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ABSTRACT: The work aims to propose an improved numerical method to solve problems of dependence on the initial
value and poor convergence of singular poses in the traditional numerical method in terms of complex inverse kinematics
of the offset redundant manipulator. First, the nonlinear equations were transformed into homotopy equations. The
introduction of homotopy continuation algorithm could effectively avoid the initial value dependence problem, and at the
same time obtain the inverse kinematics solution space. Then taking the singular pose into account, the homotopy
equations were transformed into a least squares problem, and the Levenberg Marquardt algorithm was used to track the
path of the homotopy equations to obtain the inverse kinematics solution space. Finally, the joint limit avoidance problem
was mapped to a solution space optimization problem, and the binary improved particle swarm optimization algorithm
was introduced to obtain the optimal inverse kinematics solution. The experimental results showed that the numerical
method proposed in this paper had a higher convergence rate and faster convergence speed for inverse kinematics than the
traditional numerical method, and the binary improved particle swarm optimization algorithm could effectively avoid the
joint limit problem. This numerical method has high accuracy in solving inverse kinematics and can meet real-time

requirements, and has certain theoretical significance and engineering application value for the subsequent use of the

Wi BEEE: 2023-07-10
HEE&WH: BXAHAAFAAL (92048205)
*EEEE



- 198 - f1 %% T 72

2024 4 4 A

manipulator in packaging operations.

KEY WORDS: redundant manipulator; inverse kinematics; Levenberg Marquardt; homotopy continuation; binary

improved particle swarm algorithm
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Fig.1 MDH structural diagram of
7-DOF manipulator
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Tab.1 MDH parameters of the 7-DOF manipulator

6;/(°)  SLE/(°)

XHi o a_/mm o /(°) d/mm

1 0 180  —298.5 0 (-179,179)
2 0 90 0 0 (—90,90)

3 0 -90  —459.1 0 (-179,179)
4 65 90 0 0 (0,175)

5 -52.8 -90  —457.4 0 (-179,179)
6 0 -90 -5.0 180  (-179,179)
7 77 -90  -105.9 0 (-179,179)

W45 MDH 280k, T8 BIPUME FHARC T 2
6] A4 FF SR R, LK (1),



a5 H£1H

SRR, 45 BT R EES 1 TUAR DU 912 2 2 LA Sk o 199 -

T =R(x,a_,)T(x0_,)T(z,d)R(z,6) =

cos 6, —sin 6, 0 a,,
sin@cose, cos@cose,, -sine, , —sineg d, | (1)
singsine,;, cos@sing,_; cos¢_, cosd_d,

0 0 0 1

HA RTINS, 75 A AR ST 2Z 6] (1Y
FrRASRAERE, K 7 IR HIEFEARR, 13 RIHLAR
T AR i 07 28 AR X T AR Y 5 U A AR, LK (2)s

0 0
2T=2T;T§Tzr‘;rzr:r=(7f 7 j o
K IR P AT LR AR St A X R

P 43 0
2 TRUHEFIEEFKE

[Alf& 4E 4 5% ( Homotopy Continuation Method,
HCM ) SEGMEEEEM L, BAARHB Y i6h
1B SRR . T OO i B (R4 R SO B T R
MR O R A S S U B Levenberg
Marquardt (LM ) 85 HCM MZ5E, Didmiiis
Bl A EE TR PRR O PE RIS
21 HmRECEREE

£ A LR 1Y 1502 3 BUE R RS — MR
G MR T RGN = B ARG R AL, AR 2
RIGHAT AL L GO, U $23]— 4 AT 4711
KA, B RANA (3),

F(x)=F-f(x)=0 (3)

K x T ADXTMAE, x=(, -, 6); fv)
MU IR RS S R, f(x)e RS, A& R B AljiE
ey im; Po N RImPAT SR, P eR’,

B AR R iz T B R AR (4).

