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STUDY ON A NOVEL NON-CONTACT TRANSLATION-
ROTATION SENSOR BASED ON MAGNETOELECTRIC
EFFECT

ABSTRACT

Information acquisition technology, as a gap in the three pillars of information age, which has restricted
the productivity progress advancement, has to be enhanced urgently. Especially accompanied by the trends of
high precision and miniaturization in industry, traditional displacement sensor cannot meet the actual demand,
given their compact structure and single measurement feature. With the concept of magnetoelectric effect, this
thesis proposes a novel non-contact translation-rotation sensor (Nc-TRS) combining two kinds of smart
material, namely magnetostrictive material and piezoelectric material. To begin with the constitutive equation
of the materials, we build mathematical model of the sensing mechanism, most factors taken into fully
consideration including non-linear character on current condition. We design and produce two prototypes with
giant magnetostriction material (GMM) rod and three kinds of piezoelectric material (PZT, PVDF and EFMi).
Based on the mathematical model and experiment platform, simulation and several experiment are executed
with the assistance of LabVIEW, including one-dimensional linear and angular displacement, two-dimensional
in-plane displacement. Satisfactory result has been achieved, by current study, our Nc-TRS has realized the
resolution of 990 nm and 0.013< The experiment matches well with simulation, which proves the sensing
mechanism to be feasible. This study lays a foundation for optimizing the Nc-TRS structure and expanding its
measuring dimensions.

Key words: Magnetoelectric effect, high-precision sensing, translation-rotation measurement,
non-linear modeling, simulation and experiment with LabVIEW
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BT &L

W& ORI K INZE R R, KB (Big Data) MIF4E2 35 L 26E, mAmE KEdE, 81
M EHAE A, BT, HRORHEREGE i EA . B 2RI (Volume.
Velocity. Variety. Veracity, 4V) W, #fEEdE 15T 5D T 2 F0RRIE, Hoh— AN E 5>
SO IEAT TFAL RN IRES A DA &AL ERE . Hh—MEERAA, EERERERD
2 [FfE B AL PR HE AR FE AR — BN E BEORI =R . Il 5 BREE 5 IR R
BB RGN T o, (HIRBARRE EREH AR FARAE.

IR, BEE NS EARKES, G EOHAERNGARCEE TKERE, MEERER
ARIP B AR ) 2 LA 5 S R RER, 25 BRI ESR, Ritait— PR E
ayIER.

1.1 BEML R G 5 ERFEAR

A E BRI R £ B S =AM Rl ds . (Eahas R . S, h%%ﬁ%ﬁ%
ANASAG RS SR Esh a8, (Fahas MO HATIEHIG 52, R N R R s | S A B 1
M, EFSURIESha PATIR LR AT &, MBIEYEE B AR B IIRE, REXHTHY
%%%Hﬁ#

ﬁ%mk+ Wz B
e —» Ehey —» HiEAR —»

RS

& 1-1 B3t 2

1.2 (U R B R & RHLE

M I FERTE, DUREBHE IE RS ML, R ERT R, MEMAKEARRIME, X7
FoA B BR bk iy . AR AE S A HliE . BRI T, MEMS RGRBERSIMNAR R 80245,
H A V) M 75 B RS R A B Ao RS AL RS 1 AR R R LG O AT R 2R A T RE R AR AR 9%
WHEAZ —.

LR WU B A U 20K PR £ B ] o0 R ST R I e RO AT RS D B AN S B0 10 1 B T 40 i
MM EMSEMBNE. FL2NESE, Wl A, EEE. ik R SR H 2 LA R I & A FER Y .
PRSI R AS T K A RS A 5 i R A o B VARG o (B T I A B AR, AR X — 5,
WL B R R A H PR, . B R AR e, REMIRD £ R g
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2he, HAGEREMR, MEVCE WA AR Ah, REER— R SRS R R,
BIAE—Fhaitl T N e s I — R ZR 0 R s RS O &

1.3 BN SHBE S #

TS, (Magnetoelectric effect, ME) & 55 2& B P. Curie 75 1894 FEHEW FF 42 H 13, i
5| Magnetoelectric iX /™ BL %] 1926 £E 4 1% P. Debye 1l KB, & 5 (2 AR R 5200 T 1 FL %
TEIIBLS: . 1961 4F G.T.Rode Al V.J.Folen ilE 5k 1 33 fi FL RS A7 (ET,

1972 4F J. van Suchtelen &7l & T RGBS M8, FEIIN T IRFUHS. (Product tensor property)
IR &), 1974-1976 4F Philips Sz5& 25 R F J. van Suchtelen (1) & Bl 4 H T 25060 T g L L & R BUAF|
0.13 mV/em.Oe [IRESUHZE- I ARG H R A AP RIS T, LU s G A R s T AN B . 1990s
Newnham %5 % FH 645 16 J5 v 46 7 J0RE [ AR R L R A AR, AN E AR A2, AL R R A
MERHIE Fa e ¥ REUR )& L Philips SE36 2 M SCRZESS, (HEE) Bk HES) T A 52 & AR ERR B AL,
TR T HBM R, Hr 2-2 EREAEM BB B R REBOAE] 78 > mviem.Oe 7KF. 2001 4F
Terfenol-D {1 H IR K 175 8 T HEFR S AR R R . 2002 4, FESRSCKE T = A0 IIRE R & 1 k1P
FFEIEEIH T — RA . EEWMERE TR R A ARG SRR U R

W E AMRRH & LSRN E S FARkLS . BB, ERAEIRE, Hfl& T2H
I T gt H, BERG REGEX R W2 H AT A R R R A R

FEWI AT EA R LR R EGERY, ) AR o RS 23 ()02 B J fE 7 H B P 1 56 2K
HAL YA 0. 141 S e R P BRI . 52 G M R} P B G- W UBRRE & 0% R S 0B g i T U3k
LR, X R 7 RS G DL R B R (R R R AT N

PR R SR SO AR, TEAK, REH S G AR T2 Bk F2 2 e J7 ) A e TARA AR i) 5 44 il
# L2, BISEIRERM R s, — AP m )y, SEr et 8L TR I,
T B 22 B N 70 AN R M R 7= i T A RS
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K 1-2 BB EREEE EMEERER
BRI NAN C-W, BICHURIN M, DONG S, et al. Multiferroic magnetoelectric composites:
Historical perspective, status, and future directions [J]. Journal of Applied Physics, 2008, 103(3)
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1.4 SRR 4 — A R AR

BT EidEEEBE N 2 ARF R, CHE R —WERERIRM, AT T —FE TR AL
N A AR R 2k — f AT A2 46 1 2% (Non-contact translation-rotation sensor, Nc-TRS) [16], f& &+
TR, AR SR, B SV A RN I B AR 2 A R N (5 S o LS
Sl . UK RS R R R .

