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Lateral Stability and Hopf Bifurcation Characteristics of
4WS Vehicle Considering Body Roll

Wei Daogao' Li Lili' Xu Ke' Pan Ning' Pan Zhijie’
(1. School of Mechanical and Automotive Engineering, Hefei University of Technology, Hefei 230009, China
2. Skywilling Vehicle Technology, Hangzhou 310000, China)

Abstract; Compared with traditional front-wheel-steering system, the four-wheel-steering system can
improve the auto handing stability at high speed as well as the steering response at low speed. Load
transfer caused by the body roll can change the tyre cornering characteristics as well as the lateral stability
and the bifurcation characteristics of the 4WS vehicles. Therefore, a closed loop system dynamic model
considering load transfer was established with the nonlinear coupling relationship between the body and
chassis taken into account. Firstly, the existence and stability of the Hopf bifurcation were qualitatively
analyzed, then it was compared with a closed loop system dynamic model, the stable region and the
characteristics of the Hopf bifurcation were calculated by numerical methods. The results showed that the
difference between two dynamic models was obvious. For the 3-DOF system, with the increase of preview
distance, steering ratio, road adhesion coefficient and the decrease of the height of suspension roll
center, the stable region of the system tended to increase. With the increase of road adhesion coefficient
and the steering ratio, the amplitude of self-excited vibration of roll angle and roll angular velocity tended
to decrease.
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Tab.1 Accuracy of parameters of vehicle model

S8 B fE 24 Bl
m/kg 1704.7 a/m 1.035
m /kg 1526.9 ||b/m 1. 655
k, 0.3 h,/m 0. 455
w 0.8 Cy/(Nemes-rad™") 5476
I./(kg-m*) 3048.1 ||K,/(Nerad™') 47300
I./(kg-m*) 744 K, /(N-rad ") 43 300

A3 (5) B 1B ml H 5 H R 22 5 R A AN [
005 3 0 AN [ g% 107 S A 2% 80T e i D0 Al 559k 1
56 28 i 28, WAL 2 s

3500 — q=8°
Z 3000 | —--dp=5°
2500 o ar=1°
= 2000
= 1500
4z 1000
# 500

0 500 1000 1500 2000 0 500 1000 1500 2000
FEEHF, N FEEHF, N
@) (b)

P2 el A I 5 % 5% AR %
Fig.2 Relationship between side force and normal force

(a) u=0.8 (b) a/-:5°

1.3 ZHRER
20 G AT O S P IR R R R R Ak
FETEM EZE R . H 2 g 5L A A S R PR R
eI RN R I R o
TSI A T T R e A0 6 7 L
SYHT, HLS R 25 A6 b BT RS B R R
R PR A Sk A Y, HL 3R kﬁﬁ
o= [g o) er] @
2 3 B3R 5 AT AR B
T—WHER K—— K R
TEE A bR &, T (a,y) RORER O G 1Y
KOV AT HE T 19 A o, )
y = u(Bcosiy + sinifs) (10)
V=w (11)
1.4 REBEINFER
TR AT R e v, ]k

HENT AR O B A RGE Bh J) AF REAL  AR  SC
L) ~(3)FIK(9) ~ (11) #7561
HRERE TR

X=f(X,0) (XeR) (12)
Hrh X = (%, ,%,,%; ,%, ,%5 ,Xg ,%,) =

(¢.0.8.4,0,y.,5,)
0=(u,u,a,h,, 1’L)

BUBE® & B RSB 4WS RS 0 52 M5 Hopf 43 7 345
fi=x,
1
f= _T[Dp(Ff"'Fr) +Cyx, + (K, —mgh )x, ]

»
/s :ﬁ[[x(Ff"'Fr) +C¢m_‘h‘x2 +mfgh%xl] —Xs
»
. .1
Ju = x5 f5=T(aF/—bF,)
fo =u(x,cosx, +sinx,)

