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Fig.1 Mechanism of planar 3-DOF parallel

robot with compliant joints
(a) HUHRER (b) FICT R E A
1.EFE 2.31FE 3. \ahfF 4. XY 5. KT

NBETE R GEM B 2E PR RE, B R H L RS
W M o B RN SG AT A G HL A A i AR 2k
ARG A BORMERE o B0 RIUC T B A AL
PR IE I L 1 Howell ZEZ 4 i 119 £ W44 125 02 —
Bl I3 A H L 3 SRR P AR A
(9 WA 1 1 B 25 il A28, Bt sl A A5 41
S 300 e P A R A M E £ PR AT R
S U300 3 ST SR B ) AT I o Pl WA B A S
ALY B 2 M5 3 14 BF 5+ 2 283k B EL A B R A
BB TR AN

A SCUAE Ta 775 F- 10 = H B 5 005G 19 9 1k
PLEF N R G FE X G, g s O W AR, dn ] 2
Bios B, (i=1,2,3) mi Ab il A% 52 5% 3l @ A0 415 Y
AT AR

*ﬁﬂyﬁjﬂ’“ﬂrj}%ﬁﬁi@t[lﬂ AL T AR TR

B2 PR R
Fig.2  Pseudo-rigid-body model

BT 2 I G5 ), 7 A LG R
3L
b= ke ()
K G——F i &7y 55 Yt
o—Z IG5 A AR R
R——Z2 W & 77 # 1fi 2 42
1—— 2 I 5 719 K 1 JE
L—FMX [
B (1) 75 30 205G 45 0% il 1) 1 5% W B2 h
T GaRt’
“o - 3L (2)
TEE 2 Pros i R G A MR R ) A% 52 %
o) IR 5 W B R RO K A5 RSO R R 2
G245
2w, ST = [ R R DG IR AL AR AN
MU . P& 0,0,0, 81 F & D,D,D, fil5 3%
A 3 5L/ A ) 1932 3l 3%, 4542 o) S5k
W 0B, (i=1,2,3) N3 BD,(i=1,2,3)F
T AR . WA BE R r, L m,, 7 3
W J, a0, s NS FF KB ry BT N
m, AN T, B AN 0,8 B hE =
M KR b il m,, B & J,, 88 5%
AR e B PERED =ML, IKH a
2 HBAhEHIE
FEM AT H AL N R G — D E 08 )%
R, 0 TR LT R A A R R e T B
PEREWFIY , B e i B s Ho gl Jy A N LA
BIH T, Rl 1% REAh
d (ﬂ) oF U

ITAPPIR AT Ta0, T
(i=1,2,3) (3)
X E—FRGE LI U— R G S #ae
T 9K 714

0B, AT B.D, Kah¥ & B2, Bl 7e
F PR ILAT L, RGERY B RES

3 2
1 . . . .
EZ?{ E z [m (x5, +55) +1.0;] +
ey

[y (i3 +3%) + 1,6} (4)
K iy ) ——HEEHE 0,8, ol
(o7 )——EIHF B.D, i
(g 79) —— B0 £ LI
RYAT WS, 20454 R0 Ty f, L%
AL SR M BE RS0 B

I < 2
U:7; K, (ﬁi_BO) (5)

W&

3

Ji



280 & A Bl B ¥ i

2014 4

A K—H %W R 8
B—HT 0,B, 5+ B.D, *ff
B,——HE W6 A1
B, - Bo— L& ALY
B (4) L IRAK(3) AR BIR G 8 Iy %5
T2

M(6)0+C(0,0)0+K(0) =7 (6)
K 0—WENTF WA
M) — R GE PR R
C(6,0)— RG890 18K 1 S 1
K(0)——F Gt NIl B 55
T IR 2l 156
MIEET K (6) Hy 41 3% 09 W RS 2 850R0 A2 JE o Tk
A, XA T Lhizs 3l B A% Bl 0% G2 5T B LA N3l )
SRR F B AE , 235 R G B AR

