EHAER 20104F #2035 % 11 §:1167 ~ 1172

doi: 10.3772/j.issn. 1002-0470.2010.11.012

ENBHNBEAELHER S E L RER AT RS

FHHOT TLB

WBRAE™ BHEH”

(C"HREILAERSTRE B MER  %B/ARE 150001)
(" REMEMRKR A BB ES TRER AL 100083)

B FRTEABFINBAREACAER, RAERA LT RET & B % &
NEHBEFWRRER, LATEENINERER. BITHTEERFE P ER/RAE
UHWATER, M T AR AER RS R X R AAEACH RN EEREND
o HEMMEBAMRAAU N ABRATERY, ETHRBENE TR I RHH KA
WHET &, EZATEENBANCERRE 5EA T, BT RAHLEE MR %t
T, ARERTRAUERFHGHRRAS LERG A RE, BRI LBBIT
T AR R ko S M R R AL ROR B Mo

Rt FRABA, HOEM, 20, #ERT, ®hskit

0 5 %

REERKEENSEESRAWATAE, K
A IR E T 20 42 60 £, 2L +4F
HETTHEEAERZ RN B, BB LE DB
LRGSR EEREFE RIS A R E, TE
EFTEEATRN S5HE, BEEESEAR. R
BOARFR FH AR FILBR T A KRR A RKE
Rl BB NSRBI RN AT
IR E PRI SEETRY , PLEs TS ERE
BT, B B SRR R SR E B B, Y
RONBEBE G PG LA N84T H BB R, B A
REZMENSANTEEEN IR ER LB, UER
SRR BRI B R AR T R B R B RGR
#HHEMBOREIRL , B ERESHOEFE , A E
& RARIITZ VB BIRR, S E IR SRR,

M T & R B BE X R LT LR S BB 5 ALAE
A, R T BB RS AN R SR S IR A B
PRI A8 H) SN SE i BCOR B IE LR R TR AR Y
MERR, fRGEHIRE 1 T7 Tk 2R B R B P B STk
YR X HRI) 2, 4R T LB B O e ™
HERESHE, ARANERATEREELR, £
TEMIER K &8 LR BRENRRAR

@ 863 1111(2006AA047205) K BIR H ,

RSB MR, W) 2 R T A E TR i SR R
KA EMSEaER™, FEIRFHEER L. S
A K EREE kR RERFLENRZ, X
T RS RS 1) 2 T AR T LA B A 540 (E
TER T EETI . M BARERREN PR
W LR B AR TR R RO A
PEEBSZE R T B ARG AL R i, 3% B AR T LA
BRRART . R, ESEBERN BTN AT,
3o 7 R PR A AR A TR Y B T AT R A S IR ZE B R
/N, LARARDIBE RS | BARATLAT 2514 5 R SRt i
ZRREW FRA T RAST, SR IECEANEE
BIRBUEM KRR . ASCRE T EEF AT HAR
Gk 5 2RSSR SR E N SIS A E
NRAR MBI R R R RSB B Tk
HOBIRE , LA Bl o ol BR7 R B d E f Be AR 5 A
AGHTHRIE,

1 FRALE AN TR E

1.1 EfIRGHIE

BENBRAEMNRAZUE 1 fin, ERRGET,
SRR B R URD IR TC B R e B e il 2R R
WS ER R E BN ARE L, VLS A—
BABEENITEBIT, FREZEKE CAN BEHTT

@ 51983 4 B A HR T BENSABIER SR ERE NEA; KR, E-mail: ¢hm0318@126. com

(k5 B 4 :2009-08-14)

— 1167 —



RBOREIR 20104F 11 A %20 % 25 11

TR ToARRIISE B R B R R SRR AT L
B AT, T L bR 3 M B 4 B IR 180 5 o e 2%
PMAIE I BT T4 1 T AR RS BRSRR R 15 5
FHESREE B WKENFREASSE, A
THRBMREBRBER R BRORUMES, ST
BRI AERET B R AT BN AR
BitEhl,

