12 Decenber 2005 WO 02/ 101405 PCT/ FR02/ 02007 METHOD FOR DETERM NI NG

MAGNETI SATI ON AND THE FI ELD RADI ATED BY A FERROVAGNETI C PLATE The

i nvention concerns the field of arrangenents and devi ces f ori2ia&atldrngyst he
intensity .and the direction of the magnetic field emtted by a plate or
structure, such as for exanple the hull of a ship, as well as the field of
facilities for the degaussing of ships. It is known that the presence of

- magnavoeipeeeri al s on board a ship makes it det ectrabFrozard? i dentifiable by
detection neans, commonly known as magnetic anonaly detectors, which detect
the ship's magnetic signature- These detection neans can for exanpl e be
enbarked on board a vessel, mne, torpedo, mssile or aircraft To limt

t he nagm'ﬁﬁ,ogll’@?a?ﬁ?@wgm P, W@E@Mmﬂﬂﬂfﬁ@ﬁé’@bﬂ materials is
known. However, rﬁﬁﬁh&’uFﬁﬁﬁf)MIﬁﬂgﬂ materials on board. In order
tolimt the cost of Ips, It seens preferable to produce a ferronmagnetic
metal hull and, by rreans of fi 8LATEensors (magnetoneters) installed inside
the ship and degaussing coils, to generate nagnetic fields capable of

conpensating for those fields Ii nked to the hul | itself Nevertheless, to
achi eve t nec .t o.det erm bef or ehand the
magnet i szg'?'fs in&g&?ﬂ"%grﬁéutﬁgﬁd me" S"f“ R ﬁ%b“ﬁ%sf' f1e5 fimmnscﬁiuen al | ows

dete t&%lje&ﬂnoi‘tht%}aggnct Lﬁre{d eg*t?eflh %%tge tgjc(:)truretsatf'hats orQBx l%?l%l Oln in each of

t he degaussing Tives & AVENT6h is to provide
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ﬁagn‘é"}[}ﬁ glgt“fsd'ﬁ’ 8?{ﬁagﬂ?a{‘té°‘@feaf°(§}?§e§%§ﬁ"§r"£f plate of small thickness) to

be estimated by using field sensors (nagnetoneters) and deducing fromthat
the field radiated by the plate everywhere

It is known that the presence of magnetic materials on board a ship makes it detectable and
identifiable by detection means, commonly kanown as magnetic anomaly detectors, which detect
~ the ship’s magnetic signature. These detection means can for example be embarked on board a

vessel, mine, torpedo, missile or aircraft.

To limit the magnetic signature of a ship, the use of antimagnetic materials is known.
However, there are still fecromagnetic materials on board. In order to limit the cost of ships, it
seems preferable to produce a ferromagnetic metal hull and, by means of field sensors
{magnetometersyinstalled inside the ship and degaussing coils, to generate magneﬁc fields capable

of c’ompensaﬁng for those fields linked to the hull itseff.
Nevertheless, to achieve this 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 1avention is to provide a method which enables the




outside of the latter. The nagnetisation of a ferromagnetic material is the
resul tant of the sum of an induced nagnetisation, which corresponds to the
magneti sation acquired by the material under the influence I@ffaaembadpgysi on
field, like the terrestrial field for exanple, and a permanent

magneti sati on which depends on the history of the material- The induced
magneti sation is conpletely determnistic and depends only on the

i nducY? 8% d, the geonetry of the plate (the hECFFREEPT he rel ative
perneabi lity of the terial; qn the other hapnd the. permanent nmagneti sation
v o Fapietip 4Pl (P o] Rl L SO G en D SRS BN .t mer
stre?s], %%es?ure stres)se(? or .even mapufacturing conditions. There are a

gr eaftf 5T (engtemetershand doducine from that ¢ rahatedipyiths Rlate veyhergont r ol |

Ther ef or.e %Re tper manent nmagnetisation cannot be nodelled, it can be

est | APEGOIAT Y%y  neasurenent of the field which induced it As a result of
the |last-nentioned fact and in order to determne the total magnetisation
of a plate, it is necessary to construct a nodel |inking the measurenent
to the nagnetisation, then inverting the nodel to deduce the nagnetisation.
Consequentheynagpatisatige ol fesrpmagneticauatesahip the restftap) efithesoinwf pinidypgér t ed probl ens
are encoyntered. To circunvent this problem FR2679514 can be cited. That
pat e AEsgHstie, (rdichcogesppeds|te thes magretwatipropcqmiecdshyr the gnaterial wrd¢rutbe i ng t he

magneti c signature of a naval vessel, the said station .enabling

det elnfigseg ofgmindustonfichl, ke shettéressrialffield frg expimpleannt epirwancw snagdetisation ent s
circulating in the nmagnetic degaussing coils with which the vessel is

pr oviviichi depenilss o tthet histnryi ofC thedeateriaby Elrcaindured megnatisaion socandladyi ng a

def ormabl e chain and capable of 2 12 Decenber 2005 WO 02/ 101405

PCt ' d¢R@inist @@ dejradsgly[oaitic isiaction Eeld gbe fpocketaynd tHeiphledthe hll) hdkrhe essel  t hr ough
signal transm ssion/reception neans which transmt/receive signals
generehtiedpdoyeabitity of éig:sdterihh) en rhet dilnd hilr thel pdr@anehinhaggetisdien dagRed i ¢ si gnature
of the vessel consists in - evaluating the shape of the chain of sensors so
as tdowlebedrmimea stalfeiction &f thd inthetion field, thermal stress, pressure stresses or even

manufacturing conditfons. There are a great number of these parameters and they are difficult to
control. Therefore the permanent magnetisatioa cannot be modelled, it can be estimated only by
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 maguetisation, 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 me_asuring and adjusting the magnetic signature of a naval vessel, the said station
-enabling determination and modification of the charactedstics of currents circulating in the

