BasEE2H
2021 44 A

w5 & &

GEOPHYSICAL & GEOCHEMICAL EXPLORATION

Vol.45,No.2
Apr. ,2021

doi: 10.11720/wiyht.2021.1307

RRE,FRE,FE, S HORUM F/REREEMET KBS ENE P RN MR DE S, 2021,45(2) :473-479.http.//

doi.org/10.11720/ wiyht.2021.1307

Meng Q K,Zhou J X, Shu Q, et al. Application effect of Kalman filter in airborne full tensor magnetic gradient measurement based on theoretical model[ J].
Geophysical and Geochemical Exploration,2021,45(2) :473-479.http ://doi.org/10.11720/wtyht.2021.1307

HIpEA T R/RZ2IRBEENS KB
o BE I & B Nz P SR

AR SR BW SR AR, LR

(LEARED MERRNEESER MR EALRE, LK

Bd,bE  100083)

100083; 2. ¥ E B R A FEMEHEHE

W E: MESRERHBENBRRET SN ERNERSE SR NMERERAIE L/, I UAR
PR E, AR RE SR R — BRI, RNBFRIE RRBRIEEHRNRE, N TREBELK
BRABEARGESTHRAREEIRSE, ETFREBER—MHRE BRMEH R R, EE5E
HuRAam= KB HERRLETS B2 SERRSTEMNN TS, EdREZRRIET FENARE,
GREREXREREETHT 0.92, NEEB LB 92% L LB RS, EXHFRERT 10 pT/m, T A FHZE

SRER N HERIELA L,

RBR: LIKBHARE; F/REMB; AR JiELE
RS 1000-8918(2021)02-0473-07

RESH# S, P63l CHRARINAD: A

ok

0 3l

TREHFRET , BETHEIEF T (supercon-
ducting quantum interference device, SQUID) K2 5K
BRAGEME RSN REETLLHERLA T H
BRI MBS ARk e 5iRg0
N ERRMREERFE, 21 BRIk, fis 25k
BRABENERETR AREIE L EERELD
REMMEXRREEETROHS, EE XH B
KA EE R XEZRNSKBEU I BENEHERFR
TRERRHEITE, BE7, Bbr LUEEN¥ES
FHRBDOHA TR IS KB NBE
WERGD  BZEARBRFEF ERRH L OMR
WMBAR, AT CIRPERHBIE R AR, mXHEARH
i, RE R NELE, B BRXERNHEEHFM
H”M“EZ 863 X" T, PER ¥ LB
R 515 B BRI RT K& K28 & BB\ 53 5 BF

BB . 2020-6-16; #EEIB 3. 2020-10-07

BHETREMER SQUID MM S KB
EMERSE, HRBANB R T S . FARILM,
Bk BIMES ZMB AL BETKEH#SE,
ERLANEFE—ENEE, REXEESKE
e BB EREYY EEN
AU LR WS T RIRR,

Mz KB NIBENEREPESEE TR
KIE RS  TEARE B NS ZE RS E 56, H
LA MRS S, a0 A 30 S sh e s R — Nk
BIPEER . Stolz R B4 TiEshME A SRR, 151X 28
7 & LT B AL SMERIRIE IR  RULE ShPLg S
PARAX SR ASIE MR 5 1) | i M B R BT LA £ BRiE
ShBARTE HBE S b 7= A 1B 8 WL 5% L R 3 TR
RS THG ™ M TFARSENR LN, 15
SR F IR DB RTE E MBS, W TIRE
BB NIBEERGESHTHRERNER RS
B, FREEEEARENSENMESER TN
A, LRI, 0 2k AT LATE RO B B e B A AR

E£MA . fEVIRERPLFEQF LS (2020YFLI6) ; R B SBF £ &1 (2017YFC0601601)
EEET. ERE(1987-) 8 0L, TEM, TENENABRYB T EHAMEELTRB LIE, Email:qingkui_meng@ 163.com



. 474 - ¥ ® 5 & B

45 ¥

WG PR RE S A M AR
EIRBU A ELIRLE P BB, KNFEF
IR G R RL AP KB RE) R AL e (]
RBA PHIRET BN T B ER TN, A
FHORSTELEETZ M R REBEIR, £
HRENEFI RS, ETRNESTEET
RETR,FHHRR BB SR TS S, #T
BEGTERIE T FERA R, 2K BRERHE T
LT 0.92, BIREAGE Bk 92% LA M 4, & X1
FREMRT 10 pT/m, 35 A2 25K B0 B8
EREER, FRSBBER—MIRE . SR EHE
Bk, A RS B4R B XHG THE AT B AR A, 7T
ELRN A T AU 2 KB R 46 B ) & S8 i i A
b1