1.4.1 TG 35U A8 308 5 R B g 4 k)

HEE 45205, (Magnetostrictive effect) 8 E X BRI THIAL G, FHIER. KNS RAETBIR
VIR RN, BB TR 1842 FEHEEE. (J.PJoule) KRILKT, L XA ECAEE RN, HEAA
) 1865 4, 4ERiH (E.Villari) ORI T WAEU4E 8208, BB A A A8 T B2 2 87 B4R FH 22
SEM B AR 2R B IR G 18, R B 48 100 RN T RGBSR i v — S,  RAE 7RG 1 T2 AR 5k
2 [ ETIR R

AR RIS, MmN R BIE DL B AR kLG, el iR R A 3 ki, R,
e R TEAR AR o M TCAMRREIANS, K ERE: FIREAE T S BENLE, RIEA R Z LA m—BfA
ANERREI 5 R, R W VR A DU 1) A3 7 1), 8 MRS p = A

& 1- 3 BB ZE M Rl TR
BRI BRI, 50, R AT R (T B AT 75 IR PE S B A M. B i #E, 2008.

1.4.1.1 1E /38 EAH 46 25N

BRMEAR I RESUR S ] 73 PR — PR RIS, RIAERMAARAE AT R o B K
545, SRS REOETH A RN, =AU/, HA LONBRBARAK RS, AL HERBEARKEE L D7 B
PR E, MA L, 0 BT IR UM AR AR T — PR AR RS U s, RN R AL I 78
WO AE AR AR I K B 4, ARREEU AR R B 0 FoR, w=AV/V, Hb v OERRIAR R R AR, av
PRI TEAL S5 AT AR, o A £, Z3 I ST 1R/ R 4 O o ARG SR 4l H AR /N, KE AT
FoTAERN TAEN 32 B AR LR B 4 A0k, [RItk, 7ECHRe B UL A B LT, REBUH 45— R)dE & 2
T LR G S 4

1.4.1.2 LB 4 1L

BT BURZER R (Giant Magnetostriction Material, GMM) $& 42 1970s % & 2 3kK ft — 22 2 R Fr i
Ui RO B R . B DRGSR AR SRR I CAR s NAT TR RS0 4 2082 Rt 90 st ¥ A 4 1
Joule & H R I 2 Ni, HRAERSHEIKRBEAZ, 205 1057100, HAH Y6 R T 7 e fe 2%
JiThi . 1960s ¥] Legvold™M™ . ClarkPV5 AR 4k e IUFE LA kL BA 5 I REE el 2 A A KL Th A1
Dy f£ 4.2K KR I 7] LRI H B R RIRESUR i 80, (REGENE 8 X103, BHCONHERABURAI R . X
FERE SR AR 70 E LR TT . Koont2AI 5 [F /K T AR AF 78 H L Savage, Clark 252253 71l I T
TbFe>. DyFex. 1 SmFe, %5 H A Laves fHML &), XA S RA R G BIRE, EERZMT
R A RS AR RS, RIS AR R AU Fey Ni S5 SLRESUM A5 BN 1 100 £5 /245

3 Fsom
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1974 4, Van Den Boomgaard J 25 N * i IhJT Az HHAE 3 T 2o Y K A Mo 4 22 B30T S ko 4 K
JUPF AR =M & e R ToDyFe, FHEIGEDE M SEH . M 19708 HIITAG, WFFE N REEWTT
ANFIAA AL R S M RE S 4 R AU ) R, BIFGR R TT T X% GMM [ & T2 5. &F, 1
1987 4F, GMM 2l 7w b Ar=, i 4> A ThxDyi-xFep-y, Hit x Fox To/Dy, —f 4 0.27~0.35;
y #7~ R/Fe, —RN 0.1~0.05. MRS 4 Terfenol-D: Ter &X/xJt% Th (Terbium) ; fe &/RJT
& Fe (Ferrum) ; nol {3 Naval Ordinance Laboratory; D 37~ Dy (Dysprosium) , FB I Dy 5k
B 25 1) S PR /N

A& G LB A R A L, GMM BRI PERE . 0 T A RASU 47 B AL 2R K

(1500~2000ppm) ; FEEZEER (14000~250000/m*) ; HLEE (H) HEA REOK; WRGHEER GAF)
ps 2D 5 HiH 73K, WA 220~800N; AEKHELF, MUHTTE, TIEJLTE TR AR E
TAE; R E M, PrEEMESE, T RN PRS2 = 2 200MPa (1) 775

R 1- 1 BRIGRAEA G L

PR Terfenol-D Ni PZT
3% Tho.27Dyo.73F€1.03 Ni>98% BEERBR AN
¥ AR & E/Gpa 25~35 320 73
JE45% . o/Mpa 700 - -
PR 2B 0/(x108 T 12 13.3 10
fH4E N A e/ppm 1500-2000 -40 250
8.9x10
R p/(kg/m®) 9.25%103 3 7.5%103
AE R w/(J/md) 14000~25000 30 960
J& LR (Te/ <T) 380 354 300
0.16~0.
BIRCAG L T S 0.72 25 0.68