/= —%[Kxé + KL(x,cosx, +sinx, ) +x, |

F/=(Fﬂ+Fﬁ)c055f F.=(F,+F,)coss,

5,) it (5) .(6) k3.
X (6) TS Ny
a.,:arctan(x} +%) - X,
(13)
«, = arctan (x3 —%) - k,x,
2 ¥ Z% Hopf 538451
TR BR TR E MEAR A 3 A e R o0 B, 258

G NIFRR R G S M R R G W U7 T, I R SR G R
[o) 2 Ro i 2 B R Iy -5 A A R B SR AT
N o IR B G PR AR GEAE AN 25 I8 B T I 4 1
BRI 1) e AR i AT R B Hopf 4370 . R, A
SCRF LA b ST i B R E f%l?ﬂﬂ/\?ﬁﬂ‘ﬁ Hopf 73
ARE BT . SRR 4R R A Hopf 43 75 im A 4 3 K%
OGS Y M BB 2 BN IZ 43 7 S )

2.1 %% Hopf & FEMHIE

s RGREFTRK(12),4 X =0RH R
1554 (0,0,0,0,0,0,0) o - s &b Jacobi K Ff

H

r 0 1 0O 0 0 0 0-

Gy Ay ay 0 a,y 0 ay

a, ap ay; 0 ay 0 ay

A(g)=10 0 0 O 1 0 o0

0 0 a; 0 ay 0 oay

0 0 ay ag O 0 0
LO 0 ay a 0 ay al

(14)

P P

D
@3 :l%( Ci+C,+C, +C)

P



346 & A Bl B ¥ i

2015 4

uD,

@ =71 [a(Cp+Cp) =b(C,+C,) ]
»

" - _MD,,[Cﬂ +C, +k,(C,+C,)]

27 —
P
D, (m.gh, -K,) DC,
az = _T a3, 27

» »
D,z) 1\l Cp+C+C,+ C,)
= (7 ) .

D ),u[a(cﬂ +C,) -b(C,+C,)]

2

1 m u

!
. _(Di 1)u[cﬂ+cf,+k,,<c,,+c,,>1
37 —

I, +Z u
pla(C,+C,) -b(C,+C) ]
I
pla®(C,+C) +b*(C,+C)]

ul,
_M[G(Cﬂ+C/}) -b(C,+C,)]
- 1

z

KL

as; = —

Ass = —

a57
0. = KL _ _K
3 T, ™ T, T,
A(O) R ETT RN
A +ag)® +a )’ +a, )t +a )+
a, A’ +a, ) +a, =0 (15)
KR4 Hopf SR 4 > H5 AF J7 72 (15) A — %
A, HHEAR S MR EA A 2 L2 &
4 a,>0(i=0,1,2,3,4,5,6,7),A,>0(i=3,5),
Ag =0, ¥R 1T P BHRIAAR(14) ((15) 315 10
PMAFEAFTRAM - ELXHER

Q76 =

a, =64320.2>0 al:73396611'0+4203.85>0
u
7
a2:221996.0+1.02662x10 7386, 58 50
u u
%:191110.0+141242188.0+3089.35>O
u
. _34820.6 139 6225.0 521499 50
u u
as _295.81 6584.64 58‘364 +216. 146 >0
: . 2
a6=172'785+13.5487>0 4, =1.0>0
u
A _42438.0 458 5279.0 L1137 Zzz.o 24070750
u u u
23.737 9726.41 163794 1.7414 x10°
A, = + 3 T+ Z +
u u u u
L1549 x10" 501246 x10" 1.47473 x10°
u5 u6 ¥ LL7 -
1171550
34.7272 39360.5 2810770 9.20503 x 10’
6=~ + 2 3 4 +
u u u u
3.34439 x10°  2.04194 x10"  3.64037 x 10"
5 6 + 7 +
u u u
3.00399 x 10 1.5961x 10" 5.1423 x 10"
8 + 9 + 10 -
u u u
1.27744 =0

