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Abstract ; For the requirement of a high dexterity robot with high sensitivity of link parameters and precise positioning accuracy, there are
the problems of low absolute positioning accuracy, poor parameter identification effectiveness, and calibration robustness in the random
measurement configuration of robot kinematic calibration. To address these issues, a robot kinematic calibration measurement
configuration stepwise optimization method based on ill-conditioned parameter separation and DETMAX and improved differential
evolution (DETMAX-IDE ) algorithm is proposed. Firstly, a robot position error model is formulated. Secondly, a comprehensive
observability index is developed to evaluate the overall observability and sensitivity for different robot calibration measurement
configurations. Finally, ill-conditioned parameters of the robot kinematic position error model are separated. The objective function and
constraint conditions are established for optimizing the measurement configuration, the differential evolution algorithm is improved
(abbreviated as IDE algorithm) , and a step-by-step iterative optimization algorithm based on the DETMAX algorithm and IDE algorithm
is presented, which is referred to as DETMAX-improved differential evolution algorithm, and abbreviated as DETMAX-IDE algorithm.

The step-by-step iterative optimization of robot kinematic calibration measurement configuration is achieved. Using numerical simulation
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and experimental robot kinematic calibration, the effectiveness of the proposed method is evaluated. Compared with the random

measurement configuration, the experimental results show that the average and the mean square deviation of the robotic absolute

positioning accuracy corresponding to the proposed method are improved, with an decrease of 62.09% and 62.45% , respectively.

Keywords : robot kinematic calibration; measurement configuration optimization; ill-conditioned parameter separation; DETMAX-IDE

algorithm ; position error model
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X (7) AT AL, MLAR N ER ZER A T
[, Jo 1. Ty T, 1, H0h 3 x 21 3l 18 82 B 50R % AX
H[AO Ao Aa Ad AB]". KRG SCE R A FIZ 3
FLPORFENGIRERI Y N S AT, LT, 00, T
Jo(i € 1,2,3,4,5)), MTAEZRIFEEHLEI 100 4~
AT R A RSB 1 B E 100, X (14) 31
FAFAECT 2 T3 GON (E IR EBCE I, 1 1R 245
RI%FIk GON H, W& 1 iR,

*1 REEBLFIEH GCN H

Table 1 GCOCN values for each subdomain of the error model

o L, L, ., L,

GCN{H 3.6785 1.1071 1.329 7x10™ 1.976 5x10"* 1.9714

GCN {HH R H 2R 1x10°, B 1 a5, F
7, AT, R GON (R T I T GON
(OBCREOT R B B, T, A TS S M
A LA AR A B, Tl 240, AT B
FRANEE, SR FHJR 1 6 3, MUk 43 B 1 A T 4 —
ABH Ao, MAL(E € (1,2,3,4,5)), 4 KL HHE
5 AT, SHBBAT .

DSBS J, A B A, TR I, =

[Aa, Aa, Aa, Aag],

2) 5 E T, 2B Aa,, WETHY T, =
[Aa, Aa, Aa, Aas],

3) LLHEHE ARG BSSH Ay (Aa, Bl Aay, 53 3HY
HHARTE

4) J, SR BRI 1) ~3) e, 4 SR
HFH (e 1,2,3,4,5),

Sy SR TR VTR, M, B9 GON fE, 4
2 M3 PR,

*x2 J, &EFEB GCNE
Table 2 J,, GCN values of each subdomain

T Ja L T oo A
GCNAH 1.329 7x10™  9.921 6x10™

1.292 9x10™ 0.0215 0.021 5

®3 J, &FHGCONHE
Table 3/, GCN values of each subdomain

TR Taa R T Jaa Jaa
GCN &

1.976 510" 0.028 8 0.028 8 2.271 7x10" 2.231 2x10"

FH & 2 FI 3 A, ‘]"i DS Aa, B Aag 5T I8
GCN fHRIEB/NE 0.0215, J, /M ESH AL, B Ad, J5 T
B GCN {EId/NZE 0. 028 8, H H4ya/s 2= 3% 5 W H i il 2
Wo BIXFF Aa, 5 Aay Ad, 5 Ad,, £557 B TR —A>
SRR, 7, M), T GON (B S RIRFEAR, HRLA
MR —8chE, mI %, Aa, Aag Ad, il Ad, TRE>

#1835 Aa, 5 Aas Ad, 5 Ad, Z )] REFFAERR A3
M5 K Aa, Aas Ad, FT Ad, 3555 J5 #ES7 EAN L B
TR Al REHAR E ML T R A Tl 22—
AT RENG A 2 500 T A A7 B R 22 AR PRI, 43 1 40
4ANTIRER A SE A E WA PRI Z — T iR & S
BR A A B IR 22 AR 450

