; e3e>~>{~~tj veTWhAW-~ ~i WD 02/ 101405 METHOD FOR DETERM NI NG MAGNETI SATI ON
AND THE FI ELD RADI ATED BY A F GNETI C PLATE The inventj t he
field of arrangenents and devices for neasuring the mtenj‘lﬂﬂ]mmmgﬂ@mmz
direction of the magnetic Celd emtted by a plate or stru n s for
exanple the hull of a ship, as well as the field of facilitiesis#éf the
degaussi Pfoafd Ps. It is known that the presence of JggReld.6sMaterials on
board a ship nmakes it detectable and identifiable by detection neans,
commonly known as magnetic anomaly detectors, which detect the ship's
magneti c signature. These detection nmeans can for exanple be enbarked on

board a vesMETHODFOR DRTRRVANINGSS| | SIACNETISATAON-AND THEFTELDhe magneti c
signature of a ship, the use of anti magnetl c materials is known However,

there are still ferronmaghdPIATERBYA EE AHEFIC | n order to linit the
cost of ships, it seens preferabl epjgygroduce a ferromagnetic netal hull
and, by neans of field sensors (magnetoneters) installed inside the ship
and degaussing coils, to generate nagnetic fields capabl e of conpensating
for those fields linked to the hull itself Nevertheless, to achieve this
conpensat i on, Thetinvegion ecresmathy field offatapgemente alglatenires iermebasunog thagtesilysat i on of
the hull. Know edge of this magnetisation then allows determ nation of the
cur r ent sandgbgpdiredibniobthe nhgrsticfeiirmitsciby @ plaicor grcturepfuch isdordbsgmpisthe mgl coi | s One
of the objectives of the invention is to provide a nmethod which enabl es the
*G00002* of a 3hip, DAV 413 Fiel@CT fabBiRIR fO 2R0degamgnpsifislipt | on of a pl ate
(ferromagnetic steel plate of small thickness) to be estimated by using
field sensors (magnetoneters} and deducing fromthat the field radi ated by
the plate everywhere outside of the latter. The magnetisation of a

f erromagnet i qt @Rtk the prekdnce dfafagtetiomiteriils on Bears dishipthakasit detedidbleshd

magneti sation, which corresponds to the magnetisation acquired by the

mat er i al idemdi@sle b Qetbdtibh HRAME LoMnoAlp khdvehi ia@ietié Adindly dbredtsrs tWifichtdeietiest ri al
field for exanple, and a pernanent magneti sation i ch depends on the

history g shipe ««xg«ieﬁe bighaturd MBiedeMeidEtRMA nBBRNRA o @idﬂ?)_[b UeSmbARTY Stk a
determ nistic and depends only on the induction field, the geonetry of the

plate (tb&sdlyhihe, todptdoldssilé 6F Alclate perneability of the material; on the
ot her hand the permanent nagneti sation devel ops slowy over tine as a
function of the induction field, thermal stress, pressure stresses or even
manuf acturing conditions There are a great nunber of these paraneters and

they are diffyCifh thfeqnageaa%rs%gaturmg%ggﬁgge b3 RRIABRAR maBRRORULSET On. cannot

be nodelled, it can be esti mated nmeasur enent o e fie whi ch

| nAUCeA i trd 512 Wi eofmdehElicl R TBR boLRIH ofaBh 1ARINd Lsirdfips, O
determ ne the tota magnet 1 sati on of " a plate, It 1I's necessary to construct
a nodel |j.pki e ] tj.gatd t I ing the
model 1 o SRS URE e SRAMIC T horkdyert md BN, 45 Hon’ B ool
connect eg W V] foyert ed ! [ : ' mvent this
pr obl em %{.}t%@%} dg&%e%@éfc&tkﬁeﬁsﬁ:p I%ﬂ?ud[ag ?“Q’g% gﬂ{fs’ tggg%ﬁ%ﬁ%g‘gwﬁggst%g ﬁ%g station
for neasuring and adjusti t he et i i gnature of a naval vessel, the
said st a?{cgﬂggnr?%ﬁg?#gtkl%f%béelgsrﬁ n%d[tlgg%q‘gfrllége}rfgdi fication of the characteristics
of currents circulating in the magnetic degaussing coils with which the
vessel is provided. This station includes several nagnetic sensors formng

a deformabl e chain and capable of 2 . . .
I&evertheless, go acﬁigve tLlS compensation, it is necessary to determine beforehand the

magnetisation of the hull. Knowledge of this magnetisation then allows determination of the

currents required for this compensation in each of the degaussing coils

One of the objectives of the invention is to provide a method which enables the

ARG

*G00002*




WO 02/ 101 405 PCT/ FR02102007 being laid on the sea-bed and linked to the
vessel through signal transm ssion/reception nmeans which transmt/receive
signals generated by the vessel The nethod for determ ning the magnetic
signature of the vessel consists in" evaluating the shape of the chain of
sensors so as to determne their relative position, determning the

posi ti on\ﬂ;ozflgﬁosvessel relative to the said sensor chgaichprébfym ning a
track and collecting the data fromthe sensors during at |east one transit

of the veagRlisaBbdsd ﬁléﬂ@(f&aindﬁﬁeﬁa@tkel ﬁWetJif siallCthidkdessy o erisE@dted Pegagsari |y
pl aced outside the vessel, this nethod permts the nagnetisation

per cept i R sdnford Agheddmdidre)lafd d€audisy Pstd ihABhERbId adlhted By tHORSte BRIy t
estimation of the nmagnetisation froman anonmaly with the aid of sensors
et or m o e e of & motal [hulled ship based on internal

[ [ u - hu i i na
nmeasurenments consists in determning by inversion of a |linear system not
t he magnetisation, but the distribution of nmathematical quantity called
magneti c char . e . |, then
deducing fr o_rﬁﬁl ? ﬁ'ga%ne{"%go??% %ngr[‘ag?‘ ﬁg%zag?n?ﬁ%hg?eesﬁ %%"Ie%gge %lﬁns(%ﬁa}ﬁé@u di s met hod
Peeks | OngRkiRbe i ahdhoth SR lRlTeRl WOARLY ARSI R 69" et e
sol ution. pnecessitate | ng . use. of. nsi derabl.e nunber of sensors, given
That  t herDoiesal Mo AL I Ak ia iR BRI B S B PR G m e BRG Gee
defi ni ng Fu t he obt di,stribution of c ges is not

h h. t h | ned h
necessar Wwﬁﬂﬁn%iﬂ%ﬁf té%ggt%’g}e)?’gwesm?'ﬁ‘éa T ?g?n?"&?cefi HRgPEseon 'Bé’f’ﬁ‘ﬁle%{é(st able in
i t terns 3 WD . 02| 1014Q5, PCT/ [ 02007 T i f the i ti i
£ o T asol e DTG U R e BBy 0 QR B E vt ch

all ows a physi cal s?,sti rrg;ti on_of the total induced and pernanent

magnet i sEtaSHPEReabilipy ofithe majerpd opdhe other hau the prmaneeh HARIEHNAHRN d5MeElRSn t hen be
exploited to estimate the field at every point and allows the reference

si gnat ur BoWW ongrtine a4 fuaiion A the indugtion Helf; thermalptressnpPrassefeSiresses of K¥Nsensor s
can be placed inside or outside the nmagnetic anomaly, that is to say the
pl at e or MpRACKYng conditipaso llesre are pgregt spmbg obessRammetps avd they asediffisdt expi oi t ed
by a device for direct conpensation of the nagnetisation, based on the

cal cul at PerobThesefprgihegiermpnens magnetisatiemeagnarbemadelieds § cprole estreated aalydbyest i mat ed

on the reference points, but mnimsing directly the magnetisation of the
measurement of the field which induced it. As a result of the last-mentioned fact and in order to

determine the total magnetisation of a plate, it is necessary to construct a model linking the
measurement to the magnetisation, then inverting the model to deduce the magnetisation

