FA3LE 2
2007 4 2 H

(1R A D =

CHINESE JOURNAL OF MECHANICAL ENGINEERING  Feb. 2007

Vol.43 No.2

Rt BB BRI E A

TR

*i\/HIZ

FRAES

(1. PR ENBCE 7 TR W 6100545
2Eﬁﬁ%mmﬁﬁl%iﬁi%§ K 400044,

3. [E TR BT 5 B

SATRERFET 4881 621900)

FEEE: BRI VA SR D e Pl BELUAFL VB e A, 2t PR v SR AN R TV A 7 ik LUSLREN & ROB IR (R
G PERIARENE T4 EJ7 TEXS — AR R R R D SR ARSI, WA A s T4 S BN L 7 BELIE 5 L 2 B FILPTUAR 7 0k
2, IR O 5 SRR I R iA B, i Mathematic™ 1 2R BIBLPUA . ARG AR A7 PR OCEEABEE 18 1 v 1%

JEAS IOAT FR R, SE 1L 017 A BT IR A ) e 7 A A2k B LA e ELARE P o i 3 (K B A
PIRIIETH S GERATT, A ERE SRS B0 BRI

4 KR

KEEIR: MmUY Rl P EEkiBA Aok

hESHES: TM154.1 TP391.7

ol

0 Hi

LR A I A2 20 THEZE 70 SRR I —F
B AR R, B R JrTIRE
9 AN S A R T AR R, K e
HUBR A 512 W7 L PR AR I PR s A T P54 SRR

PR lats ITPRSR (MR Ik« AR el (B o) 4
HIBEAL . AEACAR HIIAN &, AR R L £
P R 0 Tw) 14 T 37 R 50 R 5 S5 IO 0 00 1
W, TR 1 R,

LI

K1 LR AT A ) A i

WY, AR AR R T
2 el RO RO ARE ] 5 i R e i ARk, ek
SRR Rl BHLPT AR A, B At T i 2 el BT )
ARACAAATL o PRI, 2 Pl BH BB A o A T B A0 o
—/NROREBEWY LR, BT T O R

* UL B 5 S B A I . 20060215 WCE]
Wik, 20060928 WM Bk

TR ICAGAST I 1 11 36 ) [ A A A 2

H AT, 1R 2 WF50 R i iz B HE S T4
FAERETE SR Lo kB B pTRIE S, MIE TR
PERDEL S AA BT L BB BE TR IS HE S 0 dRiE, R
DA NK A B CTR AR LR PBI BL T AR SRS 4 HL B
YRS FIAR I8 S5 K 5 4 TR 2T, AN T
VR T4 00 A (O 8 RGP E R R REVE 5 44 1 £ Bl PR
PikikX, JEEMM D T REER ISR L, I
o SR 280, 1 Mathematic™ 3R HU 2k
Fel BHPUME . TR ESR T AT PR TGV AR S % S B Tk
ITEET BC, 1330 7 A R Ge I ) 2k 53 A FH 2k Bl
PP, o, WERHE T IERE ok B4
FI) 28 18 BH BT AT T 0 EE RIS AIF o

1 Pt B i HE S
1.1 IBIRKARAER

Ze A P A RN R, BUE L Rl B LR
JE AR, AR 2 PR, ek oK

h

B2 kR B PR s



2007 42 A T iEeE:

FEL Yo A B 2 el B v B vk 211

=Rl o & Rl SN2 SN 21 TS % N TR AN
ERE TR RS, BAE A IEA A
WO RS b, HOW RRBMA S A i . 2k
W1~ 11 5 3 A i ) 1 B (B B v ) K s 208
WAMEGT A F ryy EER d, 2R PE T i
J 7 AT z BhE ) 24 TIEHECR . M
ZH Moo (BFE) u(HiFRE) e(NMHBHE), F
KIS N oo pas €20
12 HEIAEARIEL

BT AL AR WU R AIC, - Zell I 242>, [
i 7SS 2w bV 9 AN 5 i1 R R R VA A S & 1L
A HEL BH 6 PRI R RSB ] 2, F AR I AL HE . R
P 2 s B BRPUSRARBEAY, 22 w7 7 R4l

A i R I
VxH=J
VxE=-jowB )
VeB=0
VD=0
X B——HEJE Y 5
H——i 758 )
E— g
J—E i
D—A R L
LB U AR
LR ATR RN AP
B=pyH J=0E 2)