3 i=HIREE

3.1 LRHIERGER

it FH 22 OG5 B A ez 3h @, A HILAS 25 44 FR
% TCIRVR IR NE N | & s e i R DT 7 S
M) — R FHMER, MARAS F e Rz T hE . H5E
Brep B AFAE LLE ()8 (D BR sh T A1 sl AT 8] 4K 5 232
I OG5 19 A8 T 58 2 5l FN RE 4% 38, 1 AR B 77 AR Y
MR EE A AT R E &AL N dhRe, R 5 &
Sl . @ZM AT & FEALR SN, 7 = ki
TBY , SR GRS . B3 F O NI 32 19 20 ¢
FIRLAY N DL SE AR B S ST (1) sh A PERE , Br
G EB AR R G . OB S HEES 5 R
FA SR R 25

FExr Bk, il 4 X (6) IR R4 XBh )
TR LR RGN

[M(6) +AM(0)]10+[C(0,0) +AC(6,0)]10 +

[K(0) +AK(0) ] =7+w (7)
A AM(6) 150 S B R 22

AC(6,0)— 5.0 J18F K 4 M7 2%
AK () — NIl B2 31132 2=
w—— RS 5h
BRI 5N RGNS R ERB AL K&
TS BB R MBI AR 2 8 LN RE NG H
Pz w,(7) ATk s
M(0)+C(6,0)0+K(6) -W=r  (8)
H W=w-AM(0)0-AC(6,0)0 - AK(0)
3.2 I=HIREEIZIT
F ST I HRALAF N SE bR 455 R Getsd B v Ay
EP BT, PD ¥ ARG T B, 2 TS0, {2

RYGALTER BT, 255 DR AR 25 5 T B4 il Iy v %6
T LS B S B A BR k. AIEle s,
PER RGN NATERE T i T SRwE , BUE LTH
s=e +ébe (9)
Hrp e=0,-0 ¢=0,-0
KX e.e PRI AR R R R 22
0,.0,—WIE B |
S— IE X A
X (9) kKT, I K (8) AT 3
§=0,+6e-M(0) '[r+W-C(0,0)0-K(0)]

(10)
ORI T B A I 0B B 1 Bl A B, 51 AR
s = —gsgn(s) —ks (&>0,k>0) (11)

Fr 2 (10) FIsk (1) 45 9, 79 504 il
T=M(6)[0,+8é~-( —esgn(s) —ks) ] +
C(6,0)0 +K(8) +W.sgn(s) (12)
Horf Wosgn (s) £ 8 B, FH T #0225 5645 A
S HARA 5 R WA S W, R RSB R,
W, =d+n,d=|W]|,,n>0,
SE U 1 R B

V:7sTs (13)

X (12) AL (10) 157
s = —gsgn(s) —ks +
M(G)il[—(3+n)sgn(s)—W] (14)
HEC(13)  (14) 1%
V=s"5=-¢elsl —ks"s +M(9) "'[ = (d+n)Is| -
STWI<M (9) '[ - (d+m) sl —s"W]

M) EE,d+n> | W], 1 V<0,
AR TG X TS, RA W R
3.3 EEMK

BLEJGEAT R, W IRIE R TR % 4, i 4 fir
T B A A3 1 g
Lk, S RUHE L 7 2 BT T A, M oe
(1 3 Y2k 4 T B, 4% B 4 b AT 5 0 B
S RO T Wbl SR E T B BB TR

28 N[5 30 R 2 A S

(1) B 1 28 W03 1 9 06 5 (e, oy, ) R I A
(v, y), ITHELANB M BEEH LB s, =
S =x )7+ (y = y) 75 B 58 19 0 (x,
y,) FREAR VR I U 1 0 M8 B S s, = 27,

(2) MR 4% 5 K T v, KIS« BRK
BB o R v, PR o, TS R




%5 1

M 2 SRR IR BRALER A 9 ) 2 i 5 il wE e

281

JE 4RO A5 e R, R A B A0 i B A B A
S B

(BRI 5\ 0 v S~ 0, A, TR FE il
2 A e il 2 R0 R it R 1 25 S 80 .

