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Abstract; The measurement accuracy is easily influenced by non-uniformity of coil wiring and variation
with time, which is originally because of the use of enameled coils in traditional time grating angular
displacement sensor. For this, a new time grating angular displacement sensor based on PCB(Printed
Circuit Board) technology was proposed. By arranging particular shapes of excitation and induction
coils in different layers of PCB baseboard, the sensor formed two identical sensor units and they were
of quadrature positions in the circle; when excitation coils of two sensor units were switched on two-

phase time-quadrature AC respectively, magnetic field was precisely restrained by magnetic stator
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base and magnetic rotor with specific teeth and slots to make induction coils of both sensor units in
series output sine sense signal with primary phase varying with rotor’s rotation; finally, precise
angular displacement measurement was achieved by interpolating high-frequency clock pulse into
primary phase. The sensor was modeled and simulated by using FEA (Finite Element Analysis)
software. According to simulation models, the sensor object was made and confirmatory experiment
was carried out. Frequency and source of angular displacement measuring error were analyzed in
detail. Ultimately, the measurement error of the new time-grating angular displacement sensor is
within —2. 82"~2. 02" in the whole scale after calibration and compensation. Theoretical derivation,
simulation analysis and experiment verification all indicate that the sensor can not only achieve precise
angular displacement measurement, but also it can double the resolving ability of displacement
measurement from the signal source when the space pole distance and signal quality of excitation and
induction coils are unchanging. The stable structure is easy to be achieved and especially applied to
industrial sites in poor environment.
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Fig. 1 Overall and exploded structure diagrams of sensor
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Fig. 2 Excitation and induction coils
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Fig. 3 Two sensing units and their spatial relationship
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Fig.4 Magnetic field between stator and rotor
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Fig. 5 Diagram of signal process for sensor
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Fig. 6 Simulation results of model

3.2 RESMH

Shy a3 52 7% 5 TR £ Bl i U H, A
IR AH A 2t DG R BT O A 2% 0 7% i 4 1) 90 AH
ISR E R AN 0, FAE AT, M
AW 2% TE 5% it 2k I W0 AR £ VAR 25 /10 B 18°, %
5 P v A 2% T 5% 22 W AR £ 5 30 B A 8L, 7T
T3 B 21 5 -2 B B A 2 ] o7 B I S R 1 00 4 A 5%
25 N LB Ry R IO G iR 22 TN 7 TR

XTI 7 0 iR 22 4T FFT (Fast Fourier

Transformation) 4381 , AJ £5 2] 5% 1 1% 22 B9 45 IR
Wy e 1 R,

T20 T o { PLRTHA ff) —a—f 1y i3t 2

—e—FEEH N
600 F—o— I it 22 ﬁ
|

< f R
§ 480 7 150 €
E ? \ 5
2 £
g360f W
oy [ Tme 3
E2401 ’ &
‘g 1-50 2

4=100
SOGOODOTOVOOOVOVOOVOVCTOTOVIVOCOCO0O0T

: . - - - ! : —-150
0 10 20 30 40
Saptial position of rotor/(”)

P 7 e % 2 Bl i B B WD AR A B LR 22

Initial phase angle and error of rotor in different

Fig. 7

positions

x1 BRARENERBS

Tab.1 FFT of angular error

W /(D M/ rad R BRGE/ (D AR/ rad

1 16.519  —0.814 9 14.054  —2.229
2 10.659  —2.875 10 25.932  —1.233
3 12.370  —0.761 11 5.379 2.545
4 13.941  —2.935 12 14,920  —0.110
5 19. 789 0.373 13 11.992 2.581
6 14.358  —1.249 14 16. 350 1. 854
7 18. 677 2.571 15 11.844  —1.338
8 15.534 —1.481 16 12.586  —2.552

— TR, R R 2 A
J??il@%:

O B 1 5 4 7 7 A% %P T, AR 4 1T
AT B4 RS 40 B PR A% SRR 5T g i S T AR B RG
Yy HRS A  H 52 B of i A A5 SR ST (R A AE H 4
PR B R AR RO WO T A e R 2,
b HE— 2L A AT AT N I R 2 AR A — R
TR b

QWG IT R ARF & 2% B h R B S 041
TE - FEAR R - X6F 16 9 1) A% 36 B AR EAT A L A
e 29 5 6 i 7 AT 3 LT3 30K 51 R
5. A BB R B A B DX R T —
S, M B 55 DI S R — 0, T S BR b BRI
3o 4% 1A B 3 % R IR OR A R) . X R A ) 3 AR B
F2 B | S I R B AR 2 i D R D R A



