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Abstract: Multi-degree-of-freedom angular displacement sensors are core components in precision motion control and high-end
equipment, but their measurement range and measurement accuracy are often mutually constrained. To address the problem that the
existing spherical two-dimensional time-grating angular displacement sensor can only achieve a measurement range of 0° ~40° in the a
direction, which fails to meet the requirements of wide-range applications, this paper takes the expansion of the measurement range as
the primary goal and systematically conducts optimal design and comparative performance studies on the stator pole piece shapes. Based
on finite-element electric field simulations, under the condition of keeping the excitation frequency, amplitude, sensor dimensions, and
other parameters consistent, three improved pole piece structures are successively proposed, and simulation comparisons of errors and
harmonic characteristics over the full measurement range are performed against the initial pole piece structure. Simulation results indicate
that the optimized shape, by uniformly dividing a single ring into four independent segmented arc pole pieces along orthogonal directions,
effectively removes mechanical motion constraints while leveraging symmetric arrangement to achieve error averaging, and its simulation

errors over the full range are significantly lower than those of the previous three structures. Experiments are conducted under conditions
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consistent with the simulations, and an experimental platform is built to verify the proposed structure. Results show that after
optimization, the measurement range of the sensor in the o direction is substantially expanded from the initial 0° ~40° to 0° ~220°,
while the B direction still maintains full 360° measurement capability. Before compensation, the peak-to-peak error in the a direction
increases by only 0. 22° compared with the initial structure, and that in the 8 direction increases by only 0. 66°. After Fourier harmonic
compensation, the peak-to-peak error in the a direction of the proposed structure within the 0° ~220° range is 0. 036°, indicating that
under the premise of a 5.5—fold range expansion, the accuracy loss is controlled within an acceptable range. Compared with existing
multi-degree-of-freedom angular displacement sensors, the four-segment ring-type pole piece structure proposed in this paper exhibits
significant comprehensive advantages in balancing wide range and high precision.

Keywords : angular displacement sensor; multi-degree-of-freedom measurement; time grating; electric field simulation; structural

optimization
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Fig. 2 Inductive signal combination method
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Fig.3 Simulation results for the a direction of the sensor

2.2 EWWIESHER
T BRI RS EE, & 4 LT 5
RS, e T 55 o R TR e bl S
EETJ@% HLHL L, BERG AL [ T — R EA 5, Ak
T LG B AN S A B

l’z-zl 4 gé%ﬁ”z\%ﬁ

Fig.4 Experimental setup

TE By = 0° ZRMF T R T KF « I7 1 LA 102K
M O°JiEHs 22 40°, 153 o J5 1] R 22 M ZR AN IET 5 () P s 75



114 & L £ ¥ W

47

oy = 0° KM T T 55— B i AN 0°FF 46 LA 10° 25
KEss 2 360°,8 Jr iR 22t WA 5(b) FivR .,

0 10 20 30 40
FARLR/(°)
(a) a7 [E) R 22 1 2%

(a) Error curve of direction a

—e—RE

RE°)

0 90 180 270 360
LR/
(b) IR ZE M &

(b) Error curve of direction

K5 segeshif

Fig.5 Experimental results

MIEL S I AR I AT SEBLPIAS T ) A 6 R 0 4
YL I A R — B MR 2 R B R R A
AL, FERI N 4 YOEFBRZE, LA, 181 5(b) it i
BT B 2 PGSR 2E . IRITIZ 2 ISR 22
AR, 73T AN RS 22 i AR R B T 000 o e
e FL LIS, 32T 750 AN 3l Gt A Bl MR, S B
THE T ZANH AR FLC IR, S S0k —HE W, 72477
FRORY P 5 | A 1 00RO 25 1 RS4ULEE ) R 00 1) %
Pz, D5 HARIAE 6 PR,

3

0 90 180 270 360
FRLEE/(°)

Klo ez T HEs R

Fig. 6  Simulation results under installation deviations

HARZE N b R R 2 B 35 00 2 YORRRAE 3
RIRIETE 25 5 S U 25 R w8 FE W) 5, DA AIE 5 52 6 v 1Y
2 Wl PR 2 EE A AR AR LG, ZiRZE R
SO L B IE BT A M

