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Kinematics Performance Analysis of Bifurcation Parallel Mechanism

LI Yongquan' CAT Jun' LI Yukun' ZHENG Tianyu® WANG Jingxu' QIAO Xiaofei'
(1. College of Mechanical Engineering, Yanshan University, Qinhuangdao 066044, China
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Abstract; At present, many parallel mechanisms with motion bifurcation characteristics use single-loop
mechanisms. The mechanism is complex and the configuration is monotonous. There are few known
parallel mechanisms with 3TIR and 2R2T multi-modes. A branch chain with motion bifurcation
characteristics was introduced into the parallel mechanism, and a motion bifurcation parallel mechanism
with 3TIR + 2R2T two modes was obtained, and its degree of freedom and motion bifurcation
characteristics were analyzed by using the screw theory. The results showed that when the mechanism was
at the motion bifurcation point, the moving platform had five degrees of freedom. By driving different
driving pairs, the mechanism can evolve into a configuration with different motion bifurcation
characteristics, including three movements and one rotation, two movements and two rotations. In order
to realize the reasonable switching between the two configurations, a rigid drive method was used to select
a reasonable drive pair. The forward and inverse kinematics solutions of the parallel mechanism in
different configurations were analyzed. It was concluded that both the forward and inverse kinematics
equations can be solved analytically. The mechanism had good motion decoupling. The correctness of the
forward and inverse kinematics solution was verified by ADAMS. The singularity of the mechanism was
analyzed by Jacobi matrix. The results showed that there was no singularity in the two motion modes in a
reasonable working range. The workspace of the organization was drawn. Based on the motion/force
transfer performance method, the performance index of the mechanism was analyzed, and the performance
distribution map in the workspace was drawn. The results showed that the two configurations had good
motion/force transfer characteristics, and the high quality workspace was large.

Key words: parallel mechanism; screw theory; movement bifurcation; characteristics of movement

decoupling ; transmission performance

Woeks H . 2022 -08-19 & H. 2022 -10-14
EE£WB . WltABHE AL B L0 (21471901D)
TEFE BN KR (1979—) BRI A S0, 22N EHAGF KA AN FEARBESE , E-mail: lijiang197879@ sina. com



448 £~k

IR

2023 4

0 3]

23 [ ARG 1932 Bl 4 22 e PR HR AL 7 38 o — 2
FROROE Z 5 H i DL G2 b & A AR 4k, el
B B OC Ty 48 g Al i 3 - & B A A W B % 28 A W
B A I B LA S R, 7E R R R A A
H M 32 B 43 5 9 WAL SC4E A A R AR
AR HLRG I AR F NS R A A s
Yl J& R S8 A R4 5, 8O0 3T & 1 Rk
JoT A el AR HE T 2 B F- & 1 A H B, PIETRO
SETHR M A 32 B 4 A I D A i BE 9T 86 BL A
SAMEH % B 55 Hh H A7 32 30 4% 2 15 15 1 OF 16 AL
PR 2528 )1 4 1 ) IR e B 4R T B 1B 3l
FEVERY 4 [ IR PLAY s ZHANG 45 $2 i T —Fh
B RV ML AL IF A BT T W i B 4y 7 R M A
ORI B PR R ALK, LRt — R A Z R A
JE 14932 B0 4% 4 I ML 5 X0 21T R Y — ol YR R
A% PR B S AR A5 20 2 AT AR 1A AR i O LA
SCHRL8 -9 J 4 1 — 86 B AT 7 0 R 1k 19 S8, 25
HW— RS EAT 3 AWM R4 A h S sha & F Bk
BLAE .

I PERE D 4 E R R ICPLAL BT Tl A
HURE R TG 52 (0 T, JE AR Dt 4 B i S R 2
AL AT RO By A AR R T
H4 14 Pard Helid 252671 3TIR FEHEHLIG "7,
SCHR[16 142 T Cross — IV B 4 H B 3 BEAL
KBS TR B S e Sl e R s s i 4k az
SR 3TIR FEBEAHLM, Ea R 4" 1 —Fh A
A 2R2T H H B ) 3UPS — UPR JREXALH, B8
SR — Bz B W4T 9 (2 - RRR&RPR +
R) &URS %4 2R2T [ fy B I BE ALY, B ot % H A
3TIR F1 2R2T Z 8 X () IF Bk WL A, HF % A #F 5%

H T, B iz gl 43 3 R 1k 0 9 3R DG AR 22 A T
FAIRALRG DU S 5% i B HE i B 3TIR
H2R2T Z ALK ARG 3D o A SO —Flh B
I8 B 43 R PE T SCEE B A ERALAS T 15 3] — Fip
HA 3TIR + 2R2T WA 087 A iz 3l 43 2 JF B LA
TSI BB S A A ML Ak S TR R L 1
JERRE . SRR SR 8h 1) J7 5, 43 B 3K 8 ik B &
PR, R 2R Bt PR 0L SRR LA 1932 3l 2 1E A
M X LA 3B Bl 2 S il 358 XA 0y, HE S P Y
HE AT LU B, DT 43 BT AL 1) E A 2 S e, R i
PSR IHLA 1 T AE 23 18], 32 FH 32 g/ 1% i P e 4
b CLTD) $F A HLAE 22 4~ 07 B ) 32 3l 2 P g, 73 31 X
N7 1) P BE L o

il

1 HMEHEHrSBEaEST

1.1 #M 5

a1 Fr R, AN SCER T — 08 B I R AL
B 4 SRR ST 5 N E F B AU, o SR
2 4 MIFE HX R A, LB 1 AR B Rl 2 4B
SR LA B R 8 e 3 RS 37 B A 4 B
HER S E - 5 A

B WA
Fig. 1  Tnitial position

SCHE LWL AR 2 AR R R 1A B AR
AR, S8k 3 2 AN sl L A B SRR 1A [
FERI R B, 4 45 3085 T 5 30 °F & A % 32 00 % o I Al
2 H M7,

v B 43 20 PR I SCRE Ol SRR 3, Y IR
B S 3 R AR R A A e S e S B R AR Y
LRI S 40 3 B AR T O oA — 3K,
W 2 xt B VA AL 2 A i 29 o) A e sh 7
G AMEN =B 53, SR IG 0 E b S s 3
5 2RI K ARG S e SCHE 3 % 8 B 1 2R
AR ANAR T, FEAREN B
3,