550140 =2

BE A T THT kP ) 23 B 0 I A RS A 177

(57 il 2k Pl i U8 g 4 P ) 5 24 9L 3 i
I 2 LD AN (2) 19 25 50, BV BEAE I A0 R 2 —
ZRER LTS B v Dl £ P oS J IO 4 P R AT — E B
JERY X A 51 AR 2E  H RG] A R W5 A iR
26 Y U U I B

@k ik 3 A EZABRIIR 250 e F A
BT BT R 147 05 B, B 5 AR 25, gy
FLIE RS ] 23 BT 51 B R 22 B TE I A
R VEWTIR 2SS W0 B S A IR 228 o A
I A PR 22 I 45 UG Do) 1

@15 EL P A 45 4% 1E 52 il 2R S B B o —
H0 1 A 2 o T B 3 2 BRI, Y B
5 A A B ()l P B R E . A AR B X
A B B R IE 52 2O T B A% 2 i 2k 0 A A
BTl ARZE . MM TSI AR R 2ZEWR
K o3 A3 B 5L £ 1R 22 19 4% YO D L

N1 H AR AR R 22 B R 23 TR A5 R
ZEMRAG AN 22 A8 K, EHLIC W ML DA 0k, AR 4 i i
B4 3 T AT R, b T 3 R R P S B F R 2E BN
D5 FC AP BB AR 2 B R T T Y BRI SR

4 FIIIE

Shy 6 UEASE A B A 0 1A O AR 1
B ) 7 T &8 CE B UL ) f - RO BIr s 1Y
PCB Mz, 3 m T T & 9 Frs i) S 344

K8 i, PCB MR 4 J2 M, 55 1 JA TS 2 )2 40
ERR LR LA 3 RN 4 AN E A L s (R
WA g 40°, S B 5 BN A5 5 . T 4k BB R R
N2 45 IR AT HEA 5 I, A4 %E 0. 1 mm, H
] 1A (D A (2) B B ARG A L T
2 MAFE 0.2 mm H1 0.4 mm A8 O BE AR UK )
Hh Bl 1) Y

8 PCB#REY
Fig. 8 Prototype of PCB

(b #:T
(b)Rotor

() T Ak

(a)Stator base
9 FRERARSY)

Fig. 9 Pictures of ferromagnetic base

KB UET B BT aE R R T R 10 BT RS
B BT ARSI B 10 4R R AT
M b ] A Il AR 6, L 2 2 [l Sl 5 ot
iy v S 5 T LN D AR R G B 2% RONS86 Off B
+ 1) G 14 , L 0 5 4 2 5 AR IR AR RE L
B FAREE . A, T4 M08 S P8 H PMAC £
11z Sl 4 AR, 45 1 B0 i T AR & Al 3 [l i
Az B R L AR SRR RE L RS S S
RONS886 i B 4 ih £ )7 A= 5 5 &l fF 5 b #
% J5 26 AT RAL A A5 7R . DT S BAE TR AR AL
M RONS86 i [ 4 i 25 XF [0l 5% ff1 {3 B8 1) [W] &
IR

RS

S B

IiPMACF {1 1 #hl

10 RESRT A

Fig. 10  Picture of platform in high precision experiment

SCHG I SG A A Bp [l e AT s o]
OGS e e o 1 A R L A Y ) SRR A
5 (PR WA R G Y 1E 5255 ) I8 AR B as 4T
WoRIFIEE . AT LA B e 0] 5 0 b s i 1 e
By ik B v L T 52 AE S AN W 1) A B 6 S B 8l
FA A AN R A28 2510 [l — 7 1 g 14



178 b=

% TR

%25 %

23 AR IR AR 407 )5 . IE 5215 5 W) AR A A2 Ak T
NN 2ns M TR — AR, E%E S 1
WM AL T 18 M H ) 2n, XS5 H 45 R —
2P B AE T % AL AR AR AT T AR TR KR
AR S B 1A, BES PR UGHE T 5
i [0 T AR & 4 il 1] BSOS oS sh 5% 1 e i — 24 R
PR 1A [E, # RONSS6 £ i g i 21 N 5 %
SEfE B H (R AR R b v A A5 B AL B AR HLAE
HEJE G B PN I R 22 L I E 11 s

5 BEEMH

BP0 11 AL, A ] i s e % 1 R B 0~
360° 1 I 553 [ PN, FE AL IR 22 2 B0 T AR5 A R
IR AR R AL P 18 YO JE B A
b, 302 BT T e i — 4 H L IO A 5 ) AH A
AL T 18 ANSEHEM 2x BTk, R, BT 7 & JE
1Bl PN i A7 AR AR R R 22, WO S LY 18 A
R 22 s A AT

