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Influence and monitoring of yaw angle error

of grating pair in transmission grating displacement sensor
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Abstract; The yaw angle error of a transmission grating pair is an important factor affecting the
quality of the grating signal, but the existing mathematical model cannot accurately reflect the
influence of the yaw angle error on the quality of grating signal. A mathematical model of the
Lissajous figure of the grating signal was established in this paper, considering factors such as the
performance parameters of a photocell, installation position of the photocell, and the angle error
between the indicator and scale gratings. The influence mechanism of the angle error in the yaw axis
of the grating pair on the shape of a Lissajous figure was studied. We found regular mathematical
relationships among the eccentricity, tilt of the Lissajous figure, and angle error in the yaw axis of
grating pairs. The relationship is verified experimentally. The relative error of the eccentricity and tilt
of the Lissajous figure obtained by numerical simulation and experimental measurement are less than

1% and 3%, respectively, which verifies the correctness and effectiveness of the proposed
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mathematical model. The established mathematical model and the numerical relationships found

provide a theoretical basis for signal quality adjustment in grating production and real-time monitoring

of yaw axis motion errors of moving parts (reading heads) in use.

Key words: transmission grating; angle error; Lissajous figure; error correction; eccentricity
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Fig.1 Schematic diagram of transmission grating system

S L AR ROBME GL A T4 R e G2
3AWER: 2 8 At B, i A EK$ A (Roll, Pitch,
Yaw) ik, BARROEHE G1 [ K 8l . 48 78 et
G2 Wy X #hizgh, @ s R E AR R, K 2 fr
RLHER M G2 58 X S 2 Roll ), 58 Y
HIESE 10 Pitch 1,48 Z 3iEHLI2 N Yaw [,

= HEG2
Yath
- FrROGAIG
0
@ v
7

X Roll
K2 YEHERIEG Roll, Pitch, Yaw [f] 71 7 £

Fig. 2 Schematic diagram of roll, pitch, and yaw

directions of grating pair
3 HKFRAY

S AR g bR ROEHE GRS 7R 6
G2 B NEETEI N a RIS R d, W2 (] 4 3R 35
Hv=1/d, BEEFRROCH G1 MR 5 A 7 1 R
X5l ShR ROEHE G1 MR A5 89 5 10 Y 4, ]
AT 3 IR B A AR R . R TR
A EAR ROEHE G1 B bR ROGHE G119 38 3T R %L
Ly () R A

1B hd—2
L](I): 2

0,3EFE AKX

<x<kd+§

(@Y

ﬁ*:kﬂg%{ﬁvkzoailyiza"'o
2 (1) A o] 40 ek 5, ] P ol B e 2 R 5
oL XKk

Li(x) = > Asexp(i2nmox) ., (2)

itEP:A,‘Zgasinc

1,42,

e L L LS e

K3 Ll B A AR &

Rectangular coordinate system of grating

Fig. 3

Bebn JOEME G1 8 5E . 36 23 D6l G2 2 XOY
1 N AEX R KOG G1 iéd% 0 fa . IF7E X 3l 7 1)
RN 2 CANE 3 FroR) . SEBR R H, 0 1 —
AT 6%, HIE 3 AT UL, 0 FAS /N LG X
T FRAR L it i U 3 A S R A B 2 A8 R, AR R Ak
PRS0 il A5 48 78 et G2 37 5 pR 450 il B 0 e ik
AL (N

Ly(x— ap,y) =
Z B,exp{i2nmul (x — x)cos O+ ysin 8]},

mo e

(3)
itEP:B,,,:Easinc m%]j}{@@ﬂf%ﬁ,m:o,
+1,4+2,--,

i br ROGME G1 Fdg 7= et G2 2 [8] iy [
BRAR /N, T 220 AT, AR (S B AE R T, B8
IR SRS FE ST PR L AR ROEME G133 5 pR 4
L, Co) FHE 7R G G2 35 5 R 8k L, (o i FL
Bl

Lay=L () XL, (x— a5, ). 4)

R B IR 2% B0 e B % 0, 24 b ROBEME G1

R EME G2 BIMHEE d FUAE A AL A% 0 NS,



5 10 1

FE—,F B FHEMA R AL B T OEM R Yaw [ 32 £ 157 22 B4 52 ) A 2157

BEE Je A 0 B9 AL SR SR SR w 5 05 G pR R
Lzﬁﬂ[ﬂti‘é?\

Ly = Li(o) X [z(x— x,y+ w) =

2 A exp(i2rnvx) X

Z B,.exp{i2mmu[ (x— ay)cos 0+
(y+ w)sin 0]} =

2 Z AHBmeXp{(iZT["U) ><

{nx+ m (x— ay)cos 0+ (y+ wsin 0]} },
(&)
Hrp R RS w 56 RE o G R e f
OAIHRAER:

d . d
~y (6)

2511’1?

