v —> REEERI, FO’R
EENLEZ 7 2AANL D HLDERBEBY S 25
7o, ZTOFIBMEER R MREN BT iR +
V-3RIDERTV A,

(2) —E@"HBE V-5 KRR THELEKI
V- SREZEWTE, TNTOEBICT LV —Fi
HEWHIN TV B854, HEMEROREMEEI MO
HERERC LB TS, 527 2 iEER
v —FPEFINCHHERRTIE, TOHE
HREROZLEHREII L V-5 OBRBERINVD I VWIE
BERLTVED, P -SORBEBEENAREL S
KL sTELET TS, 527 2 HRERL b
V-SHIRICT V- FBREBIATVBES, 0
HEMRER VLA I N LV — S oBRER 0L
Zohtkh—BomtbtrfifgEshs, + 57 2%
HIgDOL TV —F N EMEINTBBE, HEHAE
BROREHEIHELETL T3, Z#HMEGER
V- S REFEEROBE, BELLOE»L Y —
SHRTRERIC 7 v —F %EHETH 2 &R TE RS
£, HBEE LD b HTERCER L 2 B
Vet L igFTE 5,

(3) EHHEEOHIBRHETML A 2 54+ 2 &,
BrsERE L 0L, &80 B R EBERE
NHRIZOSRAHAFHERE L L THYTH 5,
IO L 5 REN D EIAD I CETRE COH
B AR R O EER, L — TRl T — %
BTV WES, v —FoBRBREEIEAT
BZROHTKRELLETT %,

(4) rv—30RFEELNLTOCEERERSY
BMzor, LSl r—22EFHIRTT
WHERRTIE, ZORIBMEROREEETEL L

BETL, ZohcHEERI R AZVEEH10
micET S, TDRD, FHEUNLN V-7 OFER
HHREEBABFT AL BDTERELLD,

(5) ERfEWOHBFRLe v 73¥DE, &
OHENERE B L E T T 579, HENRIER,
TEHROBEREL = v 7 RLVEGRRIEAE T L
Ao

E38 FHROVA F7r—USH

3.1 BHIRUHH
HROEEER YN T 5 bl EHF LET
B Ok L COERONZHU LD Z & A3
FBCEELE > TL b, EigDHFRHEHILTAS
BELY IV 7+ - 2SO 2BEHCKIZ RS,
G AR OV TRHEE S ORBHENRERE L
T B9 B A F 7 4 — R DOWTIL,
EREY « SIBOAMER L T e b 5 7 ZRITERO &
5 7 B HER BN R ICBI L T4 < OFFEO ) 53
Thivtwoh, B« FlENIFRL 558
CELTHEDHBE SR T ieh o 880, 5,
iR B O, HAM TCOFERENLL LD
MEREESh22H 597, 22T, AETIX
BHERERNFEETAXREL, ThZ L ) FHRD
PAP 7+ — 2R I 2V - VTHIEZEDR
L7,
REOHMEL, FEEICHEE e Fiala® OFEiRHF
EFALOEAESLBBEL, M LERNZETL
RBETDH, FREEFLL 6 5 NATEEE L H#H
b5 2 OFIERIKIR D Ah, ERONFEF L
v iav—vaviERyRIETS,
3. 2 HROHOABETN
3.2. 1 EWTRYFERERONE
HRIERT A IMARK 3 1 IREh TS, =
DBE—RICHCLhBEERIX-YEERE X
YEEROL L 2EEOLDNH B, KBTI
HEOY A F 7+ — 2EcBd o ad 2 B3
2L X-YEERTAVAZ LT 5,
M3lao k5 BEOBE, EHOMESM
LREGAEA-RTH Y, JEHmEEETERE N
HHNRHEB AR CESVIERIFERAL T2, =
Rt LT K31b)o ks cEBRORERA &
BlEEHRE AL %6, bRALkoirs
HEFE EEAEOAMCHEEL 5, —BCiiER
B & BEEFRMOMERB<VAL Filct i



412 EERFRFRBIAE 1T E B45

Driving force
ul Driving force
Lateral force

¥

—— Rolling resistance
r—— Braking force

a) Traveling parallel to tire center plane

Rolling resistance
Braking force

b) Traveling at an angle to tire ceter plane

Fig. 3.1 Components of tire forces
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Fig. 3.3 Zhang’s dynamic model of tire
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Fig. 3.4 Model of tire-ground interaction
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Fig. 3.8 Verification test of a driving tire
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Fig. 4.1 Steering dynamic model of tractor-trailer combinations
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Fig. 4.2 Schematic diagram of measurment sys-
tem