XTI 11 Ca) iz B & 158 22 38 47 FET 404,
AT E0 R 2E T 16 YRR I Y iR (B R L n 3k
2 i,

120 -
90
60

ad

Error/(")

e}
al

=30

—6() L Il L 1 L "
0 10 20 30 40
Position/(*)
(2)0°~40° X [A] iR 2
(a)Error in the interval of 0°~40°

Error/(")

L 1 1 L 1
180 190 200 210 220
Position/(*)
(¢)180°~220° X ] % 2%
(c)Error in the interval of 180°~220°

F2 MERZEMEHEH S
Tab.2 FFT of measuring error

R /(D MR /rad EEREC BRE/(D M/ rad
1 0.683  3.069 9 0.985  —0.819
2 28,276 —1.842 10 1,303 —1.430
3 1787 3.102 11 0.446  —0.752
4 30.878  —2.998 12 0.984  —1.367
5 1430 —0.564 13 0.479  —0.977
6 3.682  —1.070 14 0.671  —0.982
7 0.323  0.435 15 0.364  —0.446
8 15.819 —1.148 16 0.343 0.463

H& 2 FE 11 ¥ LUE 3], 78— 4> 5 [H]
MR R ZE IR KM 2 4 IR 8 IR i
2 R A IR Z R E BN,

AR Al I T X 158 22 19 43 B AT LLR B BRI Y
1 YR 2 YR58 2 32 2802 ol W 4% 8% BT (8] 1 A B R
Yool i B N 0 4 YRR 22 R W R
PR I AR 2 Rl 2k P i i £k B Y SR 2R Lk
FUAHPLE A —E B, LR 2R R AR G
BTG R 0 AT BN RAR B A 2 22 . R
TR R 22 A1, DLTR TR R A R R A K
7 B I o 1R 2%

i 1 i 1 i 1 i ]
90 100 110 120 130
Position/(*)
(b)90°~130°[X [i] 15 2%
(b)Error in the interval of 90°~130°

—60) [ L L I L L L
270 280 290 300 310

Position/(%)
(d)270°~310° X [A] iR
(d) Error in the interval of 270°~310°




Bl

it o A5 BT T2 R 1Y g 3 I A A8 AL ks

179

120
90
60_ i ; ]
SVAEYARTAR S4R

Error/(")

-30

) " 1
—6(0

1
120

L | J
180 300 360

Position/(%)

240

(e)0°~360°[X [a] % 2=
(e)Error in the interval of 0°~360°

P11 e 7 2 0 S R W ey i 22

Fig. 11

2 0Dl £ B v it el e S L AR A R
PRI BLT 2N 2k Bl A B 3 10 b 2 CRIVIE 9707
T 189 0 30 IO AH EL AR ) 5 LS B v D R S AR A AT
2 I o A T 2 i 22 Aol A5 IOV 26 18] A IE BT 1] Y
308 A AT e S AR B OO TR S AR
FAAE—E IR RLR S5k, th T 55 T8h 14
23 B A% AN o IE 5% 45 5 B B0 A A AR AL P A S R 1Y

Measurement error of sensor in a whole range

2m o R E IR BN AF 5 AR A B AE — A 7S T AR PR A
EE K 2 iR,

AR v SR K b £ V) v S A ) 7 A s
VSR A AR 25, AL B 2% 90°, {H 52 Bk rhr L I AH Uil
FL Y %) W AN T B 50 4 AH A . 7 A U8Rl PR R
EASE, AR 4 X (O X 10, XADAER .

A’cos (wt)cos (2N0) — A”sin (wt) sin (2N0O)

—AD
2

:J[<A’+A”>7<A/’
2

2
cos (4 N@)] Jr[
(A'+ A" —(A"— A" cos (4NO)

(A'—A") .

sin
2

(4N6)T .

sin [ (wt+2N6O +arctan

A 20 (13D AT LA H R 80l kL VR s (AN 45
29l A1 AR 5 4 YR B R A IR AR Ak Y I A
ﬁﬁ% A:

(A'"+ A+ (A"— A)cos (4N
(A'— A" sin(4N6O)
B p= A 26 2 ARy 4 YRR 8 WA A% I i 22

BEAL o AR 25 CLn i b 2k T8 BT R — 2, Ak
FHAE B S H I 25D LB TR 25 e AR 25 (AN
FER L AFAD) St 2 51 B I & iR 2%

ME 11D BT LLE 2], 50 3R 25 48 L,
HE R R 22 R /N H R A R P R 22 A S 3

, (14)

