CREEC EF e G TR Vol. 23 No.5
2015 4F 5 H Optics and Precision Engineering May. 2015

XEHS 1004-924X(2015)05-1205-08

AR BR B SR FHR ZE AR E K2 IE

KER 5 H,AER
(PER#K LEAFZKR,LE 100094)

FEE R T HR S MO G ERER A A I SRS B L T T R B A JLA S5 R R 25 T R T R B ABURN B 25 I AR 8 ALE IE vk
I FH 2 B 53 BT R AR A 5 40 AH 25 65 1 1 ST T R B4 R T R 2 AR 4 T T R R AL AR 23 [ AR AR AE I S 2, O 2
T EWE B AL 2R R R T 8 S R ST T R R R AR R, R AR R E T TR ZE AR E T I A R G BB
T T R BRI R 25 X FR G N £ 158 2 K i 26 A ) B 1R 25 Y R W, ) R AR 25 R 8 S e A 0 HR Y R G A R AR IR 25 20
1" W o A BB IE AR, I 518 E /T AR PRIEAT T LR 2001 . X b 25 2R R L 2R 25 08 1 S AR 40 25 [ Ak b I R 1R 22
APU /NG 2X107° B i T 5% SR AR R 25 H5 8 FNR 228 1 7 Bk A Atk . 3R WA 5 3 T AR R BIUR 2R G B A 4  1) E
ilh 1= 52 55 00 2 2R 0 1) ) R

X HE ORE:MOEREAG UM MR L BRMAR LR AS B DR K

R E S %S V556. 7; TBI22 XERARIRAD : A doi: 10. 3788/0OPE. 20152305. 1205

Error calibration and correction of mirror tilt in laser trackers
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Abstract: To improve the measuring accuracy of laser trackers,the geometric errors of a tracker were
analyzed, and the error calibration and error correction methods for a tilted mirror in the tracker were
explored. An error model for the titled mirror was established based on vector analysis and coordinate
transformation, and the error correction formulation for geometric space coordinate of the tracker was
deduced. Then, a high precision error calibration device was built based on a multi-mirror polygon, an
adjustable reflected mirror and autocollimators. The calibration device was used to analyze the error
calibration method, and the system simulations were used to research the influence of mirror tilt error
on angle and coordinate measurement errors. The error calibration test shows that the mirror tilt error
is 4”. The tested error was induced to the coordinate correction formulation, and the spatial length
measurement errors of the system before and after correction were tested. The results indicate that
the measuring error of the laser tracker decreases by about 2 X 10™°, which shows that the error
calculation and error correction methods are effective. The method improves the measuring accuracy
without changing the hardware structure of the system.

Key words: laser tracker; geometric error; mirror tilt error; error correction; least square method

i B H#3:2015-01-26 ;81T H #1 : 2015-02-26.
BB HEARBEEETFEILS EWHIH H (No. 11404334) ; [H R 8 KB 22 U818 £ I % L W% B35 3 (No.
2011YQ120022)



1206 b=

5 23 &

1 3 =

OG BRSO T 48 R K i B R 1) e G
KRRST VAR & RS0, 1A 5 OGN BE £,
A OGHHI ff H R RS AL R L B S H A
AIACEUE T3 B8 T — 1K, e g % H AR iff 17 52
Aef RS2 RN B 2 67, HL AT DU R B R L U
AT A 45 A5 0 2 a5 FE A K L
ARG B R i W | 1= B i B2 S S ) e )
03

