B AR 2014 4F 4524 %% 559 #1.975 ~981

doi;10.3772/j. issn. 1002-0470. 2014. 09. 015

ETSUNNENRXBRBIN-ZHBEIMF s 2 EEHR"

B EHDTT qRET

FHRT x e

("TREEIARFRETELAREHERAL N A ELLHE  Ki#Z 300384)
(" REBEIAZIMIESEKE Kz 300384)

W FRABHERIRFARRIHFRTE AART AT EA L ER, R
BT RAZREZUB I HARINRFZ—Foma LA T T Fmko i, £T
SEMERGNF EGEF AR THRET AGH ¥ HEA  BE T EAAARAKE T4
Mo AR, 2B St B E PR R R RB AR TS FER AT T H
B E, A EERHAATT i oW, IRAE T B T R E A W EIE T M A A 2
WA F oy 20 7 = Pk de A o, SR T 4R 8 2R MR BRALAR F o T B A T AR 09 3¢
ATk, A e R F kR T E b A,

Kewlinl Lk G ¥, A FRE, BEGE, BRAER,

T 90 T AU T 1 TAE 2 6], B8 sl A R AL
FAET (BR7 By REA5 A 3 ) ) B TR 5
(e S TR M 3 v B S IR A PR AR oh T R A
PERABIRARNE T, AR T R G, Dt id vk
R PEARFEARSBINE Ty () o (ARG = s A7,
Gy PR AR SRR IR A SR MR, TR T Al
RRZ o D 1 B MU T A o L3 BR B B8, R 2
BENTRYERG SN 205, filan, SCHk (1,2 4
T RN T 306 By g~ Y AR A SR A T
SCTTHT B IR SN R, I LA B R SR A 0 RS IE 5
e R AT 1 R (R B o) 5
R AR, LABRBGEAE R R 0 3 AR (R A R GEIE S
Ty R g R b, A 25 B R IR 3 ) A 5
A2 B B TR [ 25 ) (AR SR ) BT LA
BOTIEAFAE—E WAL s SCHR[3-6 JBIF5T 1 2PN
TR P ) AL SCHR [ 7 ] 2545 25 18 T HLM A9
Ay SR B AT 1P A Bl S (RIS 5
SCHR[8 ] FISCHRL O ] 70 il 3 T2 s sl 1 22 5 451
By FARCR AT BROC I AR 2 A A T —F i

- 2% 3 B AL F

MU T3l 7280 5 SCHK [ 10 ] TR A% [ H i
HURIA FROCIE S T A i T — P DR T
B AR SRR 1L, 12 ] BE 3k e 207 i 22 A2 3h
U T B 122 04T T RGEWEIT, 7EA FROGHE 2Rl
b SR R i B R A - T RE A T RS B
FRPEHUR T R GT0 58 3 100 8h Ty A B8, I AE S
R T RGEIRSN Sy () ASRPEAG T AR 125 ik
WFFES B B R PENUR T2 ) A 3 B 2 S

ARSCAHEFFIRAUBT (1 e 8 R E | EA Al
SEPL AT T A R A SR IRAS B IR LA T (L A
5.71.201120108956. 5) 3Lt -, T30 R 48
FYER DI T o ABETEE XX —F R AL, 2
ZRVEWS) 2 B S 5 B A BROCH: 255 58
P s 3R IR AFAF GBS RIS AR L EA 1S &
GEWI Az sl e AR ek 3 g 2 B 5 R0, 7R R R
AEBRT £ R A - WL TR FRAR B H kA T
B e Ak B IS DN B S i R O 2 R e
IS W/ 3 MU T8 30 ) A A5 5 B, e i )
Pr AR BT A T 58 S0 RS B 2 I F Ik
HUBRT B BAT A i B ZR AR Lk 3 1 22 )
R, b e S S A R A T B R

@  FEZRERR R4 (51275353 ,51205289) , Kt o LAl K iy SR DRI ( B A RME A4 — R H ) (12JCYBIC12200) FIR HE

T R S A ROR 2 R 2 4 (20120402) BB H

@ 55,1975 4E4 A Yl BF9E 07 1] : B shAlas A BE R, E-mail : buddhawei@ 126. com

(A B 1 :2014-05-16)