— =
; £l . Cabe Hsl
II ra

=

Tl

£1=5

1 EENSEAERRE

1.2 #HEETELHES

EENE 2 IR EEENE, EEMRE
BESEMN (im0 (i = 1,2,3.4),6; Hit
BES, o ABSE, o, HEFE EENESAT
FEEBEMANER, (f = 1,2,3) AT ETE
SERRRRAAN P(r, 8, 2), B Maceell FfRE &
HEZELEN BB ARGRAD x5 Ed
BERE H,, S sHEssy

M= -
H_ . =- ;EJG Bl Mz, Kol xyr boost mz ydm

M= - -
H. . =- ’QJ{) mmb 6 m ) Ky g7 ) sing mz 3dm
(1)

Hep b, (m) T LA W0 4638080 4% 14 70 3 AR Aok
i, K(x)(i = 0,1) 25 i BreE —2ME1E Bessel K%K,
xg = (m? — wpgeq — jopsos)"?, w NEENE IR A
Z, M = nR*NI(wt) HLBERIE, R WEB ¥R,
N RERBIEE, I(wt) BRI

=i, 0) |
-~ T k I
I =g Lo = 1:" I | l'l
. L
TR S, AL, T, F S ]
— _— T T T,
; “{ -
&y £ o
1

H2 EEEERETREE

— 1168 —

VRS BERBE N 5 ~ 20mm, B EERE S 2N (10
~ 300) po, pro =4nx 107 "H/m N EEH SR, B
HSHRN 107 ~5x 10'S/m, T ZEE XN 0.5 ~ 3m, &
SHRBBEAE K 28.3A/m, KEHRE R 10 ~ 100Hz, B
TFIRBEAR, BHG SN TR EA L EH |, I Hk
Blpg ~ p3~ pa =~ po,01 = 04 = 0,03 =107%5/m,
BAHEIGE, R TEEEE ERBEMS .
T ERE EERRENE Ag B B
FEEEMEN, E 3 PR EEEESEE).
R, EEEEEEEREE SRS ELER
BEREIM LIS B T, W ER RN
23 . 4He, BeUER B AR B L R 5 St E R R .

] Ea win”
E - T 2 £ %
R o, o =1x10 S
2 o, et e
rli.‘ I:_ﬁ ‘&% - ::j 2 o
Uf ] 15 m - 130 0 300
EEEERE (mm) EEFMERE
(a EEEEHEER RN b EREHBSHHENEY
x10” Sk
| el
3 s
= =]
w4 =
= =
3 0
05 1 13 2 23 3 g 30 107
T+ EERm) B ()
i) tEEEEENER (o) sEETHIEE F
B3 FEER

E A R R = R R S e B B B IR L
T, A AR5 B4 I 8 (B K A 4 S JR A B B9 SRR
A, R (1)FARERENTRELTRESR, &2
BRIPEAT AL, BRI TRER) A T B etk
B R PRI T, 4 MR A LT R A
Tt B L B R S R s (R ) i, 2R
WL a{E#ERER T, B b, 8T ELE
i A DRy R T ER R
ﬁ[?ﬁ

1{3M-D1 M
e

T B,

I-'-Cr.i" el b} I-'l:r.i"tv! Lok ¥
. % = By ; 3) L2)
Her M HSERE, d AERERE, h A1 E
JBEE, 1 K54 B L 2 S S B &




FEEE BB AENEAR S ENREMABTIS

1.3 EHHEESHT

RE i 3 A T R P S A R LU R & 7 B
WTREE . WRAE RN E R, R AN B R 1R
SHFRIBAEY

P, 3(M-1(x-2x) M,
Uy = — G— ar Cout( l5 : _l_3)

I =/ (x=-20)%+ (y - y0)? + (2 - 2)?