magnetic degaussing coils with which the vessel is provided_

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




position, - determ ning the position of the vessel relative to the said
sensor chain, determning a track and. collecting the data fromthe
sensors during at |east one transit of the vessel along thed2dfeieahber ZBK.
Wth a chain of sensors necessarily placed outside the vessel, this nethod
permits the magnetisation perceptible in the far field to be estinmated,
but. it does not permt estimation of the magnetisation froman anonaly
wi t hwidhie/isiseb of sensors placed inside the vessel PEI/pro2awmt, one of the
known .net.hods, for, determning the gignature of a.netal-hulled ship based
o PR B s st st ieibis b 4ot PRolaR SRR BT RUST EFEn of b | i noar
system_  not the  magnetisation, but the distribution of mathemati cal
quan’t"[‘r‘]ﬂ/“"ﬁ,“éﬁ W‘W@fg@emgﬁg‘eé{f’“@he nodes of a nmesh on "the surface of
the hull then deducing fromthat the field at the defined reference
di stance- This nethod seeks to estimate a charge at each node of the
surface nesh by considerin it as_being an i ndependent el enent .
uncor r el 2egethgd for deterainyigihia agnetiHggatais ofithe yeiseheegs % at es  maki ng use. of
a consi derabl e nunber of sensors, given that there are as many paraneters
to be .estintteligringdhe shapeokhihe chastebseasery wi ade dfemirestheir mltvher nore, the
obt ai ned di stribution ofcharges is not necessarily physical and there is
the risk of temstipdsult being unstable in signature ternms. 12 Decenber 2005
The aim of the exanpl e enbodi nents of the present invention is to resolve
t he above- mendetamiang thtebiiagireatdliecssstlyelggive potbe se sansaeebaiod whi ch al | ows a
physi cal estimation of the total induced and pernmanent magnetisation of a
pl at e t o-be  cdaterinpoig @ wriack adicollarhupnibe faabrony thesensors Hemmgex fphdvioned to estimate
the field at every points and allows the reference signature of
met al - hul | éd wsdusipofitiee veesel abgiithessbiddracd N addi ti on, the sensors can be pl aced
i nside or outside the nmagnetic anomaly, that is to say the plate or the
~hul'l. Moreover, the estinated magneti sation can be exploited by a device
for direct conpensation of the nmagnetisation, based on the cal cul ati on of
degaussi Wgthcothhainaif sénsdrs BecaismilyrplatadPputside thet vesself ihisl mbtledtpersitsabe on t he
reference points, but mnimzing directly the magnetisation of the
magnetisation perceptible in the far field to be estimated, but it does not permit estimation of the

nmgﬁetisation 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
~magnetisa§iort, but the distn'bution 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 usé‘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 s the risk of the result being unstable in signature terms.




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 hazardi Beadasbess
with mnes and torpedoes. This allows the two sets of adjustnents
generally found in the operational procedures of ships, depending on

whet her t he gisk of . d tfctio is airborne (detection by aircraft) or link
Lo i ndle ST 1 Bl qREORrRRl s T BV o S oSt P AT e ent

i nvent Q.. 1 [Se; ' r L erm.ni t.h etisation
a1 Gt G BBl P *é%tg%d\v@%h?@?’rﬁég’% ikl Sﬁlg}agonﬂasf B

Sensor gerflhreh hi3dtiSMoRbONFlat REbOdafticd ot Ihig nafRA¥MRPOS Hdn WSioit@li@t i ve to the
| atter, characterised in that it consists In: producing a nesh of the said

pl at e byimdievhedfichDatictery péiots eddeations aie Yefatick aigesure oPmastiiailedghip tb bé St nodel i ng
of the magnetic field associated with the nmeasurenents and a function of

t he supstimeted.deaddition.chiurcasdrsean bidaged imide orjoutside Hie alegratis anoaly, thatdaisur ement s,

t he coordi nat es oL t he neasurenent points and the induction field | 30 =
poHo, [rdutierig o e®lond nodeling of the physical behaviour of the materia
formng the plate, based on the mesh, its thickness, the induction field
and the reversible perneability of the material, 4 12 Decenber 2005 WO

02/ 101405 Pgih5208:0209%ea nfagill&i%ﬁﬁiaaﬂ b @?Bﬁém%n&eva@% gueed

magneti sati on of each of the elenmentary surfaces using as a basis the said
first eangpesfiontiihsmgrdtbitingSasadeh RABUsRABIHeguRRE EaTIRdshyinkhengai d magnetic
field sensors, - calculating the magnetic signature of the plate at every
poi nt A gedichrestinptedaitl rpferena@peints, b chinimiding dalecip greetagsitationofihe each of t he
elenentarg surfaces, on the surface nesh produced on the plate, on its

il

t hi ckniedlsSuch A methad pheqamensstenhas thegdvanisge efawnimisingttasslickt evhrvhess @dl at i on poi nt s

and o ncoglpe%uén{fg 'ﬂ&ﬂ Ialg%)r\]fe Ihle gllﬂfjm%areg:arci) fg\'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 link to mines, to be avoided.

In accordance with an aspect of the present invention, there is provided a method for
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 1t consists in:

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

- producing a first modeling 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 thé induction field By = pgHg,

- producing a second modeling 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,




"Plate" is understood to nean either a single plate, or a set of plates
delimting in this way a volune. According to a particular characteristic,
characterised in that the first nodelling consists in nodell2ilrgeditee2005
magnetic field by either of the following two, formulas: 4yr ki Li r3 B= BO
-- 4 .grad f f M N Si 3 where, M is the total magnetisation, that is to
say the sum of the permanent magnetisation M and the induced '
magnayd efdois0n W of the elenent i, Nl is the nunbacrokesherent ary surfaces,
L the edges of the elementary surfaces, S, the surface areas of the
elements r is-the GHcybingctegispmpsen 1 anduged wagnefiaiion ofotack KE thedge and t he
measurenment point, n; is the normal to the edge i of the current surface
el emglementary serages ugingtap atbids theasmdrfirst and s¢egnd meddligprpndanegsustmantte hul |, 5 12
Decenber 2005 WO 021101405 PCT/ FR0O2/02007 that is to say, a matrix system
t aki merfarined tydhe v magoettfieldgesesm  B- B, =FM=FM nd+FMm Accordi ng to anot her
particul ar characteristic guaranteeing high stability with regard to errors
and measur enent notabalattg thémpmetiv sigwaterg oihel plaig i avery pbing taseder ieoi t ati on in a
realistic environnent, .the second nodelling consists in nodelling the
magnedid perdanedtandandickrbmigastehtioniof @gctf tefelemedtary swifafaom tielsefisameshby ei t her of
the following two formulas: e

produced on the plate, onits thickness, on the measurements, on the coordinates ofthe calcutation

points and on the induction field B, = p H,,.

“Plate” is understoad to mean either a single plate, or a set of plates delimiting in this way
a volume.