— 975 —



EFAEI 2014 4E9 H 524 3% 591y

1 shp A

2 MR 2R 58 8l ) 2 S AR SR T ol A o
F IR RFRAR R . S T BT IR 8
P AR SCR R IR AR ARk A 2R SEis sl A R
1L 2 s B sh L T b 0-X° Y0 A
O'-X"Y' 435 e U R Sh U T 1 42 ) Ak b R
FRPE i =1,2, - S) AR R o FFARBERAT -

(1) AFIEH 1 A y5 6 JIr Xt NG 1 Y kA2
I, IR IR BRI 85 3 G B ve Al A S 1 ) E R
B A A

L SPERE AR s 2 KNSR 15 3 RSBl 154 4T 255 4430
SR 256 RNERT 357 HE B ST 358 T ;9 AT 4510 6 3 5247 45
TLAF 5512 3RS HL 2513  BRBh MY 5514 . R 3h 3k

B 1 BIhERMEFENMTF

YO

B2 BEhFBREEIMTF IR

— 976 —

(2) B Bh/INGAE TE 5% R KA AR 1 8% T L) 7K F- ]
A v 817,

RN (AN R e R RS L T L R NS LY I I Sy
AR AR B 1 E R TR I 2% 3 A
(AR , oK IR R ML T JE PR PR Ak AR R 07-X°
Y RE N RSAbR RG B E 2 8 3BTRS
HARA AR AL R 2R T 245 7 AH N H) A B0 b, 300KE
AT 5 SER 5l ) RS B Ak, BRI A4 A £ 74
V-5l 5§ 3h 2 B R 3 ) cE R A 1S B RS, KR
Chales 73, #APERG(F i( =3) 1AL — 8 R4 r'
A LR

r' =R +A'u' =R' +A'(u| +ft/i)

=R +A'S"(q) +q]) =R +A'S’B](q, +q;)

=R +A'S'B/(q, +B,q;) (1)
Hop R a' 5y SR @ AR R SR P AR
TEA SR e bR 22 R AR A b 22 R B BE S, X W
Wk m i, g =0, X j B HCRTFE S,
FfE § FE— SO R 7 T LU

i =By (2)

He Y =3nf, B =[I A;ﬁi’ A'S'B'B)] I}
MNIHERE; i~ 3 BT = [T Al

BT RRAL-AA55 GBe , X R A F 3 i S
AT RHATA IROTE L, 018 3 i, BN A AR
brA [‘]/3'(3,:72> ‘]/3'(31:71> ‘]/3'(31:>]T, Hiri=1,2,-5
N BT BUT TR AT AL by i g 1 4ERL
RS x 1, BT RN FEME, 13m0 Al
FERO BN [qp qn gnl' = 0y, RIS EFR 4 i@
PG SR R AR ER A g = 0,

3 3 3 3 ;
Vel KN 9rs N N T T
I~ 953 = 976 970 I~ 9 ‘\‘1}15
0? _\,qu [ Ve qu —‘—»q?7 [ v q}m q}u

B3 ZHEBEAERITEH

FEXHAAR AR 22 Y 1] 0 2 1 5, 2% M A 4 Bl i
(X 1)) WIEEAR S, i ] 3 AR TS e /N T Y7 1) 1
R B A FR G0 sh A RHE R O BRIP4, A
MR R GE 8 ) AR BR R ORE L, T2 20 R
Ghsiny = 0, Hotfri = 1,205 W 58, 4 L
W, T AU TAT 3 207 3tk s bR it g Ry

q;z = [(]/35 (1/36 %39 %311 ‘1712 (1/314 (]/315]1Tx7

(3)
1.1 BHFESH
AR S TN T R A5 72 B 2R AR 58



W LSS T 288 J1 2 i) 5 USRS S WAL T30 s 2 P RERT

O, FHoR [ AURCT A4 1 (R 5 Sl R ) 56 R 2 R

jﬁ‘%% Cl = 010><l :

R* +A’u,, - R - A’u);|
R’ + A’u, - R' - A'u,
R' +A'u, -R - A’u.
R' +A'u, - R - A’u;

LR +A'u, -R -A’u), |

He A.0° B .C.D Sy RN PR shsl 8 24

EHEMZRE T C, = 0:

rp—vt—c, =0 (5)

Hor 7y o 53 B B BRI AR AR RO BR 07 B,

AR ALK S 6 T B — 0 IR B 6; .6,

XHFEHAT A &, LREBIERGAR R R

e iz BRI R SOR ikt ) | R FH kST AL A

WU AT AR B R G g s

g =1[n 6 ¢ 6 ()" 6 6], (6)

IR ZH TR RGN q = f(q,, 1), Hir g =

[qlT“.qST] .

