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Fig.1 Diagram of the open-chain ofparallel manipulators
H(q,)4,+C(q,,94,)4,+*N,(q,)="7,,
(i=1,2,-n) (D)

E (1) ¥ a,(active) , p,( passive) 53 IR 2 TR AL
B Sh 3R 3h 5C M ek sh 3K s oGy, b g, =
[.,9,:]" HERGMT L AAR, b g, 8 35K 3)
KA, q, IS SRS e f  H (q,) )™ X
i, C (q,,q,) HFHRITFIE.C 13, N, (g,)
NE NI R 1 = [, ] R Ho(g))
C.(q,,q,) R

MR1 H,(q,) HIEEXFRAER.

MR 2 (H,-2C,) NI % TAE R 1H
i a, IR R

a'(H-2C.)a=0 (2)

MR 3 X TAEE N a bR H(q,) ,C,
(q;,4,) ,N,(q,) TR T KA.

H(q,)a+C(q;,4,)b+N.(q,)=Y.(q;,4;,a,b)7,

(3)

Hrp Vi RFFEE RGP AU BR LuGre RIS
MBI SR L Y (g, , 4, ,a,b) ASE y, B
[ 0 .

1.2 LuGre EEFEAERY

LuGre FE A5 70 Xof B 82 1) ) 25 LA R i 25 he
REASIEATRT BRI A | T2 ABE TR 9 42 fh 1T ] 3L )
E0YF- e Sk FAEEEAE 1 B Bh AT . S B g ]
Hh R ol R %) R T AR SOULIR S T 2 M AN 1Y
LuGre BEEA%E KL AR 2% 11 7 A Bl B 53 A0 11 33
PERIE | 24 2 fk 1o 78 V1) 1) 3 VB R & AR A X 4%
B, R MR E 2 15 03— AR TP 3 fil 3R T NI B 1Y
SRR T 55 AT AR A O R T A
FEMK BRI ) 25 B 2 B K. LuGre FEFERI R F R
H

fi=0yzto z+o,w (4)
Herp o Sk Bl oA 8 R 2 ok T AR SRS L 0y, 0, 0y
G AR 2B B R BB ORPE R 8, 2 SR i
B, Hil e e R .

2=v—zg(v) (5)
g(0)=f+(f~f)e ™" (6)

g(v) RIT Stribeck ZNL, HH £, £, 7351 0 AR JEE
BERFREERE 0, i Stribeck ¥
1.3 ZREZRE ARG N FEE

FRRAUBE M BE R GEUN (2) P

B2 BRI 5 R G s B R

Fig.2 Diagram of the close-chain of parallel manipulators
E(2) h E BRI 09 AR o, b T4 2R 52 21 1
HERGE, N2

H=diag(H, ,H,,---H ) ,

C=diag(C,,C,,---C,),

N=[N;,N;,-=N,1"
A TJIHE 7 38 R AR LR I AE £ 3 56T A
It B E S A IR LN R AY LuGre FEHE, B



364 g % 5 o 6 ¥ W 2019 F45 17 %
ST SRR AW R T 1B ALY -
ZjJ?é‘D,.\\E’J}*%f%‘?umﬁxﬁ,&m%l/\ : iI,(t)= qd(t>_A1q (13)
Q'r=R't, (7) N
q(t)=q.(t)-q,(1) (14)

Hrr,0=0q/9q,,R=0q,/9q,,q, FIFERYIRE R
Vi) SCAR . P R GER B 12 T R
Hq,+Cq,+N=R'(7,~f,,) (8)
Hi H=Q"HQ,C=0"H 0+Q'CQ,N=Q'N,H H
N C MR R HE R
MR 4 H ONIEE SRR,

MRS (H-2C) MR R, W TAT R
i GEZ ST P
a'(H-2C)a=0 (9)

MR 6 XTALE MR« Mb, MM H,C,N,
T AL -

Ha+Cb+N=J(q.,q.,a,b)y (10)
K y=1Iy1,91".J(q,,4..a,b) WS y 1 [E
IHFE. (8) P LuGre BEHE £, W HARIE N .