(16)

i =X (16) i 15 & 4t & 4= Hopf 43 75 1 it 5 42 3
u, =20.256 4 m/s ¥ 20.256 4 m/s LA (14) 3
B Jacobi K FE A (w, ) XF N A REAE J7 B2 A — X 4 i
Y, HL At ARy fE AR 8 B 7 S0, RRAE AR 5k 2
N
F2 MR A(u) HER

Tab.2 Characteristic roots of matrix A (u,)

FRAEAR A FRIEAR HE
Ay 0 +4.279 i As -3.4229 +5.426 2i
A, 0-4.279 1i Ag -3.4229 -5.4262i
As -7.4110 +12.3635i| A4 -0.4107
Ay -7.4110 -12. 363 5i

A(u ) ZiEMH A, =0 +4.279 1i X1 19 242 4510
Kt X, MAARHER & X, K
T —0.005 8 +0. 042 0i7
0.009 4 +0. 004 1i
0.4195 +0. 196 9i
X, = 0.8529
0.026 2 —0. 085 9i
0.016 9 +0. 001 6i
L 0.0205-0.2170i |
r—0.0755 —0.014 0i7
0.059 9 —0.323 1i
0.045 7 +0. 087 6i
X =| 0.0000-0.170 1i

0.727 8
-0.390 6 —0.216 3i
L 0.243 8 +0.242 5i |

=AU T e 1 R (14) K, =

20.256 4 m/s % :X,MX, = —0.002 1 —=0.019 9i, ]
Re (X,MX,) = —0.002 1 #0, ¥4 Hopf 435 H & &
PROT RN R GEAE w = u, 4b K Hopf 4375 o
2.2 Hopf S &REMHAE

1 RA B AT K R G AE I R R TR 7R
A 25.(0,0,0,0,0,0,0) &b & A= Hopf 437, 7 A= 1k
FR A 0 A% 0 1 vl STk [ 22 ] v Hopf 4372 2 & 1 4] 4l
HEAT I E o

XA(u)=AX,,A(u)X =A,X,,HXX =1,
X,k X, B R T S R,

B=-Xf XXX +2Xf XA "(0,u)f.XX +
X, X (A0,u) -2A,01) 'f.XX, (17)

s M

sk px =L (Aty ) g
’ 0x 0x (0,u,)
f‘rx}r:£(af(x’u)},) :0
’ Ix Jx (0,u,)




LR 5 BB ST 4WS 4B € 1 5 Hopf 70 & 451 347

510

XX = (af(x ) o ) Y

XX = N
pax (T x| co

o Ox (0,u,)

e L
| o o (0,u,)
_ . ]

~258.022 - 84. 505 6i
-429.134 +185. 123i
0
~392.256 - 87. 566 5i
0
i 0 ]
Kb O N Z A B % i) i
A SCRR (22 ] Hopf 53 7 1 R R BR80T 19 4
SEAE L, BIFT Re(B) >0, W53 % Ji 301 i oy 9 3 i 20t
RER ;45 Re(B) <O, 0 7322 J& W03 it O L3l A B2
. B (17) 1155 Re(B) =635.822 >0, fr Ao

i) S0 e e T i R A RE Y, SR BN FRE AR R BA
3 BERERETESN
IR 22 208 2 i L 14 23 BT SR R A o Y

A AL 5 4R Z MR IE IS B A~ 3 i ALY
T2 ) AT B A B 2 S B AE AR Y, HLBE 7R
B ow SR HR ONARA B oK, B AR B
Z A AR L MR A 2 R, S BOXT AR AR R R A
GRS ZHEm S5MmEE . X THRRS
B B i g 3 2 i Hopf 7070 7 A iR FR R 4k 5 , Bl
W BRI A W (38 3 0T BB R R i, A T ERIE
LA B3 #T iz I 5 F T8 R 52 2 Rl AL #E 4T X L
IR
3.1 2 WEBREXEX LT E S