WE 1 PR, &I FR R OXYZ [ 76 5P 5L
-5 ABCD I, i 50 T 3F- & ABCD it , X Al
AT T AB, Y BiIFAT T BC, Z HE S & k)
Wl s B bR R puow FESF & L RS0 TEF 6
abed WG u BHVAT T ac, v #OFAT T bd, w BT
A mgmm b, 7532 1.2.3 BAr s i X
HE R R oxyz, SRS o 0T a5 B B AE R AL 4 S Ak
PRZEW z $i-PAT TR RN Z B,y flF 17 T4
Ne bR R Y Bl B AT TR AR AR R Y X



5% 4 1)

ZEoR A A B o B OIF BRI I B A PR RE 2 B 449

1.2 H@/EE

TE53 SRR F oxyz 1, & 32 Bl I s TE AR AR &R
P 7 AR AR A AN L 1 TR o B e Bl R R E T
FIORA R =(S;8,) WL, H S %% 3 @l e 5%
DML R ,S, =r+ S,

G331 8 B IR TE R T LR R

$,=(000;100)
$,=(010;000)
$,=(000;001) (1)
$,=(000;010)
$,5=(100;0ef)
Hoeg | fe RITHR MM S, WA RERSH,5 RERZ
Gy SCHYEE S AN IRE, HH S % as g @I AL B
mA K,

XFC (1) SR IR TE W 155332 1 2 IR TiE R

$.=(000;001) (2)

533 2 M8 Bh IR TE R T LR R
$,=(000;010)
$,=(010;000)
$,,=(000;d,0f) (3)
$,,=(010;d,0f)
$,,=(100;0¢,0)

435 2 B 29 AR E R Ry

$.=(000;001) (4)

4332 2 54732 4 (HLAS A R BT FR, B 43 3K
2 5432 4 Wiz sh IR iE Y 2 LA R R (H R T
YEHIHIURTIE 8 o5 75 J7 1) b B2 A0 8] i VR, il s 18
JEAT SR A 7 A ) i A =X

oy =2 4 W RCIRTE S 43 3 2 AR TR,

$.=(000;001) (5)

G733 B B IRTER N
$,,=(000;100)
$,=(100;000)
$,=(000;001) (6)
$,=(010;d,00)
$.=(100;0e0)

G333 W ARIRTE R N

$.=(000;001) (7)

K(2) . (4).(5) (7)) RUIEW IR ET 4 &
SCEEXT B G HE AL T — AN AR R 5 1 5 0 i T 1)
HHAGR ) Z oy AT, AR B B SR 7 i
3, S S BER A BEEY S A 3 A7
BFISE « Bl Ly B
1.3 =Bzh—FEzhimi

NG 28 s A R W) T IR, 2 4 53

AT B R 8 5 R AL st IR I 2 s .

K2 =Rsh— b s A

Fig.2 3TIR configuration
o331 8 BhIRE R AT LR R
$,=(000;100)
$,=(010;000)
$,=(000;001) (8)
$,.=(000;010)
$..=(100;0e,f,)
W53 32 1 (Y29 IR TE R M

$7=(000;001) (9)
32 WiE BRTE R R
$,,=(000;010)
$,=(010;000)
$,,=(000;d,0f,) (10)
$,,=(010;d,0Ff)
$,,=(100;0e,0)
2 YRR TE RN

$.=(000;001) (11)
[FIRE > 52 4 Y A2 JiE
$°=(000;001) (12)

533 3 B Bh IR TE R AT LR R
$,=(000;100)
$,=(100;000)
$.,=(000;0ef) (13)
$.,=(0b,c,5d,01)
$.=(100;0ef.)

o333 MY RIRTE R A

$°=(000;0c, —b,) (14)

K(9)  (11) ((12) RFEZNME T, /432 1.2,
4 Xt a AL T — AN 7 e 34, 148 T
AR Z o7 AT, AR S B 58 Z B i




450 /4

3,5 (14) R L3 X8 FE8RMAET 1A 5z Pl
(A8, 5 ) 5 43 3 A S 7 10 AT L i 4 A4y
S EE BRI 2 AN TE R T BRI BT &
2 A5 1) (G 2y R 3l R D3 AN O S
BIMGE « WS, S F G B 4 S H B,
1.4 WRHAmEHBE

AL B I b, 232 3 s |l § 5, K&
gy JFERHLA AN 3 TR o

K3 RS Bl P St
Fig.3 2T2R configuration

WnTE 3 pirzi 4 4% Sk P 5 3 B I 4 0§ )
R, H T E AR S B B L BT LA 4 AN SR
T2t ZAR AT, MU (A O ) £ 53 S AR 2R TPk
FORIX 4 AT T 1) 1) o 50 1 Y2 Bl R IE R
LA R N

$,=(000;100)
$,=(010;000)
$,=(000;d,0f,) (15)
$,=(000;010)
$5=(A0C;0e0)

X (15) SRR IR T T 45 73 30 1 1 24 IR e

$7=(000;-C0A) (16)
5332 2 Wiz s IRTE & A LR IR R
$,=(000;010)
$,=(010;000)
$,,=(000;d,0f,) (17)
$,,=(010;d,0f,)
$,5=(A0C;0e0)
oy 2 W2 RIRTE R K

VIR S 2023 4
$7=(000;-COA) (18)

[RIFE4r 2 4 B HIBiE &R A
$°=(000;-COA) (19)

5333 8 BhIRTE R T LR R
$,=(000;100)
$,=(100;000)
$.,=(000;001) (20)
$,=(010;d,00)
$.,=(A0C;0e,0)

o733 MY HRIRTE R N

$;:(010;oo_ce5) (21)