Table 4.1 Main dimensions of tested tractor

Horsepower 11 (kW]
Max. veloceity 3 [m/s]
my 826.7 [ke]
F 4,050 (N]
Fire 4,217 [N]
I, 353 [N-m-s’]
A 1.385 [m]
L 0.679 [m}
A 0.210 [m]

Table 4.2 Main dimensions of tested trailer

m 621.4 [ke]
Fn 4,107 [N]
F 2,107 [N]
I 587 [Nem-s?]
A 0.210 [(m]
A 1.400 [m]
A 0.925 [m]
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Table 4.3 Characteristics of tires

inflation lateral radial
model pressure stiffness stiffness

[Pa] [N/m] [N/m]

Tractor front tires 6-14-4PR 80,000 187,000 304,000
Tractor rear tires 8.3/8-22-4PR 80,000 296,000 372,000
Trailer front tires 6.50-16-8PR 210,000 313,000 343,000
Trailer rear tires 6.50-16-8PR 200, 000 273,000 343, 000




422 JLBERERERITCE F17E F45

Fig. 4.3 Combination of tractor-trailer for testing

Fig. 4.4 Linear motion potentiometer to measure
steering angle
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Fig. 4.5 Equipment of measuring tractor-trailer
relative angle
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Fig. 4.6 A example of test data

Table 4.4 Test and simulation results

Test conditions

Test and simulation results

No. Ve dr1 [ %) T2 ¢ Fx Fy  wn(e) Ry Vry Ve Vi
[(m/s] [°] ("] [7] (Nem] ["] [N] [N] [1/s] [m] [m/s] [m/s] [m/s]

1 0.93 12.1 0.6 —0.9 605 36.8 63 1,766 0.16 5.7
*536  32.5 257 1,263 0.17 5.5 0.07 0.82 0.05

2 0.95 12.6 0.6 —0.9 593  36.5 109 1,459 0.17 5.6
*555  33.9 254 1,298 0.18 5.3 0.08 0.83 0.05

3 0.98 17.2 0.5 —0.9 694 44.0 55 1,930 0.22 4.5
*813  48.1 228 1,444 0.25 3.9 0.11 0.74 0.07

4 1.00 17.3 0.6 —0.9 712 44.9 52 2,068 0.22 4.4
*817 48.4 221 1,434 0.26 3.9 0.11 0.75 0.07

* Simulated data
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Table 4.5 Test and simulation results

Test conditions

Test and simulation results

No. er 371 6:1 %) Trz ¢ th th (ﬂrz(wzz) RT VT)' Vtx Vty
[m/s] [*] [°] [°] [Nem] ["] |[N] [N] [i/s] [m] [m/s] [m/s] [m/s]
1 0.49 144 =56 —0.1 479 33.9 413 1,575  0.09 5.5
*903 38.7 640 2,027 0.11 4.5 0.05 0.41 0.02
2 0.98 —12.3 —10.1 —0.6 439 —36.8 386 —1,293 0.20 4.8
*366 —31.8 183 —461 0.16 6.3 —0.09 0.86 —0.12

Table 4.6 Test and simulations results

Test conditions

Test and simulation results

No. Vix dry Oy 02 Tt ¢ Fx F,, oo R Viy Vix Vi
m/s] ["] [°] [*] [Nem] [*] [N] [N] [1/s] [m] [m/s] [m/s] [m/s]
1 0.50 —14.8 0.0 6.2 371 —31.1 99 —887 —0.11 4.4
*496 —34.8 188 —1,082 —0.11 4.6 —0.05 0.43 -—0.01
2 0.75 15.3 0.3 6.1 480 41.9 289 1,584 0.15 5.1
*088 47.0 517 1,862 0.18 4.3 0.08 0.57 0.09
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Table 4.7 Test and simulation results

Test conditions

Test and simulation results

No. er Sr1 [N %) Trz ¢ th th mrz(wtz) RT sz sz Vty
[m/s] [°] [°)] [°) [Nem) ["] [N] [N] [1/s] [m] [m/s] [m/s] [m/s]

1 052 —13.2 —5.9 6.3 295 —30.0 —7 —670 —0.11 4.7
*353 —26.3 252 —230 —0.08 6.2 —0.06 0.47 —0.02

2 0.80 -18.0 —9.7 10.4 233 —29.0 —37 —274 —0.17 4.5
*346 —33.8 305 — 58 —0.17 4.8 —0.12 0.68 —0.03

3 1.07 19.3 —9.8 —22.1 324 228 141 170 0.23 4.6
*440  28.3 229 893 0.27 4.0 0.15 0.98 —0.21
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Control system of TTC
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Fig. 5.1 Control system of TTC and state
observer
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Table 5.1 Eigen values of TTC control system

