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Stewart parallel manipulator kinematic calibration based on the
normalized identification Jacobian choosing measurement configurations
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Abstract: Kinematics calibration is an important way to improve the accuracy of Parallel Manipulators
(PMs). The robustness of kinematics calibration to measurement sensor noise can be improved by
choosing measurement poses based on maximizing the observability index related to the identification
Jacobian. The identification Jacobian matrix is a function of position and orientation of the PM, but
the magnitudes of identification Jacobian matrix elements corresponding to position and orientation are

different. This leads to a difference in the robustness of position and orientation to measurement
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sensor noise. Therefore, the identification Jacobian matrix was first normalized and the measurement
poses were then selected through the observability index related to the normalized identification
Jacobian to ensure the same robustness of position and orientation to measurement sensor noise.
Through numerical examples, the precision of the structural parameters calibrated by using this
method under three kinds of measurement noise is greatly improved compared with that of the
traditional method, increasing from 1. 007 5 mm to 0. 336 7 mm, 0. 100 9 mm to 0. 033 7 mm, and
0.010 1 nn to 0. 003 4 mm, respectively., Compared with the traditional method, the calibration
precision of position using this method basically remained unchanged, but the attitude accuracy was
sharply higher, increasing from 0. 015 2° to 0. 003 3°, 0. 003 3° to 0. 000 3°, and 1.5X10 '° to 3.3X
10 °°, respectively. The measured pose selected in this method was used to calibrate the Stewart
parallel mechanism, and the mean error values of the position and attitude before and after calibration
were reduced from 2. 321 mm to 0. 242 mm and from 0. 246° to 0. 025°, respectively, effectively
improving the pose accuracy.

Key words: parallel manipulator; kinematic calibration; identification jacobian matrix; normalized;

measurement poses; observability index
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iy *E$J Les Tt l—‘?%
. %?ng Lo z ¥ z a B 7
0.101 L
. 1 7692 13.324  756.148 157 —8.879 —1.227
0.08¢ o 2 —7.330 —162.237  779.179  —12.822 —1.59%  8.303
_ : 3 144168 —74.767  779.179 —7.888 —10.264 —7.415
3 0.06F -
. 4 —136.83¢ —87.47  779.179 —5.089 1189 —8.654
0.041 5 —238.405  139.056 749,251 —0.203 —6.202 —8.033
- ************** 6 —238.405 —130,056 749,251 0.203 —6.202  8.033
021 *
5 * ¥ 7 —89.48  68.120  785.257 —9.664 —14.485 .44
5 ¥
O > 4 ¢ s 10 12 12 15 13 20 § 239629 —136.937  749.251 5,216 3271 8.195
Iterative generation 9 239.629  136.937  749.251 —5.276  3.271 —8.195
Bl 6 #5Fr O, MEALT 10 —136.83¢  87.47 779,179 5,089 11.89 8. 654
Fig. 6 Values of O, in the iterative 11-238.405 —139.056 749,251 0.203 —6.202  8.033
12 —1.223  275.993 749,251 —5.477 2,922 7.904
13 103,741 43.427 785,257 8,071 15416  7.114
A 18 WA ¥ mT 3k 2 vl UL PR A% O 19 45
14 144168 74767 779.179 7.888 —10.264  7.415

s s e B A7 Uk gy
KAH . P 6 A T AL 48 W 2.3 3 i K 15 —7.334  162.237  779.179 12.822 —1.596 —8.303
H 6 R UVHE S R R R AT JC i 4 P L (RS X i 16 —14.261 1L556  785.257  —17.333 —0.9  —8.072

OB RTE T L P B e E BB e L B A KL 4 17 103,741 —43.427 785,257 8.071 15,416 —7.114
HEKRE K=600, 18 —1.223 —275.993 749,251 5477 2,922 —T7.904
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B IR ZE S e, , TR 4 PR, BN N2
Ko IEMERH 18 MNEEPRAE, #E 3 PKFE
e I 5 iR,

x4 HNHURESH e

Tab.4 Structure parameter error e,

F5 a() a(y) azx) b(x) by bz

1 —2 —3 2 —1 —2 2 4
2 —4 —2 1 3 5 —2 3
3 2 —3 —1 4 —2 2 —3
4 3 2 2 —4 —5 4 2
5 3 5 —4 —3 3 3 5
6 —4 3 5 2 2 —3 2