Ji.=diag(z,) o +diag(z,) o, +diag(q,) o,

(11)

2,=4,-0(4,)z, (12)
Horp

Jru= Vi ofrz s Srn s

2,= (2,320, 2,]1

0,=10,,0,4,0,,] "(k=0,1,2),

. (.Ial ’ !
P R
qa2'“q(m

0(q,)=diag( |4, 1/g(q,) . q./8(4.,),
L1q,1/8(q.,))
K S A i(i=1,2,n) DR RA N EZ ]
B LuGre EEYE S 2, F o, (k=0,1,2) B i A~ E
AT E I LuGre BEEESEL, ¢, WH i N EBhK
A7 ] R DA S ) R X

2 HiEMEF

L R4 T A5 BT 10 < AR 3 70 el 2
AR B 12 ZHON I R IR N R R 4 S B T
TERYTEOUT A AR 7 5 M B S ok il A
i 280, IF BT 4 9Kl ) R A AR i
PRAE g, (o) St — BOWIIR A s o B s, RS
MR B B TS 25 5 B AR S B S B L g, (1) B
HMNGIASEBE ¢,(1)

Horb g, (1), q,(¢) 5330k o s 10 BB 057 8 01 30 2 5k
JE A, R IE SRR S5, 3 (1) AR v s Aoy
SRR R 2 R R 6, FE45 4 (8) 3k, 1T
.

qu-l-éq,"‘N:J(qe ’qe ,q,,i],)’)’ (15)
Ry W PRS2 PR LuGre JE 55 502 41 i 3
JrEB eI (q,,4.,4,,4,) WEE y BT .
AT 9 e B SRR S8y, W (15) 24 AT
O,

Hg,+Cq,+N=J(q..q4..4,.4,)%
b HL,C.N 451 H,C F N Bf5H AR (8) =t
F(16) 2, T T E W T B9 & A LuGre FEEAMEAY
Gl SR E i

(16)

7,=(R") " Jy+f,,—(R")"A,s (17)
s=q,(t)-q,(t) (18)
y=-AJ"s (19)

Horb f Sl LuGre BE4E f, (AT A, A, X FIESE
HASR AR . s NSLPREE RS 2 22, 456 (11)
AM(12) A, 153

A

fl,a = dl(lg( 200 ) a-a()-"-diag'( qa_@( qa )241] )&al +

diag(q,) & (20)
2.0=4,-0(§4,)2,,-A,Rs (21)
2.,=4,-0(4,)2,+A.0(q,)Rs (22)
o,=-Adiag(%,,)Rs (23)
o, =-A;diag(4,-0(4,)z, ) Rs (24)
o,=-Adiag(q,)Rs (25)

Hr AL A A AL A YRR T 8 1 4 56

FE1 A7) XG55
ARG 8 J12E iR (8) 2 1R 45 2 I B Bk BAA W By
SUESES S G U N N VA w U e Gl S R 7N
Lo RUZE Eﬁiﬁfﬁ,ﬁﬂ}igqﬂ) =4q,(1) ,limg,(1)=4,
(1).

ﬁE[ﬁ

254 (17) XM (8) X,

H(s+q. )+C(s+q,)+N=R"((R")"J y-



5 4 1]

T HAE 54T LuGre FEEIFIHRHUME ) 1 £ il 365

(R")*Ays+f,,~f,) =J V-A,s+R" f,, =Hs +Cs
(26)
Krhy=y-y IV 3 12580y kiR 2,
fu 0 LuGre FEHE £, 1ot 22, H
fo. =diag(3,,) & g +diag(Z,,) o o +diag(q, -
0(4,)z,)0,-diag(0(4,)z,)0,+

diag(q,) 0, (27)
RN E R A PR DL T, D ik I 4
B S0, oAl 1A 8 Lyapunov PREL .

V=V +V, (28)
Hrp

[ e
Vv, :?s'Hs+3y'A31 y (29)

1 o . N AT 4] ~
Vz=?(z([)A4ldLag(0'0)10+z:/151dmg(0'1)zl)+

%(?ng; F 4N G ATAL ) (30)
Xt (29) Xk 545
vV, =s" H$+%STI7S+§7FA;' y (31)
K Fy=y-y=9, 44 (19) 1 (26) T4
V,=s"Jy+s'R" f,.) —sTA2s+%sT( H-2C)s-
Y'I's (32)

HPERE S Hls"(H-2 C)s=0, A s'J y=9"J"s,
I

V,=s"R" f,~s" A,s (33)
454 (26) X015,

V,=s"R"diag(2,,) 0 ,+s'R"diag(q,-
0(4,)2,,)0,+s R'diag(q,)0,,+
s'R"diag(Z,,)0o,,—s R'diag(@(q,)z,,)
o, -s'As (34)