1.2 ZHAhZESH

H T RG0S NI A IR A A 2R 5 S5 A o0

AHIE 2, B3 5 5 3h Z 18] 5 g~ gl , AT

i RGE 30 7 2 AR AR 20 R 4 T ks R PER 1 3 2R

TR ARBRIE , 255 R A - R AR A% B H 3k gt

SERGEN SRR ISR S AR AR R

M,:It‘.l.ut =0, (7)
R B g A AR A EL A S R S T

BEAFBUETH 14 T BA et T L RS

WA LIRS H e 11077 X5 ARS8 T+

RV I O I W R SRR e mI T S A

2 HKEFE

T U S IR MU T T B 19 3l o
PEREAE L, A SCEF XA TR A T OO A A 55 , 7030)

=0, (4)

AR HEA T AR (5 1 (P11 T80 ) , I X 4%
HEAT IR

B4 BIBBREMENMTFIR

T HE R RS2 I B R R Bl Iy AR (4
X(7)). EXRBEENY = [q), ¢,]1", ¥ =
gy a2 RAS IR (AR(T)) , 2t
T YA, 7T LA F

Y = f(Y,1) (8)

N8 B oy 7 e, x4 =X B B
BRMEIFFREAUIE T3 12 07 R (A3 (T)) BISK i,
AR ) — W O T FRAR R A, T
LB A3 5 AR I 2 i AR LR PR IR AE ) T 3 %
1] A AL BRI IZ B 45 22 4k A v A T R 3 i
o Sl A5 U T 180 194 15 138 3 0 2 R 28R, I ke
AR AR AT A 7E 2 BB BT AR . ASSCHE T
Gear’ s i (R B EL 3L |, I R A4 AF Mat-
1ab2012 X} 2 i A 78U K A o

e R Bl E/ RN AL TR O S
B~ K4 PR,

FR1 RS EANG E R E R0 A

KRS 3 E8 I R WL A T R RS 3 I 2 HE LI 0=0.145s v =0.3m/s A =0.4m H, =0.03m
(4 7% ) T BB R AU T S B3R e 2 ma, =3kg
T2 BIBESE(BIFHBENHEF)
K, =2000N/m €, =200N - s/m K, =5000N/m C, =500N  s/m
1, =0.2075m l,, =0.2175m M =0.22m m! =20kg
I' =0.5m m,, =lkg m,, =lkg

— 977 —



EFAEI 2014 4E9 H 524 3% 591y

R3 BIHRESH(BIHBENHTF)

K, =2000N/m C, =200N + s/m K, =5000N/m €, =500N + s/m
K, =37014N/m K, =37014N/m
I, =0.2075m l,, =0.2175m m,, =lkg m' =20kg
I' =0.5m I, =0.6kg - m’ I, =0.6kg - m’
E =0.7el1Pa P =0.014m
x4 BIERIWMFSH
m’ =1kg m’ =1kg m' =1.3kg m’ =1.3kg
K, =37014N/m K, =37191N/m
P’ =0.6m 5m P =1.2m I} =0.45m I¥ =0.55m
[ =0.45m £ =0.55m I, =0.6kg - m* [, =0.6kg - m’
E =0.7el1Pa P =0.014m

FR AL A HA R ANEL S ~ ] 14 iR
K5~ 9 J 6" ~ 6 BahRlid Tk Bt IB LA
FHIE § R BEAR R R T 09 £ BE R 1 B4R,
i FE AT LUA Bk AATAE OG0T SRR e B R A
(SR IR T5 B S AR [E) ) 3l 2V R B
SRR < FRHATUCT I BE w5 T s AU T, WAL
AT M BE s T RAEBUR T 5 181 10 9 RGUR ST 4
BB EAE DT ELAE R 1B 11 S SR sk AR R
PrEEEA i R P LA RS A PR s A
W T /NG , ek 1 B R R A PR 3T o
A2 sPEAT BROT I ) 5 BEVE FIIE AR L 5 161 12 SR8 3
MK B B 1 8E 05 AR i T AR sh AR
HEEAHE , T EOR G B 1 A RO HAT 1 8l 2 (1