Consequently all the difficulties connected with solving inverted problems are encountered

To circumvent this problem, FR2679514 can be cited. That patent describes a portable
station for measuring and adjusting the magnetic signature of a naval vessel, the said station
enabling determination and modification of the characteristics of currents circulating in the

magnetic degaussing coils with which the vessel is provided.

This station includes several magnetic sensors forming a deformable chain and capable of




hul . Such a nmethod of conpensation has the advantage of mnimsing the
field everywhere and, consequently, both above the hull with regard to
aerial hazards and below the hull with regard to the hazards connected with
m nes and torpedoes. This allows the two sets of adjustnments generally
found in the operational procedures of ships, depending on whether the risk
of det ec{igqn1419052i F borne (detection by aircraft) or | ipp¥gRoziosoe Nes, to be
avoi ded. The invention consists of a nmethod of determ ning the

magnet i stEingdaid amthetsépebefiiand linked thi the eedsdbthreugh signab framgmissipwregbmipe mesrisng
magnetic field sensors distributed along the plate and at known positions
rel at i vewhich trdmemit/eec¢ier signalk geneated by sledvessel t hat it consists in: - producing a
mesh of the said plate by dividing it into el enentary surfaces producing a
first nodelling of the magnetic field associated with the measurenments and
a function of the surface nesh produced on the plate, its thickness, the
nmeasur enent s, Th meth6ORF détarimey thé mighericsRaafedTeRiveRelicaistsand t he induction
field B" = u"H" - producing a second nodelling of the physical behaviour of
the material -for ndvagatig@h®kiab& of 8 ThAn BN sehéis SR ENo defebminb ielielase t he
induction field and the reversible perneability of the material. 4 WO
02/101 405 PCT/ FROgsf@f07 - cal cul ating the permanent and induced

magneti sati on of each of the elenmentary surfaces using as a basis the said

first and second JedflninsMESposfich FRRSIHERITBRER 158k 524 BRshr Riaid, Ne sai d magnetic
field sensors, - calculating the magnetic signature of the plate at every

poi nt based on t g cinihsARHERARIoIARAR IS SUnTRANRIRSAKNOR 10k GRCh of the

el enentary surfaces, on the surface nesh produced on the plate, on its

t hi ckness, on thetramsl?§ﬂﬁce\%§§}¥§o gggeg%jaqmg,gor d!' nat es. of the cal cul ation

poi nt's and on the 1 nducti on er Pl ate" is understood to nean
either a single plate, or a set of plates delimting in this way a vol une.
According to a particular characteristic, characterised in that the first
nodel I'ing co nodel 1 i ng _the c, fiel e't%er f t he

fol | owi ng t V\D%#hoa}’ ?neﬂn Mof SCISOTS ngce %Pnl pla,[:n%igou % the ves ?_tgége{lm permits the

Sl 3-lgzxsgnetlsatlon’percepet‘%%’in the far field to be estimated, but it does not permit estimation of the

ad~ f M

magnetisation from an anomaly with the aid of sensors placed inside the vessel.

At present, one of the known methods for determining the signature of a metal-hulled ship
based on internal measurements consists in determining by inversion of a linear system, not the
magnetisation, but the distribution of mathematical quantity called magnetic charge at the nodes
of a mesh on the surface of the hull then deducing from that the field at the defined reference
distance This method seeks to estimate a charge at each node of the surface mesh by considering
it as being an independent element uncorrelated to its neighbours. This solution necessitates
making use of a considerable number of sensors, given that there are as many parameters to be
estimated as there are nodes defining the mesh. Furthermore, the obtained distribution of charges

is not necessarily physical and there is the risk of the result being unstable in signature terms




M is the total magnetisation, that is to say the sumof the pernmanent
magneti sation M ~~ and the induced magnetisation M ~" of the elenent i, N,
is the nunber of elenentary surfaces, L, the edges of the elenentary
surfaces, S, the surface areas of the elenents r is the distance between
the current point of the edge and the neasurenment point, n, is the nornal
to the e@@fulioRés the current surface el enent, tangentiphrk@ydhéte €l ement, a
is the thickness of the hull, 5 WO 021 101405 PCT/ FRO2/ 02007 that is to
say, a nHheaim ofths ingentivmisito (pséliethé atidvermientgpnedhdeficigncies byrproBosing@B0nethddM = FM d +
FMS® According to another particul ar characteristic guaranteeing high

st abi | i t whioh dllows e plgysical toimationof sheaotel imisesglandpapninentonagaetisdios bf gpdateniot s
consideration of its exploitation in a realistic environnent, the second
nodel | i nbe caaiediost This magnedetibn cag theh®e axpdpited tocesfimat the fikld ahevetygomt amdf each of

the surface elenents by either of the following two fornulas: - Hn - a
~~M nd. 4llods klje réfbrence signatiure Wpmétal-Hutted sRipdb be edtimated | Irr addition, the senfors tanY, 4~ , v,
L~r,~~[ nd - Hh ~a ~~ad J~I~h"~. r3 dS~ + a grad ~~I e r3 dS~r'~r -|~

4~c N, Se pldced fsideor catsidéRmfagndvic anonhaly, tHAEis kWY ERPlabRGMRIHUBAt | on of the
elenentary surface j, M-~ is the permanent magnetisation of the elementary

surface j, N, is the nunber of elenentary surfaces L~ the edges of the
el enentary surfaces, S~ the surface areas of the elenents, r~ is the

di stance bet wggoehanbasHRANL mgneazatlbhecawef a&,ﬁms'd SPENUsvide R Qlideet N~ 1S the
normal to the edge i of the current surface elenent, tangential to the

el ement, ccﬁnpbx?sattu;?l%ftthgﬂn éﬁgﬁ%noﬁasédt&ﬁtll@%]éulan R@ftde% gss}'\r}? c&%n&ltmﬂiwls\/nfga mat rix

systemtaking the f ow ng matrix form

Accor di ngy fmmmam,ane& B 0 nfmgem&gy%@&a@am%ontdmper ranent

and i nduce nmagnetisation of eac ntary surtaces is carried out
by solvi AL, §lﬂﬁ am{hloﬁ) o &glpgﬁatfoln)ﬁas the advantage of minimising the field everywhere and,

consequently, both above the hull with regard to aerial hazards and below the hull with regard to
the hazards connected with mines and torpedoes. This allows the two sets of adjustments generally
found in the operational procedures of ships, depending on whether the risk of detection is

airborne (detection by aircraft) or linked to mines, to be avoided.