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

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

. €ty v
B "—Bn +%2]M‘n.;dlf

NI F;

_ €t r
B= B, "‘Z;%gnldi_[ A/[._;(JS',

where,

M, is the ¥otal magnetisation, that is to say the suxﬁ of the permanent maguetisation M and the
induced magnetisation M of the element i,

N; s the number of elementary surfaces,

L; the edges of the elementary surfaces,

'S, the surf%lce areas of the clements

i the distance between the current point of the edge and the measurement point,
n, is the normal to the edge 1 of the current surface elemeat, tangential to the efement,

¢ is the thickness of the hull,




grad ind _H47 LI I"r - 1) 471 ', Si | j dSf -f- e 'grad f f per "3 d5 'f
AT, § | 1i where, |ki; is the induced nmagnetisation of the elenentary
surface j, M is the permanent nagnetisation of the el enentlamecbof 288 j
N1 is the nunber of elenentary surfaces Lj the edges of the el enentary
surfaces, S; the surface areas of the elenments, rO is the distance between
the_bara/centres of the surface elenents i and j, nl is the nornal to the
edge WQOHMHPLe current surface el ement, tangenti alPCT/ERZAEZ| enent, e is

t he globallyarratrlx systemtaklng
t he Hc%ﬁg 231%#;}%6 nﬁtﬁe?%io“}“%({& ?&BXHCMS = f(Ho) According to a
particul ar charact —f‘ _@@F ation of the permanent and induced
magneti sation of e 6 M@ ry surfaces is carried out by solving
the following, matrix 6 12 Decenber 2005 WO 021101405 PCTI FRO2102007

syst em i Aesoudisg o rasthepedrtipylapgharacieristic sugrentecBg high staliiity (with regad tM Per D

errors and measurement noise which permits coansideration of its exploitation in a realistic
environment, the second modelling consists in modelling the magnetic field at the level of each of

the surface elements by either of the following two formulas:

—

=H, 4”2'/'M"dn,*;dL~—Z/MP n-Ldl,

(M —1) B Ny L rs'r
M —H -I—iZOTad/ﬂi.nd r;dg_ +i2'gmd/jﬂ‘/[‘?”i:dS
(-0 " 4z o 5, - ’?;;3 Todn%; $ ’ '3; ’

-wheré,
' Mi"‘- ts 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,
. §,; the surface areas of i:he elements,
r isthe distance between the barycentres of the surface elements i and j, |
~ n; ts the normal to the edge i of the current surface element, tangential to the element,
e is the thickness of the hulf.
that is to-say globally a miatrix system taking the following matrix form:
(C + Id)M™ + CMP = f(H,)
Accordiug_ to a particular characteristic, the calculation of the permaneat and induced

- magretisation of each of the elementary surfaces is cardied out by solving the following matrix




According to an additional characteristic, the calculation of the magnetic
signature S of the plate at a point | is carried out by any one of the
following fornmulas: S=B, f4nrr4 where: S =B 4 4 grad f f 1~#2Decéhder oosN
Si Mrepresents the estimated nmagnetisation N, is the nunber of surface

el ements (triangular or square facet). the edges of the elenents Si the
surface area of the elenents r is the distance between the barycentre of

the cusémdieosurface el enent and the point of cal cubaimrinef the field. in,
is the normal to the edged of the current surface el enent, tangential to

t he %}Sgaggﬂgsog,ﬁmbeﬁ@eﬁhi ckness of the hull According. to another
characteristic, a method in accordance with the invention includes a step

whi ch consists i co ens?g-' qgﬁg; t he gragpetyi sation of the plate or its
magneti c signatuge ~ by usi y¢tepiof degaussing coils arranged cl ose
0

S
to the plate andji ich raent jugtable strength I can be
generated, this Cgawg?gi:ng@ Mﬁtg cohsi id establishing a |inear system
G linking the currents [ to the magnetisation M which.they generate on the
pl at e andA@ordiap &3 ancadditiodal thaacigesinphe cabelatén oflile quigadtie signure Siofs, and then to
mnimse the function M , this 7 12 Decenber 2005 WO 02/ 101405

PCr | Hhiephic(R 8 Paintrhiindamied abt tyranpdnetolfi the failooing dormias: - M capabl e of being
performed by the nmethod of |east squares. A nethod according to the

i nvention may be R’aébj, thﬂAirZy/ﬂ?w‘ i’je to the determ nation of
TN L I

e F
S=B,~ "2 grad [i1,.--ds,

_ Az 5 3 r3
where: ! i

M represents the estimated magnetisation

N, is the number of surtace elements (tangufar or square facet),

L, the edges of the elements

S, the surface area of the elements
* ris the distance between the barycentre of the current surface element and the point of calculation

of the field.

n; is the nommal to the edge 1 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 degaussiug- coils arranged close to the platg and n which. a cucrent of
' ~ adjustable strength [ can be generated, this steﬁ being able to consist in cstabiishing_a linear system
G linking the curreats I to tﬁe 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 47 - A ., this




the magnetic signature of the hull of a ship and even to the determ nation
of the magnetisation and the magnetic signature of a ship as a whole. It
can be applied to the determi nation of the nmagnetisation and2leerfgd§si C
signature of a ferromagnetic structure. Qther characteristics and

advant ages of the invention will becone apparent to the reader of the
follow ng description of a preferred node of inplenentation of the

i nverWPB#04F ven by way of a sinple illustrative P&REREIHTI miting exanpl e,

and, ANGKEReSFALKAGED o M8 Bic S RS REY B RIE IS RlacdsP! SToNLE G 2

met h accor Ion ure iagram of the various
steps of a net hod according to the preferred node of i nplenentation,
Figure 3 shows the m)deIIing of a hull and its surface nesh, - Figure 4
shows the,s rum of S| ul ar val pes, t he mag etisation of
each el en‘%ﬁfﬁ?é"?ﬂﬁdfnﬁé% bs VP%Q“%YF% ‘ hﬂPP"ﬁtat}Pgsfé"@%% he predicted
magneti c Si nature of .t hul |, F es 7, . 9 show, jn an orthonormal
F of el Aghes t“"“z"fﬂl“’r‘i‘épe%rfg'aﬁ%‘?"e'g‘f’ UG Ch B HBRLE ed agnet |
sigmgil;ure of the hu‘rl al on%the X, y and z axes respectively. Figure |
showdegnglis siguatige ofi ahieasa Mbelhy a nethod according to the inplenentation
mode  of the jnvention. These nmeans include n magnetic sensors ad to Cu,

for Exeifbrarplisdfths secapigation of the BrEriatea At the ‘B‘fgﬂftfcaﬁ'%‘ﬁ‘f"fet‘? g a signal to