0'(")

0 002 004 006 008 01 012 014
B8] (s)

SFLM ;serial flexible link manipulator, HEECZEFFHLIT-; SFLIM : serial
flexible link and joint manipulator, H G SR AT A e WL T ; PRM .
parallel rigid manipulator, J{-BXHI{AHLIE T+ ; PFIM ; parallel flexible link
and joint manipulator , FRIEZZ AT S KT MU TF

5 BIHBNMT o HIEHE

— 978 —

------- SFLM— —SFLIM—-~ PRM——PFLIM

W

0 0.02 0.04 0.06 0.08 0 0.12 0.14
i [A] (s)

E6 BHHBENWTF 0 BIEHHE

0°(*)

0.02 0.04 0.06 0.08 0.1 0.12 0.14
I8 (s)

7 BHHBET 0 BIEHHE

30
0

o3, R DUA RS s ORI R T 3 1 22 Rl S
FEOh P 1A 13 A 14 ARG R PE 2 S 0E 3 fA
LR O FLAE R 5 AT LA B, B0 A ] 4K
s, B s RN T R 5 2 sh 2 1k e ik



W LSS T 288 J1 2 i) 5 USRS S WAL T30 s 2 P RERT

AH R FEEAR EE , F 3 BE AR Al B 50 /N, AITAASIE T 9% L |
R PEDLIRT 19 2 S0 NI B v T AR N 1 ER TG SR PE AL 0.01}
FHI RGN EE 0.005}
145¢ = o
—-— PRM ——PFLIM w i
£ -0.005|
140 e L
001}
135}
0.015},
= 130} . . . . . , .
= 002002 004 006 008 01 012 014
g5 T8 (s)
11 BIHBENWMFRETEETREERE
120}
- 6000
115 . . : . . , . |
0 002 004 006 008 01 012 014 5000~ o o ‘
Hv”'ﬂ (S) 4000 SFLM SFLIM PRM PFLIM
8 BEHHBHMTF o' HIBEHE 30007,
Z 2000f || || |
R 1000f /|
SR & L
: b =i
54 : i: -1000 ‘
2000
53 -3000 ‘
" -4000f
= S0 502 004 006 008 01 012 0.4
51 i) (s)
50 B 12 #BohEFEKFEIESS
\
a9r e s 500
B002 004 006 008 01 012 014 A0
1] (s) 300 F
9 BIHBHMTF 0 HIBHE s |
L7 < 100t
1.68F B 0 KA ™
4 A KAt O g . SR T
el 4 AR My iy J"A‘.\ :‘JK:“A‘[.'I"“\“\{"‘-. ‘:.\_
oo -100 ¥ "\f\ﬂr ol
1.64F / Al
2200} i
1.62} !
£ 16 S0 00 o004 006 008 o1 o012 04
1.58 IFIA] (s)
1.56} 13 BHFBYMT 0 $URHE
1.54}
1.52f S,
N
L3002 004 006 008 01 012 014

IS 1) (s)
E 10 FBEhFHBEYMFRIHFITHIBHE

— 979 —



EEAREI 201449 H 24 3% oM

3000
——SFLM ——SFLJM ——PRM

2000} \ ‘

1000+

63(°/s)
)
=
=
E

-1000 \

-2000 V

3000002 004 006 008 01 012 0.4

8] (s)
E 14 BEHhHIBNET 0 BIBHE

3 &% i

AHIFEHE G T B AT ST SR 0,
ARG 1B AR S IR ML T 8l 127
AT, I3 a5 F A = Fofotly B 4 8% S ALK T4 5 05
FLE A LRGSR HLAR T 0 55, SR T &
AR A AT AR B 2 ) M R RATLR T T LA o
AR, [RIEa] DU OR R Geb BRI EE , DA T4 5 2%
G TARRGRE o Bl AR PR PR ML 2 A0 3 %, S0 A
KM= RGN TARRCR, 9 A i 2t — AT
PR AL, R X A R A 2, B Al s i RS sl
HRERPENU T R s 17 TOU T, M PR A s e AR
TR XF 2R GEh g~ PR BE ™ A2 H BRI, R
GEWI Iz gl 5 s R ) B EE B™ i ARk 3
T G . ER R IR R e sh SR 3
SRR S VR ORS E B O SE R O AT
WX B B S A PR REREA T RIS