X (16) . (18) ((19) KWLM E T, 23 1,
2.4 Mg R A T — A AR D7 1 250 it
77 1) 55 18] %€ 15 30 F & 1 5% 30 Bl jil 2k 3 1, 0 R B F
G LT e s, X (21) R0 323 X8 Ff g
T VAT, W71 5 9332 3 170 SEA AR R

y WOTEEAT AEFIAE S 0 0), 4 Ao

8V BRI 1 B T, — > 5 1 ) 2
Iy R B B — A5 W B, — A5 R
gy, WL Bl £ a] RIASOR A4~ 75 9 A2 23 A A T
sl P65 1A 4 1AM,

Pt , 512 ERALAA Ak T 0 46 o i, BLA 3 A
SAEHEE,SEAER 3A KA S, 2001 LAY
PEA S =7 3h — e sh il B, e gh |l 3C L5 o)
I, BILF P 0 i 7 0 A 30 7 A 2l 7 B Sl A

2 IRFhiEE

N T A I BRI RE G5 15 A [] ) K4 280 22 1] AR
e s, ELTE A A0 R RE 5 52 BUA S8 19128 3, 75 24 31
b % 1 K 2y R KR 5 7 B AR SO A 5K Bl B
TESR i 9K S A

TERIIGALE TS AU S04 S AN BRI A
Ji LA 2225 S A BR Sl 4% A RE 52 B 5 19 5¢ 42 Al
PRI 33 R R AE Bl R B SR 8, B SRl $ .,
PE Bl 5 R 321 P BIAE R R Sh a8, B2
ZhEl § AR IRBhE] BB 502 i shEl § o1
IR

FERRAE N BUEWRSRE 8, .8 5, 0K 1M
$,=(010;000)
$.,=(000;010) (22)

$,5=(100;0e /)
X (22) SR MRE AT A4 73 52 0 29 SRR E 2k



5% 4 1)

ZEoR A A B o B OIF BRI I B A PR RE 2 B 451

$7.,=(000;001)
$,=(100;000) (23)
$.=(001; -£,00)
FEVIRALE T B ISR $ 55,50 X 2 iz 5l
IRiE &
$,=(000;010)
$,=(010;000)
$,,=(000;d,0f,)
$,,=(010;d,0Ff,)
P (24) 3Rk IR TE AT AR 4y S 2 1Y 2 IR g
E)

(24)

$7=(000;001)
{ (25)

$7=(000;100)
TEWRAE S, BUER SR $,,. 8,503 W
iz ZNIRTE R N
$,=(000;100)
{$33=(ooo;001) (26)
$..=(100;0e,0)
X2 (26) 3K B B8 5E T 45 43 32 3 1 24 R IR i
£
$.,=(000;001)
{$;2—(ooo;010) (27)
$.=(010; —¢,00)

A1 (23) W, 205 1 W RRBE 2R T 3 F &
x iz J7 1) (9 8% 3l LA K 58 = il i) 5% 2l 5 vh 20 (25) /]
LS 2 MR IE L R T B 5 S8« B 0§ s A
5% 2 [ el s 30 (27) WA, 2332 3 1 ORG24 3R
TEVH y IR s LA R S8 2 R SE y Bl
3, RUIZF G116 A A IEAC B2 .

T ) A () 1) 3R 3 R A AN ] 119 32 Bl A
5, BAAIHIREE S UK AL, i T HEA 2] =8 5
— e )5 RS IR S A 8 4, R T 2 R E 1 AR TR
RE S R Fe 2l , i 4 A UK Sl R 9K 8l = 3% 8 — Fe gh 5,
Xt T MRS 3 PG Bl R B — A IR A B RS Bl
Fegh iy B TARRE UG R s RS |l $ ,, th T 29 AR
Ji@ B 1 A R 4 AR 56 3l , 2 4 1 9K 3l &l 3K 3l 19 £%
SR sh TARRE . HERR T ALK TT R WK sl i 4,
XX T2 )5 i1 B I SO ok T 5

3 NMERE

3.1 =B —HIMBEERRE

WK 4 s V-6 AR & puvw , Ko u il 5 3
VB bd VAT 0 Bl S ac VAT w B S B IRL DT
m] AR AR L p AL T3 & B9 LA G s 8 - B AR

P& OXYZ X P17 T AB,Y #-F15F BC,Z filih
S5 IE LTI 0] o SEsR IR HLIG Y R A%

K4 =83 —Fahl g
Fig.4 3TIR configuration
WM E AR R OXYZ B 8 AL bR R puvw 1B
RRRPLAE A, TF 6 P AR AR R BAHE G, puow W] L E
it OXYZ MAR R eBE 7 i 3 o, #1588 B AL b &
X W3 0, 5 S AL br R 1Y Z i gh ¢ 153, %
AR B ] LR R

Cgacllx —‘S‘PCQ‘SI/’ —L¢S¢ —&(PCBCI// S¢Sg

0
R =|s,c, +c,cys

) +c, 0,0

v TSy v TGS

SoSy SeCy Cy

K, e, =cosp,s, =sing, ALK, i p.g BFRTE
BT HERRT abod 5 RS ATHR
a=[0 -a0]" b=[b00]" ¢=[0b0]"
d=[0 -b0]" p=[p,p,p.]" g=[b-b0]"

Ly 3 1 LIBEF S HEE . 75 =85
— G TAEBITR , i Z B B9 29 3R B 5E 1T 80 e s 3l o1
SRR AT B, S B 58 w o Bl
IS I7 0l 1) e 2, 3 5 KRS8 u B 2, BVAE i
BABIERE R, b RAT 0 JEAF AR, AR MR N
T LA AR o B 1) A B O E 1 A e R i, By K
LRl FIFH o 5l M 2 B4 8, fosr 32 1 R
RIS AR A, RIATE IR AR R e 5 f X
Wby ) A A BR AR AR TR RIREAE 43 52 3 WA 7E AR A4
o TEFARFR R AL a s e B h FoRA

”a:”Rpa+p=[px —ac, +p, —(139+p:]T
()c:oRpc +p=1[p, be, +p, bs(,+pz]T
‘h=[p, b 0]"

SR LIEEME S E Iy K Ly, K
SR L, L FOIR S5 E R, 0T L2 W
Lfg:b_px (28)



452 /4

IR

2023 4

L,=-as,+p. - L, (29)
R, =0 (30)
)& L, [6] 5 1, 0] DAR7Rh
L, =% -"h=]0 be, +p, —=b  bs, +pz]T
l,,=[0 -10]"
WIBR S5 s @) R, ] LR N

L/ 'IY()
R = ¢ S 71L —
VI
b—-bc, —p.
arccos 6 p) (3] )