IR, SZARTRAR A BT BRAY , o M FEL 9 40°,
RN PR 1 H R 3 5 S E VS L, DR, S i
U FL, AR SO R B SR SER L | i 05 5L M T R 4
AR, AS R 5

3 EHRUHESEKRE

3.1 MRt 5HE

e BT SO IR 400 0 A5 e S SO A5 K A, HE T 6
Fr A IR B ER s AT A A B A et SR FH A BR A 2
M, 2 23 IR o 93, AT — 7 T AL BETE 40°318
Pl AR o PRLIEG , R A DR R B2 O AR TR 9 A 2
AR, [N T T 2 1 S k-5 R R (B, X i
TR AR AL RN 7 i

O-O-O-C
L

CH D#&Y
S, YO N SYRN
o, ~R6 AZGTASCTE
7 | 4 \ l (&#

K7 A e

Fig.7 Electrode optimization process

AL B R MR A 4400 B LC. D B X I A% A 45
924 B .C.\D 458, PR R A B O FLAE B R T
o

IR ] 2 St ) k90 L ) S B PR 3Ry B s R 0 T
FRORVIN DR IHG B St e 47 R 22 ¥ T AR 52 B ) 90
eI, B R 2] B 2 A, i 6 Fr B U A i 1L
AR AR B, XE5H B HEATHRUIAIT L, LL o D51 4]
BEAT T R ZE AR 8 PR,

XF PO A AR, 450 B AR T 45k A I iR 22
SRR/ 2 WY R B 2 T AU RE Y R I Y
[ A e 5 240 il HAT BN OCR,

SR, A B AR Fr ¥ Z IR AR I T XERE K Ho 5
PRI TTARZE L R R D & 2N TR 25 B R AN
AL, R AR AL G 05 vk b BAT R AR BN
P,

DAL R b BRI S RO B S e 5, B2
BRI AL PRI A (C L) it BR R 1 TxE



EAAIC 5 BRE 4R g 05 B S S5 ik 115

557 W
10
0.5
W0
=
0.5
,]0 L L 1 3
0 90 180 270 360

e 7Q)
K8 fkdiality B ix2zilhZk

Fig. 8 Error curve of sensor structure B

BE, REW/ NGRS ARSI B 25 i C U A
BRI AR SON SR C, LS 454 B B 2 X T
TE T AN R . HE— 20 M, X 45K C R
BEATOT R B2 AN 9 FR

10, ‘
05|
@ 0
o
05
,l O n n 1 1
0 90 180 270 360

FIRIRE/C)
Ko (LRREsaht C iR

Fig.9 Error curve of sensor structure C

MIEL9 RIFE M 454 C BB B 22 AHAL T 454 B I
AR EB R E/NT L A, hiE— L9 R R,
K B BRI RE 57 4 1SS PN T 1) 14 vh BERR 2 DB
AT )50 4 AR5, Bt AR B 4 Bels 3R a0 A
(D B il D BRI 4G B A2 SRS 0 45K D, X454 D
BRI H IR ZE T U 10 PR

1.0

05|
W 0
K
05t
71A0 L L 1 1
0 90 180 270 360

FRLR/C)
B 10 fERE45H D iR 222k

Fig. 10 Error curve of sensor structure D

DFEAR BN M T4 C, 450 D BT HiR 22
FWN, LRGN BT AR K 4 FhESH YT 22 i 20
SN 11 TR,

0 9I0 léO 2'}0 36IO
FRE/(°)
BT 4 Rl [T BRI A F i 22 i 26

Fig. 11  Error curve of four different shapes of electrodes

M 11 A WA D AR R 00 B 22 AR T
A B.C 3 Tl & b, e 4 I 0 e P 3R B AR Y R
ZEMHIRE S, ERHIG U BAS R — L RAIE T 451 A
LK D YRR B A R
3.2 EWERSHW

Z5K D AR AR S A5 A R — 2N T T 2 5%
BeT7 =X, 3 B D 25 AR T IR A AR B A2 Ak, LA K
TE O AR B A A R BT L AN R 12 B TR
HEZME A SR SERE A E AT