GS @) w,
Cout == #047“"035(1)( d #220-2 - h #50-3)
(3)
Hep s, A BSLBEBER, ¢ #E5HR,

(x,5,2) AEHBLEISLIT, (x0,50,20) FFFR
BRI AR, BT M EARE M, {XFERME 5 ME

B R T A WK AR
o(p) = 2 | s = 2> Wi
p= (xo,;o,zO,Mx,My,Mz) (4)
=M+ M2+ M2

HA wou Ml 3B RERRSENITTER L SN E
), KAE EaRIEL MR, WTLIR A Gauss-Newton
£ | Levenberg-Marquardt 3£ . Powell Wk el

2 RALRGMML AT

Shrfr BRI IR FNE S S BiRERL
il Ff A S, HE SR IR AR B LM ARt A5
B, R AR BR T R o ki iR,
mTIEAEER T EMREREAEE, FOBRTH
IR B L R e AR i

BE—THRENEKER L EEN DA
B E WS ESE H R, AR—MBT L H%

B a2 L, WE 1 . BEZ B HELE
PR IHE T
r-Hlvccml = I{(b”t : S‘ —“ /X
“1af (R 4 2) 4 27
. 27+ RE 4 27
(E{A:}I;R_x}: _.E E. .E;})
I et) 1
H*mi = i
il ir o (R + xy - 2%
. - By
(x) - B )
(5)

He

K(k)—J m

E(k) = JO A/ 1 = Esin®0dé

b = L
"TAN (R + x)? + 22

LGi-1) L

L3 = N -1 + z + E
LB v IBR T , HlmRr N

H M 3cos$sing
xdipole = 41 l3

(6)

2

Hiagr = 2308 £ =1
Hep ¢ AWM & P(z,%) 5 z BIIRE A,

E XL B SR B TR ERB RSN

e( ¢’£) _ | HcoiII;c(deipole | « 100% )

VMR | SHERIRZ R R, B 4 FiR
SRS R ORI B B kR B 5 (AR T B R SR YR
= A EEE [ B3 KA SRR 2 B, SEhR
EALTREY | = 10D, HEMIRZE <0.1%, B 5 fr
AN e SKBZ L/D FLI SAWES 2 B Mk
W5 L/D KK e B/, B (L/D),y =
0.86 AT, epe < 0.01% EFNE/ME CHIEERIEL [ =
10D),

1 )

%'_ L ;'?
K /
=
=

o

010 20 .30 0,20 a0

i)

B4 HMNRZEERNERHXF

2
£
=
0.05 ED=0.90 |
V
. ) L0086
0 wm & 50
R

Bs5 #HXRESZLE L/DHARNRAKXE

— 1169 —



RBOREIR 20104F 11 A %20 % 25 11

it — PR LR 2, Sl S &AL
HELABAGMHRAIMENEZELE, B THEER
P BRI BN B 2R R AR X B R B R BE B, B
AR ER 2 N B bt LB R B S B
X T2 B BN AT, /K T LR E
BLREMKRW L/D;, = (L/D) .y, R
LEEAMEEEE, WE 6(a) iR, can <
0.006% (WLWEERSHX I = 10D),

ERESBERA
H,.n — H,g
e, = xcoil xdipole % 100%
de.ipolemax (8)
H,., - Hg
e, = zcoil zdipole % 100%
sz.ipolemax
| I By

i B LRt

Be6 ZE&KELSH

B 7 oARBIRE > B A KB KL
L/D IZELRR, BT R, ZHRMA KR K
(L/D) o, JE EEIRE 0L W] LA HF ML AR FF BR AL 1 BE
FNEBRE S BSUERNS . ZEKBEBITHE
“RER,MNEBIAE, L/D BET R, B
VB ETE(L/D) o BT AL, R ST LU 2

T
I P
,__; ﬂé LLLLLLL . L ~
4 el LiD=0ED - . -
% o) ~———- o~ -]
a0 1y 20 30 a4c  s¢ 60 M 80 40
{5}
{0 iR E - E
= [T~ _Lib=nns
= oost ~. 1
E ~ —]
£ | Loense S e T T T T T
= PR o T
- g A |
0 10 M0 30 4 5S¢ ) 70 80 90