HFE®E v BRFATRREETRTEESR,
T LA PR u, VR AT SRR E PR IE M 2L
MG R s S R (12) R 1 S /A
(i) 25 gh 57 90 A B 5 LR 6 3 38 Tl B ) A A
TR G = YR K, & 3 iR o

150

100 \

0.l
80
60
L = 1B
20 0.8 alm

3 3-DOF LR = 4o KL 5 (a,L,u)
Fig.3 Stability boundary of 3-DOF model in

u/(rn sh

14 L6

three-dimensional space (a,L,u)

RS E W S AT LAE UM S R 2 R ) 24

X R SRR E IR S i . e 3 R E X
30 R A S BE R R Jacobi KR B f) — X 46 K AR
A, = *ie, B R GEE B & A Hopf 70 & (9 Il 51
B u, B u>u, i, A Hopf 0 8 RGLK AR 4
w <u I, AR Hopf 73 %5, R G IR E 9. Al LA
TE WA B2 U B R LR 5O 3 A1 4l B
B a XPRRE DX IR R A A A AR B A O
Jo o B S B AR GRS RE DX I K

T 53 A GRS T 58 - A R i o 1 T
BN R GV A8 X3 (@, u) AHFFENS G2 L =20,
40,60 .80 m, if, 30 (12) ek 1.% 2 ZHHIT
SERANPE 4 PR .

30 30 --2-DOF
_ o = —3-DOF
e B EL TR
g g
< 20K haE XI5 S0l N
o] OSTS— o I i,
B 15| mmar R g~ 15 BERR

09 10 11 12 13 14 09 10 11 12 13 14

a/m a/m

(@ (b)
--2-DOF
—3-DOF

98]

(=]
98]
(=]

---2-DOF
—3-DOF

Y

T 25] T, 25 e X

£ _ FEEES  § N e

%8\2120 \\\\\\\\ m\zzo ~~~~~~
Tt I & g5 TEEEE

09 10 1.1 12 13 14 09 10 11 12 13 14
a/m a/m

© (@

K4 3-DOF %4155 2-DOF 45 A1 i 5 X O L
Fig.4 Stable region of 3-DOF model compared
with 2-DOF model
(a) L=20m (b) L=40m (¢) L=60m (d) L=80m

Hy &4 AT, 2 iR A AT Y AR X3 AR
Pt A — 350, B 5 20 49 5 0 A 5 5 RS R 2 T O T G
PR ES A0/ , N ZE R GG A T w, BN BRSO X3
AR /0N 5 BT R A ) AT o R S A AR AR T AR, BT
VA2 2 B A1 S5 i A5 170 245 SRR R 25 R A
RS R . 15 IR £ % 8% )5 1Y 3-DOF KLY
TR IT A AR DX 3 B I /0N 1 TR R, S 1 A AR g
BAL P A AR X R T A A | R v 4 SRk
5 A A JIT LRSI T B B R S AR ) R DXk
ZEMH o HIBGR] DL, SRR A A A 1) AT Bk ok R b AR AE Y
A T 22 6
3.2 FESHX 3-DOF EXIHF M

VP B4 5 AWS FIFF R AR i b
WHANL N RGBS 1% 07 i A28
TG PR B L H IS R A LU R ALk, R AR E X
BRI S5 SRR S B 6 TR,

RSN RN R R i R A Y
3G K, R Gede i X IUHT 2 AR 3G K. il HLW] DLk,
X R DX IR ) L A A



348 &k

Bl B

C 2015 4

150

—
Lol
Lo

i u(ms )

K5 3-DOF iR =4k fse K A (L,k, ,u)
Fig.5 Stability boundary of 3-DOF model in
three-dimensional space (L,k, ,u)