F(x,)
F'(x,) @

Krf: F/(x) ZR - FEHERT LU AERE . HCM @
I K SRR B AR LR T FR AU AL R SR T 25 bR
B, E LT BT OR A AR LM R A 1 i),
HCM 75 Zak FE— A H Byl e s 4500, Wl (5),

G(x)=0 (5)

Wu 'R 4 T A B RS R B B B AR,
e A (6 ),

H(x, )=tF(x)+(1-1)G(x)=0 (6)

K s N 0 B 1 AR L R S5, HD
te[0,1] o [ RREAETE 2 i S5, WX (7).

{H(x, 0)=G(x)

Xl = X

H(x, 1)=F(x) )
Bk HbR R B H(x,0) =0, AR
K=o %k, B Fr=1, Hx D=0, K

F(x)=0Mf. ARG B AR o S50 e N 0 A8
e 1 AR, WAt (8),
H(x, t)
CH'(x, 1) ®

BT AR WUE R A AE BRI, 2 H (x,0) = 0 5
H'(x,1) — O I, BIVHE 5 HOJE Mg S 6, 2B A I8,
PA] I T 2 0 32 25 i o ()46 07 B2 AN g A 3% B AR RS
A SRR S T B A U R AR AT R AL
b HAA S AR E P, SCH A Levenberg-Marquardt
(LM) BERBOERME T 2 o

2.2 Levenberg-Marquardt E{£ &R E %

Shafiee-Ashtiani { 1 PU B[R] 48 1 47 54 3% , 38 15 24
A s By [ 42 bR ES i R I R LA 1E 32 Bl 22 it ) @t
FFRRPERIL T 43 16 dIE Mz g K& A%
ZIEEN, U R LM Bk X Re R TR e,
H 1 2 e A% Ge BB 7R X0 B (AR i r) s, HL
ARULY 1B B2 i 25 1]

MM AL T4 SR, LM 8938 1 98 in bH
JEWL, BefeA ROTA I E B A, I HEA R
WeSr: Fng et . KX (3) Fon hi/h e m/ME
), 525 Efita = (9),

E:%WMJ 9)

Krr: W, =diag{w,, i}, wy, i>0, FRIMAE
W, S BB 2 Z [l AR SE PR o T RTE TG,
SCHR RN R . ARG R (3) AT —Br g
Jegr, WL (10),

F(x+0)=F(x)—-J(x)0 (10)

¥ 10 ) ASC9), FFASIBREs, ATi5 (11 ),

E(x+5)z%FTF—ﬁTJTF+%5TJTJ5+%/15T5 (11)

XfE(x+8) KT 8 Kim, I —MIEET 0,
LM Bk HEAR B A XA (12),

(S ADo=TF (12)

K T MFEL TR F(x) AT LR JT
e AT LU B 15 AR R A ABREIR 5 F O ARG
IRAH M RE A, W (13),

Xewr =X 6, (13)

VEHUBHE K+ A, B T AR UEAERE (J7J + A1) BIIE
ENE S N T IR R GRS A T A 2P K
0, » TEEMGS P ZAW BEHBHJE [+ SCHR[18]
b TR iR AR, WAl (14),

X1 = X

@ E(£)<E
v v g
A =34 E(%) >E, HEWA, )<E, (14)
A" E(%) >E HEWA, )>E,




- 200 - f1 %% T 72

2024 4 4 A

P BN kK BIERZE, B =E(x) ;s v A
A T, Bk v >1 o B T 7E R A R b AT 4
T, DA PRARL T R MO (EHFEE B RE, ELEI A
gj‘zo

148 LM LRI 4655 I x, ;, 7E Levenberg-

Marquardt [F{&#E4; ( LMHCM ) &k bR E .
LMHCM iR AT IFRK (15) ~ (16),

E(x,t)= % (tF(x)+(1=)G(x)" W, (tF (x) +(1-1)G(x)) (15)

J'E
i
J I+ A1

3 K3 R PR AN g

LMHCM R 3% 52 3 27 fif 25 ) O L 4E B s
(B, R 7 FE fife 2 R) rh 4R 3 — 20 0l R b BR 25K 1) e e
i, N O A R sl 1) S A DAy B G T AT, — i
FREPLALE Y (Binary Particle Swarm Optimization,
BPSO ) JEKfif kil ( B5HL) DAk R8s FH i eI
BReRkz—, BASHD S5 TR R
SR Liegeois™ R FIHLARE ) OG5 i Bl btk
KTz g, WHEE R RH B (17),

ei_ai
L(g)=( P )

a —

i imax

X1 = X

(16)

i=1,2,,7 (17)