1 RRSIEBETEES

1.1 FREBEEXMEIL
AT EATRB/PN R BHEEMNERE
BB AR B ARISEE, 1960 4, /R SR HBEE
RER/RBIBE, WESHTAEE, X FIE BT
W BlESE R RS, NE R T /RS EBIR
HHEIR , RIRS PR R 5 5 2, R
ARSERFEHRRE, B RAEEE A, B0E
AR/, ANMUAT LAAL B AS BEVLT AR, th 7] DAAL 38
ZHMIEFRRFEYLIR,
RIREWEHERANT SRR ESRE .
X(k)=®X(k-1) +TW(k-1), (1)
Y(k) = HX(k) +V(k), (2)
Nk B EEtE, REAERTZ] b BRE R X (k) ;
Y (k) RXRCRS PGS W(k) I A8 %
B V(E) MR @ R EHBIERE; I s
WENFEME H AMWERE, (1) AREFE, X
(2) AWM AR,
FIRBUIBHIEMAXTEF L EBES, 4
ERSEYE X(0) Fh 5 ZH1E P(0)BRT, K
KR EERH TR (KX (3).(4)) MUEEH Y
B(R(5) ~ (7)) BEHE I ULHANREER
MR REBHESEMAMT BABETBRNT.
X(kk-1)=®X(k-1), (3)
P(kk-1)=®dP(k - 1)®" + IQI", (4)
K(k)=P(k,k - \)H'[HP(k,k - 1)H* +R] ",
(5)
X(k)= X(k,k-1) +K(k)[Y(k) - HX(k,k - 1)],
(6)

P(k)=[I-K(K)HP(k,k-1), (7)
KA. Q F R 435 it R A Fni B MRS P 2
SR T HBANIERE, X (K k-1) RSB I—HTH
WPk, k=-1) AT ZH N —2B I, K (k)
H k BRI BOE 2SR , X (k) 0 & B R A
W,P(k) A k B ZIEAETH I 25, BReT I,
B k B2 BAE Y (k) ,SCRTHEAL T & B2 AR
fhiHE X (k) ,
1.2 2HBRENEEREFRSERAERT
KRB EET RS 6 M E
{8, X RREEHEIFOREFIH .
X=(B,,B,.B,.B,.B,B), (8
AT = B 2 B B SR
zZ=(B,,B, B, B B, B)", (9)
H MRS S5REFFIAEEMR, FLEUES
s LM R
H =diag(1,1,1,1,1,1), (10)
R diag BN AERE, REEBEE & WEX
B— AR, H 2Tk B R 86 R (I B A B 2
B B AR L ) AE B, B o] 15 4 et ) R 51 A pr BAR TR
HEARFEMBEENEEN SN RES TZE, FE
B/NRIBTIR £ R Z R o A MRS | R Z Bk
ENFEAHMBERES R, EREERTTE, —H
ENHER/N, AT ESCREHEBERER .
@ = diag(1,1,1,1,1,1), (11)
AR B IR T IR A R A AR A
IEAS M BIR-EAT 2 1E 25 20 A6 00 5 ik 7 847 80, BT
18I IEAS A0 2 58 R G AR Fl & s
WIESHH, REMARSE EERIELN ARG R
AABRAGHFENRSGIRE, NEERSEHEDN &Y
HEENABETIEREENUEIRE, #
EEMESS AT EENAERE F/REWMBHE
B, B ARTSRA(S),

2 BB

21 HKRGEBER

HARPHEEEEZRER RGBS FE, 24
He OB BGRm K T H ERAT, b5 ik BT 5| i B
FERHE SERIERE S FRE B AW &, BT LABF ST BR {4
MG A —E SRR L, IR ERAIIAN
AR, BB AT EMG =08, TG =08
£ 3 NAFEFR(X Y. Z) RZEAHHRIE M 25K
BRE,

KRS 3. U X 35 B 2 000 mx2 000 m , U & 4] B












. 478 - R 5 # K

45 %

W EYAINT 2B EENEEEER,
3 &

1) ACESHISRBRIET R/RSIEH I %
EMELKESENEIIEFHA R, SRR
SXBREFHEAEFRT 0.92, X HFREKT 10
pT/m,

2) A FEFIR S i HE a0 4 A R R %
FEREVUAFER W , 540 R F /R 8 I I A AE AR B
BOTNER, FERBKELE SN FRREYE,
BB EFREEBRUR

3) R/RSREE AT LLA A e B (5 B X h it
TR, AP | B AR R, B
R TR 27k 8/ 8 B o e il 2 BB AL, th
A S HoAt AT 25 H BR o 38 ST A B SR AL R 1 S
%,

$ % Uk ( References) ;

[1] Gamey TJ, Doll W E, Beard L P. Initial design and testing of a
full-tensor airborne SQUID magnetometer for detection of unexplod-
ed ordnance [ J]. SEG Technical Program Expanded Abstracts.
SEG, 2004,798 - 801.