S Sut Oiz Eigen values
[ (") ("] No. 1 No.2 No.3 No. 4 No.5
10 0 0 —41.05 —30.97 —24.89 —0.26 0.012
10 0 —38.50 —34.90 —25.16 —0.30 0.003
0 0 10 —39.27 —33.37 —25.17 —0.30 0.002
10 10 10 —45.82 —27.49 —24.73 —0.23 0.015
-10 10 10 —38.29 —33.90 —24.93 —0.28 0.010
10 —-10 10 —41.62 —28.21 —24.84 —0.41 0.025
10 10 —10 —38.68 —34.82 —24.98 —0.29 —0.008
Vszlm/S
Table 5.2 Eigen values of TTC control system
Vix Eigen values
[m/s] No.1 No. 2 No.3 No. 4 No. 5
25 — 2.07+3.197 - 2.07-3.19} 0.08+3.23]j 0.08—3.23j 0.00+0.003
15 — 2.79+3.11) - 2.79—3.11] — 0.52+3.14j —0.52—3.14] 0.00+0.00]
— 6.61+2.57) — 6.61—2.57] ~ 4.344+0.00j —2.31+0.00j 0.00-+0.00]j
1 —38.9440.00] —34.944+0.00j —25.16+0.00] —0.27+0.00) 0.00+0.00j
-1 38.94+0.00] 34.94+0.00] 25.16+0.00] 0.27+0.00j 0.00+0.003
—-10 3.72+3.00] 3.72—3.00] 1.24+2.90] 1.24—2.90] 0.00+0.00]j
—20 2.34+3.16] 2.34—3.16] 0.15+3.20]j 0.15—3.20]j 0.00+0.00j
dr, dn, dn=0
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Fig. 5.5 Measured and estimated results of
impulse steering responses of tractor
front wheels
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steering responses of tractor front wheels
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Fig. 6.1 Trailer wheel’s steering apparatus
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Fig. 6.2 Driving method of trailer wheel’s steering
apparatus
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Fig. 6.3 Flow chart of control and measurment
system
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Fig. 6.4 Relative angle of Tractor-Trailer Combi-
nation (TTC) without control
Velocity : 0.5m/s

Mz B E, EEEBHOBERANEECELSBE
L, 01275 2 COFMERMIH 0BT £
Fofe, LLieiis, FHERIH O EABEITYI
QXA b, BHEEAMORBEROEES
WA EEGRT 554, EEMOENA ORI ILE
2, TEREENAE S EERBESEECE V. f
L, BAMEANER=] ) || e=1086,
HEMOEMABOTXBERIVIST, LR
BRI EERTIESH LTV %, ADN=ZAFLERE
BT BELBERGS Q=0.1 KRFETH &, HiEH
TR OHENADOHFEERE IR Kofcboo, 7%
BEERUCBRERMOE S A —23hhHEX
iz, $IHFROREEEOFE LTI, M6.5
ER6.6 DERBERLIET S L, TREEILE
WEBE, b LS HBOBMEHEAEE D S EE
BL 45, e UREHIBA/ DN WSS, b
v — 5 iRt O RIHREZILEL BRI HES
ha, oL, TREEIVNIBES L, HERT
RETERCBIAND S, SEOEBER L, &

amaanR=] 0] Q=01 AR 5
01

2.00%E, FEEIVERIME SR,
BT 53Bh, EEETROH S 5 &

50[

0.5
Tor . SR e N o
[kN+m]
—05
05 \/w
TT] 0 + +
[kN-m] _855 i
Fny 0 + /’\.\ Pt
KN} b Se————” S—r
25 f
I =~
LY
0 10 20 30 40 5
Time [s]

Fig. 6.5 Relative angle of TTC with control
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Fig. 6.6 Relative angle of TTC with control
Velocity: 0.5 m/s R:[(l) (1)] Q=0.1
Dead band: 2.0°
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Fig. 6.7 Relative angle of TTC on the backward
movement without control
Velocity : 0.23m/s
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Fig. 6.8 Relative angle of TTC on the backward
movement with control

Velocity : 0.23 m/s R:[(l) (1)], Q=1
Dead band: 2.0°
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Fig. 6.9 Relative angle of TTC on the backward
movement with control

Velocity : 0.23m/s R=[} 9], Q=10

Dead band : 3.0°
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Fig. 6.10 Relative angle of TTC on the backward
movement with control
Velocity : 0.13m/s R=[} 9], Q=10
Dead band: 3.0°
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Fig. 6.11 Silp angle of tractor and trailer's grav-
ity center without control
Velocity : 0.5m/s

