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Abstract:To address the issues in absolute linear displacement measurement where dual-track structures require a large installation
space, amplitude-phase matching errors among multiple sensing channels tend to accumulate, and induced signal amplitude and signal-
to-noise ratio are insufficient under compact installation conditions, a design scheme for a single-track absolute linear time-grating
displacement sensor based on multi-frequency magnetic field coupling is proposed. The sensor integrates coarse and fine measurement
units within the same track space, employs a dual-turn combined excitation coil structure to enhance the normal magnetic flux density
within the installation air gap, and realizes absolute displacement calculation through time-division excitation of the coarse and fine code
tracks, grounding of the non-working code track, and heterodyne frequency-downconversion processing. First, a transient magnetic field
coupling model of planar coils is established, and the magnetic field distribution characteristics of different coil structures are evaluated

using the average normal magnetic flux density, magnetic field standard deviation, and normalized uniformity index. Subsequently, a
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sensor model is constructed based on the principle of relatively prime pole-pair numbers, and periodic errors caused by unequal
amplitudes, spatial quadrature deviations, and magnetic field harmonics are analyzed. Finally, finite element simulations and prototype
experiments are conducted to verify and evaluate sensor performance. Simulation results show that, compared with the conventional time-
grating excitation coil structure, the dual-turn combined excitation coil structure increases the average normal magnetic flux density by
21.26% , which is beneficial for increasing the signal amplitude and improving the signal-to-noise ratio. Experimental results demonstrate
that the sensor can achieve absolute displacement measurement within an effective measuring range of 206. 4 mm, with a resolution of
approximately 0. 17 pm. Under the optimal installation air gap of 0. 5 mm, the peak-to-peak error within one pole pair is 5. 63 pm, and
the full-scale peak-to-peak error is 6.42 wm. Featuring a compact structure, fewer sensing channels, and strong engineering
practicality, the sensor provides a novel and practical solution for miniaturized high-precision absolute linear displacement measurement.

Keywords : linear time-grating displacement sensor; single-code-track absolute measurement; double-turn combined coil ; magnetic field

performance evaluation; coprime pole-pair numbers; heterodyne frequency down-conversion.
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Fig. 1 Single-layer zigzag current-carrying coil model

(b) Zigzag coil model
(b) JLFLRERA

ARG R B -k R E R 1 (a) K SPECP LR
JC 1AL 7RSS 6] g P AR 77 A B G SRR 0 5 B R AT AT 5, W A
B2 AR AL P ARSI B, (1) PR,

}Lold_[ xNP Mol (mty
B, —de —J' . “W))‘* —4Tr ﬁzfo, sinfdl
(1)
Kot s wy TR ARG SR NP R HL i E S 25 ) b AT 25
AP HIBEE
WE 1(b) iR JLFEIELAER BC.CD DA 4, X}

AD B s Ry 453 B, = (2) B
Mol
B, =m(cos 0, +cosb,) (2)
1 IR A JRR N, 2k P TE X U £ B, PR NS A T, B
T B RE RA S H i Ry i B, W BER
BC .CD Bt H vt By, , M B, ,, 818 5 i #4
R BREi B, , 1 (3) Fis,
pol (a—x)
il (atn) 42

|: b—y N b+y :|
' +
(b=y) +(a+x)’+z" /(bty) +(atx)’+7"

a—x )
ol (b=y) |/ (a=x)"+(b=y) 42"
am[ (b-y)*+2%] a+tx

[/ (atx)*+(b+y) +2"

by N
Mol (atx) « (b=y)’+(a+tx)’+z" (3)
4ml (atx)?+2"] b+y

L/ (b+y) +(a+x) +2 ]

TR 07 203 T 300 | T B WA D O 1 1 R [
SRR BB A 43 A | M 5 i LS T 28 P8 4 1 L b
XA A 0 T 4 i 1 % T S 30195 10, A R 5 8 BBOUE
ISP T 2 i) R 3 B, A K ST 42 T B i 6%
PR AR IE SR X I A AR Y, S BOT B A A
YRR 2 e TR DX IR 9 s S RSB I L, R | B, | 36
A AR X 358 P 92 1) T R R A0 3 1) S PR (K OF 1% v
AR AT N, B, 55 ¢ A WL A5 Ak 1 355 16
R SRl B, VU2 X S ph 2 16 I 3 1 - 4 o
R (4) R,