X g — R
oc— NS
HIE 2 w50, 3% 0 A IR ST D% T3 (R R
Bz Bl BERE AT RR, SR 2 Bl A I %A AR
W FEEEIFRIN G e P, DR SR s A e
AR R (s ¢, 2) A LU R MR,
(1) Bl e pR B0 5 8 ) AR TG G o
(2) MEBARZEINET, KEMAL A 5 5
BATE, W A=Ase, HEUZEV.A=0.
(3) IR sy, BE=Ee, .
(4) Tk37 08 P RO B N 5 B o ) oy ol 22, YD
11=B=3A=0
PR
1.3 MmHES
hy SR AR O R R 2 Bl (R BT, BE O Rl AR 2k
Pl C R 2 AN R AR B A e A TR ME, nlKsds
I3 BCEL T PUAN X 35(6>0) -
()1 X: z<—6, FLRRKES,
Q)2 X: —6<z<0, JEEH 6 HIFHEN,

(3)3 X: 0<z<h, Tk L 5L R iR EL 2.

(4) 4 1X: z>d+h, 2l LomifF.

HI T SRARASTAY AT B AR IN B S AR5, 3T EA
FEFEAR bR R T, AR (DA B AR AT R
GEAEA A DS LRI 2 R R A

VEA, +K’A, =0 i=1,2, 3, 4 3)
A ks B A i AR R, HREAh

kP =-jou (o, +jos)  i=1, 2, 3, 4

DR gt v A 3 R U S PR 800 K 7 A% HL VR
[, Wo/oe>1, FrLARG)TE L = -jouo, -
RItE, TER 2 s KA Ay

k'=k'=k’=0 k'=-jouwy,

KGRI fife, 13

A, 10A » 1 o'A

?$;+;Taf+(&-7;)A¢+2;ﬁ=o @)
XS R A A 3L A A
lim Ay = lim Ay,

z—>—0-0 z—>—0+0

lim P _ ty lim 0o
z—>=6-0 2 Oz Oz~>7¢5+0 Oz

lim A, = lim A,

z—>—0 z—>+0

0 0 ®)
lim g, Pog = lim g, Ay

z5-0 Oz z+0 oz

B A = B A

z—>2'+0

h<z'<h+d

lim — lim % = u,pJ,(Ap)Jdpdz
z>2-0 Oz 5240 Oz

S AT AL BRI AN AR 2R T AN pR PR A 2 T
Z WA RIHR, AXA TR

To MRz I A4
lim A, =0
lim A, =0
m (6)
lim A, =0
PO
lim A, =0

At 7 AR 0 B 37 2P P

r=+yp’+z°
K2y AR B PR ) e, AR
G5 (5)FNTE B e 1 S 45 AR (6) RN JEfi, 3K HE Ay
ERE SRS DRI R R Ay T R4 2R
HAT R — RSB A AT Asyfl Ay R TS

Ap.2) = 3] U, 20,2 -
exp(—A(z —h))—exp(—A(h+d — z)) +
aexp(=A(z + ) (1 - exp(-Ad))]dA (7



212 BB LR ¢

543 %5 2 1

EN U(fq,rz,/l):%ﬁ:w,(t)dt
Sty 55— LR IR bR 4K
g =1 21— exp(u, )]
~(1 A —u,) + (u, + 1. A)” exp(2u,0)
M=y 1y
u=yA'-k> i=12

MoT IS, DR TR AR I

a= /ur//i’_u2
/’lrﬂ“+u2

BETTE (TN (8)! 3 £ Pl B 4t 34 10 (9)
wd A(p, z)

Z(jw)zjwncj;"d;ﬁjfpdpjh o & ®
‘ N
A

N—4 ([T 5%

Z(jo)=] wnnfﬂof: U(r,15,2) [2(Ad +exp(Ad) -
1) + aexp(-2Ah)(1 - exp(-Ad))* 1dA 9)

2R Rl BT & NS S LU B BT A
Ty BB 45 T FROK 225 TR (X AT 205 Lo [53 AE 2 Pl T ) 2k
BT, HARIEA N

Z,(jo) = 2jomnl [ UG,7,2) x
[Ad + exp(—Ad) —1]dA (10)

H 010yl A, ANSIBPU R &, H
1) PR BHL AR 5, )RS 282 ) P B g L T3 FL B

FIUR 325 BT 1 3R r e i U PR I 2
PR AR I R, IR 5N

Zsc(jw):ja)nnczluoj‘:au(rlarzn/l)z X

exp(-2Ah)[1 - exp(-Ad)]*dA  (11)

2 ZERHPIR PR Tk

H RO I F Y, S TRk 3 DLZE R
PRI ) Ry, BBV O JE R, SRS EH
YU R A RTEAR PN o A RT A S 1 2 B 1
[ GTt IR EAGEe SUR A M| S S U i S U SR L
e A — s VB N (0<p<b),  TIE] 3 Fas.