(be, +p, -b)’ + (bs, +p:)2
2332 By 2 T A S T T IR ALAL I8 0 R B 42 ol 1Y
BLAtl o Ao TE A BI04 SCBE ) fan Hh 2 0K 3 7% 5l
Rl Ly, L, SESEEZR R, BN EE SR R, KK 5°F
BN LML 2% p, p, b 0] HKX(28) ~

(30) T 1%
P, :b_Lfg (32)
0 =R, (33)
p.=L,+as, +L, (34)
e (31) Prix
bc, +p, -b=8B
bs, +p. =A
-B R . - MU
i cosk, = AR I A A I 7
VB +A?
H R, A
1 2
cos’R; B’
2
tanR; =5
A
= =* 35
+tanRh (35)
e (33) ((34) A (35) 153
bs, +L,+as, +L
p,=b—bey +——"————"  (36)

tanR,
3.2 WBIWENNIERRE

WniEL S Frow , o 5 =R sh— e sh i 1 —FE i
gV B AR &R puow FE V- 5 HAFR R OXYZ, 0 T
Z e BT L BTT A, 51— iR 1 45 25 7 0
Z-Y-X,

R B G A5 R W) b i 5 i B A b R
L3P B ESE B AR R K Z BhIERE v, 58
Y BhEE B, e Ja LEHT Y X B BESE o, e e o [ ]
TRA

R=R.(y)R (B)R (a) =
5C, € 8pS, —8.,C, € 5,C, +S.S,
5, +C,C, €S

5,€p SWSB ﬁs)’ - SQCy

4 8$,Cp €,Ch

KIS TR 3l i ol Al U A7
Fig.5 2T2R configuration

Mol4 T al g, S 2R E 1B
SR AR IS 5 AT A AR R X Sl 7 1
LTy B BN RE R A SR 5 3 1 BBl Rl 1)
(5% 2 DL R B AR AR & X Bl 5 1m) (1) R8s 31
BATLIGE uw il o BB, DRI AR R Y B Z
Wi m s, 3 3 ARl b ek BT 2R ) AR
FH ANRE A A e, IR (FERE 2B R ) BlF- 6 88 p
MBRATLAE R p=[p, O p. 1" TS AE A B
L BRARRT Z BhER: v RAEKRE,GHI Y
Whess: p BNV BK S e g @l g e sh 0 A BE B e SR
1) X Bl o B BK S g @l @ 5% s i fa R, Horp
@ R g6 BC Jy ¥ 3 ff B O I 1) g
G AD Jrin R, B i m g & AB 5 [nl ¥ 5l
FEE R IE, 11 E -6 CD J7 il R i,

T EH s pg IR STEI TG ab.c.d
bral i

a=[0 -a0]" b=[b00]"

d=[0 -b0]" p=[p,0p]"
TEEAR bR R a KRNy

0 0
a="Ra+p=

c=[0b0]"
g=[b -b0]"

—as,cg +p.]"
12 O abf o SR EE N L, L, S ST R,
R, Al LAIR/R A
L,=b+asgs, —p, +( —as,cg+p.)tanB (37)

[ —asgs, +p,  —ac,

L,=(-as.cs+p.)/cg =1L, (38)
R =« (39)
R =P (40)

T AR ST R T B EL 4 B RO 1
BB B L, L, WS B A R, 9K 3 6 3



ZEoR A A B o B OIF BRI I B A PR RE 2 B 453

55 4
R KKV E MWLM 28 p, p. « BI,
H13(37) ~ (40) n] 43
a=R, (41)
B=R, (42)
p. =LE/CR/ +Llch +asy ey (43)

Po=Lysy +Lisy +b+asys, - L, (44)

Jg

4 HHMERBAHERIE

4.1 =BH—#Ih

ADAMS fj; E 55 JiF Ui 72 4 FF 85 81 5 A ADAMS
o, F T ADAMS Bf 7 5 Sl i B 47 i 228 5K Bl e
BIL 38 3 42 1 5K 3y @I 45 2 37 5 A AL P 7R =
Bah Ha b ARl L, R R,
iz 8l B, 3 iz g 7 B4 B 37 B R i AL B
(p. p, p.JEOHRZE, 5 Matlab %458 4 1E % 1)
Tk AAF B FF 6 R0 1 2y 2 A bR £

1E =R 8 — 5 g kg B rp  HLAL DA ) B o2 T 4
iZd),a=67.5 mm.b =135 mm L, =97.5 mm, & &
% 5l 9K 2y &) 19 32 B2y 20 mm/'s e 5l 9K gl B
10(°) /s i BRI 3 s, 26 K 50, 347 0 Has 5
RGP G R AL L E 6 Frs . T HE AR

B4 K BB X 3 S B, 4 3 & R S E
Jn—A~ H >4 80 mm [ [RIH
400
B0 e S e o
£ 200 —X  TTTTTeeeell
8 q0p Yoo T
a %L -z
055 10 15 20 25 30
[ ) /s
(a) ADAMS
350
wF o
g a0 X
2 50f .
= 130F Y
R L
LN =
2 7
738t . . ; ; ; ;
0 05 10 15 20 25 30
iz Bl A /s
(b) Matlab

K6 =B3—Hhz3h¥ERum0 L
Fig.6 3TIR end displacement curves of moving platform

WE 6 Jros , A i 37 7% it ZeAH [, W) 158 B 1F £ £
B SR A R, SR R I (2 RS B b, 2 il 4 S EK
Bl [F) 52 m 45 2, 5K o A7 B8 il £ OF ) U E B 4 4
B 2y ) 4 22 35 XHR IE 8, 38 2 J SCRT R0 TF i A B o
o i A A S HE S AR O F O A S A X
By, vl HE R A A 2 ) A T
4.2 WHBIWED

[F) 5 75 9 7% 20 G 5% B+ A0 v, i B 8 3 3K ) R
BN 20 mm/s B S UK S B MRS 10 (°) /s, B
W R 3 s, 20K 50, 4T 0 B 5, 15 3 3 °F 60K
v % 2 an &l 7 firs

0 05 1.0 15 20 25 30
iR/
(a) ADAMS

0 05 1.0 15 20 25 30
iz sl /s
(b) Matlab

7 PRSP B3 G AR A A £

Fig.7 2T2R end displacement curves of moving platform
5 NMaERESIWEIE=E
51 =Bah—HNEERALIERE
VAR L2 W A g = (L, L, R,
R RASE T M MAIE X =[p, p, p.