£S5 3NKFHNERE

Tab.5 Measurement sensor noise of three levels
WM 1 WM 2 R 3
fi#/pm  [—100,100] [—10,10] [—1,1]
#B2/0.001° [—10,10] [—1.1] [—o0.1,0.1]
3.5
. T,
3.0 I AL T,
g
£25
g
520
5
515
=2
210
(@)
—
0.5 Q2
S <
) ) . OIO
0 3 4 5 6

Iterative generation
Bl 7 3 2805 25 T g A 1R 22 AR 72
Fig. 7 Iterative process of pose and structure parameter

error

TEDN LR 1T MR A BT 5 3k AR A A7 2245
22 AT S5 S H0R 22 de, Hak AR i R &l 7
Jis o A0S WRIERE RA A, £ 6 Al
TSR R B PR IRAE R R PO, 0
NEEBIRZE .S NEMBHORIE. ML 6 WT1+.3
ol 00 A R 5 T T AR SCHR R D M b E Y S5 24
R BE AR X T LAHT 7 % 39 A K 32 %5, 2 5

1.007 5 mm $£ 53] 0. 336 7 mm,0. 100 9 mm 25
F]0.033 7 mm,0.010 1 mm #E %] 0. 003 4 mm;
S M R BT AR SCHR Y O B R E 1Y A A
JEARRT T LAHT 7 A BEAARAR (H 2350 BEA R 4
FrL. I 0,015 2°HEE 5] 0. 003 3°,0. 003 3°HE
F]0.000 3°,0.000 15" = 2] 0. 000 033", UEH T4
ST A R

F6 AEAMNEREFTTHIRER
Tab. 6 Iterative results under different measurement

sensor noise

M 1 )1 2 &M 3

J- J J- J o J- J

P/mm 0.029 1 0.0303  0.0029 0.0030 0.0003 0,000 3

0/C") 0.0152 0.0033  0.0015 0.0003 1.5E+4 3.3E-5

S/mm 1.0075 0.3367  0.1009 0.0337  0.010 1 0.003 4

N T k2D R UEAS SO 4R U5 vk WA Bt 3R
7. 8l AT S L IR R 2 R Y
SER SRR 22 bR 8 S5 AL O X 18 2l 2 B R R AT AR
. BEPLZ E 60 L0 %8 TH R AL B 3R 22, K]
8 /R . I LA A EOR JE HEA AR, A

PRI

®7 BEFJHNERT 2 TEHSBREGELER

Tab. 7 Identified structural parameter error base on J,

No. a;(x) a; (y) a;(2) b, (x) b;(y) b (2) I;

1 —2.102 —2.89 2,086 —1.081 —2.052 1.881  3.761
2 —3.945 —2.023 1.165 3.006  4.954 —1.923  2.901
—2.935 —1.199 4,07 —2.026 1997 —2.779
4 3.131 189 1.927  —3.891 —4.906 4.2 2.33

b 2.881 5.038 —4.146  —3.074  3.045  2.907  5.066
6 —4.006 3,063 4.858 1967 1.987 —2.884  2.253

®8 EFJMNERT 2 THEMSHRERELR

Tab. 8 Identified structural parameter error base on J,,

No. a;(x) a; (y) a; (2) b () b;(y) b, (2) I;

I =191 —3.000 1971 —1040 —1.978 2.081  4.117
2 —3.98 —1.986 1.049 2952 5.004 —2.059  2.881
3 2.001 —3.002 —0.957 4,005 —2.011 2.024 —3.012
4 3,000 1976 1951 —3.990 —5.033  3.965  2.009
5 3.004 5,049 —3.963  —3.006  3.003  2.997  4.953
6 —4.020  3.012  5.045 2,029 2,040 —3.102  1.849
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6.010 X >f X X Tab. 12 Iterative results under observability index O;

R r X
£ x X [T [ E——
£ % . x W 1 M 2 T 3
5 0.008 X . «
5 X XX%, « XXXX ) J. I J T J. S
= -

0.006 Xx X
g kX X o et 5 s P/mm 0.0209 0.0334 0.0021 0.0033 0.0002 0.000 3
§ " X X o X . %
g P . < C. c. )
2.0.004 x X VAT SN 0/(°) 0.0373 0.0037 0.0037 0.0004 0.0004 3.7E-5
A Xy oXe XX X o .

