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Fig. 5 Schematic of the proposed cumulative error reduction method. (a) Schematic diagram; (b) flow chart
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Comparison between the proposed variable benchmark method and the traditional method. (a) Displacement tracking

comparison; (b) cumulative error comparison; (¢) error analysis
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Table 2 Measurement system calibration coefficient calculation

Trial . . . :
N Moving distance /cm Displacement /pixel
0.
1 25.0000-25. 1000 22.4015
2 25.1000-25. 2000 23.1301
3 25.2000-25. 3000 22.9188
8 25.7000-25. 8000 22.7136
9 25.8000-25. 9000 22.5677

PR BB B AN
e=<21‘,-)/nd , (20)

A e, S AH AR TR AR 2R A o DU AR d R T
B g . e (20) TH A R AR 1 — MR R
B X 1 3] S PR BRAL RS S 0. 0436 mm,
4.2 FFREZNEBERIE

M A 119 18 57 B8 DU 52 36 7 &5, 2R A7 07 B B i B2
LR 22 0 M S2 08, 45 SR AN 10 BFoR o BLAHLEL 0.1 m/s
A)EIE Bl SE I e EAE N R R . CCD ARMLR
FEST R A 250 Hz, i BCRE R W EGE S @ 0 RN
1 pixel X 600 pixel, ¥ 300 £ F{Z 5 & e A7 00 & . AR 4%
BB 1136 0 BT, ik o 1A% 3 139 (B 120 pixels

B 10Ca) 7R T FT £ 5307 1) AH 415 it 437 4% DU 4t 118 [
N L E R AE e Hor RH AR i3 B i 3 L Dy H

MLIZ AT HITJG 1 RS 0 T PRl I 245 2R o 3 45 00 4 B 220 1)
GAE IR B G BB LGB AT, 8700 B A Wi i
KA 0~18 mm 1 Bl P, R i Pl 4 A7 % 0 o 245 S T 4
HER M BR BR R e LR . M B 18 mm f5 , &7 4k
BKRE, BRI s LR A S kG B i . e AR
FAR R IEAE R . & 10(b) A TR T ik 5 G G K AT AL
BTy BRUR 2T . T LLE W BEE R
ANWTEE T, SRR 25 RN W K (AR S K AT R B I
J7 i 0 BRR 22 U S BN R ZL B IR AR, e K R IR
23K —0. 27941 mm; Ir $2 55005 G iR BN, B AR Y i
K EFRZ A —0. 04364 mm , 3t 3 /N T1% 55 i1 I &
Jrik o P, G P S SR T TR R TR R AT R
ML Bl T3 B8 0 2 v o SR B 2 1) 9 DRSO | BE S S BR
AR MR BT Y HL ML Bl 0 FS RE E D
4.3 AEAEZEKTERRIRELL

h TR P R SR A K AT R AL T
T £ v Ay 22 AR 2 T Ak SR A ORG E  A AR
fE K T HE 3L 5 H AT B 248 A9 3 T 50T G G
7 (EPCA" JSPYY [ LUMLS"™ ) # 47 %F . 4 Fh
T 1% T AE 20 Mt 47 B ) 158 2 | SRR 5 2 R 15 25 AR Oy
BranfE 11 frs o Bl 11Ca) 2 AN [R] 5803k 08 A 20 i 457 7% I
HiRZE, LR B, M LT EPCA JSP fil LUMLS &
RE /i = N et IRV == a3 ) IR A S 4 N &
—0.0126~0.0097 mm, 5 UE T FF $2 5 3% 78 A1 48 Wi {37
B I RS B B A3, R e 22 A BB 25 31 DR (LA
BEFEAE . B 11(b) N AR R 22 T LB
EPCA JSP Al LUMLS = #h 75 3 i) B AR 2 # bl %5 17
R B0 AS W B, e R 4k BRI 22 A i s
0. 36603 mm 0. 48955 mm #10. 2372 mm , 1 i $& 83
B R R ZEWHEE D, R BRREZENLN
0.04364 mm. [ B8 X% b 20 8 T 4 Fp vk 1 SR

1112006-7



F43%5 F 11 H/2023 F£ 6 B/ RFFR

—~TTBM OF s
& 25 _.grating measurement ' et s s
S -0.05 '
(5] [}
g 20} E ~0.10 \
Q
2 15} &
-0.15
z 5 ~
3 10} = -0.20 o
-t
g 5f ~0.25 \*\‘\
3 + TTBM x
= o} P ~0.30} + traditional algorithm
0 5 10 15 20 25 30 35 40 0 20 40 60 80 100 120 140
Displacement /mm Displacement /mm
B 10 0 oRG BE 90 o Ca) AF 21 M0 5 915 FB 500 5 (b) SR AR 35 22 14 0