" the processr ng% neans | of these.signals, in this case a mcroconputer. The
ni cr GEOMPEREUS SIAFYe he said sensors are arranged inside the hull 2 of a

ship 8 12 Decenber 2005 WO 02/ 101405 .PCT/ FRQ2/ 02007 The met hod according to
the descr@thehaspetristios aad ventagss ofithginentiasrvall bespme enpatesitte thegeaderf j r st step i n

produci ng a nodel, for exanple by conputer-aided design, of the hull 2 of
t he sfth omwm&descnptlon of a preferred mode of implementation of the invention, given by way

of a simple iflustrative and nou-limiting example, and annexed drawings, in which:
- Figure [ shows the meansl of implementing a method according to the invention,
- Figure 2 shows a diagram of the various steps of a method according to the
'prefé‘rred mede of implementation,

- Figure 3 shows the modelling of a hall and its surface mesh,

- Figure 4 shows the spectrum of singrxlar values,

- Figure 5 shows the rﬁagnetisation 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, y, z, the component of

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

Figure I shows the means of implementing a method according to the implemeatation mode

of the invention. These means include n magnetic sensors CI 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 seasors are arranged inside the hull 2 of a ship.

8




respecting the proportions of the various surfaces, then a surface nesh is
created over the whole surface of the hull, each elenentary surface

possi bly being formed for exanple by a triangle or square akI3deawwer bons
Figure 2 [sic], the position of each of the elenentary surfaces being
defined relative to a predetermned triaxial reference point. The next
step consists in establishing a nodel associated with neasurenents produced
by tMem24eM&Sors C to Cu. The nodel, denoted F, aB8ESHERGHOWH with the

measur e ts denoted B, usgs th now e . of t eonet.ri £ nodel conposed
oF 1 he o e ReBoh et deRR b b R R B R SRR AT Tho
coordi nates, of the asurement points d.the. j ndyction field Bo =i, HO
(P e RS lel R oo o coeviiraniss O ot s T ot Bstig ke Vo, T L L
r3 N L, B2BO -.4 >grad f J M 3 N, Si K. is the total nagnetisation,
t hat feoRectng theproRoffiens offfic varipyssu ﬂfMﬁﬁaﬂﬁ¥#§5?F8HWRP“aﬁﬁbthe i nduced
magnet i sation nf- of the element i, N, ismtgegs nunber of el enentary

sur f sistace of the huflyrach cemeatagy surfpce Rossibin being fo qrgxaple by tipgele or £ 506 ar eas
of the elenents r is_the distance_between the-current point of the edge and
the FEAEd SRR 38IHE Isigh the posipp offaethef the eemmengnpyyfaces bee defigedeur r ent

surface- el enent, t_an(%;enjti al to the elenent, e is the thickness of the
hul | l;elagve to a predetermined triaxial reference point.

The next step consists in establishing a mode{ associated with measurements produced by
the n sensors C1 to Cn.

The model, denoted F, associated with the measurements denoted B, uses the knowledge
of the geometric model corhposed of the surface mesh of the hull, its thickuess, the measurements,
the coordinates of the measurement points ard the induction field By, = yH, (1, is the permeability

of a vacuum or air):

_p 7
B=B, + /M.n‘.;dl?

(AT

_p F o
R N [

where,

M,ls the total magnet-isation, that is to say the sum of the permanent magnétisation M;"-and the
_ir_lduccd magnetisation M of the element i,

N, is the number of elementary surfaces,

L, the edges of the elementary surfaces,

§; the surface areas of the elements

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

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

e is the thickness of the hull,




12 Decenber 2005 WO 02/101405 PCT/1R0/ 02007 This equation reduces
nunerically to solve a problemwhich takes the following matrix form BBO-
FM FM +FMPv  Thi's system possesses the fol | owi ng' charact eri §% Pessmb¢rt2005
representative of the measurenents produced by the sensors. It is a priori
under - di nensioned, that is to say that there are | ess equati ons than
unknoms.wowlﬂil@ﬁuncondlt| onal, that is to say that itPF gyfﬂqu"? $0Zult to

invert, this ffIC | ncreas Wi t.h “,E;['l(g:nake
good this s'hoﬁ~l ﬁﬂgtt%%d éggglgﬁv%?cﬁaw our '

magnt i satl on is creat ed The overal | for mul ati on of the phy5| cal behavi our
exploits e know edge of the geonetric nodel farmng the surface nesh of
the hul!l and its thickness, of the inductjon field denoted Ha and "of the
rel ative permeability of tH8-FateFMr EMAGHEMS: . This formulation is
described in the form of the follow ng very general equation pie (i+M (X)

to which 'phﬁ,_sygﬂg,egosgéggcsﬁ{yd)lgwu@g;hﬁga@;sﬁ@n intrinsic to the material: B*R+B

(2) By conbining (1) and (2), we get: H= pLF-M MP (3) Wth M being the
per manent. MOIRG! ol tdieahAtiiRbriRaRTly AkkgR. and M the total
magnetlsatlon Si hce = K, we obtain | i. - Of At the sane tine, K

I's created byyh, 304 uJ}A?er-hﬂxe}é?&cHYfaﬁk & t&éayhﬂﬁm%ﬂfe%ss SfpaddAS Mad\@titRownkO
- It is unconditional, that is to say thar. it is difficult to invert, thus difficulty increasing with B
the number of sensors. |
To make good this shortcominé, a madel of the physical behaviour of the magnetisation is created.
Thie overall formmulation of the physical behaviour exploits the knowledge of the geoetric
model forﬁﬁng the sﬁrface nesh of the hull and its thickness, of the induction field denoted H, dnd
| of the relative permeability of the material denoted pr. This fonnuléﬁen ig described in the form
of the following very general equation: |
B =, (H+M) )
to which is added the fo'llowing equation intrinsic to the material:
B=pH+B, (2)
By combining (1) and (2), we get: _ _
H=pH+M-M, 3)

With M, being the permanent magnetisation, M; the indiced magnetisation and M the total
nagiiétisation. | |
Since M-M, = M, , we obtain