61" I 6 2R o S A A AT 2R A 4
Ty, AT A BALAL R B 55 5 2R

J,q=JX (45)
sop . :
J’IZZ
J, = (46)
] ]‘133
L o
[ Jxl] ]Xlz ]xl3 Jq]"_
J“‘Z] JxZZ ]'1723 J124
J. = (47)
]X3] ‘IX32 ]233 ])'34
L ‘]~"41 ']142 ']143 ’]“f44 .
J[/n =1 Jf/zz =1 Jf/33 =1 ‘]f/44 :Az + BZ
JXI] =~ 1 Jxlz = ‘]I]3 = Jx]4 :0
J~"21 = Jl‘zz =0 J“‘zz =1 ']1‘24 = —acosf
']~“31 = Jl‘zz = J133 =0 J134 =1
‘]M] =0 ‘]*42 =4 ‘]Mz =-B
J. = — (Absin@ + Bbcosh)

wﬁuiéﬁﬁﬁﬁyﬂ%zﬁ@e%@Iw
WA Fg=[L, L, R RI'"5X=[p, p,
b, 01" ZIMEFR K
q=JX (48)
Hp J=1 1,
Ah J—— %R A OB T A G B R T
e i



454 o Bl ¥ 4 2023 4
5.2 =ZBHI—=HHIEFRESH ]m = acosS,Bsin,B + asinasinzﬁcosﬁ — acosBsina +p,
a5 & AR LA — AL T TAE 25 8] A 14 ‘]m =0 ]X22 = cosf3 ]123 = - (L(:()Sa(:oszﬁ
A AT = 2 J.,, =p.sinB
IJ 1 =0 _ _ _ _
{ 7 (49) J~"31 - J~“32 - ']134 =0 ‘]133 =1
|Jx|#0 ‘]m :']*42:']%:3:0 ']“4:1

FE(49) AT LR BT, | =A® + B =0, 1] L 45
—FPEBLEN A=0 HB=0,25A4=0R1bs, +p,=0,H
sinf = —p./b, NRATITRE p.>b, AFEG = MR
B sing 1 BRI I, WA A7 A Bl 47 57 o

YAt AT S R A I HC A A 20 T2 e

IJ.1 =0
{uql #0
WAT NI,V BEAT R A AR 4, AT
-1 0
0 0
0 0
0 4

(S AL HACS A =0 if, i35 K 1T, | =
0,1F fn 2 B BT 4% Br A # 0, % WL K A 77 78 1F %
A5t o

OE A 55 R AT S — [ IR BR O B
A TR A A 57, MO X B 0 0 08 W IR & a1 S e, He
B i AT =6 2

(50)

0

0

: (51)
0

o o = O

IJ1=0
{ ’ (52)

IJ,1 =0

HY T 12 DU E 2 8 43 53 4 R A7 1E , 0 R 77 7E
AR
5.3 WRHEEEERTLLER

W 30 W 2 3 T A R T L W A
KATHEE g =L, L, R R]" AT & i ok
JEX=[p, p.apl” ZIMIBE G R, E@ R
A 7 2SR A 2 A, T A5 AL A S 56 R

J,q=JX (53)
Hrh M, |
']'122
J, = /. (54)
L i
T R R
Jo, o 1. .,
S AT 5
I VR R

J :coszﬂ ]mzcoszﬁ J =1 J =1

33 944

J, = —cos’B J.,=cosBsing J =0

11

q11

7 Db i PR TT A5 5 5 RS B P 5
T T ¢=[L,L,RR]" 5X=X=[p, p, &
B1" IR N

qg=1'JX (56)
5.4 WBIFEDNFTRESN
Mk R AT
lJ,1 =0
{ / (57)
1J.1#0

1, | = cos'B, 24 HAL Y cosB =0 I, IJ,1 =0,
R A IE ff Ay S

lJ 1 =0
{ (58)
IJ,1#0
AT T VAT R AR e, T AR
—0082,8 0 0 O
0 205 0 0
J = cosf3 (59)
0 0 1 0
0 0 0 1

i =0(59) AT, 24 HAL Y cosp =0 B, 47 51 X
T, 1 =0 fHHH T cosp=0 W, 1J, | =0, RFF&
K (57) .(58) , UL AR AFFE IE S 25 5
MR IR A A T, B A A X L
1J,1 =0
{IJ)I =0
M (59) FTLLE B, 24 cosB =0 B, Bl B =90°
mH B=-90°, ZHAEIL FHAEREGA .
BUEE Al R, =90°5(# R, = - 90°K} {HH T R,
a3 90°mt MR 8 iR, 4y K 2 Mar 3
TV RGO, HL B3 5 28 b i e A 1 0 18 B, i LA

(60)

K8 arshiit

Fig. 8 Singular configuration



% 43

ok 2 B BB E 32

e AT 455

WOZ P AR 2 B TAERBE U B8 a1 = 0 e
f S B, b T DU LA 7 S Bris T B AR
S 1 TAETERE o
5.5 =By—HHTIEZE

FEIRATLAE) 18 T A 2 [a] BV Ry 2R i 52 119 A 3k 28 ],
TAEZS [A] 2 T A AL AR BE LA S ARG il A o
WA o A SOREF 5 0 p B R I AT &5 O
KR TSR AR s s g LA I B — K
HAEHTIFar I E, HIE H =50 mm,

ZTH T A S p” AR bR

! =p,
pf =p, — Hsinf (61)
p! =p. + Hecos

W g5 71 B AR 29 d 4500 0] LS B Y s
8 WZIF ALY 1 TAF 25 18], 20 9 2% 1 T LA 4y
IR L 2RO 3 & AL 2 2 802 R
(p. p, p. OVHZII,HE 2 KARKM NI
BT RSS20 B[ L, L, R, R, B9 205k 165
1 2R2 o AR Bt R, DL T 3 7 &
F glid T oK, T 5 2 H Al 23 320z 3l J Y A7 R
A S RAFESR i LV 3l & o i A R
p,e (=125 mm,125 mm) ,p e ( =90 mm,90 mm),
p. € (250 mm,340 mm) ,