1.4.2 JK HL RN 5 R A KL
JEHLN. (Piezoelectric Effect) $& I AELE T4 & (1 FELA BUMRE R B — Fh LIk R -5 Ho BEAH FL 46
WO, Hefe R HE B %5 (Pierre Curie £ Jacques Curie) 7£ 1880 4E T-—Fh B Sk (M54 ) hAIM
). T 5e R I IE R AL (Direct piezoelectric effect ) [ VRAEE] 1881 4F, J& HL Wt 3 i i S I 11F
TN CInverse piezoelectric effect ) HIAFTE, Fidk— 03R48 T IE 1 K HL #4124,
1.4.2.1 1E /3% s B RN
0 s H ALt A B 70, AR P I rAR AR 2 R AR T AR 48, VKBTI FPARLL, R
RIS e AN AT e AR S B I A DA R JEIR o AR Fokeidh,  TE S s S B b R LA B
N HLBE R
P=do (1.1)
Her, PRNSEKIEBEMRIE (Cm?) , dAKBEEE (CIND , o ANT), HALZE N/mM?,
MR, HTEEEMELERT N EIAE, FESEH, BERESh K, AR F L, K8
AR 37 77 TR ARG o 300 RSO AR 2 L REFE S AL RE I FE
S=dE (1.2)
Hp, SHAEREBEMESEREE, dAEBEFEEHE (MV) , ENEGEERE (VIm) .
1.4.2.2 % W H BLA R
J HE RN PR 30 A9 IRV E 1 FEA 5 s N R T DR R HE S 7 5K, AR MR B 7137 5 FE 3 i & 1)
BANL o AEMBL ISR T 43 R I AR . TR A B R EWIAE R A PR A,

Fav JFsom
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7E 1942 R IVEKERE (BaTiOz) HAEHEMI)E, R RMES RN ERMERBRE . BB
(Lead zirconate titanate, PZT) B 5 RA04RRRAL. 4RIRAT. AL, A4, Z#EE (Rochelle salt,
Potassium sodium tartrate) 5 IR AL B S HR LA R IR, eAh, KRR & 77 INE — L)
JRHA AR, EE%. REER. DNA. AME. N TARKIREDHHRE L. RIRB -
FAR A S B AR P RE

FEGE I R A RE AR BRI S B AR B B S5 LB B R N 2 o TR F P AR B A R RN . OB R
PR TH R R AR SRR, (B EAE RS G RS 855, Ry AR M R AT DL SZ 5K I IE
N AT, AHA2 2B ARSI N A0, PRGOS MIIR 2R 5 52 BIRER . I 5K DL R IR 9 2.0
(Polyvinylidene, PVDF) AERMAW ST M E&RZEH, PVDF &0 1R AV 58 AN 2
1 1969 FAEANZ RGO T KK . PVDF BA K AN & H 5> FHERI#E (Conformation) AN [T
HEMEE R, Hd p RIS TEER D MBENIR (Zigzag) HEF, BTk 78k L CR ik
(Dipole) TE[FR—J7 A E-PAT I =42 B R M B R M 45 dl f i o 240t b PVDF 45 5 6 35— 7 ) it
T T Fe AR TEAR R, BRI /N K 7 B 2 A4, DRk e B 2 Ak, TR AR .

PVDF &7 ¥ & M BLEA LR I A

1) BRI N TR, )l R R A TR K 1) R

2) HA TR B R v i

3) EMRHBT/AN, RBE K S AEYARAE

4) W] JR AR I AR A

1.5 &£F GMM/PZT w8 R R AR IR 2 - A (L 8 15 BT
BT BRI, DA — R A EREIER R, HPRRR. 23070, MR
S5) . REBURREGHE RS MR 8 RO RS AT AR SRR RO LR (AR I TR, (BN T LR iR

REM R TT S0 E, AT 7 — PRl =UZE- A AL A2 4% J8Es  (Non-Contact Translation-Rotation
Sensor, Nc-TRS) , HSZIUAI AL EIhGER) EFEE W T .

|
|
|
A\ I 7 \
|
|
|
|

GM PE

P(x,7,2)
CEWE =T TS WAy ey T Ty SO

T, WATERER4EHE (GMM rod) FIJEH T (PZT/PVDF/EMFID Fl L-T hybrid fi =& R/
—ke, A E SRR E AR, R LR A AR P A o e 4 A T e 47 e X 4 I
SRS AR, XIS SR AR LB I GMM AL N MU AE RO (RERS RN TR L X —HUK
Reid i i Sk — AR B 4y i R IR e L i e O AT RS . A, R X AR B SR T
A 5 0 7 5 T I EL A R P R 4 AR
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XA AL S 92 R AN (Product tensor property) A . fn ESCATR, Van Suchetelen
N DX AR A RS S A R R R 8, B IR BN T e N (A )

BB
BT = K x o DL
A = K ™ T

Horp K AR FE RS A 2230 K=k ko> o>(1—x), He 11 Ky A Ko F2 R AR R A B AR BE 1T 5 62 1 5% B AR R
PERIRES /A, x A (1—x) N AR BRRE AR AR B AH I AR 4 24

TR EME, FUONVEE 7B ZEREEZE, &E6MBIIRE R 2 3 T R s 44
JZ ARG — R A P2 (1) PR — S P R B RS ) S SRR, DRI LA S BT RE S . I A A
W M ERA KR S oM. AMECtX R, SIS RSS2 MU B8 1 .

ST (A ) O8 R AR IEAE TR R B, AR B2 S5 d@ 1) L-T hybrid 825, B — 259
W) R A R T B A e 5 — A 7 ) 5 2 3 B s P JE st FS O HURRR &, B G S 4 A4 LA 1
PR Z RIS = iEEA T (RIS, K=

TEMEEA 2 b, AT T Ne-TRS 2 — R BUAENLAI 28 AR BURENL. Hodr, S5 — AR AR
MR FH B B AR HOIR 0 F A B 8%, 28 AR RS EEN LR A0 T PVDF Al —Fh 58 3 0 ) s FL
Ji&i EMFi.

1.6 ARAS

RS 1 PSSO AT S IR 01T LA B A 0 SR Z 18 ) 2t b, 1 AR SR FE s s, RV TR
RN AR A LR - A AL A AR AR BT o A B SOE R A WUBRAR 50 -5 e 75 B 2K i o S = AT [ SR 6
BERMISEIR KA, MRS THESS B ESR, AR SCbst LT WA AT T

1 BT EESUR A AOR AR AR, TS0 B R HARRYEAFE, AR LB A
2. BTSERARGHH S ATIRDL, AL RS ECERER, IFRIA] LabVIEW it
TSI H

3. IEHEEMBERSPR R RS T 5 .
4. XAERRESHEATAHIGNNK, 20T B AR . ARSI AP B b R T A 123
DARSES, RS In g R 50 HE R LY, JFBEAT ARG I8 .