= (.- DA

At the same time, M, is created by M, and M, it the whole of the plate. We thea have:
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12 Decenber 2005 WQ 02/101405 nd Y -HO _e z f dnf -'-jdL, r N~ L1 eJ ML =H
+-e Xgrad 1t Cr ) 4z VT s; PCT/FRO21 Q2007 r Y. r )j ,age, n f~ dLL 4)r

ivr LJ 1131 Jd3ds1 egradf f'1 dS Y 4z r, SIri; 1 19 Béemberbs | S.
t he induced magnetisation of the elenmentary surface j, ML is the per manent
magneti sation of the elenentary surface j, NL is the nunber of el enentary
surf he edges of the elementary surfaces the surface areas of
the e g?ﬁ’a}rﬂwg r;, is the distance between the barfc,cgﬂ?t“f'zéﬂg %f the surface
elements i and j, (4) n; is the norrral to the edge i of the current surface
el enent thangentlal to the el girent
=H, - /1 iod ‘de - Z /M"“’ 'de )
(!1 - 4x N L T TN, |,
_MT =t +4 Drad /jrwf s, - Srad /j&m s
-0
where,.

M is the induced magnetisation of the elementéry 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,
" §; the surface areas of the elements,
ry is the distance between the barycentres of the surface elements i and j,
: nj.-is‘ the normal to the edge i of the current surface element, tangential to the element,
- e1is 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 1s a matox which s 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, ace respectively the induced and
_permanent magnetisation such that M =M, + M,

This system has the following charactenistics:

. 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

11




e is the thickness of the hull. By witing this equation for each el enent,
nunerically the followng matrix systemis obtained: (C+ fd)Mn4 + CM =
.f(f 0) where Cis a matrix which is dependent on the geonetlePpeaimbiirogesh,
the thickness of the plate and the relative perneability r, Id is the
identity matrix, Mand K are respectively the induced and pernmanent

magnetisation such that M= M+ M_ This system ha% th{(la f ol | ow ng
char JABHIB cs: 1t s representative of the phyé’l UER0&84vi our of the
Pl at Rliowihg gloal HB@ET - di nensi oned, that is to say that it has nore equations

t han unknowns, [tyisghighl i | ,pthat is to say it is easy to
invert. The 2 nodels have toﬂ‘ qglgrig Z’ZLSQ | taneously, which leads to
constructing then sopving the [LRs1 ceper 2005 ?WO 02/ 101405

PCT/ FRO2/ 02007 foltow ng gl ob&l det: [c~Id C[M 14j]=[B- DBo] that is:
with: AAMEYFF C+Hild C M[B_BO D The resultant matrix to be '

i nverted, denoted A, i sAp‘ge_n }tnat urally highly conditional, therefore easy
to iheldst; despite the ct that the systemis under-di nmensioned, it
requires neither enpirical

with:
| F F M, B- B,
A= M= Y=
C+Hld C M |1 D

P

The resuitant matnix to be inverted,denoted A, is then naturally highly conditional, therefore easy
to invert; despite the fact that the system is under-dimensioned, it r.equi-res neither empirical
estimation of weighting coefficients nor use of a specitic no;’malisation technique; a generalised

' inversioﬁ by resolving into singular values is sufficient for finding the magnetisation.
The.inversion allows the estimation of M, denoted Af to be obtained.

The matrix Ay \, with N > X may be resolved in the following way:

— T
A(X,N) o (X,N)L(N,N)Q(N,N)

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

Snp =4,
it

X
4‘ ;ij -fn :ﬁim
J=t

for 1<kansN

L is a diagonal matrix whose diagonal elements are the eigenvalues of A. L has the following form:

12




estimation of weighting coefficients nor use of a specific normalisation
techni que; a generalised inversion by resolving into singular values is
sufficient for finding the nagnetisation. The inversion all ol@Dddsber 2005
estimation of M denoted | to be obtained The matrix A(X,,,) with N> X
may be resolved in the following way: A(X,N) ~X,N'~(N,N~(N, N) where the
matrices P and Q are orthogonal,.that is to say x X4P" =4, i -4 X XQk @
a dknWOPZ01408, |5k nsN L is a diagonal matrix whosBCHRIGBME el enents are
t he eigenvalues of AL has the followi ng form 12 12 Decenber 2005
W0021101405 PCTI FRO2r 02007 |le B Yhdh Rhve |A-' =QL-'PT with L-', which is
equivalent to_ 4000005008 OgL OO0 000 . O

L=]0 0 4L 0 0 o

1

6 0 6 . 0
_0 ¢ 0 0/, j
We then have
At=017 P
with L™, which is equivalent to:
(% 0 0 0 0
0 0 0 O
L=l0 0 % 0 0 of
0 0 0 . o©
(0 0 0 0 Y, |

When an eigenvalue L is zero, it is replaced by 0 in L.
The estumation of M, that is to say , M is obtained quite simply by:

M=47Y (5)

The model, denoted A, associated with the calculation poiats of the signature denoted S, |
is théo;ctically writien in the same way as the modgi associated with the measurement potats
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, = pH, (1, 1s the permeability of a vacuum or air);

13




OOOOIN, OOOO O. OOOL=00"4. OO0 0O0OO0O. 00O O OyN Wen
an eigenvalue k- is zero, it is replaced by O in L _ The estimation of M
that is to say , ([ is obtained quite sinply by: VI = A Y (B)Detagbsrnds |
denoted A, associated with the calculation points of the signature denoted
S, is theoretically witten in the sane way as t-he nodel associated with

t he peasurement points described by 0, it uses t ge of the
geonﬂ?p?@mﬁggel form ng the surface nmesh of the hgﬁp%ﬁﬁﬁ%ﬁpthickness, t he

measurenents, the coordinates of the cal culation points and the induction
field Bp = poH (po is the rneabilitéégf a vacuumor air): 13 12 Decenber
2005 WO 02/101405£PQJQFRQ2%&39§2 ApopePoz/f,  47r(d)E L, Mepresents the
estimated magnetisatio r gly, h (6)' M 1S the number of surface el ements

