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Abstract: To address the issues of large volume in the dual-channel structure of magnetic field sensors and
code channel crosstalk caused by same-frequency excitation, while improving signal-to-noise ratio and mea-

surement accuracy, a design scheme for an absolute time-grid angular displacement sensor with multi-fre-
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quency magnetic field coupling was proposed. This enabled real-time absolute angular displacement mea-
surement to meet the spatial constraint measurement requirements in industrial applications. First, a theo-
retical model for the transient magnetic field coupling of planar coils was established, and the magnetic
field distribution characteristics of excitation coils with different shapes were analyzed. Based on the princi-
ple of incremental measurement, an absolute single-channel angular displacement sensor model was con-
structed; An absolute time-resolved displacement calculation scheme with mutually prime pole numbers
was established. Under a dual-frequency synchronous excitation scheme of 500 kHz (coarse machine) and
1 MHz (fine machine) , the high-frequency-to-low-frequency principle was utilized to resolve the contradic-
tion between high signal-to-noise ratio and high resolution under high-frequency excitation signals.
Through electromagnetic simulation and error analysis, the optimal coupling gap for the sensor was deter-
mined to be 1. 0 mm; Finally, a sensor prototype with an outer diameter of 84 mm was developed and per-
formance testing was completed. Experimental results show that the sensor successfully suppresses mag-
netic field crosstalk between coarse and fine code tracks while achieving miniaturization, with a maximum
measurement error of + 78" across the entire measurement range.

Key words: absolute displacement measurement; multi-frequency magnetic field coupling; signal-to-

noise ratio; displacement sensor
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3.1 EREEEGE

185 B L 7 05 B4 F ANSY'S Maxwell |, % &
6 JT 7~ 19 A% B 2% — 4k 45 A8 B Y K T AR ML 47
B 05 LAY o FRE D7 B S R0 N 3 2 iR
(3% v T R W 5 T 2 Ay A% JR8 2 TR Dl 2k P8l 5 %o iy e
i £k P8 22 ) A F /N 3 TR B ), HE rp g B () B R
0.2 mm, 5l FL U R (H R 0. 1 A RS BIL IRl L U
#1% k 1 MHz , FH HIL il i 336 401 38 Oy 500 kHz , 4
HIL KR HIL g% N 2% B8 1 o il 1) [R) 25 32 3, R B LA
0.2° Kz s — A iE 107, BF R E 0 1 ps, B

R2 HBEAESHEE

Tab.2 Electromagnetic simulation parameter configuration

Parameter name Parameter value

Excitation current amplitude/A 0.1
Precision machine excitation current
frequency/kHz Lou
Coarse machine excitation current fre-
quency/kHz °00
Excitation coil turns/turns 1
Inductive coil turns/turns 1
Excitation line width/mm 0.2
Inductive line width/mm 0.2
Matrix material Steel 1008
Coil material Copper
Coupling gap/mm 1
Precision machine simulation angle/(°) 10
Precision machine movement step 0.2
length/ ()
Precision machine simulation duration/ s 1
Precision machine time step/ s 0.02
Rough machine simulation angle/(°) 14. 4
Coarse movement step length/(°) 0.3
Rough machine simulation duration/ s 2
Coarse machine time step/us 0.04

] K H 0. 02 pus; MHLLL 0. 3° & Kia g — A5
PE 14, 4°, iH B 3R 2 ps, B E) 25 K R 0. 04 ps,
K HLRURL AL 53 514 50 4% Fi 48 2547 I i £, &
L3R .