RENG

MG BAE AR BGRB8 TARRBOR I EZ . JFE A s LAz B3 T AR
PRGN R . /2 T SO AE BERRE, IR IR S TR R SRR BT FOREE . 1R TR
RILR- PR A AR AR LB, BIIE T oReARRr I, SEiMRE (SLESSH0E) BImAH .
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FE BEEREMRAE R RFHER R GRS

2.1 BB AR R I S AR G

2.1.1 W B4R B E R BRI

it P (R BRI RO R AT R P B R 2 1A AR SR R ORRAIE . BESSUM A AT R Dy — R e der A,
Bl WUBARN A 2 5 2 B 50 R A Bk . Herp— Se W BB T DAL T 07, BB UniE R . BT
iR s T 3 b Lo B BT X e “T SO AERIPAAER “T SCRE B NAR ARG
RIVE L

ARG

B 2- 1 Fik itk A SR RIHISR
TR FII BRG] 58151 M), I8 Tl /ie#t, 2003.

ST HEEAR AR RL, ATIERE HL 0. o fFMALAR R, B, S*. e fFARIAE, MBI TiE
AW

& =5S0+0d,H+aAl 2.1)
B = do+uH + pAd (2.2)
AS*= a.o+pH+(c/0) AO (2.3)

Horp, s RAERL7 . 1EIR T RISRERINRBGER; d 21BN 1ER T REUR g R EOERE; piE
Wiss BRI T AR REOE M o R 1ER . 1R T RIAIK REOERE: R ERT . 1EIR S R
FPERABOENE; cRAEN A B TR RAL AR A & .

B HEBUN A RE TAER b TR (A0=0) BUEREBHAK (A0=0) , W FXfEeh

F7U Fsom
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¢ =s"o+dH (2.4)

B =do+u’H (2.5)
oo, sHURMERL FRIRIMABOERE; po R E N TGS R RBOERE; MU 48 250 d 105E X
H: o=0V HHELH=0 v 7 4.
PR B — I A N SR — R 4 TR (R A TR« BB — 2RI AR AL
MEH (o=0V HEH) MEAHFENE (H=0Vv HE) .
2.1.2 R A AR R 5 R 2R P R AR
TbxDy1xFeo.y BB HEE AR RLELA B b«
1) ARBEAMIES R /INTT RS, ANBE SN 5 R T AR o T Mg 37 5 P 1 K 3 — & s U )
AL
2) HASRZUNS RN, EARFDT M LTS KSR 4 sl s k. Rk, — R B 5
B R 22 4 T2, A AR KRS U s . W) Terfenol-D B4 IRl 17 4223k <11

2>, FI<111>75 [ 2 [ RIE/N R f N 19.5° .
3) WU SRR RO AEGE, IR — R MBS

o'
“III..--- £ -...-III#I
o i R IRRR——— L
I.i P
) -
a .
" ’
. .
L
Vi
-H 5 -H | H : H, o

B 2- 2 37 - WA 48 R BOC 2R I 2%
TR LI GREPAT R 85 G as 1 6 IM]. 76 <8 100 iR 7L, 2003.

Tt [ 1 R A R Bl A A P — N TR, B AR AR AN PR RESZ B0 T b - T8 800 246 2502 e
S LA AR LA AT AT, SRR AE T REWEBEBE (AN RIS RE B 2 P AR RE R AR AR, XM R
—EWIBENLIE . WEANRF LSS RSN B B A B — e REERY . LF T A A 1] SN2 5 TR D
PR R B AR K S 221

it IRV R AP AN R R G S PE T AN TR, PP AR e T, BERAR R LA, ke T i ]t 3
LK o 1T B8 TR A SR BE (RIS B Hona I, T2 HHBRAE 0 LRI G, B TRD D) il s o S 320k
NN, ELBVAMEI AN, (B A ARG BE F AN BE 58 e R BIR PRI Z ATHPIRES, BREGA A
F LRI — 2 R . B AR R BIIAIRES, WAL AUk SE Tt N S (71 AMEE A B He, BRI RIBETE 2%
kS I I [ Wi 3 2 S A B S IRV AN AL. 2 PSR [T 26 o
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1P -
Pr 8
[l
Bl L -
0 £

B 2- 3 REBUHZE A RHRETE B 2%
BRI E X R -5 a5 TF i vh [M]. J6 sz Tk i1, 2003.

T AR (R KN — P 25— [ 795 2 ot 20 B BB T RPUORAET B, THIARURICOK, U s [ ™ .

2.1.3 [ BHLEANAE A BT RS A

H AT R R A P A8 3 359 Preisach. Jiles-Atherton (J-A #87) DL K H HRe i, Hidr,
Preisach 7 /& F 8 [E W) B 52 5K Preisach &1 X2k A (1 RGP B2 HE I — P R A Y, Bl R R )
BED, fEEE. BS. SRR ISR, HAERRMPE R, REBEAZHRAR,
HRAFAIE, Fith, #7575 Krasonesel ‘skii 1 Pokrovskii T 44 % i I 5347 H -4 4,
Preisach i i 7 it &5 T BRREREAR A, AR T — Rl R A8 G IR T, RGO
HEHMR R, LERN RGNS ER), HAemEH R N 75 22 & B SR T W ER 5, S
M, TERBRE T LT RS HR AL R Re28) e RBP4 M R HE L MR AR T, G
FEEMRT AR, (HR 3% 8 S0P R AR A K, RIS SCR A J-A SR 34T R G

2.1.3.1 Weiss 2 i H# it

FRYE Weiss BRREFLIS1Y, BRELAK MG REAL 2IE B A REAL 75 2 — AN e MR ia F, 7E sbi
PR REARD) 57 P9 38 1) i - e 2 AR AR R A EAE L, A Rl B EPAT s, TAMEsa e
FIAVAY & 2028 8 R AT I RERE T 1), Weiss FRIX AR 58 (19 N 50637 8 7> 73 Hme A Hn=oM,
RN TIHBE, M RLRACREE, WM T R PAT TR SR EE R T R, ARG AR 358 B 2L
Wit

