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A time-grating angular displacement sensor with a three-layer
complementary shape coil combination structure
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(1. School of Mechanical Engineering, Chongqing University of Technology, Chongqing 400054, China;
2. School of Electrical and Electronic Engineering, Chongqing University of Technology, Chongqging 400054, China)

Abstract: To address the issue that the induction coil of existing magnetic-field-based time-grating angular displacement sensors couples
with different magnetic-field characteristics at different air-gap heights, resulting in low utilization of the effective time-varying magnetic-
field area, weak magnetic-field pickup capability, small induced-signal amplitude, and consequently increased residual errors within a
pole pitch, this study proposes a time-grating angular displacement sensor featuring a three-layer complementary coil-shape assembly. A
mathematical model is established to analyze the spatial distribution of the excitation magnetic field in the air gap. Based on this, a
stratified coupling theory is developed, enabling the air-gap magnetic field to be categorized into three types. Based on this theory, a
measurement model of the proposed sensor is constructed. The excitation coil adopts a double-layer complementary winding structure that
enables mutual compensation of magnetic-field constraints at the ends of the winding, resulting in a more uniform excitation field. The
induction unit employs a three-layer complementary coil-shape assembly, in which coils of different geometries are placed at different air-
gap heights to couple with their corresponding air-gap magnetic-field types. This design significantly improves the amplitude and stability
of the induced signal. The principle of magnetic field coupling of planar induction coils and the sensor signal processing method are
analyzed: two channels of excitation signals are applied to the excitation coil, the measured traveling wave signal is obtained from the

induction coil, and the angular displacement is calculated through phase discrimination. The error analysis and structural parameter
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optimization of the sensor are carried out through electromagnetic simulation, and the sensor prototype was made by PCB process for

experimental verification. The simulation and experimental results show that compared with the traditional single-layer coupling structure ,

the measurement accuracy of the sensor is improved by 12. 6% , the harmonic error introduced by the space air gap magnetic field is

reduced, the amplitude and stability of the induced signal are improved, and the signal-to-noise ratio is improved. The optimal

installation gap of the sensor is 0. 6 mm, and the measurement accuracy of the sensor is +83".

Keywords : anyular displacement sensor; time-grating; stratified coupling principle of the air-gap magnetic field; three-layer

complementary coil-shape assembly
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Fig.2 Diagram of the magnetic field of an

energized excitation wire
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Table 1 Analog parameters of energized wire excited

by sensor
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Table 2 Sensor simulation parameter settings
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Fig. 10  Simulation traveling wave signal curves
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Simulation error analysis of sensor
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Fig. 12 Simulation traveling wave signal curves

of the sensors at different air-gap heights
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Table 3 Summary of simulation error data of sensor

with different air gaps
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0.7 [-29.6",50.26"] 79.86 29. 42
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Fig. 14  Photograph of the PCB-fabricated sensor prototype
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Fig. 15 Sensor experiment platform
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Table 4 Error comparison of sensor with different

installation gaps
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A 18 BT LIFE HY SR =2 BAME AR B4 A 45
RIS A £ 057 A TR Xl PN R 22 WP hy 82. 77, iR 25
BT R 2 HRAEN 29. 47 FF AT HA5 R
TEARER 0 BLR 22 00T, He— R ORI iR iR 22 ¥4 o
BN, — YRR Y BE T R oh 1 R 4 R (R Y B S
5L A s TR 25 W IR t N 5 S IR AN 55 A AR
TEAZ G A 5 DUV 5 22 [0 36 i 2 vl A% AR HRL 3 R 1450 5|
I, TIah R Gt o2 2k BRI B 245 4 114 1% S 2 X A
IR ZIEIE(E N 94. 67, " RIRZMR{E N 33. 17, il
L, R = )2 H AN AR 2k B 4G 45 4 7 4 1o 1 R i R
S RS AR Pk A [ s 0 RS B A A T A% e 25 ) 42
T 12.6% .

A B R SR I DR 25 0 BT an 81 19 B, 3R Bl FL AL
AL RS Bl ROMI G 0 RSy e f% — J&, 2 IR Ry
0.5°, Bl & 720 A RFF 5, S 28 JE IR 22 h 4k, th A
ARG A A A IR 25 76 [ —24. 97,78, 5", W IE(H Ny
103. 4" FF A R IR 2K

80 -
70 +
60 H
50
ol
30
20
10

0
-10 F
200
-30

WE")

0 50 100 150 200 250 300 350
FABLEE/(°)

K19 LR R R 22

Fig. 19  Full-period error analysis of sensor
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Table 5 Error comparison of sensor at different
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