12 BB R A 8] BN 1 mm i HLAL FORS AL
SR A7 5 S B LR ) T 5% R A R 2K
V7 B B I — 2% i BT A4 1 5% il 2, L oRL AL R
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24 VBl TR HL IR I 28 1) T % i 45 5 R 1 29 36
mV s B 5 AT 22 00 4 L HLERON A L fs 5
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ES K] 98 mV, X Hb B R 4k P A 5 IR R
PR T 20V 2 A, RS HLIE S 08 18 29 ML
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Fig. 13 Sensor simulation error analysis
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Tab.3 Simulation error analysis of sensors with different

mounting gaps

Installation Peak-to-peak Main error

Channel

gap/mm error/(")  frequency
Coarse machine
. 90
amplitude
0.2 2
Precision machine
. 54
amplitude
Coarse machine
) 115
amplitude
0.4 2
Precision machine
. 79
amplitude
Coarse machine
. 108
amplitude
0.6 2
Precision machine
68

amplitude

4 FIIHIE

4.1 EHHRIEFII

N T B A A R 1 RE AR b L R FH AR M
FR-4 Je bz X i PCB T 20/ 7 N 42 2 40 mm .
AR 84 mm BYFEHL, QI 14 B o Hh g pL

Ruler frong Ruler reverse

Dynamic ruler front

Bl 14  fR1E4R PCBAERL
Fig. 14 Sensor PCB prototype

Reverse side of the moving ruler
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N 240 MHz 9 = 43 B Bh 2 B 2§ 28 480, 240 43
AU 43 A5 HLALAD 38 FKS HLAS 18 B 15 5 50
R LR 484, 242 53 B4R S Ab 2 BRI S A
SR R UNE T 5 2 %5 5 2215 B 2200
F TR AR R (19) , WS ML I 1 MHz 3 Jih
BT IS I RN
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S
F
240 240
240 242
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F
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Fig. 15 Experimental platform
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Fig. 16 Excitation and sensing signals
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Fig. 17 Sensor stability test

& I F KT HLAVHLBIL 23531 iy 36 X 45 1 25 Xof A%
53 2H B, BT AR RS X A TR R ARG B T AR
L5 ), OGRS BILFOREL BIL 2 AT R A P R 22 A
3TN 8 I 1 1 N ] A ) AN £ 1 e s N S BT
50 r/min, 200 r/min, 2 000 r/min %% 3 10° f1
14.4°, 275 JE 2R 80 6 T X M PN 1R 25 il 2k 12 22 00
T 40 &1 18 A1 L 19 B 7, A [m) e 3T X6 i o 1R
2= B I o3 A5 a3k A T 45 il e R H AL 43
) P4 50 r/min, 200 r/min, 2 000 r/min 5] # iz )
B R BIL X A Py R 22 0 0 {43 31 O 667, 677 A
67" R AL X A PN 15 22 e W {23 Sl O 2407, 2417 F11

§8 /min 30,
- 2 g,

—+—=2000 r/min

Amplitude/(")

ST 234 567809 10

Location/(°)

0 5 10 15 20 25 30 35 40 45 50
Frequency of error/time

FI18 RS ALAS [ 2 I 0 i P 58 22 B 38 0 1 2
Fig. 18 Precision machine errors and harmonic compo-

nents at different speeds
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Fig. 19 Errors and harmonic components in the pole inte-

rior at different speeds of the rough machine
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Tab.4 Summary of pole errors and harmonic compo-

nents at different speeds

Measurement  Speed(r)/ Peak-to-peak Main error
channel min error/(") frequency

50 240 2

Roughing channel 200 241 2

2 000 240 2

50 66 2

Precision machin-
200 67 2
ery channel
2 000 67 2
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Fig. 20 Repeatability error of rough machine polarity

Xif A SRR AT R AT R RS B DL, A% 8 2 3 RUTE
HLAILOK 3l T &) UG B — A, o0 A5 B A% AR AL AL
K HLAE JE 35 22 il 28, DA 22 v nl A A% AR L PIL
R 25 7E (— 119"~ 146") 2 i), K #L % J&] 1% 2%

=N

S
w
[=3

[T )
S »

=10 215
E =
o 0 £
S0
-10
20 5
230 0

01 234 5678910 0 5 10 15 20 25 30 35 40 45 50
Location/(°) Frequency of error/time

P21 REHLXT B P o A 2 R 22

Fig. 21 Repeatability error of precision machine polarity
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