A a, = [eimax +6imin]/2 3 Omin v O il
BB B9 25 RN EFR s L(9) T M BE 5 6T
AR TUEM R, Le(0,1], REL BB T 0,
DU ZR I OG5 R B e o sy, BB T 1, ISR
T BE R ST R o H e R A T ) 3 1 R
PR £(x) 7 LA (18 ),

f(x)zz:,L(g,-) (18)

R T AR R AL S ) R R BE 4R
R, Wb TR AR, X R S
R BdkL 7 ( Self-Adaptive Binary Particle Swarm

Optimization, SABPSO ) 5.k . Hrr, HMAER K o |
HI&2ETHT o Akt ST HF o, IR (19 ),

W= a)max _ (a)max B a)min )niter
nitcrmax
C, —-C,_. ).
€ = Cloan _( I max lmm) iter (19)
Miter max
€y =Come — (CZmax ~ Comin )niler
nitermax
x ‘ : max min y A : Ei i
AP @« O F3 AR 114 5 (BN B

IME; g FERTIEIRIREG ny, e HERCRIERIREL,
Cloa » Cimin ~ Comax » Comin 2R H 322 2 [+ Figt:
22 2 PP 1 B KA A e/ IMEL o 3 508 T R
= (20 ),

Via(t+) = v, () +cn |:pibest ~Xia (7)] +

S10) I:pgbcst ~Xia (t):l

e n o 230 0~1 ZIARIBEDLEL: p) ey Py b
B2 11 R T T W S i VA e 4 O A SRR 5w
HIH Sigmoid PRESCKERL T Y EELET 2 0 F1 1 2Z [H]
WMFRRES | DRCTFAESR d derp s &, Wl (21),

1
S =

I rand)<S(v, ,)
{0 rand)=S(v, )

(20)

1)

Xioa =

4 KWHERWIE

AT B SC TR S R A R, DTS
MU (B 1) Rl i geE, S S5moety
BEEFANER 1 R LT AMD R7-5800H 3.2 GHz
CPU 1) Windows R4t [ Y Matlab 2021a #17

41 HFEBEHFERBEIE
TE LA TAF = Wb, kB B be L B
9p=[-0.4579, 0.7157, 0.846 0] , K Fil zvz RKFL A A4
W EHRES: [-2.2432, —1.1392, —2.169 7], I RiH)
FUGEME L (22), SR)5, T4 09z g 5
SR 2 BRSSO 23 (0], BARSR g 7 k4%
I RE G(x) , WA(23), BEACKTEE e=1x107",
AT v =10, EIGT A AR IRE. Ne=0
THREAR, FESECE KR 0.1, ¥ iR m X
T EEAE RN — TR R R, B3R =1, BCAY
PRGECEIFGES N
-0.2605 -0.9083 03273 —0.4579
0. | —03273 -02358 -0.9150 0.7157

T = (22)
09083 —0.3455 —-0.2358 0.8460
0 0 0 1
G(x)= F(x)— F(x,) (23)

¥ F Matlab £ AILas A T HA7( Robotic System
Toolbox ) #EATHTELRIE, HUME HARGZANE 2 Fis.

s —

1.0 |
£
N
0.5 -
g—_ *
0 0

11

y/m x/m

K2 HUBE HAR %
Fig.2 Target pose of manipulator



a5 H£1H

SRR, 45 BT R EES 1 TUAR DU 912 2 2 LA Sk o - 201 -

RJUSCH BT 33012 322 55 LMHCM. KoK fig
3 (22), RBE LEZS IAERE S 10, 10 ZHHUIRE i
IBENFAA R EANR 2 FR o O T Bk i 42
IBENETT IR WSR ARG L , A5 TH5 15 2 A4 519 ) ot
FrIEBF R g, TR, Wk 3 Fos. WA
L AT T AR 22 R FETE 107° Y, BRIE T T
Tk A R