WA S 2R ROEME G1 Emdeam A 1L, WA
SHCg R e RS | A ) 59 SR 2 80 Bt R
L 4.

[.= I, X Ls. 7

D 1 GG 2 R G L B TR B S
SR G AR X 12 Bl B A5 B Y 0 R R S W K AR R
b JEMHL B EE T 2 2 A AT 5 L A SE R
Hh B SRy i L AR R 7 A R 1) B K A% B0 O AR B 2
ARG, ZFRGH RO T U HOE L, 43 )
WA ALBL Ay By IR RS — F R CE A — D B
IRZRBUAII . AR S A & s AT A, & Ol
M OC T2 R o BYGIR I3 A0 2Rk 40 oy

pte

Tay Cap) :I I.dw, (8)
P
pt2c

Im(m) :j ‘ L.dw, (9)
ple
pi3c

Le(a) = | Tdw, (10)
p2c
"pldc

Im(l‘o) :J L.dw, (11)
pH3c

Hobs p 9o Ay BRCAL B AR AR B 5 ¢ ot
R I A EOE T RS . SR AR 0 BEA R ZE I
L ITAF B O TR SF 5 — A 3R 4% S0 A
AL H

w=§f. 12)

AR 3 0 Fi B 8 D B B 8 A RO L Y D e
et 2B Kar s Ky K » Kig » W2 BOG AL

T BTl A R TR 3

Ui Cay) = Kp X Ta (o) s 13
Ui (o) = Ky X Iy (o) s (1)
Upe (o) = Kaz X Tao (o) (15
Ug, (a5) = Ky X Iip (). (16)

S BT T B B R A B B R AR B
YUK FE R AR AR A2 22 180° Y L IR A5 5 8 22 43
Ab PR, AT DL B AH A 22 90° 1 AL B M 1R 5
AU, Cx) Al AU, () s iR A AN .

AUACxy)) =Upz () —Upgo ()
AUg(20) =Ugy (a0) —Ug, ()

K AD EOEHHE S R 5= D & T A%
80 FE . B A% 0 B JL A s 5 A8 bR
OCAU o » AUg ) » A 57 40 BB 1 4% i 19 A 45
Fi(AUA » AUR) G=1,2, =+, ), W F % 40 &I
2 5 B AR s Y BE S R

D,=|OF,|=

an

(AUp —AUND 2+ (AUg — AUg?
Gi=1.2, ). (18)
PRARZR AT B A B2 a0 DB Sy — > R B 7R R
FRAESSAE R L RIS i B T S ALE AR — S iR
WG AR A X B M R A B B KR A L =
max{D;},/G¥% [, =min{D,} ., KCHEHE.LFE
e AL A = AN I 1Y e PR B, HoE LN

e::__ﬁéli__ihﬁ_. (19)

AR SCHR Y B R B2 T OB S A B
K L s 5 Bk A B B o, Yaw (1] & £
0 Z [8) f 56 Z& i FH 32 BILVE B R AT 5 06 R 280 Ml
U7 LR TR S B Yaw 1] 32 £ 5 22 X 17 1 ]
B AR PETIE o kAl B A B A AR B RS Yaw
li] Je £ 1R 22 2 [8] 1 HLAEE

4 AL

DIMERE d=20 pm, BCAETEE a=d/2=
10 pm, YEHMEEIJEf 6=0.5°, ASFE58 1,=4.5 cd
A R g . AR E 2K (6) T A SR SR A
JAW w=2.291 8 mm, WX (7, /]G AL
=0 B I BLIR S5 80 Bt sR Lo 9 4 A &L
Kl 4 B,



2158 e KE LR %27 %
Intensity/cd
Ty
W s L L L 1 L mm
3 St -0.03 -0.02 -0.01 0.01 0.02 0.03
= y 2R
Al ]as] (O EHLT A #9633
. . (o) Light intensity distribution of photocell A
Bl 4 =0 B BR800 LAY 43 A MO A .
. s Intensity/cd
E R A
Fig. 4 Distribution of Moire fringe emergent light

intensity I. at ay =0 and arrangement diagram

of photocells

SRy 7 A AR BTG L Y SR R 4 Ot
AR R T A — > BLIR ZR SCE N WL 4 R .
WP OGHL M Ay AURE AR BR p= 0. AH ARG HL It 2 (7]
PEMZE w/4. BIFERGS ~RAD 7] 4 Hob
FL O TR oo BYGSR A, I &l 5 i,