B, |-
VA _N“_

. [ B, [FEFRAT b2 o W X 458 P R 42 43 ) 43 A5 14
— W BE A BT T SR A X B 3 3 4 R
55 B E M A

SR R X8 P 40 431 AR T2 7K - 14 35 30
B BIAE R BIR B R % o, W3R (S) BTR

1 ,

o%=waa_1;<&J—Bz> (5)

B i 2 15 Sy FAE B BOBCHE D 3 BRI A S 4 3
BE A EH T RE S 4 A VRO 16, TR e 4% WL 5 4k B
FOOE T DS 24 18 [ B, [f B B L LA /1N, 2
W25 A1 SRR ES | G 43 A MY R 5] 3l V- 1
S A R O A 1 T REAS PR ME 22 T3 T ) [ 1
ET,

> 1B, 4




57

WUk AR 25 2GSRI 0 S 20 X B AL A% A e 59

T BLAE HR , BCR R bR o 22 AR R IR 7 1) 4
X U BI R X LA HE B A [R) £ el 445 4 10 3 s A1 2 5 % 3
Wras R, B, #E—20 w8 SUH — 1G85 5 v 15
br U, 1n=(6) B,

Op
.

U= x 100% (6)

B, |

U EAR ST 18 T — kB B 16 R . %8 bR RS I
SN [ 2 P 235 A Tl 20 W 08 2 S5 6 S0 405 SR P S, iR
[F 225 480 =2 W B s 0 44 S LA T L U (/N
B X 35 P S A X SRR | 3 A Y S A

L, |B, | o, B U5 HE: 3855 4 %t s
FAXFE 500 3 AN D7 TP SR 42 P e i i . TR
KPEUB T EAM TR S RO BN 1 R,

x1 HEEBRLZBERELSH
Table 1 Simulation parameters of energized

excitation coil
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Fig.2 Magnetic field distribution of single-layer zigzag coil
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Fig. 3 Double-layer complementary coil model
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complementary coil
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Fig. 5 Double-turn combined coil model
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Fig. 6 Magnetic field distribution of double-turn combined coil
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Table 2 Excitation coil magnetic field characteristic

parameter comparison
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Fig. 7 Electromagnetic coupling model of the double-turn

composite coil
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Fig. 10  Single-code-track absolute linear time-grating

sensor structure
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Fig. 11  Absolute displacement signal processing
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Fig. 12 Principle of heterodyne down-conversion
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Fig. 13 Schematic diagram of the sensor zero-position design
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Table 3 Correspondence between pitch index and

displacement difference
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Fig. 17  Error spectrum distribution of coarse and fine

code tracks under different air gaps
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Table 6 Statistical results of errors for different

installation air gaps

LR IRFEIRI EeRE X 15 24
mm {6/ pum Brik k SrEIRIE/ wm
0.2 6.10 2 1.40
0.4 5.81 2 1. 54
0.5 5.63 2 1.29
0.6 6.20 2 1.21
0.8 7.17 2 2.86
L0 7.21 2 0.75

M2 6 T, 0. 5 mm L2587 F) 15 25 I 08 {1 I
AN AR 5. 63 pum , FRETZ RS T HURh 2 Bl 5 8 2
B 22 [] AR B IR A s A BRI R A S i
WXL, BEESB M 0.5 mm 4kZ24 K F 0.8 F
1. 0 mm , 1522 0 W {F B S 34 K, 6 B A B AT K 25 11l 55 H
RERR A SR I L e T WA | DT 552 1 437 % 0 0 s
& R AR A T AL B 1) 3 A R 22 B ik
WIRGEEPTE k=2, B FMREN K S50 5L R —3
FHRAERB N 0.5 mm, 505 FAHELSPR 0. 4 mm FE7E
IR 2 . ZRA R 22 IR IR A5 S B SRR T
ASEELME  BEHX 0.5 mm fE AR LR SBR, ILARMT,
E— 25 AL A HILAD T8 B4 XoF W P9 15 22 R A7 4 A, 465 SR
21 iR,

AL F/mm
(a) REESBR T REHLXIIR AR 2 2%

(a) Intra-pole error curves of coarse and precision tracks
under the optimal air gap