H.=H+H +H =H+ aM+H_ (2.6)
Hoh HAMERY), Ho A ST, HA
_90,M
H, = 5 (2.7)
21,M
Horb A F1 M R TEANRESUR A R BRI IR EE, oo ATIR /), pwo NEZHESER. GIF1E
H,=aM +H (2.8)

o= Ohsoo/20Mis2, HER T WA 1 P 24

FE A EAL R AN Langevin BRE L(2)5E S, A TCil I EAL 5 E Man RIE 3

Fow JFsom
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M., :MSL(z)zMScoth((z)-%j (2.9)

Hr, Mg BUEARLEER, H Me=Nm, N ARAAARIRNES T8 mANEFRAE R, Ms—#
HfE RSt z=Hea, a NICHEHREML SRR R E, 8 B S50 i

2.1.3.2 J-A F Y

Jiles F1 Atherton $5 1, TEAMEESAMIMER T, BRI 5 AN B, TEVILEREACIN B, BRmiik
PN R B G RS Sh RN RGBS st e AT T8 ), XM BC R TS UG E S 3R Wi Bl # FoRME A itb 2
RUAEE BB, SRR R R A (1) R W5 A B RN R I 2 B A 5 A v 1), BV AT 40 Myey RS RT3 4)
Mir [FIIS AELE, GBS R AR P 35 (1) S P 3 AL B P T 3R N

M=M_+M. (2.10)

rev irr

HAFAE AT W e A BER S Miey FIAN T I REAL B FE M [ JCHERR EAL SR E Man )98 R 3K
dMm, _ 5M(Man_Mirr)

L — (2.11)
dH ~ sk—a(M, —M,,)
M., =c(M,—M. ) (2.12)
0,H<0AM, (H,)-M(H)>0
5,=10,H>0AM_(H,)-M(H)<0 (2.13)
1! |;I(I\/Ian (He) - M(H)) >0
Pe,
= 2.14
2myy (1—c) @1
Hor
p — ATH4L R P I B FE en— 180° WHEE[SFYIAE &
M — S AR AR I 1) B c — A RE

& — Wi T 2%, M HBN, §=1, 4 HIBNN, §=-1;
k— Aa[UHFERE, RICHFMATILE TR F R, BT p, e Ml m #RMEE L SZI6 IS, BT
PLXAN ST 92 bris A o2 @ i S 509E R 15 21 1 5

— 7 1B AN S AL R I SE T 5N S, v DLBRIEAE 37 77 Tn) 2 AE I e ) g e A7
{EN 2 5B,
oS o S W

oM {M coth(z)—— }—M

1
k5—1a { coth(z)—— —|v| «
d_M: f(M,H) = ¢ 1 = —% (2.15)
dH 1+(cM, ){cschz() (;)2 “
ﬂl:':"
;= H+aM (2.16)
a

TR LB A A4 R K S PR AL 55 FE D
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M = [ f(M,H)dH (2.17)
TR — AR TR, RGBT R, A B T S A B — AR R
G S — BN G R (2.4)
H Y e=0 H,

d| f(M,H)dH
o= dpy__dM __ JfvH) (2.18)

s su Su

2.2 EERM RS RGRAES

LB AR R, ARG LR, RIEEA S g ¢ 2 LI 2O AR LRy
ik, oo — 2RI . RETIAA( Caspori) AR ( Merz) AN, TEAZ 5 HLI7 5 P 2 18] W TE [l 25

IR PAT A ek (0 Fs R R T 28 P g B A RO RS R

b

\\/ %

B 2- 4 F EATRHRE MR B i 2
BRI Th E 85, TR et [M]. [ T i, 1984

(B [FI RS i 25 S A AR 2 MERFAE T 55 5 s FEAA MRS S0l 52 PVDFF [ LT (0 A 2 MEARFAE AR X EE R
Ny BEAh, AR S R A X0 s R O RIH s r AR T SRS e LRSI T 5 . ASCHReR I

AR T B T R

S=s"T+gD (2.19)
E=—qT+4'D (2.20)

TETAN I N — 45 R, JTREMI N
D, :dpa (2.21)

b, Dp A RAEIRALRS, dp N FL ) H
X AR R Qp

fFa1m fEsom
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Q, =[[D,dA={] dpadAzjdpaWpdx (222)
A A 0

S, wp 5 | S BIRE L IR K BRI RERE
EENCEL DN
L od j f(M H) dH
-2 J Wde:—dpwpIdIf(M,H)dH
C c suC

p

(2.23)
p

KENE

AT BT B A PRI i AR A 5 R AN S Bl Ik 2 BETH SR R ST 1 MBI A\ 2] EBEEHJ
AR o, RS B EN gi AR ARG R R AL T 0-A BRI 2 B AR,
IS B S AR AR ZR R R AEAE AR /N, SRR 1 fRIAL, 2 IS AR AR 2R WJKHEJT?)%TH’J
— Yk R
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o
p=il

12 T



S P
FESN
2 ™
S

© TONG UNIVERSITY BETHB YN IFEMA - BB A RIS

B=F R/RFUA RS BERSHE

S5 B AR LB S BT AN SR AR AR i S, it T BN AR S DU sE
b R GEREAT O S

3.1 BishR E R E
I A R K B, AR R SR — 3R P 50 O i o B AR A S O 25100, %4

T 2axb>h KIGHREARTT S, Hx 2 — (a7 R XY, Z =TT E, Hye

Hy A1 Hzo T Hxs Hy A1 Hy 370 078 090 AN T A7 FEPIAS 70

& 3- 1 KoK BRI 9 A6

Gy AR X 7 A TR T,
2 2
_ _ b2 2 _b2 I,.2
H, - Br Inq a+\f(p a)2+(q+ ) +r +Inq+a+\/(p+a)2+(q ) + -
4 q—a+\j(p—a) +(g—b)* +r? q+a+\/(p+a) +(g+b)* +r?
X 75 1] [ T
H Br | q—a+\kp—af+(q+m2+0+hf Inq+a+J(p+af+(q—m2+0+hf
= n +
dmt) - q-a+(p-a) +@- b2 +(r+h)?  gra+y(p+a) +(grb) +(r+h)
Y J5 [ 1 1
2 2
—~ —~ b)? +r? a a —b)? +r?
B P a+y(p al+M+)-+ L +y(p+ l+m R P
4 p—a+\j(p—a) +(q-b)*+r? p+a+\/(p+a) +(g+b)* +r?
Y 5 [ S
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o
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oo Br {In p—a+\/(p—a)2+(q+b)2+(r+h)2 o p+a+\/(p+a)2+(qb)2+(r+h)2] G4