B O R ER A TR) T DR, SO R R AN A iR 22
HUSHUFIRG BE 20 BT — 2 [ N A2 35 53 1) £ N
o, BT XI5 R £ G A ER R ALY 1 e
TEA FURE BE 43 BT 1 b R B 4SBT0 L o] £ S
% 22 0 R HURG BE 52 1) (4 BF S8 A XA b, 1999 4F
Loser fil Kyle 8 AR A 43 81 T #0063 B AL 19 iR
22 R S U] 58 25 B AY , I ) HTH B2 D S 0 O 481 35
N B 3 X 2% T 158 25 HEAT T R 4T H A 4R
Bt Xof 4% BRI L ] 3% 22 19 RS B A s P IRT . 2009
4E, 25 B E % 3 B (NIST) 19 Muralikrishnan 45
NVEYNAAT T BR B AR G LG5 Al 5 225 (H R
(1) JLART 5% 70 5 7 2R HL A B T30 245 Bl IR B =k i 3
R R B AN, 58 25 A i T 1k [ R SR T TR 42 9P 2 12
S LR i X 53 45 701 152 22 X SE ARG BE I 2, 2013
L TGHEF R A BE R 22 1 Conte 55 AEF X HOE
PR AN A% T LA 1R 22 HEAT T HLAR N iz Bl 4y
B AEL AN BR T 10 R B B S 1 e 0 T R B AL
H R B AR 43 B B B, I oK w45 A E AT 07 A
AUELARSEES . AE B, 6 5 i 28 R K 2 £ A
T X IR S LA 358 2 b 0 B A R R R AT T
HERLAN 7 B L (R FH A A5 AL 349 A BT A 1Y L fif A
R e 2 5k B I L] 5 22 2 B0b R O ik IR AR
TR F MR 55 75 T 15 b il ) R B A v e
I B 4 i 2R ST T LI A R 22 (O R A
PR ERAL H B 0 L 25k 12 25 . A SO i TERN
A B FEHFH O IR AR L 45 R iR 2%,
FUBFSE T H O B i AR R 22 . T IR T
T 0% A G5 BT RA AL B AR B e %) P A AR 8 25 A
[ 87, T — 2 50 3% 0 1% 22 5 80 8 B IE 7
L IFE SR K UE T A A R

2 BRI IRBLAGIUAT S MR £

PO R A3 I B 2R 8 R A 2R 8 R O 2
JRHT T B AR AL O T I B R S
o XN AR G 0 A AR G T RS A B B IR
WA R LA . A 1 TR O R R
DG AN B B ASCJRG 7 i S5, 2 R IR AU 5 S A I 4
[ P ER L 62k 28 ph B BR R AR I 2R [0 3] BRER A P
B 5 ek 2203 6 B Jm B 1K A BRI % (PSD) #%60
BATT Wk PSD i 88 f H5  BR B B 1) i e A
JEE , 7 ) BRI AL S B 5 P 8l 7 Dl R e 4% i)
ghorbCs O I AR AR 00 B A AR G e A 00 B AN
152 Y0 0 % 2 A S 00 L B T 3545 2 #L ER
Y 23 8] 7 B AR AR

PO B S B 2R 5 A A KT b L 2 B b
FWEOE e, BEARE T =AY JLT AL & X &
s (D) 7Kl -5 e B IR 52 5 (2) WOt 5 76 &
B EE A 5 (3) BRI ASCRC S e B (LU T AR B 15K
P It

EEEE ) YRR

o)

XOK 4l

g

BT OGBS 7R 2 A

Fig. 1 Architecture of laser tracker
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Fig. 2 Schematic diagram of mirror tilt error
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Fig. 3 Mirror tilt error model
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Fig. 4 Configuration of mirror tilt error calibration device

A i TR 52 S 45 114 RT3 e L T R AR
1) — i o ) FH AT 8 e 5o I 11 2 499 858 1% o7 & itE AT
TR ol LA T B RO BRSO AR
A EE T i TR AR B — 0 ] ke S G YN s T S S
Bamyr . YRR G H I HA e, 90° )5 . B
A A RTINS TR Bl ) S S R B 00 O Ao
3 2ok it AT IS S5 R R B SR S A B AR R A LAY
A AT 2% BVAT 540 L R S S0 A il R G e B e
Bir A, ZHEEEE THOGRES L FIF 5 HER
SRl [l o o LAY B AT S 22 TR AR A
(A
5.2 HREMAMRENSHRELR