13 18
16| FRE R

Y
5

S

S
i
o

$i§;u/(m-
iﬁu/(m
=

002 e s 2 20 40 60 80
L/m L/m

(a) ®)

Fas Ca Nt b
) I o 25| PRERS
& ] £20
= =
ﬁ. 15‘ R XIR ﬁ 15 FE X
0% a0 e s © 2 a0 e 80
L/m L/m

(© (@

6k, LS KA B
Fig.6  Effect of k, and L on stable region
(b) k, =0.2 (d) k, =0.4

(a) k”=0 (c) kl,:().3

4 ZR% Hopf &4 MHETE

A & T N—ZE— 1% P SR 45 A e PEAR LMk 43
FE DT HEEALY 3 %A IR S A B,
5 v TR T 3 2 B A PR B 2 R B IR E R )
AR N DT A8 A, AT S 3058 i A 1) g AS B 22 £k TR T 2%
SRR A RS R o X 2 R B i ] 2R
R\ Fa s 1R 5 B 1 T P AR R A
BN Z AL 1] 2 B A TE 5 81 T 3 BN AT
H1 %5 2 15 Hopf 4325 & PE 40 B ol 0, B4R 25 R G 7 Il 5t
B PR AL e A= R I A Hopf 43 75, B #& 42 % A4 i P s
Bl PR PASETY 4WS ZE 40 5 FE 222 T DL T
TR M R G5 8 )7 #E, i2 H Runge — Kutta
AT EUE SR AR B TR SN R 1 FR R A
5 R A3 R AR T R
4.1 2 FWEBSEEHMEXTLE

Ta Sy ic IOV 1 AN 2 b 3 g 2 B AL 3 5
IR o —u 2 B i AT L 2 B R 3R A5 1)
O S MR A B (E 3 T R A 4 A5 AR R A A R
AR R R AT B B 25 5o Fl S R 3T 3 Hopf
Gy A w, = 19. 8 m/s, P WAL AL THEE Hopf 43
SN R B w, =224 m/s, W LT A 2 R A G
1050 /55 i 5 38 BE 98/ Aw, =2.6 m/s, 77 A= Hopf 437 i}

40 .
2-DOFHEE!
~ 30 H -

N r\\,'w\,\ 3-DOFALE!

T~ —
10
0 - . . )
10 15 20 25 30 35 40 45 50 55
FiEu/ms 1)
(@
10+
~ N
2 o M
S =3 i ='.
-10
507N\
T iy
(o, =
2

5y 020 25 30 35 40 45 50
2 3 u/(ms )
®)
K7 2-DOF F i 5 B Al 3-DOF MR w — u 437 &
Fig.7 w — u bifurcation diagram of 2-DOF model
and 3-DOF model

A A A R RE W R AL /) 5 Pl 2 D A 0 f A R )
UL ZEZE T w =10 ~19. 8 m/s [i4 70 Bl N, 6 12y ok i
o BEERCNE, FRT MRS B TRE., EEH
w=19.8 ~55 m/s Ju [ W, B2 M M o k3
Wi 1L 58 T R 3 R 1 22 U8/, G 0 R I TR iz 9
FRE, B 7 00 A 30 m/s S R AT Bk X ) T
D, Hy T N A B 0o i 2l %o A R B R L
RREABIR SN, B V5 T il £k 1A I DX [ S T
B R Hh £k .
4.2 FESHX 3-DOF 7 & H R

o 2 TN S R s 2 SO R NS
FEPE B S, A SCRE 2R R 5w Y L) 5 A A
fidR 2 W R MR 6, = k,6,, k, J& 5 7
AT R E R EE SR Y v =30 m/s B, I
k,=0.1 ~0.4 315 H X 44 Hopf 73 25 ¢ M 52 Wi
IESERME 8 9 Fraw. A WG Bl R
e FRER MR A AN 35 4 TR o