XT3 & 8 3h /i B 0, 7258 0 % 8 T LA
K1z B S IE S RIAT REE BT L 15 3 0 19z 3
L0 e ( -60°,60°), Horh g [m) 76 5% S 11, 10 A %%
HIE,

TESS 2 R, 32 202 4% SR Sl Rl /9 T AE S
R R iZ WAL A7 7 S 28, B DL T 3K 3 % ) A
L, LR PSRRI S | 9K 3 sl R, 76 % 1 AL
TR AR SO, EAR N L, e
(0,250 mm) L, e (150 mm,240 mm) ,R, e ( -60°,
60°) R, e (70°,105°) ,

PLHE 1 RN AR & s I Z AR 15
fifip s (32) ~ (34) .(36) R [L, L, R, R, 155
R VLLER 2 AR AR ﬁﬁ{&@ﬂfﬁﬁ JREFE
(L, L,R R, W TAEIEHIM S ES, ZESHN
*JH"JI{/E &), W& 9 R .

5.6 AMBHMEHTIEZE

[Fi) A5 A 19 7% 2l P e sl iy Bl v, 2

Ap" AR N
p'=p, + HsinBcosa
pf = — Hsina (62)

2R

p! =p. + HeosacosB
EAEH EE S | RARSIEEXT [p, p. o B]

mm

390
400 380
380 ;zg
g zig 350
£ 340
320 b
300 320
280 310
100

100 Zgg

50\

%

~100 -100 ocl“““
Ko =Bh—#KshTAEzM
Fig.9 3TI1R workspace

VB ESENAR, DL 2 AR KM
(L, L, R, R W2 MRIE B RS, DL K 3B R+
{bFEl’JT*/R HEMEAREM N p, e (-125 mm,
125 mm) ,p, € (250 mm,340 mm) ,a e ( -60°,60°) |
Be (-30°,30°),L, e (0,250 mm) L, e (150 mm,
240 mm) ,

[ e 9 2 £ 7 JHG A 3 9 i 2 5, 15 3 iR

Ay TAEZS |, W& 10 Fros o

mm390

o

380 s

360 350

£340 340

"320 330

300 320

280 L. 310

K g

-50 200 100 od“““
P10 IS gl W % 8l T AR 25 ()
Fig. 10 2T2R workspace

Hi &9 10 AT, UL ZE P AP TAERT , A
KRB TAEZS (8], HBEAR B AN 78 , (A5 HLA iR i T

1"E )RR, PN B AT 2 S (6 1 AN T 3k 2 ], 25 ]
PEREDL K

6 TEEESHT
1B 3l 3k s e e T v e X AL s PERE
e 38 PERE RN LTI 2y
I $ Ai of Til
Ai:|$Ai°$Ti|max (63)

|$0i°$h’|

0 ° B 1 s

I'=min{A,,n,{ (i=1,2,-,n) (65)

A A, Ror 30 i AL B TERESE bR L, AAF S i
0k AL BB ERE R AR, T o R A ik 38 bR, 8,y
320 B A GE S RE, $,, 00 32 i W i iz B IR
Ji€, $ 8o 3 i WAL i ) BRE , e A 3 1R BE R Br A
i A% b R RE R AR 70 0] 275 RE 12 DA BIK 2l g A i 4% 128 )
3 SRS 2 A% 32 B i 11 0 AR 2808 0 MR E S, A,



456

P A

EE 2023 4

AT BUEHARAE O ~ 1 Z (8], J&15 AR 2 IG5 i o B 49 415
bro I EBEEIT 1, R Iz 3/ 1% 158 PERE B
fez, T AEBEER 0, R I B 2 5, BARAY T3
S,
| 8,08, =1(h, +h,)cosf —dsingl  (66)

| $, 08,1, =1Ch, +h,)cos —dsingl,, (67)

R IR 2 A% 328 T A4 1Y de KA 55 T e i 1 T B
hy By i B Tl £ R FE LR d (AT O, AR T X
TAE iz g i i, A A A, nTRE 2 0, 00 B
A —A BRAE , P51 e i A9 AH AL O R WA AR, Ry
T AR Sl A SR 2 1A B4 1 336 D R ) B
IABAR R AL , ] ARG 52 P i O , AR Sk [ 20 |
3 28 LA ST TR BT 8, 8,10

R =8 — sl TAER T 703 1, it
(R ITINE IS IO N QR 1% £ o B O < VA o e
FRE S 230 1 A B 5T 18 S IRiE Sk
$,=(000;100)
$.,=(010;000)
$,=(000;001)
$.,=(000;010)
$.5=(100;0e,f()

H1 30 (68 ) iz B R e 2 5K SR e , #5330 7r 2 1 Y
2y R iE

(68)

$7=(000;001)
Hozgh@dl 8, AW shal, gie sl @l §,,, % T 5
AW B BRI K i S 8 TiE , 15 3]
$,, =(100;000)
AL, T LR R R R L RIRGE .85, 8,
Ph K 4 ASIKB AL 38 TTIRTE 8 s« 8 s B 1o
RS L LS W —IKEh, [ 8] 858, 8 s
B o JHE BN 2 2 A T MR T, LB HLAS AT L A F R
BE, K1 A~ iz
$,,=(000;100) (69)
FIFER T al LIS RN 8 550 8 005« 8 0, K5 T 1R
B 1 5 NGB B IR TE A% 6 ) R E L OB Bl iR iE AR

400 1.00
100 390l
400 0.98  380F it
370} 0.96
380 096 |
360 -
E340 094 Z 3500
X
1320 002  340f 0.92
300 : i
330
2%(0) - 0.90 . 0.90
S0 =
N = 100 200 oss  310f 0.8
5022007100 e 309500 0 200
x/mm

(a) Befhiz sh/ b Re Rl ik

y/mm

A (63) (64) A LIS RME b PEREFE AR . e X A5 5]
iz 3/ g PERE EE W 11 iR

1.00
0.98
0.96
E30 0.9,
A
0.92
0.90
/’
0Nl g0 10 Ross
Uy =50 50 e
-100 «
(a) BEMRIZ /) (518 ARG
150 - 1.00
0.98
100
0.96
50 |-
£ 0.94
£
=
0Ff 0.92
0.90
-50
0.88
100

-100 0

x/mm

(b) -y HRTE 2/ ) e P REFE i
=B sh— ¥ shiz g/ ) 4% 1 e I

3T1R motion/force transfer performance maps

100

Kl 11
Fig. 11

oI 11 AT DU B, =A% 8 —Fe sl i LTI T R
F0.7,i88h/ Stk vERE ™ 16 0. 88 LIk, 15 1 fiE
QR B 2 BT 5 T HLA B4 &5 53 3 A 1E W, 1 RE B 1T
9 DX B 21 8 Xk 4 P 7y = 0 BiFal , BRIk 77 e
XERRI A WU BER y WAL RS T 1), IR 1 RE 2 e
LR SIS EAR G R AN SRR SR (USRS i
TEPRIIAR R IR .