3. ElEOBELETNY ALK & 5 HE
% — F

COFIEHE-—YR 22KV - S OEFE
DETNOAZRNNCT B EAENTH D, + 5
72 OFEFTEEX0.5m/s & 0.26m/s D 2R
AT, FERERPITOE, ERERD HEE -
THHEBEIOER T, BREN 5 7 2FER
BATEBROEUNZ — v CEIERIT S, SIHER
BREAW, bV - HgPEREHET 25,
X5 IZFHMBI A DE LSBT, + 52 2 DFET
HEERA NS 72ROV —-SELOBETNYACR
FTEE&YRHET 5, ERTHERER RS
11~ 6. 14 CRENT B, + T2 &2 OEFTHRE
MN0.5m/s DG, L —SHEBCEBRIEHHE YT
5L P77 FBULOBETRVAPDLAELL DD
OO, PVY—SELOBTXVARKYINEL K
6°%Ki&%ﬁﬁﬂQ:Bosm®%é,W$
AMELOTRYARTTH IRz &
NCER, + 527 2DEFTEEN0.26m/s &EL
BE, M- SHIBYEREHETZENGIIER
6. UKTFINTVB I I, MEMELORK TN
DEEHSHSHICEATELRTERL, £
DR, KFfE 27 23 527 2 OETPEEN

0.26m/s & EL 88, EABHAAIR=] ]

10 0 % hE 10> =
o[ || mmRTmAE rcRET S L 2

WHIERS R A IR TE B,



440 EEAERERIICE E1TE B45

50
Y re——
by o — —
~50
80,
¢ E e, o
(] T —rt
80
50
S o
[*] ~50
50
Sz o m
e Iy —
=50
10
Br 0
[} 10
10
Be 0 e — M
[ ~10 ™
4 16 20 30 40 50 60
Time [s]

Fig. 6.12 Silp angle of tractor and trailer’s grav-
ity center with control

Velocity : 0.5m/s R:[(l) (ﬂ Q=[8"58]
Dead band: 2.0°
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Fig. 6.13 Silp angle of tractor and trailer’s grav-

ity center with control
Velocity : 0.26 m/s
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Fig. 6.14 Silp angle of tractor and trailer’s grav-

ity center with control
Velocity : 0.26m/s R=[} 9] @=[100]
Dead band: 2.0°
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Fig. 6.15 Trajectory of tractor and trailer’s grav-
ity center on the puls steering without
control
Velocity : 0.26 m/s
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Fig. 6.16 Trajectory of tractor and trailer’s grav-
ity center on the puls steering with con-
trol

Velocity : 0.26 m/s R:[(l) ({] Q:[g (5)]
Dead band: 2.0°
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Fig. 6.17 Trajectory of tractor and trailer’s grav-
ity center on the line change steering
without control
Velocity : 0.26 m/s
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o

Fig. 6.18 Trajectory of tractor and trailer's grav-
ity center on the line change steering
with control

Volocity : 0.26 m/s R=[é ?] Q=[g (5’}
Dead band: 3.0°
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Fig. 6.19 Unpaved road for testing

1 Distance [m]

Distance [m]

-2

=
w®

. 6.20 Trajectory of tractor and trailer’s grav-
ity center on the puls steering without
control
Velocity : 0.26 m/s
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. 6.21 Trajectory of tractor and trailer’s grav-
ity center on the puls steering with con-
trol

Velocity : 0.26 m/s R=[(1) g]: Q:[S 0]
Dead band: 3.0°
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Fig. 6.22 Harvested field for testing
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Fig. 6.23 Trajectory of tractor and trailer’s grav-
ity center on the puls steering without
control
Velocity : 0.24 m/s
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in the agricultural economics and the open of the
agriculture policy. The vehicles used for the lar-
gest percentage of transport are the tractor-trailer
combinations. But the dynamic performance of the
tractor-trailer combinations differs from the tractor,
and often the accidents are caused because the trac-
tor-trailer combinations become unstable by towing
the trailer.

The primary objectives of this paper are the
investigation of the dynamic performances of the
tractor-trailer combinations and the development of
the improved methods of avoiding those problems.
Especially, the application of the optimal control
theory to the problem was analyzed. In this paper,
chapter 2 analyzed the braking performances of the
tractor-trailer combinations. Chapter 3 investigat-
ed the lateral forces of the driven or braked tires.
Chapter 4 analyzed the steady steering characteris-
tics of tractor-trailar combinations. Chapter 5 der-
ived the state equations of tractor-trailar combina-
tions, and investigated the verity of the state equa-
tions. And chapter 6 analyzed the application of
the optimal control theory.