T 010 015 020 18.25 030 035 040
P

B8 N[l JG e B R Bk, B = ZEAH A
Fig.8 Three-dimensional phase diagram of different

steering ratios £,

HIE O K3 4 ] WL, B A Jm S LU R 2k, i
0. 1 B Z 0. 4, 440 5L M Al £ B BR3P 9% 357 1 1L
6. 7T10°YH /N E 2. 172°,



£ 10 3] LR 5 BB ST 4WS 4B € 1 5 Hopf 70 & 451 349

20 20
ot oo 5 i
& ol g o
el Ll (1) S T 2% 18 4 S 00090 J% %6 %6 4007 4% 6 1o
Mo s o5 w0 . [)’/?0) 5 AWS YR A D) 1¢I5 #e , 5 2-DOF - T A B XS L 73 B
e . ® TR G KB 2 2 B U B
10 10 R T WA, U0 B 4 AT Bk i AR b 4 B SR AR
£ 0 £ o LB T 280
e " (2) 36 J1l Hopf 45 2 i B 2 A~ 63 14 54
SRR R Sl R HE TR AL Hlopf 432 i 3
c d N ) N —
B0 R B k, o A u. =20.256 4 m/s, FARRL T 125
Fig.9 Phase diagram of different steering ratios £, (3) b UM BE B L il )5 48 %6 b 1) 3 4 kﬂ
(a) k,=0.1 (b) k,=0.2 (c) k,=0.3 (d) k,=0.4 (3 R R SR K2 R o AT F8 58 f L ) R %k
R4 FEANERLOIRR F, BIRFIEE k, B3R IR MM F B R U o 1 B R 3
Tab.4 Phase diagram of different steering ratios , e BRI 52 vk /S 1 Ea #, ELYR ZE B A B s L Uik,
BOBSFBRGL k=01 k=02 k=03 £, =0.4 NEEH R R FRIEEAEE o,
B/(°) 6.710 4.895 3.460 2.172
w/((°)s™") 22.990 21.402 18.921 12.278
2 £ x
1 Vincent N. Vehicle handling, stability and bifurcation analysis of nonlinear vehicle models [ D]. Washington: University of
Maryland, 2005.
2 A, RS WM. BRTETT [0 3l F B ADR 4 BB m R e M Lok 2 R s s [T B Ee o2 ,2013,34(9) 1891 -
899.
Li Shaohua, Wu Jinyi. Hu Bin. Research on lateral stability bifurcation and chaotic motions of heavy vehicle with road direction
disturbance [J]. Applied Mathmatics and Mechannics, 2013,34(9) :891 —=899. (in Chinese)
30 BUHEW, EFHRKRER . B R E BN R EE R RO S]] K L ,2014, 36(2) - 139 - 144,
Wei Daogao, Wang Zihan, Zhang Yitian, et al. A study on the influence of clearance in steering system on vehicle handing and
stability [ J]. Automitive Engineering, 2014, 36(2) :139 —144. (in Chinese)
4 BFEEL A RS VR R ] R AR Y Bl 0 7 RSB BR [T ] A AL A% 4% ,2009,40 (1) :20 - 25.
Yang Xiujian, Wang Zengcai, Zhu Shuliang, et al. Real-time tracking of the closes bifurcation for vehicle-state cornering stability
[J]. Transactions of the Chinese Society for Agricultural Mechinery, 2009,40(1) :20 —25. (in Chinese)
5 BFEE R LA TIRER m AR AR R te 5 F 3R (D], ¥R - 1 AR K% ,2009
Yang Xiujian. Research on the nonlinear dynamics and active control for vehicle cornering destabilization in critical situations [ D].
Ji'nan: Shandong University,2009. (in Chinese)
6 Dai L, Han Q. Stability and Hopf bifurcation of a nonlinear model for a four-wheel-steering vehicle system[ J]. Communications in
Nonlinear Science and Numerical Simulation, 2004, 9(3) :331 —341.
7 Hu Haiyan, Wu Zhiqgiang. Stability and Hopf bifurcation of four-wheel-Steering vehicles involving driver’s delay [ J]. Nonlinear
Dynamics, 2000, 22(4) :361 —374.
8 Shen Shuiwen, Wang Jun, Shi Peng, et al. Nonlinear dynamics and stability analysis of vehicle plane motions[ J]. Vehicle System
Dynamics, 2007, 45(1) ;15 - 35.
9 R EWIRAE VE RGN VUAE e 1 AR g B AR R I DT R (D] AL A A Lk KA, 2012,
Song Yu. Study on the control of vehicle stability system and four wheel steering system and integrated system[ D ]. Hefei: Hefei
University of Technology, 2012. (in Chinese)
10 ERFR, 2. D050 ) 4240 5 50 e M SRR D SRR A R I [T ] RO =4 ,2011,42(5) 14 - 19.
Wang Shufeng, Li Huashi. Yaw moment fuzzy control of four-wheel-steering vehicle based on co-simulation technology [ J].
Transactions of the Chinese Society for Agricultural Mechinery, 2011,42(5) :14 —19. (in Chinese)
11 Sampson D J M. Aetive roll control of artieulated heavy vehieles[ D]. Cambridge: University of Cambridge,2000.
12 Daniel E W, Wassim M H. Nonlinear control of roll moment distribution to influence vehicle yaw characteristics [ J]. IEEE
Transactions on Control Systems Technology,1995, 3(2) :110 - 116.
13 Wang J. Integrated vehicle ride and steady-state handling control via active suspensions [ J]. International Joural of Vehicle