A=arctan

(%]

Error/(")

(A— AN sin (ANO) I (13)

JEI R 22 L AR 35 R 0 4% 2 HE A IR R 22 L TR
P11 B 22 48 R o R GE iR 22 . ) LI i b E
#h B2 B T7 35 R L SO PR B 12 2

RONB886 1 i & hith 25 114 ) &2 {8 %) A% g AR L E AT
T 5 FIAME S5 5 ] 5 Sl P e e 1 ) A 31 A A
BLiR2E. B 12 AT A, 28500 b e R S A5 5%
PR MR 25 o —2.82 "~2.02 ", K13
SRR A RIS FIT IS 2 SRR A R i T P 0 1 22
WX B o LAE B, &adbn e MAME R IR ZE D
KKFEAL .

60

Bl 12

Il 1 ]
180 240 300

Position/(%)

22 bR RN I RS T A S LA 0 ) iR 22

Fig. 12 Measurement error of sensor after calibration in a whole range



ARSCHEE T —F LT PCB H A A9 58 28 B At
P AL AL R 38 2o R 4 B AR {7 L S 56 56
UE, AT LA 20 R 2548

AR SC A Y 35 5 T2 B A 1 0 B T A A
I A SRR A5 R 38 2o 7 5 0 U A S A B T T 1Y
TN 5, T30 5 475 b v A0 B A K b AT 2 AR A
B 5 - FE O 2 T % 3k 1 R 0 8 TR B A RE 7E 25 (]
e B AS A (18 A7 B0 B A 6 RS 0 S B 4 B A 5
Pk A 1A,

7 RS 158 22 HA o R AR M, R

SE LWk

[1] DZIWINSKIT. A novel approach of an absolute en-

coder coding pattern [J]. IEEE Sensors Journal,
2015, 15(1):397-401.

NAQUI J, MARTIN F. Angular displacement and
velocity sensors based on electric-LC(ELC) Loaded
microstrip lines [J]. IEEE Sensors Journal, 2014,
14(4) :939-940.

NAQUI J. MARTIN F. Transmission lines loaded

[2]

[3]
with bisymmetric resonators and their application to
angular displacement and velocity sensors [ J].
IEEE Transactions on Microwave Theory and
Techniques, 2013, 61(12) :4700-4713.
HORESTANI A K, ABBOTT D, FUMEAUX C.
Rotation sensor based on horn-shaped split ring re-
sonator [J]. IEEE Sensors Journal, 2013, 13(8):
3014-3015.

BARTSCH H, GEILING T, MULLER J. A LTCC

[4]

[5]

low-loss inductive proximity sensor for harsh environ-

180 = % 25 %
120 ——dhpiis Hhp 8
80 § & | ¢ i
Y & L | ‘,l;
~ 1 g? T 5 g g 5 I §| g b8 [3 8 I : '-
R USEY AT A faff—???g..”. & ] *%%- 71
g .j'..:u,_. ;l.,—-. ,-‘- PETPLANERN|
= mey o Wil 18] f‘. WAL I£80 1898 118 4918 1148 L1438 $138 2738
{ T £ % P Ui t{ - 'i;: ¥ ,E_- It :‘i 4 ..- “’ i 3". i “J 2 Y
—40r % ¥ '
0 6::} I 120 180 I 240 I 300 360
Position/(“)
Bl 13 5 A2 S A% R 7 78 13 Bl P 0 0 3% 2 L X
Fig. 13 Measurement error of sensor before and after calibration in a whole range
IR R 18 22 VRN R R R 25 . BRI
6 % ® BRZET, 2 4 WA 8 IR 2 i i 4 K4y, H

L2 YRR 22 2SR B RIS M b 3 £k B R
TR 2k P 1) 0 2k B 25 5 BU0E I A B T I 1
TR AT S AR AR BT R s 4 ORI 8 IR iR 2
T2 IR Py W Db 4 B v 3E A ) R R SR R VR (AN
e RN

FIH RONSS6 f1 J5 2 fith i X FE AL 47 H 2 il
M T 5 IR AR R R B R 22O
—2.82"~2. 02" AL IRIREE R T A2 W) 2B

A TE AR BLAS T 1 e A B A7 35 A% R A
B 8 TR ) 2 A48 T AT S Y S AR A L W) B XS B
WIS B A% 3 I 2 W ATF 5 AR b 4 B T 7 1)

ments [ J]. Sensors and Actuators A: Physical, 2012
(175) :28-34.
ASCHENBRENNER B, ZAGAR B G. Analysis and

validation of a planar high-frequency contactless abso-

(6]

lute inductive position sensor [ J]. IEEE Transactions
on Instrumentation and Measurement, 2015 (3):
768-775.