The invention consists of a method of determining the magnetisation and the field radiated
by a ferromagnetic plate using magnetic field sensors distributed along the plate and at known
positions relative to the latter, characterised in that it consists in:

- producing a mesh of the said plate by dividing it into elementary surfaces

- producing a first modelling of the magnetic field associated with the
measurements and a function of the surface mesh produced on the plate, its thickness, the
measurements, the coordinates of the measurement points and the induction field B, = p,H,

- producing a second modelling of the physical behaviour of the material
forming the plate, based on the mesh, its thickness, the induction field and the reversible

permeability of the material.




6 WD 02/101405 PCTI FRO2/ 02007 system its solution being MF F M-nd B -
Bo C+ 1d C Mgr D According to an additional characteristic, the

cal cul ation of the magnetic signature S of the plate at a point | is
carried out by any one of the following fornulas: S - Bo ~ego ~'~l~l~l. n,
34~ ,v, Jr S=B-4 ~gradf f IIV~-It . ~S, where. N s, Mrepresents

the esti gy@MAoagoneti sation N, is the nunber of surfagergekeedb s
(triangular or square facet). L, the edges of the elenents S, the surface

area of the el enents rcaicgatingehelipermanent abétinduend migsetisatiopceiacte obfhet he
current surface elenent and the point of calculation of the field n, is the
nor mal t derhdnaresigiacds usihg e basisr the niid it faad eecerdemedetlingst aud g@asuranentso t he
elenent a is the thickness of the hull. According to another

char act epedrfotred, by sherseitl Inagnetin field samsatgnce with the invention includes a step
whi ch consists in conpensating for the nagnetisation of the plate or its
magneti c si gnature by cdisulitihgahesysphaisighatule githssata g eeay psintdbasedoged cl ose to
the plate and in which a current of adjustable strength |I can be generated,

t hi s st epidpRinigerd Bldindubedintughdtisitioh Bf cact o te elemenigly Surfated @AtheSyrficemests | i nki ng
the currents | to the magneti sation M which they generate on the plate and

a functi ggdRkd GmﬁeMOBEft{thl@ﬁlle orftheméakibRentéh t6&dcbitinaRBeFthdtaBulitRnM Ni M se
the function QL. 1- , this 7 WO 02/ 101405 PCT/ FR02/ 02007 mi ni mi sati on

of the fmga,grbnl\,ﬁe,nd\glc{;@mm@q bei ng perforned by the nmethod of | east
squares A nethod according to the invention may be particularly applied to

the determ na‘i’laﬁnlsgfldeg?&)d@@ﬂ%teltﬁer§le%l@ﬁlHE Gr Qbet bfFatlefimifthg iRy and even
to the determ nation of the nagnetisation and the nagnetic signature of a

ship as g, e. It can be applied to the determ nation of the
magneti sation and the nmagnetic signature of a

According to a particular characteristic, characterised in that the first modelling consists

in modelling the magnetic field by either of the following two formulas:

_ el I
B =B, vy sz M.n, ~dr3 L,
_p ek F
B=B, o ZNI grad&”1\/1,.—a'Sr3 )

where,

M, is the total magnetisation, that is to say the sum of the permanent magnetisation M and the
induced magnetisation M™ of the element i,

N, is the number of elementary surfaces,

L, the edges of the elementary surfaces,

S, the surface areas of the elements

r is the distance between the current point of the edge and the measurement point,

n, is the normal to the edge i of the current surface element, tangential to the element,

e is the thickness of the hull,




ferromagnetic structure. O her characteristics and advantages of the

invention wll becone apparent to the reader of the follow ng description
of a preferred node of inplenentation of the invention, given by way of a
simple illustrative and non-limting exanple, and annexed draw ngs, in

whi ch. Figure | shows the neans of inplenenting a nethod according to the
i nventi oo oftedaee 2 shows a di agram of the various stppsrrebomonet hod
according to the preferred node of inplenentation, - Figure 3 shows the
model | i rtbatésto sayhumptriz systen taking the follewing sptrix form gure 4 shows the spectrum of
si ngul ar values, - Figure 5 shows the magnetisation of each elenentary
surface of the surfac® mBshFM =FFMitf ¢ MZhows t he predicted magnetic
signature of the hull, - Figures 7, 8 and 9 show, in an orthonornal

reference OXpc¥ndide totan&h&%memmharmterkh@dgdzafaﬁé&ﬁg Rgh Sl RAs pad Wragnet i c

signature of the hull along the x, y an axes respectively Figure 1 shows

the means of o QIR 'ﬁgis@r\?ﬂéh @9.%@%&542&519.1 bPitd %lditggunﬁgednkatsh@n node of

the invention These neans | e n magnetic sensors Cn, for exanple

magnet Orglifnten AE Lol A AARARE, iRhoddIRRHE akAdigrida Hef1Ael drachloP

processi ng means ese sl gnal s, ase a m croconputer. The

m cr oconput and the said.se [ r ranged inside the hull 2 of a ship
WO 02/ 1%%%'%?56[%%%3@80@*@%nquﬁg§f%8%$di ng to the described preferred
node of inplenmentation consistssin a first step +n producing a nodel, for
exanpl e bM,'E'onp er mmq@si gn,, of ¢h der 2 Tpf Lt he ship while
respecti@g—f}je‘ o—pjgIr 10f7J;, Vayiy rf’é‘g_s‘éltjthen a surface nmesh is
created dver”t he whol & &urfaceof the"hll4, each’el ementary surface

possi bly being forned for exanple by a triangle or square as shown in
Figure 2 [sic], the position of each of the elenentary surfaces being

defined relgiive to a predeterm ned;’tri axi at reference int. The next step
consi st's E% estayl i st Ny A pofdlraseqey ag el respd s produced by
the n serigord) C 1t o4 e el ;" lendt edaassqtf at eg’w th the

neasur ements denoted B, uses™the kndw edge of the georret'fi ¢ nodel conposed

of the surface nmesh of the hull, its thickness, the neasurenents, the
coor di nahege,of t he neasurenent points and the induction field Bo = p~ (po
is the perneability of a vacuumor air) B=B~+ 4 ~~M. n~ ~-dL;

M, is the induced magnetisation of the elementary surface j,
M~ is the permanent magnetisation of the elementary surface j,
N, is the number of elementary surfaces
L, the edges of the elementary surfaces,
S, the surface areas of the elements,
ry is the distance between the barycentres of the surface elements i and j,
n, is the normal to the edge i of the current surface element, tangential to the element,
e is the thickness of the hull.
that is to say globally a matrix system taking the following matrix form'
(C + Id)M™ + CMP* = f(H,)
According to a particular characteristic, the calculation of the permanent and induced

magnetisation of each of the elementary surfaces is carried out by solving the following matrix