Design, 2006,42(3 -4) :306 - 327. (T# % 363 7)



£ 10 3] BV A T SR R TURRY E  E TARR ALAR AL B 363

11

12

14

15

16

17

18

19

20

21

22

23

Ni Tao, Li Xiaopeng, Zhang Hongyan, et al. 3-D Vision-based kinesthesis teaching control strategy for telerobotics [ J].
Transactions of the Chinese Society for Agricultural Machinery,2013,44 (1) ; 244 —247 ,243. (in Chinese)

BT BT BROR. B R INGRE R AL E B 7 At sE [T ] #2013 ,20 (44 1)) -30 - 38.

Bi Xun, Luo Yangyu, Li Chengrong. Strudy on position-force fuzzy control in training system with haptic guidance[ J]. Control
Engineering of China,2013,20( Supp. ) :30 —38. (in Chinese)

T AMS o=, 45 UM T ) R B AL AR N (7] BUAR T AR 24 ,2014,50(3) 110 - 17.

You Youpeng, Zhang Yu, Li Chenggang. Force-free control for the direct teaching of robots [ J]. Journal of Mechanical
Engineering,2014,50(3) :10 = 17. (in Chinese)

FEEAR, B KRR A DL AR HEIIBOR B - & BB S IR ERER BT [T ], ARl TRE~A4R ,2015,31(1) :58 - 63.
Wang Xuelin, Xiao Yongfei, Bi Shuhui, et al. Design of test platform for robot flexible grasping and grasping force tracking
impedance control[ J]. Transactions of the CSAE,2015,31(1) :58 —63. (in Chinese)

XSO, SRR S AL s AR IR R HORGER [T] . b [ AR B AR ,2007,5(2) 1235 - 239.

Liu Qiang, Tong Xin, Feng Peien, et al. Overview of servo control technologies for excavators [ J]. Chinese Journal of
Construction Machinery,2007,5(2) :235 -=239. (in Chinese)

Ha Q P, Nguyen Q H, Rye D C, et al. Impedance control of a hydraulically actuated robotic excavator[ J]. Automation in
Construction,2000,9(5 -6) ; 421 —435.

Ha Q P, Santos M, Nguyen Q, et al. Robotic excavation in construction automation [ J ]. IEEE Robotics and Automation
Maganize ,2002,2(1) : 20 - 28.