(triangular or square facet). M

M represents the estimated magnetisation
N, is the number of surface elements (triangular or square facet).
L; the edges 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 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 matnix form:
S= AM
thus a simple matrix product, '
A cdmp[ementary step consists in compensating for the magnetisation of the plate or its
~ magnetic signature by using a known system of degaussi;lg coils arranged close to plate and in
which currents of adjustable strength [ can be generated.rTo this end a linear system G is set up
which is generally considerably overédiménsi_oned, linking the currents I to the magnetisation on
a huli'haviug regard to the geometnes of the hulf and degaussing coils. We can then sumply write
that: | | M, -G
The compensation currents [ are thea estimated, for example by generalised inversion by

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

[=(G'G)'G'M

" The following step consists in minimising the function 47 - A, this minimisation of the

14




L, the edges of the elenents r is the distance between the barycentre of
the current surface elenent and the point of calculation of the field. n,
is the normal to the edge of the current surface el enent, tallydstmidr 2603 t he
element. e is the thickness of the hull. This equation reduces nunerically
to solve a problemwhich takes the followng matrix form S=AMthus a
sinple matrix product. A conplenentary step consists in conpensating for

t he WAJH&1#Sation of the plate or its magnetic sPgHERP®ODy using a known

of * o8k 48r L IR B AR S AMEEARRIQ P DI S Bnd & i mear syStem G i s

set up which is generally considerably over-di nensioned, |inking the
currents Ito the magnetisation on a hull having regard to the geonetries

of the hyll and degayssing,coils- W can then sinply wite that: R=G The
conpensat Bﬁ“e@l?Pr@g?rg‘% tarihe (ypdf Fstrergieagtion Sﬁc%r%‘?’é"“ﬁlﬁ Y¥neral i sed

i nversj on by ex ansion_'nto sj hqul ar values ofthe matrix G in the

f ol I'BRlemertehanistee! hullw B9 PRE CPBPY G e R EHEMEFS™ISn i ni ni si ng
“the function jr. - M, this mnimsation of the 14 12 Decenber 2005 WO

- 021 1erirdsesptorrHREEMS 20 B mefcheomprsavi?! dipmstangsufaces wRskbrVBYIURTSe net hod of

| east squares. The nethod according to the node of inplenentation described
pr eVP@Hst ¢ Siansulay foppeivetit e it Hewe def? Waripl mip RS niebde MESd on a

- conputer and on which a surface nesh was created, as shown in Figure 3.
Thi sraessdinsidethsiilbes 271 el enentary surfaces which have square

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=-533 a7
Boy = -22549 nT

Boy [sic] = - 40662 nT

The internal sensors 6 were mounted on a structure isolated from the hull. It is _thus possible
to produce two types of measurements: measurements of the field nside 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, measurerment di-rect{y of the reaction of

- the matenial in relation to the induction field while removing the constramt of the problems inherent
- in the offsets of the sensors. This approach is referred to as differentiél.

Since the hull was created in a mesh 6f 271 surface elements, there are therefore 542
unknowns to be identified, starting with 99 .piéces of infonnati;m, 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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fornms 4 or triangular forms 5. As shown in Figure 3, 32 triaxial

m ni - Crouzet sensors 6 were arranged inside the hull. The hull was pl aced
on a northerly heading so as to not require sinulation of thEDe&efirsbodsal
field. It is thus placed in a highly uniforminduction field. The val ues of
this field are: Box= - 553 nT Boy = -22549 nT Boy [sic] - 40662 nT The
internal sensors 6 were nmounted on a structure isolated fromthe hull. It

i s tmusoyIeEsi ble to produce t wo types of neasur ernentFgozZMWaAsSUr enents of the .

field ide t ment o hull, after extraction
of t F’ﬂe‘i i E‘f"fté’? gﬁl’f &chl iR Brﬁ‘étﬁgg% iaﬁ ?f@%ﬁ‘?& ° WEFHEREPE Perhi s appr oach
permts subtractlo sur t directly of the reaction of

t he ﬁ‘&’t@?‘lt%lﬂo?fhﬁ “F%ﬁ“éfﬂeﬁtd’of"bs T‘Héhe“?ijg‘ %ﬁnﬁ% e“lﬁ%ﬂ whil e renoving the
constraint of the proble i.n the_ offsets of the sensors. This
approach is r@ &aW"gg‘Oﬂap 'Qﬁ?tlea‘Fa'beé?‘%’éO‘f“P?éﬂaFﬁﬁ'Pllm%ﬁ%'“'&& eated in a
mesh of 271 surface elenents, there are therefore 542 wunknowns to be

i denthemlatiitakiag &y 4 bag g, dee plate’s thickagss,ith igdustien Gsid andiibareyesitle say 96

measurenents comng from32 triaxial sensors 6 plus the three conponents
of t PREmpabdiafithsmaedl d. Then the three fol | owing steps were perfornmed:
performng a first nodelling of the magnetic field associated with the
measur enent s @culptingybe gpinapeny agbinfyoed pagroigim EERRREMY daeoryand a function
of the surface nmesh created on the plate, its thickness, the neasurenents,
t he ®olaradiberad enthofaid fiest mdzswné modellipasiand geasmdmeieof thelwegne@rficld el d Ba = 0. -
perform ng a second nodel ling of the physical behaviour ofthe materi al
constariadtounky thhesidserspes. t aki ng as a basis the nesh, the plate's thickness,
the induction field and the reversible perneability of the material.
' This last step requires the inversion of a matrix. Before the inversion, it is necessary to

-examine its singular value expansion. On that subject, the smaller the singular values, the more
| :difﬁcult the system is to invert. In particular, if these values are very close to 0, it is then necessary

to bring normalisation methods into play. These methods are relatively cumbersome for 3D

proﬁlems.