T R AR 22 10 S 80 ot B BRI F

(DI 28, P8 2 bk kM A E
A, SRS T B 1R 25 5 25 TH W AR 1) 2 B Al O /N T
20 pm, /N T 30",

O A fE AL A 07, 97 5 a] iH g B
et i 1A S S i L TR A DRRR BRI Sk KOF 5 r
AN 5 A 5 B — B TR f S Vi, Ve,
e, Vn(0~360° B 15°ic 5% A #E B AL 5O B,
TESRASANOE A B A I 4B ek
i1 Tiz sttt X, s Mz st s v GGE [T n]) . JHAT
Ui 11 S S8 L B T — Tonin << 3" . Yonax = Youin <36
IO IC T A AEEA A B 4R I0/E XY, TE
b AR, A EAY B S W 22 T R A A
B R A R TR B .

AR AT o A o A A TR b R S R B A
Rl 2 H o T S S 4 TR Al A B 5 (a)
PR o BT S0 0 2 Y e i 2% R VRS R AR I
PRl JCE I8 71 4% 8 2 ARDIR S, S B I = 2% R n ]
SR, A x| MEEAC A M 48 X, Y
Sy BEAT B G LA A5 RS B B E B
TR Bl 5 BRSSO Tl 1) 1% £ E



SRR L A O B SRS B AR R 22 ) b E B IE 1209

il e B XA

i 1 S S
Ca) SRAEIN 4 2 1
(a) Ideal measuring condition

il HHEE A

i L 5 e 5
(b) Sz B il 2t 2 A
(b) Actual measuring condition

5 BRESCRE b A A o A AL O R

Fig. 5 Position between transit axis and autocollimator A

PLAWHEEAL A WK BEEL 20 2z s eee s 2 N
ol FE P 5 Ch) A 25 F T L B s 4 it 28
x(V)=A,sin(V+¢,)+B,, (14)
Horbro A, Sk i TD B AR5 00 SE PR 5 BARL AL Y
I A s B, O E LA AR R I Bl R A
JKAFT5 L B e Ao B0 S TET S 5 S T R Bl A
HEELAL A PR 128

AT RETE R
x(V)=A,cos ¢,sin V+ A, sin ¢,cos V+ B, =
B.+ a,sin V+b,cos V. s
ZHC a, b, 5508 -
@ A eos %. (16)
b,=A, *sin ¢,
I I 22 0D 0 54l Tl LAAS: 30 AR B
20D ] [1 sin(0D cos(0°) |
x(15%) 1 sin(15°)  cos(15%) | [B.
x(30%) |=|1 sin(30°)  cos(30") {al}.
: : : : b,
| x(345°) L1 sin(345°) cos(345%) |
an
AR AR
X=M- P, (18
Hrp
P=[B. a. b.]", (19)
UIRYEECE P
P=(M'M ' - M'X. (20)

M PRl H3 B, ,

() 4& il BR 5 Sk 7K P % 5l 90°, R I 57 BR 2 3k
14037 B i 22 T e AR B 3h 90 RiT IS A ME LA B Y
BERCAAE 8 1 SRR AN S S 5 1) ORF AT o7 L il
H B Y 4R B, B A B S S
R 0 ORFATI S 5 25 B 2 vl ity T 2 S5 45 1 DR AV AR S
FEAR—F, DS bET A AL A B R
BHEAE Cis Cyo RIB/NBEMLIR 22 ICZ R EH)
FHE e E CL G,

ARG 1A S50 #1575 213806 BRER (X
PR BT AR R 2258

=|C,—B.|. (21)

6 ALK

6.1 HEMMRENZENVNERENZIN

FIFHER 4 35 FT s 04 %% e il k1 25 18 1E A 5K
FERE BRI 22 0 A I B B 1 Ak 1R 22 %) &
20 Ay Ko A b I 2 A 04 52 e 2R AT 4 L