FEIE 12a W AZ 3l W 5 3 19 LTI {H g KT
0.7,760.86 LI b, 8 12b 735 22 7 x — 2.y =0
1A% 3 PERE I3« — v .2 = 340 mm 1T 1% 325 1 fiE (4]
T DN o Bl 4 2 i A S T 0 22 o P B PR 230045
F& 12 55 1 HEFE 2 I X2 HIEAT Rk
LA 3 Pk RE XA, BE A 2 i Ly B0 G, 1% 3 1 e

501 1.00

400 .00 S0p 1.00
40r 390} 40+
0.98
30k e 0.98 S0k 0.98
200 0.96 370 0.96 20 0.96
10F 360} 10
094 g 0.94 i
ol Elsof | 0.94
-10p 0.92 340t 0.92 -0t 0.92
20 -20f
090 30 090 20 0.90
-30F 320f -30f
—40F 0.88 310F 0.88 —40 0.88
=900 0 200 300500 0 200 %00 0 200
x/mm a/mm x/mm

(b) B o~y R IR 138 PERE IR

B 12 A% 3l W Bl is Sl 0 4 3k 1 RE IR 3%

Fig. 12 2T2R motion/force transfer performance maps



5% 4 1)

ZEoR A A B o B OIF BRI I B A PR RE 2 B

457

BT, B PR A N B A R R AR LT TR Ay
fii, T x =0 XFFR, A% 128 1 fE /AT 40 DX 4 b A
XERRA v =0 Ze A7, 2 i b7 X8, LTI | 4% 0
g VAL 3t Ri 15 SEa

7 it

(1) $2 H — Ff o Bz 3l 20 2 91 AL, 5 LAY
Wb FaB s oy s, s B B R 5 [ . il
1L BKBI AN [R] 9 9K Bl B I B HLAL Al LA i B
AR A R AL B A0 G =R B — B sh i T Y
Mo sh P E% st il

(2) R U BEIE , 7347 3 Bl R 19 [ fh E
I WAL B Bl 1 J7 1 e BT A B 3R B Rl DL

nJ LA e 44 A R A B 1z 3l LSRR LD

(3) 0 1 FFICAILAL £ P A4 20T 11932 3 52 1E
B fig, 4% 8] 1 a8 B 1E I i K (E R AT i, A
ADAMS {jj BLYUE T 1E S5 fi# B9 IE 3 1 , 32 8l 1F S fi% 25
REWIZAU A B 1128 SRR

(4) N7 1 HLAL 3R HE AT LR B, e A T AR
Tk BT 132 Bl 2 45 57, T 6 R AR S ] 45
SRR W PIRP R BT B A 23 (8] BE AR AR 5T, 675 4L
PR ) TAEZS M R, Ho N A oy 5 4 98 sloR
Ak Es ), 2 PR RE AL R o

(5) 2z T AR M LR 1932 3/ 07 1% 34 1 g
T A R R WU AR AR 23 18] PR BB DL 5 , b Ay 2
(14 R LTT AR X S 4 4 v R BEAE 2R AR b Z il JA)

2 £ X
[1] TSALCL, PARKS C, CHENG W T. Welding distortion of a thin-plate panel structure: the effect of welding sequence on panel
distortion is evaluated[ J]. Welding Journal , 1999 ,78(5) :156 — 165.
[2] PIETRO F, CARLO G, ELENA N. Parallel robots that change their group of motion[ C] // Advances in Robot Kinematics:
Springer, 2006.:49 - 56.
[3] SAMEH R, JACQUES M H, SAEID N, et al. Two-mode overconstrained three-DOFs rotational-translational linear-motor-based
parallel-kinematics mechanism for machine tool applications[ J]. International Journal of Information, Education and Research
in Robotics and Artificial Intelligence,2007,25:461 - 466.
(4] ZZ)N,HRIG4, RET,5%. A& A B 4 - xPxRxRxRyRN FFEALA[T]. AL TR 424 ,2009,45(1) :83 - 87.
LI Qinchuan, CHEN Qiaohong, WU Chuanyu, et al. 4 — xPxRxRxRxRyRN parallel mechanism with variable mobility [ J].
Chinese Journal of Mechanical Engineering, 2009 ,45(1) : 83 —87. (iin Chinese)
[5] ZHANG K, DAIJ S, FANG Y F. Topology and constraint analysis of phase change in the metamorphic chain and its evolved
mechanism[ J]. Journal of Mechanical Design,2010,132(12) :121001 -1 - 121001 - 11.
(6] M, o Bk, S0a%, 55, —FoBr BU T R ML 003z 3 2 2 4t S as B2 e M [ ] DL T #2244 ,2013,49(13) .8 -~ 16.
YE Wei, FANG Yuefa, GUO Sheng, et al. Bifurcated motion and kinematics of novel parallel mechanism [ J]. Journal of
Mechanical Engineering, 2013,49(13): 8 = 16. (in Chinese)
(7] XM, BA 3T 2TIR Al 2RIT MR A I AL RLLE G [T]. R HLR %4 ,2019,50(12) :411 -419.
LIU Wei, LIU Hongzhao. Synthesis of parallel mechanisms with 3T, 2T1R and 2R1T motion modes[ J]. Transactions of the
Chinese Society for Agricultural Machinery, 2019,50(12) : 411 —419. (in Chinese)
[8] el k2. —FhHEA 2RIT 5 2TIR &8 3045 7 854 F- B L4 :202011579045.0[ P . 2021 — 04 - 27.
(9] Ml Rz —Fh HAE 3507 Fe k3 AL :202011177089. 0[ P]. 2021 —01 —05.
[10]  PEETV, BB, 2258, 55, JE T3 FhREAL 19 3TIR JFERHLI 1T 52 S R i [ 1], ARl HUAK 2% iz ,2021,52(8) -
406 —415.
SHEN Huiping, GU Xiaoyang, LI Ju, et al. Topological coupling-reducing based design of 3TIR parallel mechanism and
kinematics performances analysis[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2021,52(8): 406 —
415. (in Chinese)
(1] AR/NEE, RAR I EF. BT R OCT B 09 3TIR IR IR AL W) BERe 1 40 B [T ] A LB 7 412 ,2021,52(9) :400 - 409.
ZHU Xiaorong, WU Yu, SHEN Huiping. Static stiffness analysis of 3T1R hybrid manipulator based on virtual joint method
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2021,52(9) : 400 - 409. (in Chinese)
[12] FRANCOIS P. H4: a new family of 4-dof parallel robots[ C] // 1999 IEEE/ASME International Conference on Advanced
Intelligent Mechatronics ( AIM’99) , 1999 .508 —513.
[13] KRUT S, BENOIT M, OTA H,et al. 14: new parallel mechanism for Scara motions[ C] // IEEE International Conference on
Robotics and Automation, 2003 ;1875 - 1880.
[14] OLIVIER C, SEBASTIEN K, VINCENT N, et al. Par4: very high speed parallel robot for pick-and-place[ C] /2005 IEEE/
RSJ International Conference on Intelligent Robots and Systems, 20051202 - 1207.
[15] ROLLAND L H. The Manta and the Kanuk novel 4-dof parallel mechanisms for industrial handling [ C] // 1999 ASME
Mechanical Engineering Congress and Exposition (IMECE’99) , 1999.831 - 844.
[16] REKR¥. —MHEA =47 5h—4: 5% sh 1) I AL :200910228105. 1[ P]. 2010 —05 —19.