3N L B-Bo_~0o~~'ad ~~M . r~S~ N S, where, M is the total
magneti sation, that is to say the sumof the pernmanent nagnetisation M ~~
and the induced nagnetisation M'" of the elenent i, Pl, is the nunber of
el enentary surfaces, L, the edges of the elenentary surfaces, S, the
surface areas of the elenments r is the distance between the current point
of the @@as d@d the neasurenent point, n, is the norraf/Fru/zde edge i of
the current surface elenent, tangential to the elenent, a is the thickness
of the hul| {59501‘51%‘%@5 gl@l 405 PCT/ ~' ROx1 0Z009 i This equation reduces

num&*ricsaYmeQ”l o] probl em whi ch takes the followng matrix form B _

Bo = FM= ~"Md + FM'~ Thi s { 0SE@gsse he foll ow ng
characteristics: ~ isFrepr S M’?yv 0 gheB asurenents produced by the

sensors. It is a prim®r, des- iwepg,si(';'—n d,lPhat is to say that there are
| ess equations than R'hé%s% i's dncenditionral, that is to say that it

is diffivult to invert, this difficulty increasing with the nunber of
sensors. To Avakdingaoah ddtitisnabtioractetsticsthe calculationeof the magneticsigpatiea ofbehavi our
of the magnetisation is created. The overall fornulation of the physical
behavi oghe pRRt Opsifit Itid\arried oul tydgeomefof thedollpemgdomulsinndel farmni ng the surface
mesh of the hull and its thickness of the induction field denoted Ho and of
the relative permeabir%li_ y OIHt mtr’eﬂ_ denoted ur This formnmulation is

0 OW Mg’

described in the for 0t+hf,;f véry general equation: B=~o(g~-~ (X)

to which is added the follow ng 'equation intrinsic to the material: H~ ~A
+ Bn (2) >3y cocubining (1) and (2), we get: g !4~ + 1Vi-Mp Wth M being

the pernmanent magnelisati oay, t he, i pgyic&d, pagneti sati on and M the total
magnet i sati on. §=%o—ﬁ&:gradffﬁ!.;déja
M S,

where.

M represents the estimated magnetisation

N, is the number of surface elements (triangular or square facet).

L, the edges of the elements

S, the surface area of the elements

r is the distance between the barycentre of the current surface element and the point of calculation
of the field

n, is the normal to the edge i of the current surface element, tangential to the element

¢ is the thickness of the hull.

According to another characteristic, a method in accordance with the invention includes
a step which consists in compensating for the magnetisation of the plate or its magnetic signature
by using a system of degaussing coils arranged close to the plate and in which a current of
adjustable strength I can be generated, this step being able to consist in establishing a linear system
G linking the currents I to the magnetisation M’ which they generate on the plate and a function

of the geometries of the plate and coils, and then to minimise the function 7 - As* , this




Since 1VI-M =M , we obtain 1VX, ~ (~. -1)S At the sane tine, M is
created by M~ and MP in the whole of the plate. W then have: 10 WO

02/ 101405 PCT/ FR02/ 02007 -i and = Hh - a ~"~Mnd. rte r3 dLI - a ~l MPer. nJ
Y3 dL~ (4 ) I"'r I 4?1 Ly.LrJ rl 4?2C~Vr LJi' rnd - Ho + a ~'gr, ad

J~l~Ind. r3 dS~ + a ~'grcrd J~per ~~3 dS~ 4~c ws, r, 4~ ~~, s, r,~ Wwhere,
M'” is womhindesced magneti sation of the el enentary swcfmne/ojzooﬂ\/] per is the
per manent magnetisation of_the elenentary surface j, N, is the nunber of

el ement amipinisptiprefdhe fupction &7 e dgsapable of bringpedormed hwe gigthpdyefdenst sqpargshe sur f ace
areas of the elements, rijis the distance between the barycentres of the
surface elenents i and Jj, nj is the normal to the edge i of the current
surface element, tangential to the elenment, a is the thickness of the hull.
By writing th setbodizconding tothe aaertior mayrbaparticalarheanplied tb yhetdeterriindtioowf ng nmat ri x
systemis obtained (C+ Id)Md + CM—~ = f(l110) where Cis a matrix which is
dependenthe ongrictiesignamneif the holf oftalskip emsbdven toltle defeinaikatios of thd maghetispticataed and t he
relative perneability pr, Idis the identity matrix, M and MP are
r espect i themagreliesigmduceft shipds pehotanent nagneti sati on such that M= M + M
This system has the followi ng characteristics It is representative of the
physi cal Ithrahéy applied af the Rietepphimdtion of the mapnetivakiom- ad MeEnmagnaidsigriatued of & t 0 say
that it has nore equations than unknowns, It is highly conditional, that
IS to SaferrbiadnsticsdGytufe0 | nvert. The 2 nodels have to be verified
si mul t aneously, which | eads to constructing then solving the 11 WO
02/ 1014U5 Other characteristics and advantages of the invention will become apparent to the reader
of the following description of a preferred mode of implementation of the invention, given by way
of a simple illustrative and non-limiting example, and annexed drawings, in which.
- Figure 1 shows the means of implementing a method according to the invention,
- Figure 2 shows a diagram of the various steps of a method according to the
preferred mode of implementation,
- Figure 3 shows the modelling of a hull and its surface mesh,
- Figure 4 shows the spectrum of singular values,
- Figure 5 shows the magnetisation of each elementary surface of the surface mesh,
- Figure 6 shows the predicted magnetic signature of the hull,

- Figures 7, 8 and 9 show, in an orthonormal reference Ox, vy, z, the component of

the predicted and measured magnetic signature of the hull along the x, y and z axes respectively

Figure 1 shows the means of implementing a method according to the implementation mode
of the invention These means include n magnetic sensors C1 to Cn, for example magnetometers,
each being capable of transmitting a signal to the processing means 1 of these signals, in this case
a microcomputer.

The microcomputer and the said sensors are arranged inside the hull 2 of a ship

8




foll owi ng gl obal nodel: that is~wth® FFM B- B~[C'+ld C-[MP] [ DAM
= Y PCT/FR02/02007 FHM B - B~) A[C+tld C- M[W, Y[ D The resultant
matrix to be inverted,denoted A is then naturally highly conditional,
therefore easy to invert; despite the fact that the systemis
under -di nensioned, it requires neither enpirical estimation of weighting
coef fi ciwobsonms use of a specific normalisation techpmeomegeneralised
i nversion by resoIV|ng into singular values is sufficient for finding the
nmagnet i sat i okherprihadggeordingdn thsdessilied preferied mpdgnf implemsntation caasisttinafirt t o be
obtained. The matrix A(X,N) with N> X may be resolved in the follow ng
way. T A(exmxgroducmxam)oéel:\fowxammeNy cmeé-atdnédmp,rqf thedwib2 gfide shimyhile
orthogonal, that is to say: x ~k ~n ~kn r=f X ~~jk ~jn - ~kn j=l for

| 5k, n5N respeatingthe pegomians afthervasouslsgeesdthemosvafhceghashrisisreated peer theavhelegenval ues
of A, L has the following form12 W) 02/101405 |, 00000. 00OL- 00!, 00

0000. 00Gadacy\of thhbull, kechelementary s@ifzae PPssibilyt Yeing-formedfir ekanipte bycpurignglesart t o'

00000. 000L=00",, 00 0000. 00000" @ Wen an eigenvalue |I; is zero, it is
r epl acedquaye 4 showrlin Fightee? [eie], ithregiositon affeadt] ofttiradlementatyosugfaogs beirlgl defined obt ai ned
quite sinply by. Ilv~l = A-"Y PCT/ FR0O2/ 02007

relative to a predetermined triaxial reference point.