J,=[A0 -+ AB; Aa - Aag Aa, Aa, Aay Ad,
Ady AB] (27)
J, =[A6, -+ Af; Aa, -+ Aa; Aa, Aa, Aa,
Aa,(Aas) Ad, Ad,(Ad,) Ad, Ads; AB] (28)

X J, TR 4 MBS Aa, Aay Ad, FI Ady JF Y E
ML EARZERAL, J7 KR B A SHL Aa, B Aag Ad,
B Ad, 5 AL E IR 2R

THRR A A O B IR E R J R T2 1 GCN {H, 43
R 2.274 9% 10" F1 4.051 6x 107, /i & 4/, KWk,
Aa, Aas Ad, Fl Ady B0 280 FHG 07 B R 25 B
J, BT R EVE R HTE 0 3 x 17 2ERE . XN B A
SR AT RS BORZERAL J 1 GCN {H2h 2.886 5%
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Table 4 Identification results of global optimization

measurement configuration parameters

SRR
KA A Aa Aa Ad AB
/rad /rad /mm /mm /rad
1 0.0501 0.0500 0.5000  0.5000 -
2 0.049 9 0.050 0 0.500 5 0.509 7 0.050 0
3 0.050 0 0.050 0 0.500 0 0.490 3 -
4 0.0500 0.0086 -0.0043 0.097 8 -
5 0.046 4 0.1012 -0.0043 0.1593 -

FE GBI F SRR ZEP I 7, H
(29)
X,

771':(1_

X, —X;
P v, FORBOEREE | MB 3P SRR« R PR
JRIER i MBEIE S HORZE, (1 e 1,2, k) kB
SRR ZENRL

) x 100%



24

T4 25 ST RS EO B N8 32 pre A AL AL 309

x5 HHNEMESHPHALER
Table 5 Identification results of random measurements

of configuration parameters

B Y Aa Aa Ad AB
/rad /rad /mm /mm /rad
1 0.0502 0.0500 0.5000  0.500 0 -
2 0.0497 0.0500 0.5009 0.5166 0.0500
3 0.0500 0.0500 0.5000 0.483 4 -
4 0.050 0 0.0080 -0.0042 0.0940 -
5 0.046 4 0.1019 -0.0042 0.1528 -
M2 4 S RS EHHR SR TR L2845

BORZEWRINEEE »,, W 8 Fron, HIE 8 vl 1, Wdliz
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Aa, Ad, IR BE B3R 5] 100% , 4 Ja) O Ak D 2 44 74
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Fig. 8 Identification accuracy of kinematic parameter errors
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Table 6 Comparison of identification accuracy for kinematic

parameter errors with measurement configurations %

.
Uj?f’ﬁ Aa,  Ad,  Ad, A, Ad,
R
SR EAS . 17.159  98.068 98.066 19.557 31.855
REHLIEFE  15.964  96.673 96.671 18.796  30.556
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Fig. 9 Experimental platform of the robot calibration system
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Table 7 Identification results of measurement configuration

parameters with separated ill-conditioned parameters

SRR 2%
ES A A Aa Ad AB
/rad /rad /mm /mm /rad
1 ~0.1285 0.0000 0.0000  0.000 0 -
2 0.1549 -0.4284 -0.2848 0.0029 0.0019
3 0.0000 -0.0185 1.3427  0.0027 -
4 0.0017 -0.0018 -0.4665 0.1609 -
5 0.0006 —0.0018 -0.7840 -0.1896 -

BAAL EEALT Aa, Aay Ad, Ady Ad, FI Ad,, 5351,
HI P 11(h) AT, 3 2906 25 2 8OO0 A I 2 A 8 2 B0
2SRRI AL 144 R S B L, 1T 2
RBAMAL EZALT A0, A0, Ad, Aa, FIl Aa,,

RSB 23 B S S E AL 548 B BE ALY
Fa 7Y 55 SR 22 BRI 1 A4 B L Y 3 20 S 500k
GRS BITE R IEI S5 y, ThIT Rz s 250k 22
M SEHILER N8 32 b 8 I 58 A4 X 8 R B
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file, o A BB 1 Sbn e I 3t 4 HELE R BLEF AR I
PrE A LR RO BRER A 2 I A o BT B
JE 3t 4 PRI PLE AR i 7 B 5 B E X TR
FEHT SR fa RS A S PR A AL s A AR v B 158 2% |, OF
FHAAE 3 A5 I AL e AR S #5158 22 1 ~F- B (B A Sy ik
MK EE y, DA S RIHLES AL B 1R 2 o, E— 244 L3R
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Table 8 Robot position errors before and after calibration

mm
KA PE ¥
o 2 TP 2,362 1.029 2.032

S EIRASE L
. 2.536 0.265 0.540

) 5 A 7Y
bR e )

R AL 4 75 2.681 0.699 1.438

EBRARERLI R A 2.603  0.519  0.983
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