Intensity/cd

. . . . . ~ mm
-0.03 -0.02 -0.01 0.01 0.02 0.03
(VR Ay 1GR3 10
(a) Light intensity distribution of photocell A;
Intensity/cd
. . . . . . mm
-0.03 -0.02 -0.01 0.01 0.02 0.03

(b)YGra it B #6587 A1

(b) Light intensity distribution of photocell B,

Z0.01 00l 002 003
(DYl B, B3R A
(d) Light intensity distribution of photocell B,
K5 St A LB LA, B, BTR S

Light intensity distributions of photocells A1, By,
Ag B and Bg

~0.03 _Z0.02

Fig. 5

WIEX A3~ 16), B Ky =Kz = Ky =
Ky, =0.45, W15 4 BB TR x i
FLRRIZE . &l 6 ris .

U, /V
5 —,
— Uy
—U,
—Up,
— mm

0.01 0.01 0.02
1?16 j‘ﬁ[t_ljji]‘ AlvBlv/\Z’BZ E(JEEJ‘I—:&}’%E
Fig.6 Voltage distribution of photocells Ai» By As.and B,

~0.02

HITE 6 T LA 4 Beot o i th i i 5 5
TEAE AL B AR 22 90°, IF 35 0L A AE 5% 3 20 A
AR A7) CREE 6 AR AR 7 25 180° 1915 5 i



104

TR A 1B SO RS AL AR OB R Yaw i e £ 15 2 A5 e A 2159

EEE BRI 22 90°8 AL B FitHE R[S 5
AU Ca) BT AU (o), Bl ALB MG S X TR
xo WHL R ZE M2, nE 7 iR,

U,/v
0.4
——A phase signal
——B phase signal
0.2

20.02 L0.01 0.01 0.02

4
K7 ALBPIARE 2

Fig. 7 Voltage difference waveforms of A and B two-phase

DL E A BT TECHME R Yaw e A iR,
R A VR A R 22, Ot LY A O L RS e R B 5E
G — BN AR S T AT G Rt A B dn DR K
E—ERLE S,

A SCHR H G E S R R AT DL AR BRCIR B AR A%
PR BRI = I . et El Yaw m e /iR 22 4
A= £0. 06"} Ay ST 5 F 5% an (€18 an 14 8
e MR Yaw ] 32 f i F% 04 iR (5 A ] i
J7 1) AN [a] B, A5 2810 14 9 4 ) % 2 JEE 56 F 90 Ak bk
B AXTRR XA RS WA & (02
AHE, FERZALEENFERZEME Yaw
] A R FEEE Y 0=0.5°, A0=+0. 06°XF W Y 0
B3 5109 0. 56°F1 0. 44°, 11 H 5 G 58 i 15 5
() e (7 — Y R AR o O Y PR R R, T
RS 0 (B R A B A B2 0 BB 5C T 90 Ak bRl AN
X B R PR R L R R AR R A T AR

0.4

o
S

g
=3

U, B phase signal

|
R
)

-0.4 -0.2 0.0 0.2 0.4
U, A phase signal

K8 e S A EE an iR 07 5

Fig. 8 Simulation of Lissajous figure of grating signal

5 SkhaAr

S A K OCMHE R BB R
W AR AR AL CAnE 9 B . Hod Kok
W% B2 A [ 7 7 L R 8 S K4l i R 45
AN IR N 880 nm, YEMHHEE d=20 pm. G
ZIZAE E £+ 5 pm/m; 7 A% 85 O RIGOL-
DS1102E, K G MHE JE2% A bR RO 1 22 16 i 8
AR R BCKE E Al S L, B
B e s LM 5 bR ROG SO %42 3, 7T
HALB I IE ZZ LR TR A L 40 il 4 A B
NIRRT . JEMEE] Yaw 17 32 £ 1Y
Bt I Y R A G e B Sk T A U R R T S
M. 2t 5, A — Y0 Y, U R AR KT B NE A%
180° % 7 B YEHIE &I Yaw 1] 32 /5 29 2k 28 0. 01°,