The next step consists in establishing a model associated with measurements produced by
the n sensors CI to Cn.

The model, denoted F, associated with the measurements denoted B, uses the knowledge
of the geometric model composed of the surface mesh of the hull, its thickness, the measurements,
the coordinates of the measurement points and the induction field B, = pH, (i, is the permeability

of a vacuum or air)’

B =B, +e/‘02‘fM n—dL

NI L

B=B0— Zgrad”M —dS

N,

where,

M, is the total magnetisation, that is to say the sum of the permanent magnetisation M and the
induced magnetisation M/ of the element i,

N, is the number of elementary surfaces,

L, the edges of the elementary surfaces,

S, the surface areas of the elements

r is the distance between the current point of the edge and the measurement point,

n, is the normal to the edge i of the current surface element, tangential to the element,

e is the thickness of the hull,




The nodel, denoted A, associated with the cal culation points of the
signature denoted S, is theoretically witten in the s t he nodel

associ F\t‘!@WQ‘I‘P”t he measurenment points described by 0 | L know edge

of the geonetgi.C I ] . inbr Sndtrpt Ckness,
t he mbsur errtélrrﬂssefl%g r%@%uﬁ%gé@?é? H@%&;E ?fal cu a{ﬁ{;hoigﬂgsotpﬁfdg}: and the
inductig] field Bo = poElo (po is the perneability of a vacuumor air): 13
WO 02/11 %5 S ~ Bo + e~0 ~ ~ ~. Yh 3 C-Lr 4?1 N~ L j~f represents the
estirated magnetisation N, is the _nunmber,h of surface elements (triangular or
square facet). L, the edge£oﬂ30t=hMFeEMH€§'MFR02/ 02007 (6) r is the

di staﬁ]ce bet ween the barycentre of the current surface el enent and the

poi nt of rgad h%%&&e?{he?&ﬁ\ﬁﬂg%ﬂm&isﬁbé the normal to the edge of the

current surtace elenent, tangential to the elenent. a is the thickness of

the hull, Thi gtﬁ%%sm?ﬁ\re% @@SEW%‘E%&%& H0bdEorg Probl em whi ch takes

the following mattrrx torm a sinple matri x product. A

conpl enentary step consigts in ensat i for j j g,gf t he
plate or’i ts)iﬁ‘éﬁﬂ'g?rf'@%éf@m?’@&@@?{fg? ﬁgtﬁﬂ%ﬁé@%ﬁfeﬂ% g%' g'ei lgdggsm hg coils
arranged close to plate_apd.in which currents, of aﬂ% able strength | can
be gener‘at ed tris upggnditignal, atFﬂQéé)fﬂlg%Fé}ﬂ%@“itg“g’&%t H%‘?"gﬁ'q%%g’rﬂél ly
consi derably over-di nmensioned, linking the currents | to the magnetisation
on a hul | havhempmbeneffsgnsors. t he geonetries of the hull and degaussing coils.
We can then sinply wite that. ~j - G The conpensation currents | are then

est i mat ebo mhkergood thigshertdayning a eodél iofthe physicd betiasouinf thexggnetisationiisvreated. ngul ar
values of the matrix G in the following manner: | - (GIG _' GI M The

fol | ow ng st erhe@oéRll SimulbtionOf tHe Physicakbehdviout eupldits die khbwlelge of thelgesmetric
m nimsation of the 14 W) 02/ 101405
model forming the surface mesh of the hull and its thickness, of the induction field denoted H, and
of the relative permeability of the material denoted pr. This formulation is described in the form
of the following very general equation:
| B=pu, (H+M) (1)
" to which is added the féuomg equation intrinsic to the material:
B=pH+B, )
By combining (1) and (2), we get:

' H=pH+M-M, 3)

With M, being the permanent magnetisation, M, the induced magnetisation and M the total
magnétisation.
Since M-M, =M, , we obtain

M,=(p. - DH

At the same time, M, is created by M, and M, in the whole of the plate. We then have:
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function M _ M- being perfornmed by the nmethod of |east squares

PCT/ FRO21 02007 The net hod according to the node of inplenmentation described
previously was inplenented on a steel hull which was nodell ed on a conputer
and on which a surface nesh was created, as shown in Figure 3. This node
conprises 271 elenentary surfaces which have square fornms 4 or triangular
forms 5. wbngdigusn in Figure 3, 32 triaxial mni-Couzetrsrnsmos 6 were

arranged inside the hull. The hull was placed on a northerly heading so as
to not reqwre SI mul ati on of the terrestrial field IL) is thus placed in a

hi ghl y unlfM‘ ctien g The, v Iueg S f| are' Box = - 553 nT
Boy = -22 gz; 2,“ 40,662 nall’, ors 6 (re nounted

on a structtre |soI at?(%f":rlomthe fuul I It 7FslV:tLhus podsi bl e to produce two
types of neasurenents’ neasurenents_pf the field inside the nock-up and
nmeasur energygdwi t h noep gxpractlog the tef and putting back
in place ar Bl st ]éxf" ﬁ@dﬁpé grad Hgﬂ’ e subtraction,
nmeasur eméft ot rectly46'Mthe &ﬁactloﬁ of t nnterlg. in Kelation to the

i nduction field while renoving the constraint of the problens inherent in
the offsets of the sensors. This approach is referred to as differential.
Since thehdrell | was created in a nmesh of 271 surface elenments, there are

t herefore 542 unknowns to be identified, starting with 99 pieces of

i nf or mat Mp#is tHeltiuicdd nagfetisaipn SfheBlandhteyRIface jcOM Nng from 32 triaxi al sensors
6 plus the three conmponents of the induction field. Then the three

fol |l ow nlqp-s,'gqgsi,emﬁ&“ %Jeggan@,powéi&{ema?gugac%rst nodel 1i ng of the magnetic
field associated with the neasurenents 021 101405 PCTI FR0O2/ 02007 and

a functigQng ff nbhd¥er S RRGH R §Qm?reated on the plate, its thickness, the
neasurenents) the coordi nates of the measurement points and the induction

field B P8 second nodel li ng of the physical behaviour
h f c%s
of the ndt%gl %5%st%%ﬁ%ﬁ%%g% @ plate taking as a basis the mesh, the

plate's k ion field and the reversible perneablllty of
t he naté%?gﬁ s ma(gﬁweﬂg%ﬁé pernanent and i nduced nmagneti sation of each

f the e faces b d first . and d rodel |
and niaiu?sﬁﬁ%%%g%sﬁé*%ﬁ%‘*ﬁ&aw‘é‘% e P H R et B0y < he - sai o sensor o

n, is the normal to the edge i of the current surface element, tangential to the element,

e is the thickness of the hull.