PR T 7 FEEIE, K e Pl BH B e s AU
WA BBEIETE A, T G DLFE 7K R B U AR
9y IPRSRAGIEIL, MHERIEIL AN

)
n

P
/
&3 AR AR KR AR T
Zm(ja))=2ja)ny0n0221,ft(rl,r2,li)x
i=1
2[Ad -1 -Ad
[4d —1+exp(=4d)] (12)

[(A6)],(Ab)T 4]
Z (jo)= ijnyonfilit(rl,rz,/ii)x
2kmx—%h)—emx—%(h+d»F><
[(Ab)J, (AT A}
(u” — A7 )1 —exp(2u,5)]
(A, — ) + (Apt, +u,)’ exp(2u,8)
(13)

Z (jo) :2jwnﬂonlei(’”wrzali)x

2[exp(—Ah) —exp(—4 (h+ )T A, —u,
[(A5)J o (AD)T 4]

A, +u;

(14)

X Immgb4)=ﬁfUKgm

BHUIATEAY 2, i F o3RS

hx)=0 4=

LA ML BN ST XA3)s 1400k 4T
KIERE Sy 6 A1 S — oo I, 2k P U LT

X (12)~ (14)(FLFT & H KL T8 0 5 X (10)
(AD)(FBTA o ik 20) b e A 3 2ok AR 2 i sk
fif £ P BEL LN TG 95 R 00 IS 0 20005 A BT (R A 0, (HL 85
DA s TCVE T . W AR A B SRR 42 HLARAIESK
FERERE, 2 FHORMEN RIS, s ek
125 SR A BEL AT 75 iff 2 i s i 380 %6 Rl ) P g
bo MY A WEHEGME, HI,(5,n,4) R52HE
WINSMEA G, TS 388 m BERAP R IE %, Bt
DA IR AR AR L TR, W ST B 4l

KRB E LIS, i Mathematic™
SR BB . 7E Mathematic™ 1, BIHCAEAE A,
(RIERERN 1, (11,75, 4) FISRAFE IS LR A &S50, 3G
1 (L1, A) IR U BB, F, KA

A,=BesselJZeros[1,Ns]/h;



2007 42 A T iEeE:

HL e YA S 2k BB BT 550 213

Hyper[x _]:=x"3*HypergeometricPFQ[{1.5},{2.5,
2.0},—x"2/4.0]/6.0;

IntJIx=Hyper[q*r2]-Hyper[q*r1];
A Ns—HUE A A3

DAY PR AR R AR ANER S0 R R R R AR
45 B0, AR 1 PRIITHSE SRR, 19 5Ll i
A LB A BLPTINER 2 Fros.

F 1 RRERENRZHEXSH

XS ZHH HXSHL SHUH
ANFANARRE T2 gy 1.01 LR A2 71/ mm 0.6
R FH o/(MS « m")  1.3333  |ZREI4ME ry/ mm 2.0
45 ANAHXT I T 28 e 1496 ||l % D/ mm 0.8
A5 SR o/MS e m™)  7.576 | BEAJERE o/ mm 0
AR f/ kHz 1000 Gyl IR PPN

B RE A/ mm 0.5 |#HfEEES b/ mm "

3 L FHPTAT IR eI SHOA

A BRICIENE A — P EUEV S 7%, AET ST Ha
Yyial e ©AS 22 N

R S 2% 1) 5 R R AE RN AR Sl Tl — 4
P ) R A AR B BRI 3 ) . 7
ANSYS H T (AR B A BT W K] 4 PR .

¥

oY
U/

ek

A E

X

K4 AL ds A IR TRy

Bl 4 Prontsi il LI ES IR H kA 2 AR T 2
K (4). Kl 5 AB. BC. CE 1 EA $4Jy Dirichlet
HHREATE, WA UL SN Neumann 10 5551
()X N ) R 2 bR A
2
}

F(A,)= g{i{ aAi¢

0z
loo

2
X D— IR,
AR FE 2 WCHR[1].

R FTHTESM, E R KA

X [ RE 2R P (A BRI B, A 30 00 5 R R B 1Y)

T ) 2653 A (K] 5) R0 & el 1 L BH AU ST (R 2) -

2

As Ao
op P

+

|A[ _J'A‘J/’dpdz

5 L BRIFEL B oA
F2 BRIMBMBEBILAEMBRTEANEERLER

. . g HRIGE:  HiRiRE

T sk LR %
20 [ R 2 LB R/ 4762 4761 0.27
L B AT 2 Bl X 199.026 198.578 0.23
PS4 Bl HL L AN 40) R/Q 14.269 14.307 0.26
PR BRPIATN) XQ  174.341 173.271 0.61
P32 Pl L PHL(45 4K) R/IQ 14.902 14.964 0.40
PR LR B ATL(45 ) X1 224,715 224.483 0.10

[FJ B, T] 73 3120 6 FROANEEAN R 456X A 1 44
BN, A Ak R L 1 2 P A A I 2 8 (1 i 26 A
WK 6. 7 Fror, ARSI R AR K 8
B, 43210 26 i H BH AP 2.