P 6 e IR E R 5 mo i, 5% 5 fh i 22
XoF 5 RPN (I B F5 22 A8 A I {5 ) £ 0 £ i
2. K 6Ca) M ELA N 150, Bl & K B9 A8
PRAST AR5 25 %t T AR 0 o R 25 s . 1B 6 (b)
KK ff Ry 30° B Bl A AR B AR 0 AR AR R 25
XK R 2 52, B 6 (o) Kl
30K, A A 00 152 2 Bl ARE A0 A 0 AR Ak £
6 () Ry /K V-3 B A S8 AR A bR I R 3R 22 Bl R 4
N BE A 1 A8 Tl il 2k

1.8510°
1.84
1.83
1.82
| X| menetetaharhinnt it suiiua st tuu i ua At isve
1.8
1.79
1.78
1.77
1.76
1.75

Vertical angle error/(")

0 50 100 150 200 250 300 350
Horizontal angle/(®)

Ca) AR5 22 X7 30 A7 0 4 15 22 () 52

(a) Influence of tilt errors on vertical angle measuring errors



1210

5 23 &

0.22

< 0,2L\
£0.18
w

20.16
él.l
So4
0o
£0.12
0.1

0.08 T ————— i}

Horiz

0.06 i
50 -40 -30 20 -10 0 10 20 30 40 30
Vertical angle/(®)

Co) ARk 5 22 6 7K 1 A 0 ik 5 22 14 32 T

(b) Influence of tilt errors on horizontal angle measuring errors

0.035——

E 0.03(-""

s

£0.025 NM“

2 \..

g e

£ 00 "

g \\

C0.015 ,\
0.01 7

'S0 40 30 20 10 0 10 20 30 40 50

Vertical angle/(®)
Co) B ARk 15 2 o Al A 0 S 1588 22 194 5 )
(c) Influence of tilt errors on coordinate measuring errors

0.04

0.035 ‘x/
0.03

£ 0.0: »
£ ’/
50.025

2 T

E

2 002 ’,”"'/

;‘:’Zocns ol

20,

&1 /‘F

0.01 A

wa

10 20 30 40 50 60
Distance/m

(i 2 B e e A 13| ) A A 0 238 25 ) 5% 1

(d) Influence of measuring distance on measuring errors

caused by mirror tilt
B 6 W RR 22 X R iR 22 B R
Simulation of influence of mirror tilt errors on

Fig. 6

system measuring errors

H1 I 6 9 07 20245 5 nl 01 B B AR R 2 X T
AR D LY R R AR RN TE 10 gL AT A
W% 5 LA AR 5 22 X6 7K - £ 0 5 P i) S 2, ELOK
SF- A I e R 22 I A T A A 2 ORI T e s (TR
DR 22 XF 28 48 A B T A ) 2 A S £ A

5 m, KA 157 mE, AR bR W BR 22 AT A
12~32 pm, 75N B AE R K S F1 A 72 B9 B0 8
Al b I 1% 2 B T AR A B T IR0 5 78 K SF £
AT B A AR IGO0 R o 2 G0 A bn I B U 22 Bl
HENIERIUR CNITTR: SN
6.2 HREMMRESUNRELH

UG R 00 B B BT ARE R 22 AR E R B AN AT 7
JoR .

K7 FeBiiRhR AR R E

Fig. 7 Calibration setup for mirror tilt error
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Tab.1 Readouts of additional reflected mirror positions
by autocollimator A

- I H A é‘/’%ﬁ - I 1 ‘E‘/EE

/Y AR/ (D /Y AL/ (D
1 0 —3.80 13 0 —2.14
2 15 —3.90 14 195 —1.29
3 30 —2.07 15 210 —3.33
4 45 —0. 38 16 225 —2.75
5 60 —1.94 17 240 —1.28
6 75 —0. 38 18 255 —2.32
7 90 —0.91 19 270 —1.32
8 105 0.11 20 285 —1.97
9 120 —1.18 21 300 —0.42
10 135 —1.83 22 315 —2.64
11 150 —1.46 23 330 —3.54
12 165 —0.85 24 345 —4.02
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Fig. 8 Setup of length measurement reference
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