XF(30) oK 45

V,=2A; diag(0,,) 2,02 A5 diag(a,,) 2, +

T 0 WA o A G, (35)

Hrp

2/150:2150_qa+@( qa)éuo_@< qll)gao,

0 =20-0,+0(4,)2,-0(4,)Z,,,
gh4 (18) LA (19) Xl 15
V2 =-z diag (o) Rs-
2 Ay diag(0,0)) O(q,) 7,0+
Zydiag(0,)O(q,)Rs—
Zn A5 diag(0,)0(4,)7,, -

&J:Odiag( 2(10 )Rs _ajﬂfl diag(q,—

@< qu)éal)Rs_a’v-(IL‘Zdiag(qa)Rs (36>
Xt (28) HOR P4
Vv,V (37)

XFIE(34) AN (36) AT, HUTN KR,
s'R"diag(z,,)0,, =0 ,diag(Z,,)Rs,
sTR"diag(4,-0(§,)2,) 0, =0, diag(§,~

0(4,)z,)Rs,
s'R'diag(q,)0,,=0,diag(4,)Rs,
s'R'diag(Z,,) 0, =7, diag( o, )Rs,
s'R'diag(0(q,)7,,) 0, =
Z,diag(o,)O(§,)Rs,
2,y diag(0,,)0(4,)Z,,=0,
2, AS diag(e,)0(4,)Z,, =0

RAFRATA
V<-s"A,s <0 (38)

T IR ATH 3E B9 Lyapunov B2 V 19T B W%,

X FAEMEAERE s By i 0, XY B ()8 F 0 55 K

BF, 3 4 2% MR BRI s, Bh I F S HUh iR 22y,

LuGre FE# B R THR %2, , 2,1, G0, Gy, 0

FER e e

lim%S,?»an’zNal 7a:a()?6al’&/a2} :0 (39)
AR (12) XA (18) K
s=q+A, § (40)

AT, s OB T T R S AT 0 B IR R 22
O i BRI 22 g S T2, DRI 13 13 By
HIARTE T BN R G5 B IR IR L 4 R
WS, SE T 1 IF .



366 B n s

I S

2019 4F56 17 &

3 &4l

31 HEHEGERESH

KEGUEHT A LuGre FEHEAME By B 35 N 2 i 55
B FEHIPERE AR SC LA A — R TUR F 8l BT
Il 3-RRR J-HRHLME A 1204 5 B T35, 187 3
RRR FF BRI () B — 4% AR A — > E 30 R
R, AR U o JHAT y S AP T B R, R
B — R TUA F ol 3k HIT 55 2R 90 M A B 2R Gupsi
N B (3) FE (4) B .

-7 Motor i
v
D ot e G ik s e ] S T e ) e S

Pl 3 FI0 3RRR FEHEHUARE H 6 R 5o s =
Fig.3 Diagram of the open-chain of 3RRR parallel manipulators

&4 P 3RRR FRIRHLAUE P 55 R G0n A
Fig4 Diagram of the close-chain of 3RRR parallel manipulators
THEE RGN (3) s, BUE S BIAED) 46 1) Z)
SR FEAT B AL, PP KL 1 =1, =1, iT& )
WA my Fmy, T LR g, = [q,,9,]1"(i=1,2,
3) , H TR VT R, N R e R R SR

i M H FRHGRE C 5351
B |:')’| +272cosqpi Vs +72005‘]pi:|
Y3 1Y,co8q, Y2 '

C {_yZSinqpiql)i _Y2Sinq])i< Qai+ql)i ) j|
Y2 Sinqpi Qi 0

RS = 25T BERUVE 19 3 I SR ) ) EE S

B y=1y 7,70 L H Ry vy 2R
v, =L+, +mr, 2+m2(l1 2+r§) s
Yo=myliry,

_ 2
Yi=l,+m,r;,

L= IZmIZT ’
1
Izz_Emzlg
oA TR 1, 0 ) R P A sh Bt i, A0, A2
1

Sl :%zz.m%%zﬁn@<4>@f/%,r”>‘<géﬁ

N q= 1u 1902092103 24,0 ) AITAEFR A ¢, =
Loc,y ] 518 530461 v AL AR 2 501 4] IR R AL P 3508
LuGre BEJESHC ' R B ANZE (1) BT .