FIGUEIREDO J. Resolver models for manufactur-
ing [J1.
tronics, 2011, 58(8):3693-3700.

HWANG S H, KIM HJ, KIM ] M, etal.. Com-

imperfect

(7]

IEEE Transactions on Industrial Elec-

[8]
pensation of amplitude imbalance and
quadrature in resolver signals for PMSM drives [ J].
IEEE Transactions

2011, 47(1).134-143.
HOSEINNEZHAD R, BAB-HADIASHAR A, HAR-

DING P. Calibration of resolver sensors in electrome-

on Industry Applications,

(9]

chanical braking systems: A modified recursive weighted
least-squares approach [J]. TEEE Transactions on In-
dustrial Electronics, 2007, 54(2):1052-1060.



%1 B HE AR AR TV T LR R R 0 B D N A L S A I 181

[10] SARMA S, VENKATESWARALU A. Systemat- neering, 2005, 41(12):126-129. (in Chinese)
ic error cancellations and fault detection of resolver [16] xlvE, oL, Zhbd, F. JUORNI AL BRAR
angular sensor using a DSP based system [J]. BB AR R 5 iR 2243 B[], LB ALK F 4, 2014,
Mechatronics, 2009, 19(8):1303-1312. 35(5):1136-1142.

[11] ASCHENBRENNER B, ZAGAR B G, MEMBER LIU X K, PENG K, WANG X Q, et al.. Theo-
S. Analysis and validation of a planar high-fre- retical model and error analysis of nanometer time
quency contactless absolute inductive position sen- grating displacement sensor [ J]. Chinese Journal
sor [ J]. IEEE Transactions on Instrumentation of Scientific Instrument, 2014, 35 (5): 1136-
and Measurement, 2015, 64(3):768-775. 1142. (in Chinese)

[12] ZHANG Z. NI F, DONG Y, etal.. A novel ab- (171 &, BH&. K. F. WL R A& A
solute angular position sensor based on electromag- ISR SR EM T []]. L EM K F IR, 2016,
netism [ J]. Sensors and Actuators A: Physical, 37(3):561-569.

2013(194) :196-203. LU J, CHEN X H, WU L. et al.. Study on the

[13] YEL, YANG M, XU L, et al.. Optimization of theoretical model and error characteristics of varia-
inductive angle sensor using response surface ble coupling time grating displacement sensor []].
methodology and finite element method [J]. Meas- Chinese Jowrnal of Scientific Instrument, 2016,
ruement, 2014(48):252-262. 37(3):561-569. (in Chinese)

[14] TANGQF, PENGDL, WU L, etal.. An in- (18] #AM, FZ. A48, F. HTWRIAERAEGT
ductive angular displacement sensor based on pla- WA B 2246 00 1Y 27 A 28 25 [ ], AL 8 AL
nar coil and contrate rotor [J]. IEEE Sensors k5, 2013, 34(2):359-365.

Journal, 2015, 15(7):3947-3954. PENG DL, LIY, FU M, et al.. Study on para-

[15] ZAk, x10 ., KL, Bk B B B 4% 2 a8 sitic time grating sensors used for mechanical
WFEL)]. pubk TA2 F k. 2005, 41(12) :126-129. transmission error measurement under harsh and
PENG DL, LIU X K, ZHANG X H, etal.. Re- special environment [J]. Chinese Journal of Sci-
search on high-precision time-grating displacement entific Instrument, 2013, 34 (2). 359-365.
sensor [ J]. Chinese Journal of Mechanical Engi- (in Chinese)

EZE A :

€ #A980—), L WAL H
% .2003 42006 4EF H KK 2E40 91
PRAGEE A A B R TR
SRR TR 2 BE B B TN F A%
Wi 5 % Ae 12 & A% O o oF 5.
E-mail :jinlu@ cqut. edu. cn

FREGME (1976 —), I3t @ m I A, 2
B2 0+ 4 S, 1999 4E 2004 4E 2007
AR T E R K& 4 5 R4S 5 b
AL IO R TR, B
AN 2 D 5 4 B A% Rk A% T 1 B
7% . E-mail:cxh0458@cqut. edu. cn

(AEZBHE. L )