This expaasion into singular values; ;hown 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 vélu_es a great deal closer to zero, it being directly the image of the system of
fneasurements which has a very poor conditioning. The latter thus contributes towards the overall
degradatipn buvt to alesser extent sinoé:the— number of equations connected with it ts not very large.
The overal.i characteristics of the system to be invetted are:

smallest singular value: 0.0753 conditioning: 400

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

. patticular precaution. After inversion, we thus obtain the residual and induced magnetisation, the
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- calculating the permanent and i nduced nmagneti sation of each of the
el ementary 'surfaces based on the said first and second nodellings and
measurements of the magnetic field carried out by the said i12®&ssmiber 2008 S
| ast step requires the inversion of a matrix. Before the inversion, it is
necessary to examne its singular value expansion. On that subject, the
smal | er the singular values, the nore difficult the systemis to invert-
In pava®gokesr, if these values are very close to @CTFRO0ZMWT hen necessary
to bring.normal jsation.nmethods into play. These nethods are relatively
cunbmnlgwt eotf’tag'f?g“ﬁtfsﬁtbcl"errs. Thi s expansion into singular values, shown in
Figure 4, clearly makes apparent two groups .of values. The first group is
conmposed BF ERIAOR & tioh B (lecHerBig; g S S IS GHPUBS ot enrmi g
fromthe first nodelling., Thjs. systemeffectively sho relatively | ow
condensH; ‘Pﬁ:ﬁ'e‘*f‘ﬁéheéﬁﬁ’lﬁﬁ’dtheﬂ?‘kﬁﬁt r Qf e sudeacs, @8‘?“‘1@,@&3}“&?“6‘5& to zero,
it being directly the image of the system of neasurenents which has a very
poor WhightirepresertesPy aTAEOY-at t er thus contributes towards the overal | -
degradation but to a | esser extent since the nunber of equations connected
wth it is not very large. The overall characteristics of the systemto be
inverted are: smallest singular value: 0.9753 conditioning: 400 The system
can t hus Byaprplyiogfquadpasywe ier salcplaisdhegrasnaiig signatur of the lagetraepeigied with no
particul ar precaution. After inversion, we thus obtain the residual and
i nduigkids sraadass thewidipermaneds and indycedmapretisaiioe of cadGH theele@ontap:ude:s.PCT|I FRO2/ 02007
sum being the total nmagnetisation. The magneti sation of each of the
el entpafage gashfcaeted dngheplapantsi thickiegsuthe nicasuirg¢ments] e bgordigatesariditeh: t he greater
the strength, the darker is-the colour of the surface, and secondly by
di r eclasion piimtcdnd itle: indepramdeldtly - i, an arrow. By appl yi ng Equation 6, we now
cal cul ate the magnetic signature of the plate at every point

The modulus of this magaetic signature, thus the magnetic anomaly calculated in this way,

is shown in Figure 6.

In order to show the agreement bgtween the calculated signature values and the actuat
values, 7 sensors of the Ultra type were placed in a horizontal plane situated at 30 cm above the
hall, and perpendicutar to the axis of the hull v;'elre even]).( distributed over a total distance of about
Am,

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

Each component‘ 1s shown by ordinates.in uﬁits of nanotesla while the abscissa 1s the
distance in relation to the plane of symmetry of thg 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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taking as a basis the said permanent and i nduced nmagneti sation of each of
the elenentary surfaces, the surface nesh created on the plate, its

t hi ckness, the neasurenents, the coordinates of the cal cul atZzsemiek gy and
the induction field Bo = . The nodulus of this magnetic signature, thus

t he magnetic anomaly calculated in this way, is shown in Figure 6. In
order_to show t he agreenent between the cal cul ated signature values and the
act ual 0%/ ¥2s, 7 sensors of the Utra type were pf W07, hori zont al

pl anakidhlaatt@eloMljuREbICIR AP Ga sé}@ner%&,lmd B BRGRSNTE: S HasiliRe L e axi s of
the.hull were evenly distributed over a total distance of about 1m The

F €S Ulif SuaBlisking RENGr dySed GHHERS I ourBnt®NY R thBRIERBRM: Wlich Mefeefdldonor Mal
reference Ox, y, 2z, the conponent of the predicted nmagnetic signature 10

and TRARYLEShITEGREDS & (R a&Héf?ofanakeoiaaco;&,%dgs PR Bl T eSPECt i vel y.
I nat a

Each conponent is shown by or S -In units of nanotes ile the
absci - i $f a i t] e plane of symmetry of the hull
I t V\n{rlﬁll% S!enértl%'?gﬂ tlﬁg—?ﬁ%’g%‘g‘gi\l/@rdf?%%tg@m%%r eenment between the predicted
and neasured signature values. Therefore since the invention allows the
magneti sati on and magnetic signature of the hull to be determ ned
precisely, it is then possible to conpensate al nost conpletely for the
magneti sati-on of the hull by using a system of degaussing coils arranged
close to the plate and in 17 12 Decenber 2005 WO 02/10. 1405 PCT/ FR02102007
~which a current ofadjustable strength | can be generated, and by perform ng
a first step consisting in establishing a |inear system G |linking the
currents | to the magnetisation M which they generate on the hull and a
“function of the geonetries of the plate and coils, and a second step
consisting in mnimsing the function )% - M by the nethod of |east
- squares 18 _ :
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12 Decenber 2005 WO 02/ 101405 PCTI FRO2J02007 CLAIMS 1) A nethod of
determ ning the nmagnetisation and the field radiated by a ferromagnetic
plate using magnetic field sensors distributed al ong the pl adeagsbepbogsnown
positions relative to the latter, characterised in that it consists in: -
produci ng a nesh of the said plate by dividing it into el enentary surfaces.
- producing a first nodelling of the nagnetic field associated wth the
nmeaswemeiss and a function of the surface nesh pcoagee#dodn the plate, its
t hi ckness, the neasurenents, thf cgordinates of the measurenent points and
the induction field Bo = . - ﬁ Gl ing a second nodel ling of the physical
behavi our of the material formng the plate, based on the nesh, its

t hi ckness, the induction field and the reversible perneability of the
material - calculating the permanent and induced magneti sation of each of

the d)a&methodefgestminiagtbemaggesispiipngad the fildiadiatedby adgromagpsticplalomsing acong
model | i ngs and nmeasurenents performed by the said magnetic field sensors,
cal cuagaen feld reasoraditebited alpagihe ol apd at ipewp pattiong feladyeitheBi%ft based on the
said permanent and induced nagnetisation of each ofthe el enentary
sur f stasacteripdddn Siatrif goesstiiesh produced on the plate, on its thickness, the
measurenments, the coordinates of the calculation points and the induction
fiel d BO producingy mashrsttieseid alatedy divitenetionigleleingatary seris¢sact eri sed in that the
first nodelling consists in nodelling the magnetic field by a formula
| i nkiFng treduviag a éitst wodelliag df themaanetéafieliassogiated arib He sneasummentyagiivet i sati on, the
induction field and the geonetry, such as one of the follow ng fornulas: 19
12 Decenblenctia®06h @B/ M podudeCp FRER102OiTKness, the measurements, the
coordinates of the measurement points and the induction field B, = pH,
- 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 maggetic field seasors,
- calculating the magnetic signature of the plate at every point based on the said permanent
and induced mélgnetisation 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, = y H,.
) A mcthod according to Claim 1, characterised in that the first modelfing consists in ‘modellin'g