By writing this equation for each element, numerically the following matrix system is obtained
(C + Id)M™ + CM™ = f(H,)

where C is a matrix which is dependent on the geometry of the mesh, the thickness of the plate and

the relative permeability pr, Id is the identity matrix, M; and M, are respectively the induced and

permanent magnetisation such that M =M, + M,,

This system has the following characteristics'

. It is representative of the physical behaviour of the plate,
. It is under-dimensioned, that is to say that it has more equations than unknowns,
. It is highly conditional, that is to say it is easy to invert.

The 2 models have to be verified simultaneously, which leads to constructing then solving the
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This last step requires the inversion of a matrix. Before the inversion, it
IS necessary to examne its singular val ue expansion On that subject, the
smal l er the singular values, the nore difficult the systemis to invert. In
particular, if these values are very close to 0, it is then necessary to
bring normalisation nethods into play. These nethods are relatively

cunber sop@ofi@isws8 D probl ens. This expansion into singedtatroyébéres, shown in
Figure 4, clearly makes apparent two groups of values The first group is
conposedollepingigiphplmadsiht val ues, rel at ed to the singul ar val ues stenmi ng

fromthe first nodelli FI’hlsFy t Belly shows a relatively |ow
condi tioning. The seco group shpws es a grieat deal closer to zero, it
being directly the inm @d‘fldheCs ndasurlenent s whi ch has a very

poor conditioning. The latter thus con r| butes towards the overall
degradation but to a | esser extent since the nunber of equations connected
W th it fpishot very | arge Jpe=oyerall characteristics of the systemto be
inverted are smallest singular value: 0 0753 conditioning. 400 The system
can thus be inverted by the nmet hod of |east squares generalised with no

parti cula precaution: |19 ersio thus t he residual and
t e 16 e?iﬁ(ﬂt he total

i nduced magneti SCT# V%Z
_8?@0 slat on of of the elenentary

magnet i sati on. %gi

surfaces is shown in irstl yJIstren th greater the
strength, the darker is the coI our of the surface, and secondly by
direction which is represented by an arrow By applying Equati on 6, we now
cal cul ate the nagnetic signature of the plate at every point taking as a
basis the said permanent and i nduced magnetisati on of each of the

el enent dhg resultafitanatrx to bl mverted fdemmeedne sshthepmetatadlylhigly cdunditiphahttherefore sasy hi ckness,

t he nmeasurenents, the coordinates of the cal culation points and the

i nduct i ominverg|ddspBe the factl thg thé eysteodis lunder-dimensiored,nib graeirésmegheg eapwica, t hus t he
magnetic anomaly calculated in this way, is shown in Figure 6 In order to
show t hestagtieesfonightieg vexdivichi@ocask ofid gledfic sirgalaition eectsiuecs gaelideie act ual
val ues, 7 sensors of the Utra type were placed in a horizontal plane

Si t uat eéhvarkio By ol singalafvaluks is sufficignefop mdiigahd @agnbtizafidne axi s of the hul |
were evenly distributed over a total distance of about 1 m The results are
shown i mhEingetsi@salibws the @halon AM Seadttd 0 td bt ebtaieihonor mal reference Ox, v,
z, the conponent of the predicted magnetic signature 10 and neasured

nmagnet i Che mgfiR AL, EwiRIINS! X figy bdsokved 1h tAOlIgwiaK /gy I espect i vel y.

— T
A(X,N) - P(X,N) L(N,N)Q(N.N)

where the matrices P and Q are orthogonal, that is to say:

X
Zij an = ﬁlm
j=l

for 1sk,n<N

L is a diagonal matrix whose diagonal elements are the eigenvalues of A. L has the following form
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Each conponent is shown by ordinates in units of nanotesla while the
abscissa is the distance in relation to the plane of symmetry of the hull

It will be noted that there is very good agreenent between the predicted
and neasured signature val ues Therefore since the invention allows the
magneti sati on and magnetic signature of the hull to be determ ned
preci sel woorko1ysd t hen possi bl e to conpensat e al nost cogprriebir f or the
magneti sation of the hull by using a system of degaussing coils arranged
close to the plate and in 17 [qup201Q14q5 PQT/ FRO2/ 02007 which a current
of adjustable strength I can be. generated, and| by performng a first step
consisting in establishing a i ear st enf G | nking the currents | to the
magnetisation M which they;qgengrasejonpthg hyll and a function of the
geonetries of the plate and coils, and a second step consisting in

m ni mising the function M _ M{ By @ h@ nmet Hdd of |east squares 18 WO

02/ 10140S CLAI M5 PCT/FR0210200701() o m@tQOd of determning the

magneti sation and the field radiated by a ¥erronagnetic plate using
magnetic field sensors distributed along the plate and at known positions
relative to the latter, characterised in that it consists in - producing a
mesh of Weehesbivd pl ate by dividing it into elementary surfaces. - producing
a first nodelling of the nagnetic field associated with the neasurenents
and a function of4th@Iwface nesh produced on the plate, its thickness,

t he neasurenents, the coordi nates of the neasurenent points and the

i nduction field Bo = polio - producing a second nodel | ing of the physical
behavi our of the material form ng the plate, based on the nesh, its

t hi cknesgith t-hevnichfahilAht {d- €1 d and the reversible perneability of the
material. - calculating the permanent and i nduced magneti sation of each of
the el enmentary surfaces using as a basis the said first and second
nmodel | i ngs and neasur enents (pér PorGred b9 tHe

o . 0 0 O
0

—

L=

-

' o o
© o o
o o
o

X o o

When an eigenvalue |, is zero, it is replaced by 0 in L.

The estimation of M, that is to say , M s obtained quite simply by,

M=A"Y (5)

The model, denoted A, associated with the calculation points of the signature denoted S,
is theoretically written in the same way as the model associated with the measurement points
described by 0 It uses the knowledge of the geometric model forming the surface mesh of the hull,
its thickness, the measurements, the coordinates of the calculation points and the induction field