Sk

[ 1] Bayo E. A finite-element approach to control the end
point motion of a single link flexible robot. Journal of
Robotic Systems, 1987, 4 (1) :63-75

[ 2] Bayo E, Movaghar R, Medus M. Inverse dynamics of a
single-link flexible robot: analytical and experimental re-

International Journal of Robotics Automation,
1987,3 (3) :150-157

[ 3] Moallem M, Patel R V, Khorasani K. An observer based

inverse dynamics control strategy for tip position tracking

sults.

of flexible multi-link manipulators. In: Proceedings of

the IEEE Conference on Decision and Control, 1996.
41124117

— 980 —

[10]

[11]

[12]

[13]

[14]

Moulin H C, Bayo E. Accuracy of discrete models for the
solution of the inverse dynamics problem for flexible
arms, feasible trajectories. ASME Journal of Dynamic
Systems, Measurement, and Control, 1997,119 (9) .
396404

Zou J Q, Zhang J J, Lu Y F, et al. An explicit recursive
formulation and parallel computation for inverse dynamics
of planar flexible manipulators. In; Proceedings of the
IEEE International Symposium on Industrial Electronics,
1997. 906-909

Trautt T A, Bayo E. Inverse dynamics of flexible manipu-
lators with Coulomb friction and backlash and non-zero
initial conditions. Dynamics and Control, 1999,19 (2)
:173-195
Kanaoka K, Yoshikawa T. Dynamic singular configura-
tions of flexible manipulators. In; Proceedings of the
IEEE/RS] International Conference on Intelligent Robots
and Systems , 2000. 46-51

Piras G, Cleghorn W L, Mills J K, et al. Dynamic finite-
element analysis of a planar high-speed high-precision
parallel manipulator with flexible links. Mechanism and
Machine Theory, 2005 ,40 :849-862

Zhang X P, Mills J K, William L. C. Dynamic modeling
and experimental validation of a 3-PRR parallel manipu-
lator with flexible intermediate links. J Intell Robot Syst,
2007,50:323-340
Wang X Y, James K M. Dynamic modeling of a flexible-
link planar parallel platform using a substructuring ap-
proach. Mechanism and Machine Theory, 2006 ,41.671-
687

W EYE, sk BT AR, R B 2 SRR
BUBC T30 1 22 W58 5 07 B R Gl IR, 2009, 19
1067-1072

W EYE, sk TSR, 5 s AT AL T
Wiglh Jy s BE ST S i B HLBCT R 4 4, 2010, 46
(21) :6-81

Shabana A A. Dynamics of Multi-body Systems. Third E-
dition. New York: Cambridge University Press, 2005.
189-247
Korayem M H, Rahimi H N, Nikoobin A. Mathematical
modeling and trajectory planning of mobile manipulators
with flexible links and joints. Applied Mathematical Mod-
elling, 2012, 36:3229-3244



W LSS T 288 J1 2 i) 5 USRS S WAL T30 s 2 P RERT

Study of the kinetic characteristics of a wheeled-suspension mobile
rigid-flexible parallel manipulator based on multi-body dynamics

Yang Yuwei ™™ , Liu Zhenzhong™ , Dong Limin ™, Li Yangmin™ , Yuan Xu™
( " Tianjin Key Laboratory for Control Theory & Applications in Complicated Systems,
Tianjin University of Technology, Tianjin 300384 )
( ™ School of Mechanical Engineering, Tianjin University of Technology, Tianjin 300384 )
Abstract

In view of the fact that mobile flexible serial manipulators lack the incapability of precise positioning under the
case of high speed and heavy payload, a new configuration of a wheeled suspension flexible mobile parallel manipu-
altor was presented, and its dynamic characteristics was studied. Based on multi-body dynamics, its dynamic model
was constructed in the Cartesian coordinate system by using a general and perfect modelling method. On the basis of
this, four kinds of mobile manipulators, i. e. serial, parallel, rigid and flexible, were studied by numerical simula-
tion, and the results verified the effectiveness of the presented modelling method and the dynamic characteristics of
the novel mobile manipulator. Furthermore, some techniques for improving a mobile parallel manipulator’ s working
speed, figidity and working precision were proposed.

Key words: multi-body dynamics, dynamic modeling, numeric simulation, wheeled suspension, rigid-flexible

parallel manipulator
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