7 p—a+\#,l(p—a)2 +(g=b)* +(r+h)? p+a+\j(p+a)2 +(g+b)? + (r+h)?
Z J7 1A IETHI,
__Br - (p—a)(q-b) i (p—a)(q+b)
A {arcsm \j(p —a)2+r? \/(q— b)? +r? aresin J( p—a)®+r? J(q+ b)? +r? } 35)
_Br. - (p+a)(q—b) P (p+a)(q+b)
Amu {arcsm \/(p +a)?+r? \j(q—b)z +r? aresn \/(p+a)2 +r? J(q+ b)? +r? }
Z 51\ ) I
szlﬁ—amﬁn (p-2)(q—-b) —arcsin (p-2)(q+b)
4t J(p—2)? + (z+h)? {J(g-b)? + (z+ h)? J(p—2)? + (z+h)? {J(q+b)? + (z+ h)?
_ B | aresin (p+2)(Q—b) —arcsin (p+2)(q +b)
4t J(p+2)? +(z+h)?{J(@-Db)? + (z+h)? J(p+a)? +(z+h)? {(q+b)? + (z+h)?
(3.6)
101
Hx:Hx+_Hx—’Hy:Hy+_Hy—’Hz:Hz+_Hz— 3.7)
H B W358 N

H=\[H2+H 2 +H 7 (38)
3.2 LabVIEW {H &

LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench, S2& s X238 T 4)
72 32 1 [ SRAXES A 7 BT R B AR P 9w 3T 6 - LabVIEW SR N 143 |3 hlpridit, =
A AR N — BT R B R R FEE S . IR L 516 G gm e £ 2L AR 2 TR E AR T FE R
7 ¥R (data flow) HIRES, ) S vl AR o 20 DR R VATRE ] ()i R mh 3t 5 1l 1 R P &85 A ) 45 2 o

FSEIGE N AT S, ENEER— A2 LabVIEW RIE5IN T B ARSI mldat AL
FHI BRG] BT R A . HA LabVIEW $REEPEAL . E58EEL F 500 PLasdilae. 3
His5 . BHEH. FHEEshMi. BIREME. o A LabVIEW @580 5 H 2 #F: GPIB, USB,
IEEE1394, MODBUS, HATHEMSEHE . FlanA b it S8 7> Keyence BOLALE ALK a5
LabView FRi TS A2 5 H SEIL .

LabVIEW A (1 FH P L (FRONRTTIARD A — MBS B — AN FLSe s LA 3 TAE, &
ATAT AR 75 158 fRos 45 b S B8 AN 28 38 A 7F — KT LabVIEW XA S M — D52 B S8k 248, AT LA
G HE R AR . B AR, A2 RN LabVIEW IR 7 BT F2 7 #FCN VI (Virtual
Instrumentation) , &S VI #H =AHkE 7. F2PHERE (Block Diagram) . #iffifk (Front Panel)
bR/ %48 (lcon/Connector) o FRATTAT LA MR FH A TR AR b () 4% il 42 A 20di i N IEFEI2 AT 1)
VI, B HEREAS IS B Rt . AL ] DR R R C . BRI (VD BERT AT
BUTBCHYER P 3, B — MR R Wl DAE R —A15 R0 3 5 —A VIR HER T, JEdE
AR AR R, 1T A AR E S VLR A AN AN
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LabView i& 1] LIz () [ HARER AR S5 Aag - A S AR IR A% 30 e vEb Rk H i tH 1 7 B0k
seifiid LabView [f] Mathscript real time module S SZHLEE — 55 B i@ 21 i A 2 1 7 F2 M BUE K i -

Ui FAR T AT AR W1 3- 2 LabVIEW BITIAR Fr~, 7T DAFEH 4R @ S8, e ARG 12 B
TR RTIRE, AT LK 07 5 B e R A 1 45 B SN i DA 4 i 07 R BT K

MRS
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B 3-2 LabVIEW REiTEIHR

FEFFTHAR W1 B 3- 3 LabVIEW 2P HE R R, RS S G TR, 7EiX B o] DAk & &
WA, BRI, NS, R . AR 3 21 /& Mathscript real time Module
HEAT WS 4 () S PR BER B VAR, DAS I B e e PR AR T A SR AR S 2 1 R I 2 A
i R B TS, DM 2R 2P R Matlab SEEAREAT A0 .
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3.3.1 B fRJRAS AN R
TE PR — AR R B R — 2 B 2R AT R AR SLIG K A o) AR G S5 A PR Bl 28 B — 15 P(0,0,r) AR R JER
VTS

H=H()=\[H,2+H 2 +H ? (39
B HAE N AR YIME 2, 8id LabView 3F 1M 75 205 B B RS
FERFAT AR 5 Ja AR W 3- 4 B AR IR A A 47 5 LabVIEW BT THIR s . 725 — A AL s
LA, TERENSBARKITTEKBARKI ST SH, KRR EZSE (p=g=0) , KM/
AR o 1 LI TR K e AR 50 8 MR B B A6 10mm AbvE Z BhEEin B3I 5 H G .