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

magnetisation, the inductioa field and the georﬁetry, such as one of the following formulas:
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B BOfes- EfMnj dl 4TCN, Li r B=Br, -4 ' Xgrad ff)M'dS tvf Si where,
M is the total magnetisation, that is to say the sum of the pernmanent
magneti sation M' and the induced magnetisation M d of thel2dbeeemut 2005 P
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 neasurenent point, n; is the nornal
to tHEO®MIHYS of the current surface el ement, tandSHEREHON9% the el enent, e

is the thickness of the hull, that is to say, a matrix system taking t he
following matrix form B - o = FM = FMEnd + FMPer 3) A nmet hod accordi ng
to either one of Cains aracgerised in that the second nodelling
consists in nodellld%:th jﬁ avidlyr of the plate by a formula

l.i nki ng the magneti sation, ﬂh@funductﬂbn field, the reversible relative
perneability of the naterlal and the geonetry, such as one of the

follow ng formulas; H, 011 -1) ur L; r 4,,¢c N, L-
rl 20 12 Decenber Boe a t 102007 i AT "d e ~ er

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 1,
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 poiat of the edge and the measurement point,
n; is the normal to the edge i of the current surface element, tangeatial to the element,
¢ is the thickness of the hull,
- that is to say, a matrix system taking the following matrix form:

B - B, = FM = FM™ + FM?

3) A method according to either one of Claims | and 2, characterised in that the second modelling

“consists m modelling the magnetic behaviour of the leate by a formula ﬁnking the magnetisation,
the induction field, the reversible relative permeability of the material and the geometry, such as
one of the following formulas;

—

MM = ZfMM _23_ '_MZ./MM 2 ‘J;dL

(# . N: L;
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" = Ho +- grad f fA'"d . ' dS1 +- - grad f fM y dS, 4ir ?1fs Si 47t Nf S~ f
where, MIld is the induced magnetisation of the elenentary surface j, M
is the permanent magnetisation of the elenmentary surface j, I2eckifibdB6os
nunber of elenentary surfaces Lj the edges of the elenentary surfaces, SS
the surface areas of the elenents, rj is the distance between the
barycentres of the surface elenents i and j, nnis the nornmal to the edge i
of t k& @uément surface elenment, tangential to theperter®nbaes € is the

t hi ckness of the hull. that is to say globally a matri x system taking the
followng matrix form (C+ Ild)Md + Cwe' =f(M 4) A method according to
Clains 2 and 3, characterised in that the calculation of the pernmanent and
inducedMngneti sation of each of the elementary surfaces is carried out by

sol Vi ?——L—beszphl-&wi B % syasem—i Y erapf fyroddging R FFM'"d B - Bo
C + | A the, ™t % 55y A meihod 48dordigg to Gl aim 4, characterised in
that the calculation of the magnetic signature S of the plate at a point |
is carried out by any one of the following formulas: 21 12 Decenber 2005 WO
02/ 101405 FCT/ FR02/ 02007 S=B(c)+4 r N, L,

where,

M= 15 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 sucface 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 huli.

that is to say global-iy a matrix system taking the following matrix form:

(C+ VId)Mi‘“‘ + CMP = f(Hy)

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

and induced magnetisation of each.ofthe elementary surfaces is cartied out by solving the following

S

matnx system, its solution being M-
[ F  F{um™] [B-5,
C+ld C{M*™| | D

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

S of the p'late at a point L is carried out by any one of the following formulas:
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S=Bf, - 4"" Zgrad ff, iii, dS; r .3 N, S,. represents the estinmated
magneti sation N, is the nunber of surface elenents (triangular or square)-
L; the edges of the elenents Si the surface area of the el en@Megember Sodshe
di stance between the barycentre of the current surface el enent and the
poi nt of calculation of the field. n; is the normal to the edge i of the
current surface elenent, tangential to the elenent- e is the thickness of
t he M@ #2168y A net hod according to any one of C aiP¢#/FRO¥Oe4  char acteri sed

inthat it includes a step which consists in conpensating for the

degaussing coil s arrafge, & §£ s and in which a ,current of
adj ustable strength | can béﬂgam rat ed A nmet hod according to daimb5,
characterised in that it includes a first step consisting in establishing a
| i near system G linking the currents Ito the magnetisation M which they
generate on the platg:qu_%ﬁﬁ£§§ﬂhygﬂﬁgﬂ%m@e geonetries of the plate and
coils, and a second step cémsESti i nrm nimsation of the function A -- A
22 12 Decenber 2005 WO 02/ 101405 PC | FR0O21 02007 8) A nethod according to
Claim6, characterised in that the step of mnimsing the function M- Mis
performed by the nethod of | east squares. 9) Application ofa nethod

accorMi FRETHRYcHRacbPag RS ecedi ng claims to the determination of the

magnetisation and the magnetic signature of the hull of a ship.
N, is the number of surface elements (triangular or square).

magnetisation of the plate o itsgnagnet'c signature by using a system of
& - Myen,

L; the edges of the elements
S, the surface area-of the elements
- ris the distance between the barycentre of the current surface element and the point of calculation
of the field.
m, is the normal to the edge i of the current surface element, tangential to the element.

¢ is the thickness of the hull.

6} A method according to any one of Claims 1 to 4, characterised in that it 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 i which a current of adjustable stcength

I can be generated.

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 M — A"
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10) Application of a nmethod according to any one of the preceding clains to
the determ nation of the magnetisation and the nagnetic signature of a ship
as a whole. 11) Application of a method according to any onel2dPecetigr 2005
preceding clains to the determination of the magneti sation and the magnetic
signature ofa ferromagnetic structure 23

. WO 02/101405 PCT/FRO2A02007

8) A method according to Claim 6, characterised in that the step of mintmusing the function

M — M performed by the method of least squares.

9) Application of a method according o any one of the preceding claims to the determination of

the magnetisation and the magnetic signature of the hull of a ship.

10) Application of a method according to any one of the preceding claims to the determitiation of

the magnetisation and the magnetic signature of a ship as a whole.

11} Application of a method according fo any one of the preceding claims to the determination of

" the magnetisation and the magnetic signature of a ferromagnetic structure.
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