&

2

12 ARARATE R X L
Fig. 12 Comparison of electrode sheets before

and after optimization

itk — L RAESE R D A PR RE o R &
S TS 45 A e WL RSN S
BT RS LS, 78 B, = 0° M, i T /K a U7
A 0 FFAR LA 10° 4 K JiE s & 2200, 15 51| 52 50152 22 i 48
WK 13(a) IR 7 o = 0° 50 F 5 F0 5 — 1 B
MO TFFUR LA 10° 8K e f% & 360°, 15351 B 7 [n] SL 5 i 22
HZe Nz 13 (b) fiw

S A SZERSE AR L 450 D 78 B 7 IR SR A
FF 0° ~360° i I 1, #M2 FiT g 04 1% 2 LL 254 A 15K



116 & L £ ¥ W

47

0 55 110 165 220
FBLRE/(°)
(a) o7 TR ZE 28

(a) Error curve of direction a

—e—iRE

0 90 180 270 360
FRLF/(°)
(b) BT AR ZE LR
(b) Error curve of direction /3

K13 4544 D fRIRar e g R

Fig. 13 Experimental results of structure D sensor

290. 66°;7E o JyIn]  AMARTIRIE(E 158 22 HL 451 A 15K 2Yy
0.22° (HI A H 0° ~40°9 B 0° ~220°, fifLIEREY
FEDN RS FE R R A S R4, D e T e &
X e 25 SR AR 1 S T R iR 2, SR A L i Ui
BERIESATIREAME AL ET S R L s A M IS
B o« 7R 2 A 14 fis

GESRFW] AE o D71 b S5 A FE 0° ~ 40° 3 N
P A I I I {452 22 4 0. 005° , 45449 D 1E 0° ~ 220° 7l
Bl A R i D DA (B 152 22 7 0. 036°, X R, 2544 D
TE DY R I 3 B [ I A PR T A v BORS R, S
LT =R B R R A A e i, 3R 2 O S OGBS

4 x107

—e—iRE

RE°)

0 10 20 30 40

FR/(%)
(DG ARME G aT7 IR ZE

(a) Error in the a direction after compensation in structure A

—e—iR%E

~ ~0.01 ¢
002 +

-0.03 +

-0.04

0 55 110 165 220
AR/
(b) ZEHIDAME G o7 IR %

(b) Error in the a direction after compensation in structure D

14 ARALATJS A2 AR AME S IR 2EXT HE
Fig. 14 Comparison of compensated sensor errors

before and after optimization

XS LT, HE— 20 L T AR AR A AR R S
FERI LR B,

F2 HEXHFRFLE
Table 2 Comparison with Related Studies

T it PSZIES BRI il
e T
S Lk o 2% [ 245, 18 >0. 15 +20
ey B A A
o ] -
e {1 >3 0360
e HL 25 BRI AR
P amemne 7 £10
BA BRI R 0.005°  :0°~40°, B:0° ~360°
LA KHRMAEH 0.036°  :0°~220°,8:0° ~360°
45 B

EF B TET 2 IR £ 13 8% £ RS I kv ] 52 BR # IF)
B AR SCLL Y e R R0 bR, TR T 5B I AR
FONRACBET, R 454 B.C.D 3 M Lfbdi %, 5F
i3 H G (5 LS S I, S W AR AR A SERL T RS
PEREXS LT

Pr AR RY] 20 SRAIRE L, 121848 507
] 00 55 R AN 0° ~40°9 JE 2 0° ~220° , A R BR T 545
I RPLIGE SR, 2 PR RE B R T, S gt —
AAUESE AR RE5H D FERIR Y R AR A R I, o« J5 17
FMEERITIE I (DR 22 RN A B R 2 0. 2208 7 [l 4
WA (B 1R 22 (UG K 0. 66°, SEHL T i Rt Jie 15 ) e A
PRI, EAb  #ME ST IR 2245 R R 258 A FE 0° ~ 40°



57

EAAIC 5 BRE 4R g 05 B S S5 ik 117

TEIRINER2E ) 0. 005, £5H4 D 78 0° ~220°u [H N 18220
0.036° , HE—2LIGIE T 45 D 75 52 B 5 Fl 4 14 [
I AT PR e A I RS L . AP S T R S
D5 BT M5 18, BRI 2 P B0 A o 4R T S AR R
ST SE A L R S G ARR
i BAE H AR, S SCAY S0 36 T 24 7 BEAR S 36 5 B