RER AR

FOLHR SN
P9 SEMER] Yaw [ 3¢ #1522 Il a4

Fig. 9 Test device of yaw angle error of grating pair

Seusd, DUOGHEED e A 0=0. 5°4b A AL E
(BRI AQ=0°4b) , SR | H b 1) 48 %6 137 ¥ 38 7 1%
e faAb BEAT TR AR L LA 0=0. 5° kb i 5% 4 1A
TR BIE . K5, L 0. 02° R4 K, 43 51
BT 10 MAET AT B EMHE S R BE A EE X
10 A Je M B AL 4G T 1F 9] #% F1 I 1] i £% 79 Ff
T, R R T B Bl ML R 22 A9 R ) 5 i L 7 4
S E A ERE AT T 3 WL,

SRy T I3 1 U DR ) AN R B ) 4 g 1 R L O
P 58 R 0 B ] A S 5 A L e O R 45 A
Yaw [i] 3¢ Ff 15 22 Ab 1) 52 56 £ 4 &R UE AT T ¥ {H 1
Peab HATHE B LGSz . K10 o Af=
— 0. 174b 1 552 55 B8 40 A 8 I A BT LSS S A 1R 42
SRR EEMEIE ., K 10 84 5B EE 5%
SRR B RE 2Z AT SR A7 78 55 0 B B 1 25 5+



2160 e K TR 55 27 %

%2 52 B T AL B WA L 1F 3% 9 e . e o4
JEAE S AUA Ca) Al AUy Ca) 76 TF B0 JA 6 5 £ L ol
AN—FC T, A 0B,k S 25 AT DUl AL §00§ ,
207 POM AR B - H T B 3 S 5 A AR B 31_02§
HE— 25 2 S0 PR B T X S 2E _014» \
11 Efmﬂy‘ﬂa%/l\%%b%%ﬂiﬂﬁ s WA 204 -02 0.0 02 04 :—0.'4 ~02 0.0 02 0.4
S B SR A BRI A B R B AN EDE AUN AU
A= —0.08° AO=0. 08°
-%4&'
04 04 g
gy
S 0%
E 02 VEPEIE 200
&b — WA E 3
2 —HH -02
£ 00 -0.4
§ -04-02 00 02 04 -04-02 0.0 02 04
-0.2 AUN AUV
AO0=—0.1° A0=0.1°
0.4 Bl 11 OR[E Je fi 22T AR B an K%
-04 =02 0.2 0.4 Fig. 11 Lissajous figure with different angle errors
U, A phase signal
P10 807 0. AR R P A HCIE 10 6 1L 4 A DR T LU
Fig. 10 Lissajous figure at A= —0.1 (1) SR Yaw [0 92 £ 52 25 K (8 B O
“BW ' ’ [ SHEEW
0.4 Nbe = 04 WHE = 08 F1 5% a0 U A2 T S iR TR FEARRAE - 1R 1
02 g 02 KBl 00 Sy 5 B R S 4 il B —
§M ?M R AT
-0.2 -0.2 2 Et R Yaw 0] 9 £l iR 22 0 IE (B, Ot
04 e N -0.4 WHE = 08 F1 5% a0 R A2 T S iR 1R FEARRAE S < 1R 1
0402 o0 0 AU ACHIE ARy — = e BR A 0 7 532 6 i 101 —
A0=—0.02° A0=0. 02° VY5 B AT 2
al o Z ol e IEHRI Yaw [ & i 22 O F {0, A1) B%
o S T TN e mR R I (60 K2 R ok
2 00 4 92 g 70 (8 s P S0 7 2 L 19 35 3 W e K
2_02 (WL 3).
o4 . _ N B 12 13 iR et sl Yaw e M & A
~04-02 00 02 04 ~04-02 00 02 04 Bl L e DR 22 5 A % A B JE B0 38 22 T Y O
giMWo &}WY F LT A3 5% 9 5 R 0 P A4 A3 BE oA I
S N KB RRE 9 0 RD Z LB R
0.4 e :Zﬁ : i”m Bl 12 & 13 7] LUA Y 8006 07 B A 3 59 F g% a0 ]
i M
. 02 ~ " 5 52 056 75 3 B9 A B2 a0 BB AE 250 %8 e R
300 REFAIE o KT RG2S (R R — B il
-0.2 \‘% 0=0. 540 i = Y it 56 040 T 550 o S0 A B 4n &
04 s TERY B LR <0, 005 7, K 17 5 H0 775 W b 6 7