2. Braking Performance (Chapter 2)

This chapter analyzed the effect of trailer
types, brake systems, traffic conditions, rates of
trailar loaded weight, locking and unlocking of
brakes on trailer braking performance. The equa-
tions were derived from a simple dynamic model of
tractor-trailar combinations (TTC). The conclu-
sions were as follows:

(1> The unbalanced trailer was shown to have
better braking performance and stability than the
balanced trailer.

(2) The braking performance of a TTC in
which the trailer is not equipped with brakes was
shown to be much poorer. In the case of the bal-
anced trailer, the braking performance of a TTC in
which the front axle is equipped with brakes, was
shown to be better than when the brakes are on the
rear axle.

(3) The braking performance of a TTC running
in traffic conditions such as concrete could not be
said to be certainly good.

(4) The trailer loaded weight must not be more
than the rated weight carrying capacity.

(5) The tractor-trailer combinations become in
danger of jack-knifing when the braking tires on
the tractor rear are locked.

3. Lateral Forces of Driven or Braked Tires
(Chater 3)

In this chapter, to predict lateral forces of driven
or braked tires, a simple dynamic model of tire-
ground interactions was proposed. And inventigat-
ing the adequacy of the tire dynamic model,
verification tests were also carried out. The con-
clusions were as follows:

(1) As slip on the tire centre plane dimension
was within the extent of -409%~40%, that is, | s, |<
409, simulation results from the tire dynamic
model were in agreement with the verification test
results in general.

(2) When the tire slip angles became larger, the
driving or braking force coefficients became smaller.
However, the lateral force coefficients became smal-
ler. However, the lateral force coefficients became
larger. And the lateral force coefficients decreased
as the driving or braking force coefficients in-
creased.

(3) The relationships between the tire slip
angles and the lateral force coefficients were found
to be non-linear. When the tire slip angles were
less than 5°, the variation of the lateral force
coefficients was larger relatively.

4. Steady Steering Characteristic (Chapter 4)

In this chapter, to analyze the steering character-
istics of tractor-trailer combinations (TTC), a
dynamic model was proposed. And the non-linear
simultaneous equations for the steering movement
were derived. The results calculated numerically
for the steady state turning were compared with
test results. The verification test was carried out
by a four-wheel balancend trailer of 4WS. The
results agreed well with the theoretical results. It
enables one to improve the steering characteristics
when the four-wheel balanced trailer is steered.
The next chapter derives state equations of TTC.
Then the application of optimal control into TTC
system is analyzed.

5. Introduction of State Equations and Dynamic
Characteristes (Chapter 5)

By linearizing the non-linear simultaneous equa-
tions of chapter 4 in the vicinity of an equilibrium
state, the state equations of tractor-trailar combi-
nations (TTC) were derived. To investigate the
verity of the state equations, the theoretical results
of the step and impulse responses were compared
with test results. The controllability, observability
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and stability of TTC control system were also
investigated. To estimate all of the state variables
including the unmeasurable ones, the state observer
was disigned. The conclusions were as follows :

(1) TTC contro! system is controllable and ob-
servable.

(2) In the case of reversing, high speed and
steering motions, TTC control system is unstable.

(3) The tested results of the step and impulse
responses agree well with the theoretical results of
the ones.

(4) All of the state variables can be estimated
by state observer.
6. Application of Optimal Control Theory

To improve the dynamic performances of tractor-
trailar combinations(TTC) for farm use, the appli-
cation of optimal control theory was analyzed.
The tests have been carried out on asphalt tennis
court, terrain road and harvested field. Four opti-
mal control modes were proposed. Mode 1 is the
optimal control mode that the relative angle of
TTC on forward movement is the performance
index. Mode 2 is the optimal control mode that

the relative angle of TTC on backward movement
is the performance index. Mode 3 is the opimal
control mode that the slip angle of tractor and
trailer gravity center is the performance index.
Mode 4 is the optimal control mode that the trajec-
tory of tractor and trailer gravity center is the per-
formance index. The velocity of TTC was estab-
lished for about 0.5m/s and below. The conclu-
sions were as follows:

(1) The time spent on the relative angle becom-
ing zero is decreased about 1/2 by steering the
trailer’s wheels.

(2) The backward movement of TTC was done
easily by steering the trailer’s wheels.

(3) The slip angle of tractor and trailer gravity
center both were held below 3°.

(4) The maximum trajectory difference of trac-
tor and trailer gravity center was decreased above
80% for the case that the control is compared with
no control.

(5) The validity of the control system was
proved both on the asphalt tennis court and harvest
field.