(4) WAL TR ()RS5 LS 8E, HL
RS A B 20 B S BE v, (o) AL s, (o) AN
HEE @, (¢) , [R50 T 55 030 b 25 i 20 1 D) 1
v, (t) AiFE s, (o) U1 K B a, (o) | ] 0 i 2K
a,(t)o

(5) B LB B0 b s R 28 1k m%E B
MHZRT X B iR M, o = arctan ((y, —y,)/
(x, =), BTS00 A5 5 150 7% B B 2%
F X A AL 0() =s, (1) /rg

(6) THR & bl s 7 X R Y Bl 1 07 B8
gy o Ry o RN R 4 A

4 HE

oy 56 UE Bl AR o SR s A AT S R AT
P HARTE, 0B RGBS etk

WL (AL m) Sy DF)F & M A, (0.45,
0.26) st Hkiz 3l 3] 4, (0.55,0.26) 5. @M 4,
MO HR LLA, RO AR 0.1 A1, [0l 2] 4,
mo @M A, ST ELRRE A, .

SR TR RGN T B AR [ Y B R
fiE, ook 3 B, 1 BEHLB LN R B R 918 3, P A 1)

1.8 2.4

Bk oy HARERE R S RUH U Ze gt sh A
IFERPLAF AN FE 2B S B R 1 R .
FRXT S5 Nt =0.2 mm,L =50 mm, ¢ =

2w/3,R =30 mm,

x®1 HERNABARESH
Tab.1 Inertia parameters of parallel robot
oK KB /m Bt/ kg B/ (kg-m?)
IR A 0.4 0.252 1 3.4x107°
B HF 0.4 0.2521 3.4x107°
IR 0.08 0.189 8 1.0124 x10°*
&6 0.9
d7 Ff§ Matlab/Simulink ) S p& %5 52 B X 3] 22 5
A A X R AR s Bl 16 =
diag[ 100,100,100] ,W = [5sin(2mt) Scos(2mwt)
5sin(2mt) ]",k =100, =0.01,v,, =0.083 3 m/s,
a,, =20 m/s’ ,0,=0,v, =0,
S BB R LR B sat () 103 45 R
Bosgn(s)
1 (s>A)
sat(s) =/ ks (lsl<A)
-1 (s<-A)

Hob k=1/A,A 3 )25 40 R0 o6 BOre 30 52 )2
G R VI 1, A8 300 50 T2 3R R s

P 3 g R4 ) 5 ik T A SR Sl AT B8 51 3 B
2R o DA FR T DUFE H o A5 s of d) £7 2 5 ) 22

-0.2

- — WEsE g — WL 3 _ %fﬂ;:j!;}%@%
= e YA s e LA R £ —— Mg arn
~§ 1.6 TR 5\3 6 TR § 04 H
& € &
= 14 £ 28 206
= B =
=12 = 3.0 = -08

1.0 -32 -1.0

0 5 10 0 5 10 0 5 10
FF 1] /s I 16 /s 18] /s
B3 BRFF & AR i 2R

Fig.3 Joint angular displacement curves of drive lever

B W) BE B, B ST 0 B R R 22 48 X 43 1
2.7 mrad 2.5 mrad il 2. 5 mrad, & % FF & BE B
B, TC T 00 e R B N R SR Y
By g A 0 T T A ) SR BE S A kS BEL
i N B0 R 4

S 56 U ST A A TR SRS ) B R L L
PD Pl #EA7 X5 b o 1 4 O ¥ R 45 il A PD 45 il 45
B A AR s B M 2, S S R s B ith 2 iy X b AN
Yl 5 T R 22, R R i L R 22 PR AT SE A o0 A WL
%2,