JAEZ‘AW
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Displacement-Voltage Cruve

0028 T ! T ! T T ! T T
L S — e — e S -
T RS A —— — T e — . e .
3 H |
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A 3- 6 B —(ERRIR BN LT H 2%

Hrdr, tpZ s, miEamE nmiE, WEZRIPZERERZ T/, LA 500 M1 1500 4
KREECAM, WAL N (500, 0.014526) F1 (1500, 0.014503) , AHZE N 2.3e-5 HmZ%. JRH]
Wi AR LR T2/, EAE — e RS PR B 261 T mT DL 2

3.3.2 AL R AN K

MOTOR —

\\\ \‘ // Vrgt\ate/,,—/"
\ “\; "7 g ,r’,"\ |
Pxyz) — I' ‘.\\
[ =—~GM fo:_-afjpg =

—~—— V‘L/"/

Bl 3- 7 R AN TR LI

T2 B — 20 Ay RE RS MR SR, A P RS A B P B 2 b — P (0,0,00) ORI
SR
H,=Hsing (3.10)
Forb H H1(3.9) N E s r=ro N/KHEAR 5@ WL A O SEE RS, N— AR
H =sin0[H,2+H,’+H,? (3.11)
FIN—ANSH 0 Rk AR R A . FIRE, RZITRRAE N -A BRI HME 2, FTLAS R0 K
IEH S o

®3-1 A KRR TR BIKHERSH
Ji AR S5 L BUR AR E S KT S H

d,=2.2x%x10-11 C/N dm =3.92 x 10-9 m/A pu=0.4
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Displacement-Voltage Cruve
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. BT 6 A FaEl .
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& 4- 10 FALB SKIHLH

BALIRAE LI REHURA BRA A A KD & BT, DL/ INIRSDAE PR 206 AL 4% I3 A
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4.4 FREEARIAR

S R FH R A AR 2 R R L AT PR = AR P I ALk il 2k (NdFeB magnet) , f#5 N35.
BRI — P A Bk, B (NdoFewB) TERRIIDU T b R b A, &I A RE M Bk )k ik . i
FL5T 1982 4, A RERIENEN (Masato Sagawa) KIVEIEk. JEk, (RS EKIE
RINH AR 42 (powder metallurgy process) , 3 IR 452 7] & R IN e 32 (melt-spinning
process) , AEME & B BRI RE L . IX RIS B A M Sk (1) 7k A BB, R e 130 FH PR s L ek

4.5 [FERERR

B R E ARG S PEREMA RS T R
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e K FE R 3 Rl U 97.6 pV

b AN S EN RO N | -200 mV, 200 mV

/N RS 112 uv

IR /N PR U B 5.2 uv

HRE N AE 4095 FEA

JE IR HUE A 5 R AR A HAS NF (81 B R U 24 K] DM2561 %y /5 R 4T . NF i 4 15
(Negative Feedback) —1a/IIK. B R AFHARE —Ffe fm HUER ARG E PEAT R PERERIBOR, T2 N T H
THEMER ARG . H2, BTERNEAR, WS B/ARIHuNKTERE, HESMERENT
SPBR . NF U BHERIBOR, TR IR R F e vERe,  JF HAENS SCHLEHAL TR e A
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fRIRRES, EA B ATERERAE 2 (S0KHZ) , W FREIA R, +0.02%, BB SRS & WORMIREA%
&S PCHLAIETHEL AT DO H B A7 (s, dn] BLdad RS232 484k 5 LabView il .
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Displacement (mm)

r r r r r

Experimental Data |
Theoretical Data

r r
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12.4 126
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ETHiBR BN AR - AU B ERRFMR

& 5- 1V EFNE SR BIRE ST

) Y5 UK 7
"%Fﬁﬁ@ E@E o 1A 0.5A 0.2A 0.1A 0.05 A
S Uh B YA R AR
oA
N 7,271.9333 7,273.05 7,274.4205 7,274.8484 7,274.183
ARSI A
o
fﬁ%ﬁ Ex 7,284.5333 7,278.6 7,276.247 7,275.8149 7,275.5761
Nc-TRS i | M 7,272.1815 7,272.9158 7,274.2333 7,274.7333 7,274.49
o
fﬁ%ﬁ ke 7,284.2104 7,278.4498 7,276.3667 7,275.9667 7,275.40
A
Nc-TRS % | 1) 11.9917 11.9789 11.9377 11.9376 11.8860
H L
(mV) Ed| 11.9994 11.9826 11.9391 11.9384 11.8866
Nc-TRS X 0B
AL A R 22 0.3074 0.0757 0.1334 0.0765 0.0103
(um)

R R YA 10HZ, FLOEME AN 1A X RS E] 0.1A. &l 5-6 H, BRI EIRIRIE N 1A, KBRS
M 7,272.1815 pm | 7,284.2104 pum, 174K HLEAE S 11.9917 mV F] 11.9994 mV. K] 5-7 HIHR{E N
0.5A, T HLEARLE M 11.9789 mV 1 11.9826 mV. & 5-8 Al 5-9 HLIEE 4374 0.2 Al 0.1A, X}
N7 (A B A R AR A 43 0 (2.1334 pm, 0.0014 mV ) (1.2334 um, 0.0008 mV) . 1T HIRIE
H9 0.0A B iR ZE b CARXT R, SOERAT IO BN 75 38 F a5 5 el Canfd 5-10 Az, ME{EL 0.005,
B 10HZ. KHEAAIFE N 7,274.49 pm B 7,275.40 pm (910 nm) , T AH N ) H R 4 HY AR Ak B oAy
0.0006 mV(M 11.8860 mV %I 11.8866 mV).
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§ Before Filter
3 L —— After Filter
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g .

§ 7275~ — By Nc-TRS
S I By LDS

) L L L L

2 7270
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11.985¢ T T T T T T T

11.98 -

Before Filter

Displacement (um) Induced Voltage (mV)

L — After Filter
11.975 L L L L L L
0 50 100 150 200 250 300 350 400
7280 T T T T T T T r
7278
7276
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STUDY ON A NOVEL NON-CONTACT TRANSLATION-
ROTATION SENSOR BASED ON MAGNETOELECTRIC
EFFECT

Introduction

With the development of modern technology, Information acquisition technology, as a gap in the three
pillars of information age, which has restricted the productivity progress advancement, has to be enhanced
urgently. Especially accompanied by the trends of high precision and miniaturization in industry, traditional
displacement sensor cannot meet the actual demand, given their compact structure and single measurement
feature.