204 —0.2A8;\(;Vo.2 0.4 204 —0.2A8.9V 02 04 B0 R S R 25 AR R L B 12 PR AR X

A

AO=—0. 06° A0=0. 06° HALE .,



FE—,F B FHEMA R AL IS T OEM R Yaw [m) 32 £ 157 22 B4 52 ) A 2161

5% 10
0.7°1
0.60.
0.50_
.. ;ﬁ:ﬁ,\ 0.4°F
CHEIR
HigfE
-0.10 ~0.05 AIC) 0.05 0.10
Bl 12 BDR e SRMIRE MO KR

Fig. 12 Relationship between eccentricity e and angle

error Af
- -y
120°
100°
800 -
600 -
Y P
P, 40°
S B TR
mUHEIR 200F
— HAME
-0.10 ~0.05 AOIC) 0.05 0.10

F13 R o SRMIEE MK KR

Fig. 13 Relationship between tilt angle a and angle error A

Bl 14 15 fros o o B 12 18 13 HhEE
D7 BG5S Bds Z i 2208 . &l 14,/ 15
ST )7 B 6 0 e A 3 G R 5 A P B0 R
AR AR A R E . T 2oy 22D 4351
TS O 5 4t e A5 31 A% R 15 n D A
O A XTI 25 A FUBTAA AR 222 AL (LR D4y
A

|eei7@r‘

A, = *x100% , 20
Aw:wao%, 2D
Qi

Forbr s eq A1 a3 500 S 1 % A0 TR B0 S5 R £ 1Y
I, i=1.2.35 ¢, Fl a, 4390 J F) 6% 40 DI 2 o0
RN A S AE Cl BB BOHRAR 2D .

H1 % 1 AL BO(E (5 505 3 90 00 o A5 3 1
5% 40 TR 4 850 58 U AR 09 A X 35 22 43 31/
120 3 %0, T AR BRI A 5 1 50/ ) A G R 22 50N
B UE T AR SO ST B AR 1 1E A R RO

-
) 0.006f= =%k
I TR "N e
1 . e TR .
Pao e ooaf TR, A
o\ el ) "
I R
H Y D 0.002f RN
1 \ I P} I
K X ] . \ 4 \ o
L l-_ ~ 1y .1 Y ; 3 .AQ/()
-0.1¢-, v =0.05 ;005 K 10.10
e N} ! . ML) ". \
. : \ \
phoiN —0002f ; . '
L V! d [ \
,' B N ‘/~,L B ‘\l’ ‘\
W, LN et 20,004 v 1
I s e g : L
~ 1 "

Bl 14 BORZMESIMEE AOBLR
Fig. 14 Relationship between eccentricity difference and

angle error Af

AO/(°)

-0.10 -0.05 2,005 . 000
. A Y N4
.§.<'I-g\ 0.5F N \-“;7 ... \";

RTINS - -..“. Y A
’ he SArT N [ORPAAN ,.' Y
W S of voN s |
1y v
1
LI == Bk
KL R
[ - = o AKX
\ - HER
\ 2.0
\
\
1
1
25

K 15 MRt A EE SR AIRE AOER

Fig. 15 Relationship between tilt angle difference

and angle error A0

AT b 3R S MO T B O R Yaw i
S F i IE 1) BUS 1) ) i B oI O A B A 1R
AR i 15 T2 32 7 A2 O (504 A1 o AT ABL DR 457 5K
135 A I, LA il 2 L3 ¥ o O B8 T AR D
WHE 5 9 IE S PE e A 1 A2 Ak s A % a0 DR 7 el
Rl Yaw [ & Ff1 1E [ 552 16 fale Sh st A 894 Al -5 6
AR IE 1] 19 9 A1 A AZ L U T AR DS 5 10
SRR OR RN AR 5 M % A0 DR 59 I8 AR Bl ' R
Yaw [] & i 15 2 1 18 R W8 /)N 15 B 9 A D'
5 DR A A R A 14 [ 15 5 50 B S T s . B
EOCHER] Yaw [ e #1052 22 B i 1 O e S 5 )
W0 BUE BT AR B AL 15 i /1 o A% 40 DR 9 2
O, S 5 1Y I S M B2 (R 0
559 S BOCMME 5 24T 20 73 I8 BORs JBE B L fE 6
2 SR 1 0 R RO JEE T e



2162

5 27 &

F1 ERESHRBEMNEXRE
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values
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0.76 0.28 0. 80 1.76
0.82 0.45 0.71 1.80
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0.67 0.27 0.69 0.38
0.56 0.32 0.81 0.54
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