B, = noH, (1, is the permeability of a vacuum or air).
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said magnetic field sensors, - calculating the nagnetic signature of the

pl ate at every point based on the said permanent and i nduced nagneti sation
of each of the elenmentary surfaces, the surface nmesh produced on the plate,
on its thickness, the neasurenents, the coordinates of the cal cul ation

poi nts and the induction field Bo = polio Z) A nethod according to Claim1,
char act ewioeesbikods t hat the first nodelling consists i npopemkzbiong t he
magnetic field by a forrmula linking the nagnetic field neasured by the
sensors, the magnetisation, the induction field and the geonetry, such as

one of the follow ng f rnﬂaséﬁo | 10F405 B - B~ -f- ~~0 ~' fM. n,
~li 4?2t N~ LI j' B =8B= Dy~+—=gra- N, =sdiN- S. (Bhere, PCT/ FR0O2/ 02007
M is the total nmagnetisation,4?haf, s to sy the sum of the permanent
magneti sati on Mper and the induced nagnetisation M of the elenent i, |Y,

is the nunber of elenentary surfaces, L, the edges of the elenentary

sur f aces, }fScpreshss the eftinpted amageetisatibn t he el enents r is the di stance between
the current point of the edge and the nmeasurenment point, n, is the nornal
to t he eNigethe nehber bsudarerelenients (tridngaler @lsquasnthcet)t angential to the el enent, a
is the thickness of the hull, that is to say, a matrix systemtaking the

f ol | ow nig tireaddgdsof fhe eleinerdls Ba=FM=FM " d+FM~" 3) A nethod according to either
one of Clainms 1 and 2, characterised in that the second nodelling consists
i n nodel dib hg distagce BRGRET thEbapRBrre oPthe ctfent sffadeleRinent Bid the ot BEdaRulkiichki Ng t he
magneti sation, the induction field, the reversible relative perneability of
t he mat e4riigdfend t he geonetry, such as one of the followng fornulas ~f~ |-
|~ H 4~r ~~M~. n~Y,;, dbL~ - 4~ ~IM e . nl Y33 dL~r N~ | ~~1 ~ of
20 n, is the normal to the edge of the current surface element, tangential to the element.

¢ is the thickness of the hull

This equation reduces numerically to solve a problem which takes the following matrix form
S =AM
thus a simple matrix product.

A complementary step consists in compensating for the magnetisation of the plate or its
magnetic signature by using a known system of degaussing coils arranged close to plate and in
which currents of adjustable strength I can be generated To this end a linear system G is set up
which is generally considerably over-dimensioned, linking the currents I to the magnetisation on
a hull having regard to the geometries of the hull and degaussing coils. We can then simply write
that. M -Gl
The compensation currents [ are then estimated, for example by generalised inversion by

expansion into singular values of the matrix G, in the following manner:

[=(G'G)'G'M

The following step consists in minimising the function £7 - Az, this minimisation of the
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WO 02/ 101405 PCT/ FRO2/0200T and - Ho ~ a 'grad JIAI;"". r'-j] dS~ + a
~9''ad f,~MPer ; dS, ~~Ir ~~ ~91 A5 S ~ ~1C |Vi where, M~"" is the induced
magneti sati on of the elenentary surface j, M~~ is the permanent

magneti sation of the elenentary surface j, N, is the nunber of elenentary
surfaces L~ the edges of the elenentary surfaces, S~ the surface areas of
the el emyg®@notaes~ 1S the di stance between the barycentpeesr@fozdoie surface
elements i and j, n~is the normal to the edge i of the current surface

el ement , fupetiegevit-i ot hewg peréorapdbyithe method of lqaptsquaisckness of the hull. that is
to say globally a matrix systemtaking the following matrix form (C +
ldyM"d + CM5' = f(Ho) 4) A nethod according to Clainms 2 and 3,
characterised in that the cal culation of the permanent and induced

magnet i sat i orThef meteih acbrdingetoethe nemteasty implerientatian idsscabadngrdviowsty bys sol vi ng
the followng matri x system its solution being MFF Mnd B- BOC ~ 1d C
M1 er Simphmertedioa seeCillaihivt wapmbdetiedond, compaercant o whieltla suifatdradsh vae

cal cul ation of the magnetic signature S of the plate at a point 1 is

carried gudted)¥s sBbyn BIFGueS3. This mb@dl benipridgs F70 eltbigy sitfhces whfoh BavekQiafdS S - Bo
+ego ~~~. n~ ~L, 47t N LS=B" - e ~" "grad Jl~I~l,.. ~dS, 4~ ,v,

S~ I RhESBNiandule femt 5NRE adwiBe FRbileSAB2 Gixil minSClolft R4HIRE6 Wfe sur f ace
el enents (triangular or square) L, the edges of the elenents

arranged inside the hull.

The hull was placed on a northerly heading so as to not require simulation of the terrestrial
field It is thus placed in a highly uniform induction field The values of this field are:
Box =-553 nT
Boy = -22549 nT

Boy [sic] = - 40662 nT

The internal sensors 6 were mounted on a structure isolated from the hull 1t is thus possible
to produce two types of measurements’ measurements of the field inside the mock-up and
measurements with no hull, after extraction of the latter and putting back in place the said
structure. This approach permits, by simple subtraction, measurement directly of the reaction of
the material in refation to the induction field while removing the constraint of the problems inherent
in the offsets of the sensors. This approach is referred to as differential.

Since the hull was created in a mesh of 271 surface elements, there are therefore 542
unknowns to be identified, starting with 99 pieces of information, that is to say 96 measurements
coming from 32 triaxial sensors 6 plus the three components of the induction field.

Then the three following steps were performed

- performing a first modelling of the magnetic field associated with the measurements
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S, the surface area of the elenents PCT/FR02/02U07 r is the distance

bet ween the barycentre of the current surface el enent and the point of
calculation of the field. n, is the normal to the edge i of the current
surface elenment, tangential to the element. a is the thickness of the hull
6) A nethod according to any one of Clains 1 to 4, characterised in that it
i ncl udes wp @hefesvhi ch consi sts in conpensati ng for theorsgedieeati on of the
plate or its magnetic signature by using a system of degaussing coils

ar r angedansl dBuctiog of the syifaneanesh erepted o theplate, éf thickness.ghe mesugemgpisethet rength 1
can be generated. 7) A nethod according to Claim5, characterised in that
it i ncl udesdigatdsiof the mepsupemeatpointy dnd gheiinduetiondioldiBs Frinaldo- a | i near system G
linking the currents | to the magnetisation M which they generate on the
pl ate and a f-unct peforwing & fecongawdellingiofthe piysitaheharicur ef thanhteriol cosstitutingl a second
step consisting in mnimsation of the function M- M . 22 W) 02/ 10l 405
PCT/ FRO21te 2007 taBing As avistsia ik rassiz, aheolplatey’s thick@bsai the iBductbrafieht ardrthsmedersible t hat t he
step of mnimsing the function M- M is performed by the nethod of | east
squar es Pormégbility cfahd matertaf. a nmet hod according to any one of the preceding
clainms to the determ nation of the nmagnetisation and the nmagnetic signature
of the hull of a sii¢uyhtidgiheephanemandindied magitidacion oftaach of ¢ eleentaty one of
the preceding clains to the determ nation of the magnetisation and the
magnet i C sifagdd dhded On @ife said Tkt BndBscohd Widleindsland nidpiatenemt bOhe @lagitieiéldod
according to any one of the preceding clains to the determ nation of the

magnet i sgdri@nudhdiht fuid ER@ACt i ¢ signature of a ferromagnetic structure 23
CAL% A r. A& A9 . A9.s . A LA . A9Le. ALL. A A& 9. A 9. A9 9. A&LL. A9s9. AL % A&

L. ABL. AL’ . AGLTHARst Sep Aduildl Vit ifverdi Pl st Bl e ik Gbisiah, Gaivhelsealisal cal cal ¢

ajJ ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] caU] ca] cal] ca] cTaU] cal] ca] ca