While the magnetoelectric (ME) effect is the phenomenon of inducing (electric) polarization by applying
an external electric (magnetic) field. The magnetoelectric effect was first conjectured by P. Curiein 1894 while
the term "magnetoelectric” was coined by P. Debye in 1926. But the problem is ME effect in monophase
material is quite weak and research was in a low state until 1972 when J. van Suchtelen discovered the product
tensor property and prepared the very first piece of ME composite. Hereafter several ways of preparation and
structures were found, among them the coupling interaction between piezoelectric and magnetic substances
could produce a large ME response at room temperature. While by now few composite magnetoelectric
material have been implemented into an actual device.

Thus the ME effect is a result of the product of the magnetostrictive effect in magnetostrictive material
and piezoelectric effect in piezoelectric one. Thus we proposes a novel non-contact translation-rotation sensor
(Nc-TRS) by connecting these two materials in series.

The sensing mechanism of it can be elaborated as follows:

The magnetic field, generated by a permanent magnet (PM), changes accompanying the displacement of
the PM. The change can be perceived by a GM rod in terms of its length or stress, which will be transmitted to
the piezoelectric material cause our design of a rigid structure. In the end, the stress given by GM to
piezoelectric material will induce a charge. By monitoring the charge (in form of voltage), we then can decide
the position of the PM according to mathematical and physical model.

Magnetostriction is a property of ferromagnetic materials that causes them to change their shape or
dimensions during the process of magnetization. The variation of materials's magnetization due to the applied
magnetic field changes the magnetostrictive strain until reaching its saturation value, L. The effect was first
identified in 1842 by James Joule when observing a sample of iron. And piezoelectricity is the electric charge
that accumulates in certain solid materials in response to applied mechanical stress. Piezoelectricity was
discovered in 1880 by French physicists Jacques and Pierre Curie.

Unfortunately both magnetostrictive and piezoelectric material have non-linear property, which will effect
the sensing process seriously, bring a coupling non-linear property into our whole system. It can cause damage
to the precision and resolution of our Nc-TRS. Hence we must take the non-linear property into consideration
during modeling of the sensing mechanism.

With respect to magnetostricitive material, there has several non-linear model for it, including Preisach
model, Jiles-Atherton model and other non-linear model based on thermal dynamics recently. Given to the
time we have for this graduation field work, we choose J-A model for our system modeling and simulation.

As to piezoelectric material, he non-linear property of it is rather small compared to that of
magnetostrictive material, while the current non-linear model for it is quite complicated. Hence we adapt a
linear constitutive equation for piezoelectric material.

To begin with the non-linear and linear constitutive equation of these two materials, we build
mathematical model of the sensing mechanism, most factors taken into fully consideration including non-linear
character on current condition. We design and produce two prototypes with giant magnetostriction material
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(GMM) rod and three kinds of piezoelectric material (PZT, PVDF and EFMi). To be noted, commercial
piezoelectric sensor LC1104, DT1-028K and SSeTOUCHTcn are used for implementing the experiment for
convenience at this moment. The proposed sensor features fewer components, more satisfactory precision and
convenience in utilizing, easier assembly into host structures and lower cost compared to other high precision
displacement sensors.

The experiment system consist of Nc-TRS, a giant magnetostrictive material (GM) actuator made in-
house, a permanent magnet block (PM, RbFeB-N35, BHmax/35MGOe, size 10 <10 x50 mm), a fine-tuning
platform, a laser displacement sensor (Keyence LK-G30), a digital multimeter (NF DM2561, 100 nV
resolution) ,a stepper motor, and a power supply.

The motion of permanent magnet was provided by a two axis fine tuning platform(both linear),the house-
made GMA(responsible for coarse and fine linear displacement respectively); a stepper motor (responsible for
angular displacement ).

All of our simulation and experiment are excuted with the assistance of LabVIEW software. on Based on
the mathematical model and experiment platform, simulation and several experiment are executed with the
assistance of LabVIEW software by National Instrument inc., which offers visualization and convenient
features for data acquisition and experimental device control.

Our experiments are set into two main sections, namely one-dimension linear displacement and angular
measurement, two-dimension in-plane displacement measurement, several sets of system are built respectively.
Satisfactory result has been achieved, by current study, our Nc-TRS has realized the resolution of 990 nm and
0.013<

We have acquired mounts of experiment data and simulation data of displacement of permanent magnet
and the induced voltage, then draw the figures with Matlab. Several typical experiment are executed and we
have compared the raw data curve, filtered curve and theoretically simulation data. The experiment matches
well with simulation, which proves the sensing mechanism to be feasible.

However, due to time and device restriction, our experiments still have several limits, or exactly, several
important experiments cannot be executed as we have assumed. That can be mainly attributed to the NF DM
2561°s dysfunction to communicate with LabVIEW while we laboratory has not purchased the GPIB
communication card option. While in the future we can fix this and do more experiments.

Besides, at present, many structures of composite magnetoelectric material have been found to exhibit a
much more strong ME effect. While we have no such equipment to prepare them, hence we choose a rather
basic type of composite magnetoelectric material. But it do have verified the sensing mechanism we have
proposed. What's more, the non-linear model we choose for modeling magenetostrictive material is a rather
coarse one, while we use a linear constitutive equation for piezoelectric material. If we can adapt a more
precise model for magentostrcitive material and a non-linear model for piezoelectric material, the resolution
and precision of our Nc-TRS can be improved substantially.

Results, conclusion and vision

In summary, we have proposed a new sensor that is able to measure both translation and rotation
displacement by combining magnetostrictive and piezoelectric effects. A non-contact displacement sensor
prototype is constructed and tests specifically designed to verify the performance of the sensor are conducted.
At the current research stage, through both theoretical and experimental study, the non-contact displacement
sensor makes it feasible to measure both translation and rotation either in coarse or fine measurement, and its
measurement dimension can be expanded to two by arranging two identical Nc-TRS, which feature can be
expanded to six-dimension in the future.

In C.W.Nan’s view, in the future, more research should be done in bulk ceramic composites and magnetic
alloy based composites. And what’s most important to the work we have done in this thesis is that multiferroic
magnetoelectric composites have the potential to develop into nanostructure. Thus our Nc-TRS can be made as
small as commercial electric chips, with signal processing and conditioning module integrated. In a word, this
study lays a foundation for optimizing the Nc-TRS structure and expanding its measuring dimensions.

Our vision is to build a sensing system, which can measure 6 degree of freedom (DOF) movement in
three-dimension space.
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