PG 4.5 Je 3k 2, M R A s,

035
— HEEHE
0.30 —— RS
— PDYEHI
&
> 025
0.20
035 040 045 050 055
X/m
B4 MBI R PD R 0 R b 0 il R

Fig.4 Trajectory curves of end-effector of

sliding mode control and PD control



282 | 1 R A= 20144

10 s T A I 2 B 20 3 1 0 30 R s A
2 0s \ — PDEHIRE Beum S B, 5 PD A L, B DG .
# x2 RESIT
fé 0 Tab.2 Statistics of errors mm
g
& EX T WIRES X b Y i
05
I PD il 0. 65 2.10
L R B 0.21 0.86
0 ﬁ%/ 10 o PD #4l 0.26 1.30
3 ] e B 0.092 0.57
— Bz E PD 30
PDIZEHRE ; i e - ’
2 1 A‘ Noa ¥R 22 —— 0.58
: L A A A
£ NN NI
wWorr [ LR A
K ‘\ A .
£, 5 &
R EEEEEEA (1) 37 T A R AR T 00 H 0 3% 56 0 L
\[ [T |\ _ .\ o » >
720u Vol . v Vlo Gz RS B H R ST B S R RS
il P BT R R B R R K
BIS il o h £k MEPES B s 5 M3, o3 7 ARG M sh B4k
Fig.5 Error curves of trajectory BE .
R4 T SR % ) % T 152 2 498 T 1 S BOK g0, He v (2) By g 2 A5 U 0 478 1) SR s AT A% S 0 1 R G

905 MR 22 PR B A SR BE 0 O B0 5 BB e i T ORI AR A B R R I AR A S i
% R RS T RE M G bR, PD MYy REEABORIG I, I PD S Y
JrMRRZE N 1,30 mm, W A% ] 04 0. 58 mm, B i (3) % MR Bl s 3l 22 5 35 I HR AL e A 1Y
/NFPD FEd] o BFSEFE IR R A Ak AR BEE T e A

10

& % x Wt

Merlet J. Parallel robots[ M]. London: Kluwer Academic Publishers, 2000.
Flores P, Ambrosio J, Claro J C P, et al. A study on dynamics of mechanical systems including joints with clearance and
lubrication[ J]. Mechanism and Machine Theory, 2006, 41(3) ; 247 -261.
Paccot F, Andreff N, Martinet P. A review on the dynamic control of parallel kinematic machines: theory and experiments[J].
International Journal of Robotics Research, 2009, 28(3) . 395 - 416.
S, SR BT . IR IR HLA AEE T SR ) IR R R T]. MUK 5K, 2005(10) : 5 -8.
Wu Bo, Wu Shenglin, Zhao Keding. Current status and development tendence of stewart platform control strategy[J]. Machine
Tool & Hydraulics, 2005(10) : 5 - 8. (in Chinese)
Howell L L. Compliant mechanism[ M]. New York: John Wiley & Sons, 2001.
TR, FEH R IFBRERENLAS ABR KN TR (T]. PUAR #2240, 2008, 44(12): 12 -23.
Yun Yuan, Xu Qingsong, Li Yangmin. Survey on parallel manipulators with micro/nano manipulation technology and applications
[J]. Journal of Mechanical Engineering, 2008, 44(12) . 12 - 23. (in Chinese)
Yi B, Chung G B, Na HY, et al. Design and experiment of a 3-DOF parallel micromechanism utilizing flexure hinges[ J]. IEEE
Transactions on Robotics and Automation, 2003, 19(4) . 604 - 612.
Yao Q, Dong J, Ferreira P M. Design, analysis, fabrication and testing of a parallel-kinematic micropositioning XY stage[ J].
International Journal of Machine Tools and Manufacture, 2007, 47(6) : 946 - 961.
Li Y, Xu Q. Modeling and performance evaluation of a flexure-based XY parallel micromanipulator[ J]. Mechanism and Machine
Theory, 2009, 44(12) . 2127 -2152.
BUGENE , HAEWS 5K R T 3-PRR EVEIFBRALM S J1 220 b [T ], ROALMAA 4, 2010, 41(10) : 199 -203.
Jia Xiaohui, Tian Yanling, Zhang Dawei. Dynamics analysis of 3-PRR compliant parallel mechanism[ J]. Transactions of the
Chinese Society for Agricultural Machinery, 2010, 41(10) : 199 —203. (in Chinese)
Yue Y, Gao F, Jin Z, et al. Modeling and experiment of a planar 3-DOF parallel micromanipulator[ J]. Robotica, 2012, 30
(2): 171 - 184.
Tian Y, Shirinzadeh B, Zhang D. Design and dynamics of a 3-DOF flexure-based parallel mechanism for micro/nano manipulation
[J]. Microelectronic Engineering, 2010, 87(2) ; 230 —241.