[2] Schmidt P W, Clark D A. The magnetic gradient tensor; It’s prop-
erties and uses in source characterization[ J] . The Leading Edge,
2006,25(1) ;75 -78.

[3] Stolz R, Zakosarenko V, Schulz M, et al. Magnetic full tensor
SQUID gradiometer system for geophysical applications[J]. The
Leading Edge, 2006,25(2) ;178 - 180.

(4] HERLBRBHESLKBRAENBERPE[D].KEF . K
K2,2017.

Shen M D. Study on technology for high temperature superconduct-
ing full tensor magnetic gradient measurement[ D]. Changchun:
Jilin University,2017.

[5] B4 BOE 0% S ke ekBUBERLINE

IBAEAL (1] AR K LI TR, 2016,46(5) ;1732 -
1738. )
Shen M D, Chen F D, AnZ F, et al. Optimization of slanting sur-
faces of five-sided pyramidal full tensor magnetic gradient probe
[J]. Joumnal of Jilin University : Engineering and Technology Edi-
tion, 2016,46(5) :1732 -~ 1738.

[6] MHR FRR FLEM, F 2T Cotex-M3 MBS HNE
FEREMBI] NRBR 51838, 2016,(1):22-25.
Wu J, Rong L L, Kong X X, et al. Vibration monitor based on
cortex-m3 for aviation superconducting magnetic measurement plat-
form[ J]. Instrument Technique and Sensor, 2016, (1) ;22 - 25.

(7] {E&, EREEWR, FLHH, % £T PS ALMHFH VKRBT
X[ 1]) fe AT AR, 2015,28(9) ;1347 - 1353.

Wu J,Qiu L Q, Kong X X, et al. A novel low temperature SQUID
magnetometer based on GPS synchronization[ J]. Chinese Journal

(8]

(9]

(10]

(12]

[13]

[14]

(15]

{16]

[(17]

(18]

of Sensors and Actuators, 2015,28(9) ;1347 - 1353.

E1R, BEW, TAR, ENEBRLKBHMENNS
WHF(J] MEEWRER, 2017, 39(1) .36 - 40.

Wang SL, QiuL Q, Wang Y L, et al. Study on Crosstalk of an
airborne magnetic full tensor SUQID gradiometer system[ J]. Chi-
nese Journal of Low Temperature Physics, 2017,39(1) ;36 - 40.
A, KK E TR, F UK BENREREOBEK R
(1) IRWEER, 2016,59(1) ;311 -317.

Zhang G, Zhang Y T, Yin G, et al. Magnetic tensor compensation
method for the camier of the magnetic tensordetection system[J].
Chinese J. Geophys., 2016, 59(1) :311 -317.

MR FRBBEELHBUSERELEPHNA(D].
Jb5 P EBLA R (L), 2015.

Zhang X D. Application of Kalman Filtering in the magnetic full
tensor gradiometer data processing [ D]. Beijing: China University
of Geosciences( Beijing) ,2015.

FFEE, DE PR, 0, %, 23K BB E YRR R 9L R iR
PIREBERBEAR[J]. hERY W 1, 2018, 61 (4) : 1539 -
1548.

Shu Q, Ma G Q, Liu C, et al. Balanced edge detection and depth
imaging technique for the interpretation of full tensor magnetic gra-
dient data[ J].Chinese J. Geophys., 2018,61(4) ;1539 — 1548.
U558, KA. ROTiRRE S R B E XM & S RiZARISH
5. BBIRMIEREIR , 2007,42(6) : 714 - 719.

Luo Y, Yao C L. Theoretical study on cuboid magnetic field and
gradient expression without singular point [J]. Oil Geophysical
Prospecting,2007,42(6) :714 - 719.

Wip EER,APR,%. A IGRF SR H 2% B #EE
BE[)]. E5HR,2020,44(3) :582 - 590.

Zhong Y,Guan Y W,Shi J Q, et al. The calculation method of full
tensor geomagnetic gradient based on IGRF model( J]. Geophysical
and Geochemical Exploration,2020,44(3) :582 - 590.

ip BER,GFR, % KikEKBRBENTMERL
AXTH[ ). R R ,2019,38(4) :1073 - 1081,1090.