BT, AR IR T b & 2 R R &
SEBRI IR R RS R AR S BUN LR S A5 R R
A=A RIS I R (AR E 1 s DL B mT RE |
755 T A B S A5 U 3l , 51 ARSI Y I e 7
JR SR RGP | Hk ) |80 AR R DN Z00) A R
A AN R, PRZAH I 0 il A2 IR i) B2 B )
AP THURE , OF Fl S8 /N BY Al 5 4 i Ak Oy 1) T S 45 44
oA, [RIE A A /N2 SN TG | AR 22 R I
SET ARG TS 7 2 HE— 2D BRI AT AR DU iR
28 BTN RS BE | HE B2 A% IS AR Tl U i) 52 s T 7
W
Stk
(1] E3C, ok, RMESC, 55, BREBCHER 2 4k e ff B2

WONERERLEAR [T ], B 7 I 5 AR F 4R, 2017,

31(1) . 1-8.

Wang Wen, Zhang Min, Zhu Yewen, et al. Review of

multi-dimensional  angular  displacementmeasurement

method for spherical joint [ J]. Journal of Electronic

Measurement and Instrumentation, 2017, 31(1): 1-8.
[2] XuX, TanY D, Mu H L, et al. Laser inter-ferometric
techno-logy in
detection [ J ]. Laser &
Optoelectronics Progress, 2023, 60(3) : 0312006.
Li Z, Zhao H, Chen X T, et al. Structural design and
hybrid multi-degree-of-freedom
motor| J]. Micromachines, 2022, 13(6) : 955.
BHAN, TiE, IR, S5 BT 2 IR g i B4 1K
BRI RG], PEDES (RIS, 2025,
18(4) : 830-838.

multi-degree-of-freedom  measurement

space gravitational-aave

(3]

analysis  of drive

[4]

Li Yongjie, Yu Hai, Wan Qiuhua, et al. Image-based
angular displacement measurement system based on
Manchester encoding [ J]. China Optics, 2025, 18(4) .
830-838.
[ 5] Wendel M. Precision measurement of complex optics
using a scanning-point multiwavelength interferometer
operating in the visible domain[J].
and Metrology, 2023, 6(1) . 11.
Lim H,

Nanomanufacturing
[6] Shimizu Y. Feasible resolution of angular
displacement measurement by an optical angle sensor

based on laser autocollimation [ J ]. Nanomanufacturing

(7]

[8]

(9]

[10]

[(11]

[12]

[13]

[14]

[15]

[16]

and Metrology, 2023, 6(1) . 32.
Yan L, Zhu B, Jiao Z X,

measurement method based on Hall-effect sensors for

et al. An orientation
permanent magnet spherical actuators with 3D magnet
array[ J]. Scientific Reports, 2014, 4. 6756.

Xia L Q, Hu P H, Ma K L, et al. Research on
measurement modeling of spherical joint rotation angle
based on RBF-ELM network[ J]. IEEE Sensors Journal,
2021, 21(20) ; 23118-23124.

Wang W, Yang H, Zhang M, et al. A novel approach for
detecting rotational angles of a precision spherical joint
based on a capacitive sensor[ J]. Micro-machines, 2019,
10(5) : 280.

Yang SQ, Xu YL, XuY S, et al. A novel method for
detecting the

two-degrees-of-freedom angular

displacement of a spherical pair, based on a capacitive
sensor[ J]. Sensors, 2022, 22(9) . 3437.

Wang H W, Zhou J L, Peng K, et al. A spherical two-
degree-of-freedom angular displacement sensor[ J]. TEEE
Sensors Journal, 2025, 25(20) . 37780-37790.

Gao X, Zhang X B. A multivector variable area type
capacitive angular displacement encoder based on a
rotating electric field and improvement of its demodulation
method [ J ]. IEEE Sensors Journal, 2022, 22 (19):
18631-18638.

A, ZERIH, TR, S SRR B 2 AL IR
w5 [T ], LR 5 IR 58, 2014,
33(7): 63-66.

Feng Jia, Li Peiyue, Yin Zhisheng, et al. Structural
design and optimization of single-plate micro-displace-
ment capacitive sensors|[ J |. Sensors and Microsystems,
2014, 33(7) : 63-66.