Fa47%
3r
7t ——Fil
—— il
6k
5_
g
1@4
,%3_
2t
]_
1 D SRR SR SRR SR SR S
0 1 2 3 4 5 6 7 8 9 10
RZEMIR

(b) BAESBR T LR AR Z S
(b) Intra-pole error spectra of coarse and precision
tracks under the optimal air gap

& 21 FARAE R KT AR N 1R 2 KOS
Fig. 21

precision tracks under the optimal air gap

Intra-pole errors and spectra of coarse and

H I 21 A) 0 AR AR BR 0.5 mm S5 F 4,
KA ML TE X AR P i3 25 15 S R R P A R A . S5 005 B4y
Bl S50 1R 200 1% v i B 2o B (P AR /)N, 2R B AR
PR 22 F B P AEARIR RS, 20 LA R iR (A
AT EPURSE R IR E SR I E A k=2,
RS IE R k=2 4 i iR (E P e & RS ALAS A . 1245 1
5005 EARE AT — 2, B AR W SRR BILAE SE B i TR 22
BT I FEREAIRFR I R R R 25

MIRZENLIRE 2 R R T i 22 2R IR T L PRt
WA S WEtE R WS . X F ARV R L5 H, SIN/COS PH i
PG A MR AR AR — 0 5 A IE RS O R 25 ARV 4% el 2 24
PRk A B S 38 AR AN 389 5 S TR 3R 2 4 i S B s (] o
At (x) AT THAR A Ary(x) P2 AR FAIITE R AL |, -5
R RS TR 22 T S iR 22 R E AE— 1 B Y A 1R L
A2 B FR S P GRS AR AR AE, PR I e AR AT v 2 R
M k=2 G,

[l RS IE =2 2 ki (8 & TAS LIS E , 3= 9
FEAIURE 3 X 22 2 Qi 22 AR S 0 A AN B S B Infgusk , X 5
FEMLY FEAR TS B X 3 5 v PR SR s A B AR A X
HA GRS m ] B A G, ML T KL IE %
TR HE N A0 50 S AT 55, 78 S AR SR A T 1R 22 1
BN FRIWL TG ) J S I RS

TP AR IR AL R E AL N R M S SRR
I3 KRR AT 1 R M, 25 R A 22 s,
WHERFERFE N 2 s, HEERE S 000 N5 S, |
P 22 (a) [T st A R (R0 o 15 2 1T 2600, T 5 st ) ot 15 25
HARPEHIAE 1 wm DA, IR IR HA B0 1 K i ) B
FEPE; FRIEL 22(b) FHRESRAE ZE ST 45 SR T 0, AH AR R AR
Z(H FEAETTE 0 F20. 17 wm Z ], UL f& R e 2
A TE W A5 BE TR



57

WUk AR 25 2GSRI 0 S 20 X B AL A% A e 69

0.4

0.3

<
o

=

WERZE/un

-0.2
-0.3
T S © O OO 0SS e
\) \ Q \ N\ \ Q \ \) \
9 N \% ,»Q ’1«6 G’Q ,,)6 D‘Q bf’ ‘>Q
(a) F AR 52 AL B R AR AT
(a) Stability analysis of sensors at fixed positions
0.4
0.3
02
[l HH‘
g 0.1
s | Il
g0 “\
=
2 -01
I \
-0.2
-0.3
_04 1 1 1 1
%QQ QQQ c)QQ \ %QQ QQQ ‘)Q QQQ %QQ QQQ

(b) HSBRIEZE

(b) Distribution of differences between adjacent samples

22 fRRERERETE T
Fig. 22 Sensor stability analysis

R XA T AT T R A ASORS EK

o R

206, 4 mm, MR K 0.2 mm, 23R4 1 033 &

PIBRZE /um

SEAANIE 23 i,

[ EBREmE - SEWREE 200
3r {180
2t 1160
] - 1140 E
. ‘ {I I 120 %

L TR B
1 ‘ s &

) Yoo
i 140
? 420

74 L

i L L L L L L L L )

0 20 40 60 80 100 120 140 160 180 200
AT AL /imm

&1 23 (B R AR s R

Fig.23  Sensor full-scale test results
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