Fig. 10 Measurement accuracy verification. (a) Verification of the measurement range of adjacent frames; (b) cumulative error reduction

B 2 A iR 22 i 11(e) Fr s, M e Hofth = fb i
e 24148 2% (43 91 — 0. 08356 mm . 0. 2683 mm FiI
—0.07223 mm) , T & B &0 F ¥R 2R

0.01917 mm. LAl W, Fr 3 089 1R 25 /N, B B 4
T AB A T A B O A v 0 R AL B T AR

- (®)_ 08
@ 5 g8+ 5 EPCA| g <
2 ot JSP 2 o4}
25 0.04f ! owlhldlr 14 ' i) =
Eg R T £, I A . " w, |7n 5 0 g 7
€3 of e 3 . 5 =. \
£E \ AL e 1 Ak Bkl £ -04r | EPCA(DW\‘V- 1
§E-004f" | T T 7Tt e N JRER T 3 JSP@
=8 | . "t 2 08 | Lomis®
< 2 -0.08} . i =
; Sl T i -
E 012l . - - P ; ; - : s - - s '
0 50 100 ) 150 200 250 300 0 40 80 120 160 200 240 280
Signal sequence Measured displacement /pixel
© 14f B EPCA
1.2} [ JSP
g LOr I LUMLS
a 0.8f I TTBM
o 0.6f
g 04r 0.30745
= 0.2F i
0 0. 00582
_0 2 L 0. 08514
-04+t
0.6 N 0. 18091
MAX AVE

B 11
Fig. 11

AN TRV B0 % FE o Ca) A AR TS A% 0 Ak 15 22 3 LE 5 (b) BBURERT L 5 (o) BAIR2E 40 #7

Comparison of different algorithms. (a) Comparison of displacement measurement errors of adjacent frames; (b) cumulative

error comparison; (¢) cumulative error analysis

4.4 AREIEZEHEMITEE

SRR Z MY L 5 5 R g0 0 B A G, D
R 0 06 RS AL AT AL 5 1Y B B Ef 2 2 I RCR B
e MR T 52 ) D 5 R GE OORE JEE o Oy TSR T HR
AR [FDG IR 09I 5 & o 1, AT T 2SR K
12 J 7R T AN [RGB B B8 580 35 A ) o 52 22, D SRS
[ G X S . B 12(a) R T i &
BAE 3FARFDE T 0y B R 2R, v LI #] 75 3
FhAS ] 9 S REERSR , JUr 4 B3 v 00 i 1y 3R B 22 49 il
J70. 04364 ,0. 04862, —0. 03505 mm , 1% 2 Fifi % % 1R 3
BE A A & A AR b B SR RELR Z R A e /N T
0.05 mm. [ 12(b) 878 T 7€ 3600 Ix Il 6 AT T,
BT 7 vk 5 A = R 5 vk BRLER X 1,

EPCA . LUMLS 1 JSP 5 ¥k fir K iR 22 5k 8 T
0.3116 mm 0. 2212 mm F1 0. 1254 mm, 1fij i $2 54 v 1
SR Z /N ALK 0. 0436 mm. H f1 & 12(c) A] gk —
kB AE 3R ASTR] ) BRI B Bk Y A KR
FEYENE AR /N T HA = AL . R, A L Al T
JIT R B A 3RS S BRI BE T #0 EL A AR = i
K R R
4.5 AFEEELEMHEITEE

Xt T HLHL B T 00 B W i R G, B S R 2
SER B SR . PTREL SRS 1T L s S R
SRy B UE T HR B ST PR A LB AT TR R Bk 5 L
b B A RE I, A 56 3 BT, X 300 41 5 56 FE B E AT
k.

1112006-8



F43% F 11 H/2023 F£ 6 B/ RFFHR

(@) _ 0.100 () 02
E 0.075 | é 0.1
= 0.050 F o
o @ S 0 O]
E 002 mmcg E v S
E 0 re - . QZ’ -0.1 6]
§-0.025F e Ve e =00 S 02} ~EPCA® ®
2 _.050 | - 36001xW) - z ~JSPQ) W SRS O
z 6600 1x2) £ 03} LUMLS® o
O =0.075 | e 10200 1x® o j‘jTTBM@
-0.100 & . . . . . 1 -0.4L 1 1 1 . . 1
0 50 100 150 200 250 300 50 100 150 200 250 300
Signal sequence Signal sequence
© £ 05 55 EPcABBBLUMLS Bl JSP Il TTBM
‘g 0.4}
[} 05 ’0.3116 555 0.3223
§ . 0.2537
g 0.2212
g 0.2f 17 0.1667
& 0.1254 10
£ 0.1f
S 0.0436 0.0486 .0351
n
z
3600 1x 6600 1x 10200 Ix
Tluminance