*1 HEEGSHEX

Table 1 Parameters of simulation

r=

name value name value
m;(Kg) 1 o ,(Nms/rad) 0.2
my(Kg) 2 v,(rad/s) 0.01

I(m) 0.2 f,(Nm) 0.005

0o(Nms/rad) 20 f.(Nm) 0.0065
o, (Nms/rad) 0.1 — —

T B B S v 45 TE G S 25 A BE A, =51, A, =501, A, =A, =
As=Ag=A,=Ag =51

32 BEHIER

FEAS T TP ERATT 43 0 R R B BE A Y A
A HI AR (14) TR LuGre BEHEAM3
(1 19 3 g s il B R A TR T T A, D% EL e B Al AN ]
38 IV B T 2R G0 0407 i, R R 8 A2 B
B ) D BEZS R A LuGre FESEAME Y A
1 7 #22 #l Fl ACFC ( Adaptive Control with Friction
Compesation ) 718 ; AN H A FEHEAMEE (1 B 38 I 2 1
1 AC( Adaptive Control ) £7R ; BRERF 5 LS(leading
Signal ) F 7. B0 45 IR ER 5 5 1S, 38 i X b7
ACFC FEHIA AC #EHIF AR5 B B A5
FEAR 5 P 15 5 9 BRI 0, IS e i A 42 o1 586 s
AOBREEVERE . )i 1 S P Rigas ] SR ik 4 7 8 1 17
R 0 7 PR S 285 SR S A L (5 ) AL (6) B
Sy B4 H ACFC i AC Fa il ™ A it s U A~ J 441
T2 B 4 R N, 32 B 03 e 4 0 2 R
(7) .



554 1 BT JHAE 54 LuGre FESEIFHRAUMUE B9 H i b7 12761 367
=Ty W RS EUE R I B B T A LuGre FE
- | - B IEICHUIIE R SER D 1) B 76 LR 1%
. 01 RN VT HA MY [T B e R 4 T T
T 0 v ol T 3-RRR MR 105 (853854 A SO T
-0.1 : AR A 458 .
02 ° P 2 1) BER B4 LuGre FE B3 1 1, 5 L
~ o ogl N A FLIE R WAL 2 I
=~ 0 5 L B B
01 : - e . 2) %1 LuGre BEFEHMEL ) 1438 1 ) FLA e

P 5 PIRRANIR] I O ) 55 I 7 2

Fig.5 Position response under two different adaptive control strategies

|——ACFC --—--AC - - -LS|
0.2 : : :
0.0
o =
£ 17.
7:'/ 0 3 QA g ;
-0.1 : . .
0 5 10 15 20
0.2 ' T 20,04 =2
0,06 <+
X s~
g 51
= 0 W
-0.1 ‘ ‘ :
0 5 10 15 20

Pl 6 TN ] 1 T R4 ) 5 ) 32 0

Fig.6  Velocity response undertwo different adaptive control strategies

|—AcFc —-—--AC - - -L§]
0.05 0.05
E o 0
-0.05 -0.05
005 0 005 -005 0 005
0.05 0.05
E o 0
-0.05 -0.05
005 0 005 -005 0 005

z(m) z(m)

7 PRI R] o SR W 43 3y 5 e

Fig.7 Trajectory response undertwo different adaptive control strategies
A
4 Hig

AR SCHE T 5 18 LuGre AT 1) I I ATL A

Fe R ER KT E | 76— B8 B0 R Hﬁ@ﬁﬁ)‘
IFBRAUBE A i BE SN 1 O B BR 1) 23 72 1R 5, T
BRI JEE M) 17 i Bl it 5 4 Envﬂﬁiﬁ
o B — B

& £ X W

1 Anli E. The stewart platform mechanism-a review. Most,
2004,35:15~40

2 Cheng H, Yiu YK, Li Z X. Dynamics and control of re-
dundantly actuated parallel manipulators. IEEE/ASME
Transactions on Mechatronics ,2004,8(4) ;483 ~491

30 EBSE, E Ok MR S XA AR 42 S DRI AL A
e BP0 L. 3 12 5 1 ) 27412, 2016, 14(5) <475
~480 (Wang X G, Wang Y L, Lin L,et al, High preci-
sion control simulation of wind tunnel test rope traction
parallel robot. Journal of Dynamics and Control ,2016, 14
(5) :475~480(in Chinese) )

4 Gosselin C, Schreiber L T.Redundancy in parallel mecha-
nisms: A Review. Applied Mechanics Reviews, 2018, 70
(1):010802