{RFEC)
ib) HEREE

B7 RESESZE L/D RANRAKXER

— 1170 —

BB MR R EAME, (R AL B
TEUBER T HRER/D. KEZEHWNE 6(b)
BimRo

BEGEHTRESH THRILXBEBH
(L/D) oy, WK 1 Fi7s, 36 [ = 10D, By LA B43HT
W, ZRELE S BAHFESMER RELBML, £
BB THEMEAR T HECREE RAK 6
(b) iR Z R BT E 6(a) TRHIERL
B, [tk 1WA FEE L B R RE £, M
X2 BHTRE K o

R1 ZEXREMRMET

D,/D (L/D)y euml(%)
0.50 0.72 0.0043
0.60 0. 74 0.0047
0.70 0.76 0.0054
0.80 0.79 00066
0.90 0.82 0.0078

3 EBRERSHAT

3.1 XRBRES

BENENEN RELYHIWE 8 fin, &
SR BRAZE L E#iT, Dw/D = 0.5,L/D =
0.72,D = dem, L EEN 14.4V, 2B T/EBEFE N
350mA, BMUEREEXKRER M, F 5o
S YR W ER GE AN 23.4Hz + 0.7Hz, W 25 4
4300) 5 S HE M, MUEENRESEE
TR A RGB A TAE, 2 313 150m K (B2
& 12mm F T B TEAEFAMK 3km BEE 12mm B 35
12 2~ 3m BB E B IHTEBERN, PEEAR
SEF Bl BE BT, 8 5 E TR PR AL Smin, #}5 4R4E
BT, PlLEFAREITEEREAN v = 10cm/s, PLEF
MR RERICR. RAKERFE—FEMNE
B AHTERRE, - EEIRNENE

H8 EFENRAELRSE



FEEE BB AENEAR S ENREMABTIS

SHEREIE S HIBTHLE AN RE SRE , DT 7 B
TR AT FE BRI FF R R P BEA T VR RE 0L
3.2 XWERSHH

7 2 Ry T A B E IS I HLas A BEAT L
BERERIIRAR, las AL TR T
AT SRR (voto + 50)/2, FH 1o A TTATES ],
so AR N AIRE . 3R 3 B MBS T
B P XIPLa NS T B ER BRI SR B i B 25 20
KAETHEER , G IE N & BB Rk (5 58
R o

R2 ERER
REEETE (s) TRV (m) HEMBE(m) RE(m)
16.5 1.64 1.72 8
34.7 3.45 3.57 12
63.3 6.30 6.23 -7
81.8 8.20 8.28 8
131.2 13.13 13.04 -9
160.2 16.00 16.13 13
188.5 18.83 18.71 -12
218.5 21.88 21.80 -8
241.5 24.11 24.04 -7
272.6 27.23 27.30 7
294.6 29.40 29.51 11
316.2 31.66 31.58 -8
354.6 35.43 35.50 7
414.1 41.37 41.45 8
452.4 45.20 45.14 -6
487.1 48.74 48.83 9
#3 ERFITER

W H BXE  FE
BATIREEIR 2 (em) 21.4 14.5
Bk BV IR (em) 14.6 9.8

FATEEAMER 2(m) 10.55 10.17
FEHEENMEE x(m) 4.64 4.41

B3R 2 13 3 W40, KR s #E ik b5 S T LA
AU ELBEERE, T 20m BEENEFHEK
FH M + 10m FEHEEFR 4.5m B FTEE PN AL
ARENEVES ;I FHEEEN T EERR, &
B AT ERTHANERE Y RENT
15cm; g8 AR B EREE IS , B L RS IE T € A F
BIR2ZE/NTF 10em, AWERBEERTLIE Y, AU
B4 28 o7 7k T LASSS S i A e T AR B A8 P 4 8 i
[)