Ye L, Yang M, Xu L, et al. Nonlinearity analysis and
parameters optimization for an inductive angle sensor[ J].
Sensors, 2014, 14(3) . 4111-4125.

EMey, ELF, BET R AR U LR 1R A R
T B KA AMEA AT T [ )], SUEREOR 5 2 4y,
2017(8) ; 114-116.

Wang Huangong, Wang Liping, Kang Ningmin. Finite
element simulation and topology optimization of capacitive
angular displacement sensor[ J]. Instrument Technology
and Sensors, 2017(8): 114-116.

BN, WEAE, TLE. B AR g & 3 0
AT sl A 3k, 2019, 41(8) : 71-74,103.
Cui  Xiaogiang, Cao Guohua, Ding Hongchang.
Simulation analysis of electric field in capacitive angular

displacement encoder [ J ]. Manufacturing Automation,



118 % & L F ¥

47

2019, 41(8): 71-74,103.

[17] WuJ W, Meng Z, Zhang X C, et al. Capacitive angle
sensor research using COMSOL Multiphysics [ J ].
Applied Sciences, 2023, 13(5) ; 2937.

(18] Mk, &, sKkigh, 5. T Z IS I

T AL RAL AR [ 1] AR, 2024, 45(2)
201-213.
Yang Jisen, Tuo Wanzhang, Zhang Jing, et al. Planar
two-dimensional displacement sensor based on multi-
frequency magnetic field coupling[ J]. Chinese Journal of
Scientific Instrument, 2024, 45(2) :201-213.

[19] WdkdR, ¥ aifi, WA, % =2 HAMERZ R 4

AR B IR R AL RS AR AR ()] ALER AR A AR
2025, 46(10) . 230-242.
Yang Jisen, Luo Yunpei, Cao Junjie, et al. A time-
grating angular displacement sensor with a three-
layercomplementary shape coil combination structure[ J].
Chinese Journal of Scientific Instrument, 2025, 46(10) :
230-242.

[20] ZEs:, XUAEERE, Rgd. 20082 FF 0 HuE 4
HIDPEIR S TF R[], SR SHUR, 2026(1) .
99-106.

Luo Xiangwei, Liu Jianqun, Xia Hongjian. Research and
development of CNC turning method for polygonal shaft

parts [ J ]. Manufacturing Technology & Machine Tool,
2026(1) : 99-106.

EE R

FA,2014 4EH1 2017 45 T HPCHE T
RAFEIRAFFAF LRI A2, 2021 4R T4
HE TP KA AR A 2o, Bk J PRI TR
AU R AR 5 2% # BOF R LA S
ORIFTE 5L, EBRESE 5 10 A% A R A
BREI
E-mail : hwwang1990@ cqut. edu. cn

Wang Hewen received his B. Sc. degree and M. Sc. degree

both from Chongging University of Technology in 2014 and 2017,
respectively, and his Ph. D. degree from Hefei University of
Technology in 2021. He is currently an associate researcher of
Engineering Research Center of Mechanical Testing Technology
and Equipment, Ministry of Education, Chongging University of
Technology. His main research interests include

sensor
technology and intelligent instrument.

EIEH 2024 45T AR Tl 24 Be 3R A3 2
T, B R TR 5k, &
BEWFFETT 1] A AR BRI R
E-mail : jzq1992367541@ 163. com

x Jiang Zhiqi received her B. Sc. degree from
Chengdu Technological University in 2024. She is currently a
master student at Chongqing University of Technology. Her main

research interests include sensor technology and intelligent

instrument.

BRERR (EIEEH ), 2015 4£H1 2018 4F
BRIV SN R G = o e VA KT e AN
2023 4EF A HE TV KR A o,
PRI TR A AU 1 R 5 4 A 2 3B

i TAEOFFE LB BROTSE 61, FERESET5 10
G IEERHORFIE BEALAS o
E-mail : fxc@ cqut. edu. cn
Fan Xingchen ( Corresponding author ) received his
B. Sc. degree and M. Sc. degree both from Chongqing University
of Technology in 2015 and 2018, respectively, and his Ph. D.
degree from Hefei University of Technology in 2023. He is
currently an assistant researcher of Engineering Research Center
of Mechanical Testing Technology and Equipment, Ministry of
Education, Chongging University of Technology. His main

research interests include sensor technology and intelligent

instrument.