Yamada Hironao, Kato Hidetoshi, Moto T. Master-slave control for construction robot teleoperation[ J]. Journal of Robotics and
Mechatronics, 2003 ,15(1) :35 -42.

Kim Dongmok, Kim Jongwon, Lee Kyouhee, et al. Excavator tele-operation system using a human arm [ J]. Automation in
Construction, 2009 ,18(2) :173 - 182.

Yamada Hironao, Gong Mingde, Zhao Dingxuan. A master-slave control for a tele-operation system for a construction robot
(application of a velocity control method with a force feedback model) [ J]. Journal of Robotics and Mechatronics, 2007,19(1) .
60 -70.

Rose H E, Murray D J. Weber on the tactile senses[ M |.2nd edition. Erlbawu, UK: Taylor & Erancis, 1996.

Huang Lingtao, Kawamura Tasuchi, Yamada Hironao. Master-slave control method with force feedback for grasping soft objects
using a teleoperation construction robot[ J ] . International Journal of Fluid Power, 2012,13(2) :41 - 49.

Huang Lingtao, Kawamura Tasuchi, Yamada Hironao. Construction robot operation system with object’s hardness recognition using
force feedback and virtual reality[ J]. Journal of Robotics and Mechatronics, 2012,24(6) :958 — 966.

Huang Lingtao, Kawamura Tasuchi, Yamada Hironao. Application of a position-force control method in a master-slave
teleoperation construction robot system[J]. Applied Mechanics and Materials, 2012,229 -231.2243 -2247.

(L#EE 349 )

14

15

16

20

21

22

McRuer D T. A review of quasi-linear pilot models[ J]. IEEE Transactions on Human Factors in Electronics, 1967 (3) :231 -

249.

Hess R A, Modjtahedzadzadeh A. A control theoretic model of driver steering behavior[ J]. Control Systems Magazine, 1990, 8
3 -8.

PRI R, SR L. 2 0k D7 ) R R R IE R A Re S s s o A [T ] A 4R ,2000,13(3) 1106 ~ 109.

Gao Zhenhai, Guan Xin, Guo Konghui. Driver directional control model and the application in the research of intelligent vehicle
[J]. China Journal of Highway and Transport, 2000,13(3) :106 — 109. (in Chinese)

Legouis T, Laneville A, Bourassa P, et al. Characterization of dynamic vehicle stability using two models of the human pilot
behaviour[ J]. Vehicle System Dynamics, 1986, 15(1) .1 - 18.

Macadam C C, Johnson G E. Application of elementary neural networks and preview sensors for representing driver steering
control behavior[ J]. Vehicle System Dynamics, 1996, 25(1) :3 - 30.

AL Ty [ 5 LA R 2 Bl SRR K TE ADAMS R [D ] K AR T ARORAE, 2008.

Li Ying. Direction control and speed control combined driver model and its application to ADAMS[ D]. Changchun: Jilin
University ,2008. (in Chinese)

FUAL, X B B R A mE S iRt B [T]. HLARGR B ,2000, 22(1) :23 -25.

Wang Hongli, Liu Sheng, Chi Zhongyu. Analysis of the motion stability for four wheel vehicle steering system [ J]. Journal of
Mechanical Strength, 2000, 22(1) :23 —25. (in Chinese)

SRARY B BT, ¥ 5. Hopf 43 78 i AREICHI 8 B HAE 283 i i i I LT ). Jy 224, 2000, 32(5) :596 - 605.

Zhang Jiye, Yang Xuren, Zeng Jing. The algebraic criteria for Hopf bifurcation and its application in vehicle dynamics [ J].

Chinese Journal of Theoretical and Applied Mechanics, 2000, 32(5) :596 - 605. (in Chinese)

FF PR SR AR WO R, dz g AR eI M. db st b E BRGE & R, 2001,