Zhong Y,Guan Y W,5Shi J Q, et al. Comparison of two forward
modeling formulas for full tensor magnetic gradient of cuboid[ J].
Global Geology, 2019,38(4) ;1073 - 1081,1090.

B, 2 KE GRS RELHBEREHEARI]Y
HE5LE,2018,42(3) . 583 - 588.

Zhou D W, Meng Q K, Yang Y, et al. Study on characteristics of
three axis airbore magnetic gradient anomaly [ J]. Geophysical
and Geochemical Exploration, 2018,42(3) 583 - 588.

Ji SX, Zhang H, Wang Y F, et al. Three dimensional inversion of
full magnetic gradient tensor data based on hybrid regularization
method[ J]. Geophysical Prospecting, 2019,67(1) ;226 —261.
RBA. BHBEKRBEARHARAFE(D). AN . PEME
K (FEX) ,2008.

Wu Z C. Magnetic gradient tensor technology and its application
[D]. Wuhan: China University of Geosciences( Wuhan) ,2008.
B 25k B SQUID REAS It 7E M = BE W) I i B B R BF R
[J). BREAR,2015,43(10) :41 - 44,

Zheng T. Research on application of airborne magnetometry using
full tensor squid gradiometer { J ]. Superconductivity, 2015, 43



24 HIRES ISR TR /R S IR Tk BB BT & o 8RR - 479 -

(10) :41-44. B 1.+ EREH AR EH,2015,23(6) : 718-720.

[19] Luo Y, Wu M P, Wang P, et al. Full magnetic gradient tensor Cai T J,Zhou W,Ju L L.Kalman filter processing of platform gra-
form triaxial aero magnetic gradient measurements; Calculation and vimeter measurement data[ J].Chinese Journal of Inertial Technol-
application[ J].Applied Geophysics,2015,12(3) :283 —291. ogy,2015,23(6) : 718 —720.

{20] ZRE, A, B4, % ENIMEAMEBEART R SRE (23] B8, TEE A%, F 0B EFEANTENNEEE
[1]. R 54088 ,2017,41(4) :694 - 699. HEFERR S LRI YE S5, 2019,43(4): 872 -
Meng Q K, Zhou D W, Gao W, et al. History and prospects of 880.
aeromagnetic compensation technologies used in China and abroad Luo F,Wang G X,Zhou X H, et al.Research and implementation of
[J]. Geophysical and Geochemical Exploration,2017,41(4) ;694 data processing method for the three-axis stabilized platform air-
—-699. bomne gravity measuring system[ J].Geophysical and Geochemical

[21] E&dE, REREFE BEE, % M5 HHEE Kalman JEHFRE Exploration,2019,43(4) . 872 - 880.

AR )] . HhBR Yy B2 R, 2012,27(4) ; 1717 - 1722, [24] Grewal M S, Andrews A P. Kalman filtering theory and practice u-
Wang ] B, Xiong S Q,Guo Z H, et al. Application of Kalman filte- sing MATLAB[ M ] .New York: Wiley,2008;133 — 138.

ring smoothing technique for aeronautical gravity data [ J].Progres- [25] Pajot G, Viron O D, Diament M, et al. Noise reduction through
sin Geophysics,2012,27(4) : 1717 - 1722. joint processing of gravity and gravity gradient data[J]. Geophys-

(22] #4% A%, WHH FERXENNUEBEN FR S EHL ics, 2008,73(3) :123.

Application effect of Kalman filter in airborne full tensor magnetic gradient
measurement based on theoretical model

MENG Qing-Kui'?, ZHOU Jian-Xin'?, SHU Qing"?, GAO Wei®, XU Guang-Jing’, WANG Chen-Yang’
(1.Key Laboratory of Airborne Geophysics and Remote Sensing Geology, Ministry of Natural Resources, Beifing 100083, China; 2.China Aero Geophysical
Survey and Remote Sensing Center for Natural Resources, Beijing 100083, China)

Abstract: The aero full tensor magnetic gradient data contain complex motion noise, which is distributed from low frequency to high
frequency in the spectrum, and is mainly white noise. So, how to effectively suppress the motion noise is a great challenge. The tradi-
tional digital filtering can only filter the noise with the specified frequency band, but it can not effectively separate the noise mixed in
the full tensor magnetic gradient useful signal. In view of the fact that Kalman filter is a fast, efficient and real-time optimization estima-
tion method, the authors applied it to the aero magnetic full tensor gradient data processing, and built the state equation and observation
equation reasonably. Model test proves that the method is effective and can be applied to real-time processing of aecromagnetic full tensor
gradient data.

Key words: full tensor magnetic gradient; Kalman filter; white noise; data processing
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