K12 SRR L o (a) A [l 6 IR I 4 52 22 08 FE 5 (b) IO IR A [l 333 iR 22 01U 5 () i 28 70 M
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Reduction of Accumulated Error in Linear Motor Mover Position
Measurement Based on Self-Adjusting Measurement Reference Chart

Zhao Jing, Zhu Long, Wu Zhenyu, Dong Fei’
School of Electrical Engineering and Automation, Anhui University, Hefei 230601, Anhui, China

Abstract

Objective In the high-precision-long-stroke manufacturing system, precise servo control of a motor determines the
machining accuracy during manufacturing. Moreover, the value of the motor subposition is an important signal in the
motor feedback control system, which determines the control precision of the linear motor servo system. Therefore,
analyzing the position measurement algorithm for a high-precision-long-stroke linear electric motor is crucial. Currently,
the linear electromotor measurement based on a digital image is mostly a short-stroke measurement and cannot achieve
long-stroke precision measurement. However, with the continuous improvement of precision manufacturing requirements,
the need for the accurate measurement of the displacement of long-stroke linear electric motor becomes extremely urgent.
Moreover, unlike the two-frame image measurement system in short-stroke measurement, long-stroke measurement
comprises a multi-frame image measurement system. The number of frames increases as the measurement distance
increases, resulting in problems related to error accumulation. The cumulative measurement error is the most important
factor that affects the measurement accuracy of rectilinear distance displacement. Hence, to address the issue of error
accumulation owing to the displacement superposition of multiple frames during the measurement of the linear electromotor
subposition, an error reduction algorithm based on machine vision with a threshold transform reference map was proposed

herein.

Methods In this study, the phase correlation algorithm is used to obtain the whole pixel offset between two frames
rapidly, and the corresponding distance of the registration image is translated to decrease the displacement deviation
between the registration image and reference frame to <1 pixel. The gray gradient algorithm is used to measure the
subpixel displacement of the translated image in a small range. To improve the measurement accuracy and range of
adjacent frames, then, the reference map is set, and the displacement images at different moments are registered to obtain
the displacement value at specific moments. When the displacement between the registration map and reference map
exceeds the maximum measured displacement between two frames, the transformation threshold is set to dynamically
adjust the reference map. Based on the number of threshold transformations, the dynamic - real-time position is obtained
using displacement superposition. Compared with the method of stacking adjacent frame displacements to obtain long-
stroke displacement values, the proposed method can effectively reduce the displacement stacking time and cumulative

error.

Results and Discussions First, a one-dimensional image measurement system is designed based on the one-dimensional
rigid body translation of the linear motor, and one-dimensional target images are generated and optimized to improve the
accuracy of the measurement system, as shown in Figs. (1) and (3). The measurement range of the adjacent frame image
measurement algorithm is optimized, and the measuring distance of displacement between two frames is extended, which
lays a foundation for reducing the cumulative error. As shown in Fig. (6), the measurement range of the improved
algorithm increases from 1 pixel to 189. 54 pixel. Finally, the cumulative error reduction approach for a self-adjusting
reference graph is proposed, which can reduce the cumulative error by ensuring high-resolution feedback from all positions
through the changes in the reference graph, as seen in Fig. (7). The feasibility of the proposed method is verified via the
experimental data in Figs. (10), (11), and (12). Fig. (11) verifies the feasibility of the proposed method, and demonstrates
that its measurement accuracy is higher than the other methods. Fig. (12) verifies the robustness of the proposed method,

which maintains a high level of measurement accuracy under low illumination conditions.

Conclusions In this study, by improving the measurement accuracy of adjacent frames and decreasing the cumulative
error, the long-stroke measurement of linear electromotor displacement with high precision is realized. First, image
registration is divided into two parts: whole pixel translation and subpixel high-precision measurement. The accuracy and
range of the algorithm in adjacent frame displacement image measurements are improved via step calculation. Then, to
reduce the cumulative error in the displacement measurement process of long-stroke electromotor subunits, a threshold

transform reference graph is added to reduce the cumulative times of displacement. The feasibility and effectiveness of the
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proposed method were verified via simulation and platform experiments. Experimental results show that compared with
the traditional algorithm, the proposed method can effectively reduce the cumulative error by =>80% and exhibit better
cumulative error reduction under different illumination conditions. Therefore, the algorithm proposed herein can
effectively reduce the cumulative error in the long-stroke measurement, which is conducive to the realization of high-

precision measurement of the long-stroke linear electromotor displacement.

Key words linear motor; long-stroke displacement measurement; threshold setting; variable reference graph
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