5 O’BrienJ F,,Wen J T. Redundant actuation for impro-
ving kinematic manipulability. IEEE International Confer-
ence on Robotics and Automation ,2003 :1520~ 1525

6  Ruiz A G, Santos J C, Croes J, et al.On redundancy reso-
lution and energy consumption of kinematically redundant
planar parallel manipulators.Robotica, 2018 ,36(6) 809~
821

7  Transactions I, Roboticsautomation O N. Dynamics Com-
putation./EEE Transactions on Robotics, 1989,5(3) :294
~302

8 LiuGF, WuYL, WuX Z,et al. Analysis and control of
redundant parallel manipulators. In: Proceeding-IEEE In-
ternational Conference on Robotics and Automation,2001,
4.3748~3754

9  Jin Q, Chen W.Adaptive control of 6-DOF parallel manip-
ulator. In:Proceeding of the 30th Chinese Control Confer-
ence,2011:2440~ 2445

10 Olsson H, Astrom K J. Friction generated limit cycles.
IEEE Transactions on Control Systems Technology, 2001,9



368 g % 5 o 6 ¥ W 2019 F45 17 %

(4) .629~636 pensation of electromechanical servo system based on

11 Sun Y H, Sun Y, Wu C Q, et al. Stability analysis of a LuGre model.In; Proceeding 13th IEEE Conference on In-
controlled mechanical system with parametric uncertainties dustrial Electronics and Applications ( ICTEA ), 2018.
in LuGre friction model. International Journal of Conirol, 2596 ~ 2600
2018,91(4) :770~784 18 BA A BRI, X1 9. JE T Lugre BEHL PLAR AL #5

12 Yuan W H,Tsai M S.A novel approach for forward dynam- SRR M AL — 1A 1k, 2016,22 (10) : 13~ 17
ic analysis of 3-PRS parallel manipulator with considera- (Zhao J S, Zhang F,Liu P K.Friction identification and
tion of friction effect. Computer Integrated Manufacturing compensation based on the lugre model. Mechatronics,
Systems , 2014,30(3) :315~325 2016,22(10) :13~17 (in Chinese) )

13 EWREAE, B, 5 5. & BEHE I B B M IR B 29 R 22 W 19 Jiang N J, Xu J,Zhang S. Distributed adaptive synchroni-
RRGBER .3 #5634k, 2014, 12(4) . 335 zation control with friction compensation of networked la-
~340 (Wang X J, Wang Q, Zhuang F F.Numerical algo- grange systems.International Journal of Conirol Automatio-
rithm for multi-rigid-body systems with friction-slip hinges nand Systems,2018,16(3) ;1038 ~ 1048
and driving constraints. Journal of Dynamics and Conirol , 20 Wang J, Liu N C,Chen ] L, et al. Adaptive control of ser-
2014,12(4) :335~340(in Chinese) ) vo system based on LuGre model. IOP Conference Series

14 Dahl P R.Solid friction damping of mechanical vibrations. Materials Science Engineering, 2018,339(1) :012006
AIAA Journal ,2008,14(12) :1675~1682 21 Wang X J, Wang S P. High performance adaptive control

15 Haessig D A , Friedland B.On the modeling and simula- of mechanical servo system with LuGre friction model: i-
tion of friction. Journal of Dynamic Systems Measurement dentification and compensation. Journal Dynamic Systems
aznd Control, 2008,113(3) :354 Measurement and Control, 2012,134(1) :011021

16 De Wit C C, Olsson H, Astrom K J, et al.A new model for 22 Slotine J J E, Li W P.Adaptive manipulator control a case
control of systems with friction./EEE Transactions on Auto- study. IEEE Transactions on Automatic Control, 1988, 33
maiic Conirol, 1995,40(3)419~425 (11): 995~1003

17 Huang J,Zhang X H, Wang G et al. Adaptive friction com-

ADAPTIVE CONTROL OF PARALLEL MANIPULATORS
WITH LUGRE FRICTION COMPENSATION

Guo Dingxu Jiang Naijing Zhang Shu’ Xu Jian
(School of aerospace engineering and applied mechanics, Tongji University, Shanghai 200082, China)

Abstract The adaptive control of parallel manipulators with LuGre friction compensation was investigated. First-
ly,the LuGre friction model was introduced to the dynamic model of parallel manipulators in order to describe the
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