0.002}° . X T, S/mm 1.504 8 0.3782 0.1512 0.0378 0.0152 0.003 8

) X H T,
% 10 20 30 40 50 60

No.
B8 60 HHBENLALZE N W hr iR 2

Fig. 8 Pose error of 60 random poses

T O~FR 12 4 T E T AW R B O, ~
O 2 Ol B 7 2R bR g 45 2R . & 9~ 12 7]
Ao AN TR AL A R AR T o T A SCHR O vk AR
1 32 RS B AR X T LR 7 i B AR AN AR B0 BT R
I, (L 3 2R B2 R 45 K 2 J0OKS JEE 35 A R i v 4 JiE
W7 AR SCT5 i A Rt

x9 ETARNMEIER O, HPHIRER

Tab. 9 Iterative results under observability index O,

T 1 e 2 Mg 3

J. J J- J J- J e

P/mm 0.0195 0.0356 0.0020 0.0036 0.0002 0.000 3
4/¢) 0.0397 0.0042 0.0040 0.0004 0.0004 4.0E-5
S/mm 2.808 7 0.3583 0.2834 0.0358 0.0285 0.0036

F10 ETARMNMERER O HPHIRAER

Tab. 10 Tterative results under observability index O,

P 1 e 2 W 3

J. Je J. Je J- Je

P/mm 0.027 2 0.0381 0.0027 0.0038 0.0003 3.8E-4
4/¢°) 0.0234 0.0039 0.0023 0.0004 2.3E4 3.9E5
S/mm 1.661 6 0.4335 0.166 6 0.0433 0.016 6 0.004 3

F 11 ETFTARMERERO, BHRER

Tab. 11 TIterative results under observability index O,

MR 1 MR 2 M BE 3

J. " J. Je J. J

P/mm 0.0193 0.0393 0.0019 0.0039 0.0002 0.000 4
4/(°) 0.042 4 0.0033 0.0043 0.0003 0.0004 3.0E-5
S/mm 2.1833 0.5684 0.2203 0.0568 0.0220 0.0057

7 AR K

B 5256 5 b s 0y L0 AR A I, A S
e P v 8 ARk AR i IR S R 2 A
AR 30 A 5 45 3 . H b, ook 1 O 07 280 8
Stewart JEERHLA 1 B30 2544 2805 0 FLE 1Y
SEA SO TR] L DR I T 3 3L T, 0 IBCAY
BLZEAE g b 7 S 56 Y I 7 5

X T N S8, AR SEE SR PR R AT960 B0
BREANCGEMAEE N 5 pm—+6 pm/m) X Stewart
Fa B V- 6 R AT AL 28 I A, 1 S I 4 i B B AR AR
FApI T VB AR R {e) O T WO IR BRI A B
F g PR, SRS I A AR bR S R A B
BAAR R p) MM T TP 5 AR R (e} BAL 2, 4N
’l 9 frs

PO R T OB ER R B E SE 5

Fig. 9 Calibration experiment using a laser tracker

PO IR BRSO RE I 4 25 18] B — U T HOE IR
EARAR R PR ALE W E BT RS B2
AR LB AR R (p ) MR & 22 Br &
{e) AL FHOCHER ORISR (g PRI L. FEF
B EFERIRR(p) TG A FR R () A&
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A I 10 Fis,

Bl 10 LR R S A

Fig. 10 Measurement point distribution of the platform

LR F 65445 & Lo 7 T O IR BR A0 A 5 &R
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FAXT T AR R (g MB35 CREFE REFFERD . TR BT
I B 5 AR ER R p AL T O BRI AL AR B &R
(g AL E e p ML (BEFFEFRR) o 38 i Ak bn
AKX A B GARTRRp N TR
AR FR (e 57 B FILE 5 R I -
WR={RCR) !
LpZ@R)]@p—%Y
K RPY A 40 348 e B o B, AR 3 2 X (18)
rmo T2 T
o1 T rzgi,fﬂu 34
ra1 T T
BARME I RPY KA X (19 FR
B=Atan 2(—rs /i +ri)
a=Atan 2(ry »711) ) 19
y=Atan 2(ry s735)
A Atan 2(x, ) JEME E R IEVI R,y M5
x WAL B SR y TR M e N GE 2 Y
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AR AR D0 75 3] 19 57 28 5 BB A 8 1) 22 (kAT
AR AR A, BE I HLA S iR 2518, #1708

(18

SR Y Y JE 5% 3 S R —

SRR BEAILSS Y 20 LA %, HEAT bR A 4
SR TS, B 11 25 1 T AR 2 TS AL 2R 225,
B S R ZENHAE S BN 2. 321 mm BFEE
0. 242 mm,0. 246°F& 0. 025°, H5iE J5 L LoHKG 1
AT AE T B AR R R A A 25 EE,
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i B S AN R 2 I )

3.0 ¥ R
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Q
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5
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0 1 n L x ° " 1 . 1 ° 1 * 1 1 3
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Fig. 11 Pose error contrast before and after calibration
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