4 #

BB shtla AL RGN BRI s R Rk v
TR R RE X L R S B BRI, S
AT E SN HRY 75 AT E B AR RIE 3RS S
B ARICRARER T RERB R M LB
DR R T M RETT BN EN TR BT
RN 755 % S 4k B FE AR L B 1R 2, 39 R 0
LBEMBEAT T A BT, XP 4 T RBSHK
MUSEER . Eid BRI I H X LI i 2
Fro00T , BRARBAIE T 3CHP ik s o R G A E v T Bk
R RCH:

%30k

[ 1] LiY, Wilson J, Tian G Y. Experiment and simulation study
of 3D magnetic field sensing for magnetic flux leakage defect
characterization. NDT&E International , 2007, 40(2): 179-
184

[ 2] Nestleroth J, Davis R. Application of eddy currents induced
by permanent magnets for pipeline inspection. NDT&E Inter-
national , 2007, 40(1) : 77-84

[ 3] Murayama R, Makiyama S, Mitutoshi K, et al. Development
of an ultrasonic inspection robot using an electromagnetic
acoustic transducer for a lamb wave and an SH-plate wave.
Ultrasonics , 2004, 42(1): 825-829

[ 4] Choi H, Ryew S. Robotic system with active steering capabil-
ity for intemal inspection of urban gas pipelines. Mechatron-
ics , 2002, 12(5): 713-736

[ 5] Qi HM, Zhang X H, Chen H J, et al. Tracing and localiza-
tion system for pipeline robot. Mechatronics, 2009, 19 (1):
76-84

[ 6] ChenHJ, LiJY, Zhang X H, et al. Application of visual
servoing to an X-ray based welding inspection robot. In: Pro-
ceedings of the 5th IEEE International Conference on Control
and Automation, Budapest, Hungary, 2005. 977- 982

[ 7] BREH, #1842, BHEE. EEABERKR FDID £
WAHTSBOT. BEREER, 2004, 19(5): 618-621

[ 8] #R¥&E. KV Em 4 HERE R E 7k B EN T ARDIS
[(EtEhiaps]. KY: BRMEREIRTIRES A
Bh4b2BE, 2006. 71-113

[ 9] Yang R G, Wong T. Electromagnetic Fields and Waves. Bei-
jing: Higher Education Publication, 2006. 73-89

[10] RIER, B&XAE, HIKRE. BERT R EMER K
LRBIE. UBFRER, 2008, 29 (2): 326-329

[11] B, BWE, TR, BTHBERTFEEY Bis
NS, BT IR, 2002, 30(4): 614-616

— 1171 —



RBOREIR 20104F 11 A %20 % 25 11

[12] Wang W X, Yan G Z, Sun F, et al. A non-invasive method [13] Herbert S. Mathematics for the Physical Sciences. New York:
for gastrointestinal parameter monitoring. World Journal of Dover Publications, 1978. 147-203
Gastroenterology , 2005, 11 (4): 521-524

Research on locating of an in-pipe robot and
optimizing of the locating system design

Qi Haiming™ , Ye Jinrui™ , Zhang Xiaohua™ , Chen Hongjun™
(¥ School of Electrical Engineering and Automation, Harbin Institute of Technology, Harbin 150001)
(™ School of Material Science and Engineering, Beihang University, Beijing 100083)
Abstract

This paper presents a method for locating in-pipe robots. Based on the extreme low frequency (ELF) electromagnetic
pulse, the method realizes the signal transmitting between the inside and the outside of metallic pipeline. The propagation
model of the ELF electromagnetic field in the underground pipeline environment was devised. By simulation, the effects
of environmental geometric size, electromagnetic parameters, and emitting frequency on the signal intensity outside the
pipeline were studied. The ELF electronmagnetic emitting system was simplified into a magnetic dipole model, and the
tracking and locating of pipeline robots was accomplished by applying the sensor array system and the inverse calculation
of the magnetic field. In order to reduce the imitation error between the magnetic dipole and the emitting coil, an opti-
mum design method for the coil structure was studied. The propagation ability of ELF electromagnetic pulse and the pre-
sented locating method were verified by the field tests.

Key words: pipeline robot, exireme low frequency, locating, magnetic dipole, optimum design
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