TN

.(a) th e sy A ax | (ORI ONE
16 AL AR R R e A

o A

(a) HiIZAEE (b) HEIIE )8R
7 A5 BRI P 2 (A I R S G T e o A ]
-

K8 AR 30 i 3



214 BB LR ¢

543 %5 2 1

4 SR

FE55 2 T rp R ] Mathematic™ 75 31 2% 8 45 AN
M AR R U BT S  fHT, HpN
TIZAPT AR 2 FR O R R R ST NGB
FOMEC 7 BT R 2 2 it 2k Pl LT

FES 3 SR FROGYE 43 it 2 00 [ A 2K P
(1) BRI A% S 2% 2R B 1 B BT R AT 734, 45 R
2 PR,

& 2 WEE, B ERAA RS
AL BB PUEA R, SR RIREER
0.61%. PARNTIE 731 IE A PEAS 2 T AH B3 IE,
5 TR S (A BR OGRS R, 5T
150 1 £ Pl BT EE V8 ik S ok 2 F) TE A P R R P 20 5
T 2SR AR RS Pk

5 4hi

s>

(1) HES T G D AAAE R R (0 v i it A% Jk s
s | R A s VN W s o W S N 7 B R Y
¥oEA, i Mathematic™ KRG BFHPUE. ©A
A A 3t — 20 B R e/ =1 e e O A A FH T 1) P
AR R LB 27, RN AT B TSR
R R EL A0 A GRS ) 1 v 850 R 35 i) 7

(2) EALT IR RS A R OB, Sl
A BR TCVEAF B T A5 I A 1R 7 28 53 A7 2 Pl 11 BHL
PUE

(3) TEARFITHEESAE TS, sk b I Py 28 Bl BH
PO E I EAR BRI ES R TG . —Jrmvi
TR P pT R AR UHE T I A, — i T
T A B AT PR TR 1 5 A

5 % % B

[17 YU Yating, DU Pingan, WANG Zhenwei. Study on the elec-
tromagnetic properties eddy current sensor[C]//Proceedings
of the IEEE International Conference on Mechatronics &
Automation, Niagara Falls, Canada, July, 2005: 1 970-1 975.

[2] P K BT TR IM]. dbat: Bl HRAL,
2000.

11(1): 17-20.

[4] THEODOROS T, EPAMEINONDAS K. Series expansions
in eddy current nondestructive evaluation models [J].
Journal of Material Processing Technology, 2005, 161(1-2):
343-347.

[5] MARK W C. Theory for coil impedance of a conducting
half space: Analytic results for eddy current analysis[J].
Journal of Applied Physics, 2001, 89(4): 2 473-2 481.

[6] THMOS G K, MADABUSHI V K C. The application of
finite element method analysis to eddy current nondestruc-

tive evaluation[J]. IEEE Transaction on Magnetics, 1979,
15(6): 1956-1 960.

COMPUTATIONAL METHODS
OF COIL IMPEDANCE
OF EDDY CURRENT SENSOR

YU Yating"? DU Ping’an"? LI Daisheng’
(1. School of Mechatronics Electronics Engineering,
University of Electronic Science
and Technology of China, Chengdu 610054,
2. State Key Laboratory of Mechanical Transmissions,

Chongging University, Chongqing 400044;

3. Institute of Southwest Structure Engineering,
Chinese Academy of Engineering Physics,

Mianyang 621900)

Abstract: To research the computational methods about the
transducer coil impedance with the magnetic and non-magnetic
measured target, two computational methods, theoretic method
and finite element method, are proposed. The computational
model of the coil impedance is simplified as a cylindrical coil
over a cylindrical measured target with the thickness J. Ac-
cording to the sensor measurement principal and the electro-
magnetic theory, the integral expression of the coil impedance
is derived, which is expanded by series in polar coordinate sys-
tem in order to compute easily and feasibly. And the coil im-
pedance value is computed by Mathematic™. Then, based on
the modeling theory of finite element method, the finite element
model is built. The coil impedance value and the magnetic dis-
tribution figures are obtained by finite element analysis, respec-
tively. Finally, the results from the derivation and finite element
analysis are in agreement very well by comparison, and they are
given to validate the accuracy and feasibility of the derivation
method with finite element method.
Key words: Eddy current sensor Transducer coil

Impedance computation Series expansions

Finite element method
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