¥ 9u<He" Holmie R kinghivart EhiiinC ok il GBjeedine 3haRt fRlshalhitdlked arAgel cal cal ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU]cal] ca] ca! dcBp

Prul DT L gt o - heA : A vV
B ik U o o o
HitH %y Y o8 i A Ak

ity BRI LG e g sl cabcal cavr
W] caV] cgl galeal cal ca] ca] cal] ca] ca] ca’ 1({(((OQT)p)))) *R[*_*n*wry*{******+6
+Z+++% E, , ~ytoj e [ Vmhc”Ykfa\] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] caV]ca

This expansion into singular values, shown in Figure 4, clearly makes apparent two groups
of values The first group is composed of significant values, related to the singular values stemming
from the first modelling. This system effectively shows a relatively low conditioning. The second
group shows values a great deal closer to zero, it being directly the image of the system of
measurements which has a very poor conditioning. The latter thus contributes towards the overall
degradation but to a lesser extent since the number of equations connected with it is not very large
The overall characteristics of the system to be inverted are-

smallest singular value: 0 0753 conditioning. 400

The system can thus be inverted by the method of least squares generalised with no

particular precaution. After inversion, we thus obtain the residual and induced magnetisation, the
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V] cMaV] caV] caV] caV] caV] ca V] c”aV] ca] ca] caV]c

aV]ca]lcaU calcalcalcalcalcalca,qg.z........ W //D0] 001k112&2e2{3334445Y5f 5u55
7~ytoi c*Ykfa\]]c]ca] caUl cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca
]ca]ca]ca]ca]caV]ca]caU]caU]ca]ca]caV]ca]ca 7770889' 90949COE9KOUOWNDSs9z99
o S I | ;

#<1;<- Dw(ym},ggq}sXSkf] ca] ca] ca] ca] cal] ca] ca] ca] ca] cal] eekrsrémajoeca] ca] cal caj
caV]ca V]cAaV]caV]ca]caV]ca V] cMaV] ca] ca] ca] ca] ca] ca] ca

D=>>7? A?@RFRiEitroybwEnesation qao: @ @Ca- @ @ @aaEaaagy t nhb[ Ugb] Xskf] V] ca

caVv] caV] caV] ca] cay ca] ca] cal]l ca] cay] ca] cal] ca] ca] ca] cay] ca] cal] ca] ca] ca

e o e ol e ol e ol el el ool el covl ol ad cal oo oal
YSgb]XSka]caLﬂcaV]caV]ca]ca]ca]caLﬂca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
cal] caV] geevgth:ahd préatex tesuenghl] tha¥drke is]thecolovndfjthes{ufaee, and secondly by direction
HtH=HHHHHHHHHHHL T kT gl ~1 T ?dyJddJ} vl gb] Wyb] XSkf V] cV] ¢ a] ca] ca] ca] ca] ca
WV] caV] cahiclais cepadsantdddyh eadwa) cal] ca] caV] ca

UV] ca] caV] cal] ca] ca] caV] ca] ca] ca] caU] ca] ca] caJJS5KLLLLLLLLLLL7MIM:MyMMVENCONN
NN) OPPPQZk Q~yt o] d_ZTgb] XSkf W] ¢ a] ca] caV] ca] ca] ca] ca] caV]c

a] ca] ca] ca] ca] ca] cal] ca] ca] ca] caV] caV]ca W]caV]ca W] ca
|V] E]Aa?(/; S/?/]U] C dHyaplying Equiaficna W RISV EAX Nl isamtalrd!it sigmatutd oA BRMAY Xy Xih XXYT YY} xr
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Im.

The results are shown in Figures 7, 8 and 9 representing in a orthonormal reference Ox, vy,
z, the component of the predicted magnetic signature 10 and measured magnetic signature 20 along
the x, y and z axes respectively.

Each component is shown by ordinates in units of nanotesla while the abscissa 1s the
distance in relation to the plane of symmetry of the hull.

It will be noted that there is very good agreement between the predicted and measured
signature values Therefore since the invention allows the magnetisation and magnetic signature
of the hull to be determined precisely, it is then possible to compensate almost completely for the

magnetisation of the hull by using a system of degaussing coils arranged close to the plate and in
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function of the surface mesh produced on the plate, its thickness, the measurements, the
coordinates of the measurement points and the induction field B, = p,H,

- producing a second modelling of the physical behaviour of the material forming the plate,
based on the mesh, its thickness, the induction field and the reversible permeability of the
material.

- calculating the permanent and induced magnetisation of each of the elementary surfaces
using as a basis the said first and second modellings and measurements performed by the
said magnetic field sensors,

- calculating the magnetic signature of the plate at every point based on the said permanent
and induced magnetisation of each of the elementary surfaces, the surface mesh produced
on the plate, on its thickness, the measurements, the coordinates of the calculation points

and the induction field B, = p ,H,
2) A method according to Claim 1, characterised in that the first modelling consists in modelling

the magnetic field by a formula linking the magnetic field measured by the sensors, the

magnetisation, the induction field and the geometry, such as one of the following formulas
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where,

M, is the total magnetisation, that is to say the sum of the permanent magnetisation M*" and the
induced magnetisation M, of the element i,

N, is the number of elementary surfaces,

L, the edges of the elementary surfaces,

S, the surface areas of the elements

r is the distance between the current point of the edge and the measurement point,

n, is the normal to the edge i of the current surface element, tangential to the element,

e is the thickness of the hull,

that is to say, a matrix system taking the following matrix form'

B - B, = FM = FM™ + FMP

3) A method according to either one of Claims 1 and 2, characterised in that the second modelling
consists in modelling the magnetic behaviour of the plate by a formula linking the magnetisation,
the induction field, the reversible relative permeability of the material and the geometry, such as

one of the following formulas

M‘nd € nd ’; e pe) ’:l;
= -H,,—-47[%:fM, s, —4”%:"/M, el

(4,
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g ads,f/ s +47§gmdg,/f 7S,

where,

M, is the induced magnetisation of the elementary surface j,

M is the permanent magnetisation of the elementary surface j,

N, is the number of elementary surfaces

L, the edges of the elementary surfaces,

S the surface areas of the elements,

r, is the distance between the barycentres of the surface elements i and j,

n; is the normal to the edge i of the current surface element, tangential to the element,
e is the thickness of the hull.

that is to say globally a matrix system taking the following matrix form:

(C + IdM™ + CMP" = f(H,)

4) A method according to Claims 2 and 3, characterised in that the calculation of the permanent

and induced magnetisation of each of the elementary surfaces is carried out by solving the following

o~

matrix system, its solution being M
F FIm) [B-B,
C+ld C{MmM™| | D

5) A method according to Claim 4, characterised in that the calculation of the magnetic signature

S of the plate at a point 1 is carried out by any one of the following formulas:
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7) A method according to Claim 5, characterised in that it includes a first step consisting in
establishing a linear system G linking the currents I to the magnetisation M’ which they generate
on the plate and a function of the geometries of the plate and coils, and a second step consisting

in minimisation of the function A — M.
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11) Application of a method according to any one of the preceding claims to the determination of

the magnetisation and the magnetic signature of a ferromagnetic structure
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