%5 1 M 2 SRR IR BRALER A 9 ) 2 i 5 il wE e 283

13

15

16

17

18
19

X2e. PR M 3-DOF g -F i IR R AL & A Bt 50 [ D], dbat: Jeatsgimok:, 2008.

Liu Ping’an. Design and synthesis of flexure hinges and 3-DOF micro-motion planar parallel manipulators[ D ]. Beijing: Beijing
Jiaotong University, 2008. (in Chinese)

B IAZ. KABTE I 2 S M RE 0 A S it Or i i e [ D] dbmt: Jestiin 2 il Kk, 2010.

Zhao Shanshan. Research on performance analysis and design method of large-deflection annulus-shaped flexure hinges[ D ].
Beijing: Beijing University of Aeronautics and Astronautics, 2010. (in Chinese)

B RN SRS RARTE RIER S RIS BT SR, R AU =R, 2012, 43(9) = 209 -212.

Yang Qizhi, Zhu Xiaobing, Ma Liizhong, et al. Structural design and flexibility analysis of new compliant revolute pair with
macro-scale deformation[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2012, 43 (9): 209 - 212. (in
Chinese)

BRI BB B8, 45 RINUSCT IR B N BT 558 [T R HLMA R, 2013, 44(7) : 274 -278.

Yu Yueqing, Cui Zhongwei, Zhao Xin, et al. Design and experiment of parallel robot with compliant joints[ J]. Transactions of
the Chinese Society for Agricultural Machinery, 2013, 44(7) . 274 —278. (in Chinese)

RERIR, B2 (00, 55 RIS AW it SHELT]. T EABEOEC, 2013, 8(8) : 784 -786.

Yu Yueqing, Ma Lan, Cui Zhongwei, et al. Design and manufacture of flexure robot joints[ J]. China Sciencepaper, 2013, 8
(8): 784 —786. (in Chinese)

Mg EE. Pl ARG RGN BTS MATLAB f B[ M]. Jbat: 3404 ikt , 2008.

Slotine J J, Sastry S S. Tracking control of non-linear systems using sliding surfaces, with application to robot manipulators[ J].
International Journal of Control, 1983, 38(2) . 465 —492.

Dynamics and Control of Parallel Robot with Compliant Joints

Tian Hao Yu Yueqing
(College of Mechanical Engineering and Applied Electronics Technology, Beijing University of Technology,
Beijing 100124, China)

Abstract; The researches on dynamic modeling, characteristic analysis, control strategy design and
dynamic performance analysis for the parallel robot with compliant joints, which had the property of large
range motion, were carried out. Based on pseudo-rigid-body model, the characteristics of compliant joints
were investigated and system model with large deformation compliant joints was set up. The dynamic
equation was obtained based on Lagrange method. A reaching law sliding mode control strategy was
designed to eliminate the vibration and the unmodelled dynamics caused by compliant joints and the
model error made by inertia parameter perturbation. And the stability of control strategy was verified.
Simulation results showed that dynamic model and control strategy were effective.

Key words: Compliant joints Parallel robot Dynamics Reaching law sliding mode control