4.2 KRTRPREERIIE

T B T B S YA FRGBE G Bk A R, AT
W DTE . FEO BT IR T, BCERLTRERECR D 7,
RRZEAIW TN 15, G2 HWTHHR 0.5, Hok
TBVEAE Y 0.9, e/ MEPERE D 0.4, K1 fie Kk
5, /N5, HRR AP IR BCR 508
500 WFFERIBLIE A i 2 WX (22), WIHREEN
PUBE RO A . Bk, dd s s askimizA
PROLZEXTIL Y 100 255 A , SRS ARFEALARE 15
MBR (1) Keal (18) sy Hbresdl. it (20) ~

(21) AN HR A8 R 7 10 KA

&l 4 S T SABPSO Sk e 2 FE v HAw ok
B AR AAE O o Y sRECBUE S /N, R R 328 85 56 1 A
FR AL ST M B . IR 4 W], K SR TR iz
2R )7 % LMHCM 5 SABPSO #yEAH45 4, A
DS G 1 AR B AL 3B

4.3 SRIGXTELIGIE

T AR SCH TR LMHCM MR L4
NR. LM &5 . NRHCM (A5 E PE RN SGER E , 7EHL
MU T AE 2 RSO N RE LA B 100 41 B AR & Fik
WRRTTAIE, IR 70z sh2r R o e R4 BIRIAE o
B G(x), Wk (23), x, BARWIHET A, FESH
EK it R0, BIUEE e=1x107", HERERRECH
10, 4R Fv=10,

M 3 ATLIES, £45 NR, LM B kR iz
2 BCELRE 143 UV 37%. 56%, Xty

x2 BIEHFR

Tab.2 Inverse kinematics solution

2151 01/(°) 62/(°) 6/(°) 04/(°) 0s/(°) 06/(°) 0/(°)
1 37.298 8 -39.599 9 -132.278 9 48.630 2 -3.380 0 3.1459 -4.801 9
2 38.203 1 —38.984 5 -133.138 7 48.516 1 5.161 4 3.046 4 -12.6329
3 39.272 1 —38.341 3 -134.293 6 48.123 6 14.130 4 2.766 9 —-20.728 1
4 40.279 1 -37.917 4 -135.658 7 47.506 4 21.0150 2.3357 -26.633 8
5 41.889 1 -37.183 1 -138.163 5 46.597 1 30.778 9 1.606 5 -34.674 0
6 44.4779 -36.178 1 —-142.955 8 45243 3 42.945 5 0.279 2 —-43.635 8
7 49.387 2 —34.741 8 —-153.2933 43.430 6 59.089 1 -2.363 1 -53.024 9
8 37.583 6 -39.397 7 -132.545 0 48.6219 —-0.604 5 3.1312 -7.351 0
9 48.628 4 —63.812 7 121.974 8 —-18.454 0 74.880 8 -21.184 4 14.821 8
10 39.2752 —-38.339 5 -134.297 3 48.1222 14.154 9 2.7659 -20.749 8
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Fig.3 Error curves of poses
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Tab.3 Comparison of experimental results of four
numerical methods

ik IR 1% P HIE AT ] /s
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Fig.6 Comparison of homotopy path tracking
for singular pose
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Fig.5 Comparison of homotopy path tracking B (0,0.5,04) (0,0, 90)
for non-singular pose C (-0.7, 0.1, 0.6) 0,0, 0)
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Tab.5 Joints angles of grabbing point
B 5 01/(%) 0:/(%) 0:/(°) 04(%) 05/(%) 04/(°) 0:/()
A 11.706 3 45.562 3 3.566 8 86.667 3 -3.3363 —47.870 9 16.337 4
B —48.9113 —4.2142 —39.822 4 133.365 1 -3.5259 —49.927 4 3.614 1
C —48.030 2 —50.230 4 —82.799 9 84.003 2 -50.610 8 —99.360 1 —138.062 8
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