(17]

XS XZ R WM. ELA [ % Bl B 4 RS e s i 48 STIR JFIR ML R ZR & [T ] AR ALK =441 ,2022,53(2)



458 P SN 1R = R4 2023 4

451 - 458.
LIU Wei, LIU Hongzhao, HU Xuyu. Type synthesis of 3T1R parallel machine with fixed rotation axis and variable rotation axis
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2022, 53(2) : 451 - 458. (in Chinese)

(18]  F=Af  BOMRAS, KIS, 45, BT A i BRI sl e A RO Bt [T, ZRAb Rz 224k ( A 28B4 hi) L2018,
39(4):532 -537.
WANG Xuelei, ZHAO Dongjie, ZHANG Bin, et al. Kinematic analysis and optimization design of noval 4-dof parallel
mechanism[ J]. Journal of Northeastern University ( Natural Science) , 2018,39(4) : 532 —537. (in Chinese)

[19] TUREL, Wikmid , $888 88,5, —Fh 2T2R JFIEHLIY (4 (o & 530 i A TAE S M 407 [T]. BLBfE 30,2021 ,45(6) 22 -27.
JIA Junchen, BO Ruifeng, GUO Xinxin, et al. Inverse position solution and workspace analysis of a 2T2R parallel mechanism
[J]. Mechanical Transmission, 2021, 45(6) ; 22 —=27. (in Chinese)

[20] 3BF9. =AW shid 290 4 — RPTR JRRALA RT b fb B 122 0 A [ D] 2 8 5 61l k5% ,2020.
GUO Yu. Size optimization and mechanical analysis of spatial passive overconstrained 4 — RPTR parallel mechanism [ D ].
Qinhuangdao: Yanshan University, 2020. (in Chinese)

[21] XIE Fugui, LIU Xinjun, WANG Jinsong. Performance evaluation of redundant parallel manipulators assimilating motion/force

transmissibility[ J]. International Journal of Advanced Robotic Systems,2011,8(5) :113 - 124.

(#5446 TT

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

)
ZHANG S, GUO C, GAO Z, et al. Research on 2D laser automatic navigation control for standardized orchard[ J]. Applied
Sciences, 2020, 10(8) : 2763.
YU L, YAN X, KUANG Z, et al. Driverless bus path tracking based on fuzzy pure pursuit control with a front axle reference
[J]. Applied Sciences, 2020, 10(1) : 230.
JERLIE RO R, 5. BT RIGERMEBR S KRG AALT]. RETLR, 2013, 35(7): 640 - 644.
TANG Yingshi, ZHU Weiyu, ZHU Biao, et al. Hard-points optimization of suspension and steering systems based on tire wear
[J]. Automotive Engineering, 2013, 35(7) : 640 - 644. (in Chinese)
kA, EE, B2 ) ST O AE B R ALHAR BR R TS [T ] AR HLRA i, 2020, 51(9): 18 -25.
ZHANG Huaqiang, WANG Guodong, LU Yunfei, et al. Agricultural machinery automatic navigation control system based on
improved pure tracking model[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2020, 51(9): 18 —25. (in
Chinese)
SNIDER J M. Automatic steering methods for autonomous automobile path tracking[ R]. Carnegie Mellon University Robotics
Institute, 2009.
WRAS B, o0 AR B S MR AT MG (1] RGERE 550, 2014, 34(12) : 1421 - 1437,
CHEN Jie, CHEN Wei, SUN Jian. A survey of multiple model adaptive control [ J]. Journal of Systems Science and
Mathematical Sciences,2014, 34(12) . 1421 —1437. (in Chinese)
LI X R, ZHAO Z, LI X. General model-set design methods for multiple-model approach[ J]. IEEE Transactions on Automatic
Control, 2005, 50(9) : 1260 - 1276.
R NG JRe ) e R TR A ) 46 SR e 1 I ) AL P Sl LR AR S (T ] BRE AL, 2016, 44(7) : 56 - 58.
CHEN Pengzhan, LIU Xi. Research on speed control of brushless DC motor based on model switching strategy[ J]. Small &
Special Electrical Machines,2016, 44(7) . 56 —=58. (in Chinese)



