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(57) Abstract: The invention concerns the field of devices and applianees for measuring the intensity and the direction of the mag-
netic field emitted by a plate or a structure, such as for example a ship’s hull and it particularly concerns a method for determining the
magnetisation and the magnetic field radiated by a ferromagnetic plate using magnetic field sensors distributed along said plate and
at known positions relative thereto. The invention is characterised in that it consists in: producing a mesh of said plate by clipping
into elementary surfaces; producing a first modelling of the magnetic field associated with measurements and based on the pro-
v duced surface meshing of the plate, on its thickness, on measarements, on co-ordinates of measurement points and on the excitalion

Bo=J1oHy; producing a second modelling of the physical behaviour of the material forming the plate based on the mesh, its thickness,

the excitation, and the reversitble permeability of the material; calculating the permanent and induced magnetisation levels of each of
4} the elementary surfaces based on said first and second modelling and on the measurements performed by said magnetic field sensors;
& calcilating the magnetic signature of the plate in every point based on said permanent and induced magnetisation levels of each of
the elementary surfaces, the surface mesh produced on the plate, its thickness, measurements, co-ordinates of the calculation points

- and the excitation By=pgHp.
o
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?\-i (57) Abrégé: L'invention concerne le domaine des dispositions et appareils pour Ja mesure de intensité et de la direction du champ
& magnétique émis par une plaque ou une structure, telle par exemple la cogue d'un navire et a notamment pour objet un procédé

de détermination de I'aimantation et du champ rayonné par une t6le ferromagnétique utilisant des captenrs de champ magnétique
B répartis le long de cette t6le et & des positions connues par rapport & cette dernidre, caractérisé en ce
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concerne | e domain des dispositions et appareils pour ]a nmesure de
l["intensite et de la direction du chanp (c) magnetique dm s par une pl aque
ou une structure, telle par exenple |la coque d' un navire eta notanment pour
objet un procdde O de. determ nation de |'aimantation et du chanp rayonnd
par une tole ferromagnetique utilisant des capteurs de chanp nmagneti que

qu’il consiste &: réaliser un maillage de cette tdle par découpage en surfaces élémentaires; réaliser une premidre modélisation du
champ magnétique associé aux mesures et fonction du mafllage surfacique réalisé de la t6le, de son épaisseur, des mesures, des
coordonnées des points de mesure et dn champ inducteur Bo=jigHp; réaliser une deuxi2me modélisation du comportement physigae
du matérian constituant la tle A partir du maillage, de son épaisseur, du champ inducteur, de la perméabilité réversible du matériau;
4 calculer les aimantations permanentes et induites de chacune des surfaces élémentaires  partir desdites premiére et deuxidéme
modélisations et des mesures effectuées par lesdits capteurs de champ magnétique; 2 calculer 12 signature magnétique de la t3le en
tout point 4 partir, desdites aimantations permanentes et induites de chacune des surfaces élémentaires, du maillage surfacigue réaliss
de la tdle, de son épaissenr, des mesures, des coordonnées des points de calcul et du chamyp indocteur Bo=jigH,.
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The invention concermns the field of acrangements and devices for measuring the intensity
-and the direction of the magnetic field emitted by a plate or structure, such as for example the hull

of a ship, as well as the field of facilities for the degaussing of ships.

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 requifed for this compensation in each of the degaussing coils.

One of the objectives of the 1avention is to provide a method which enables the
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slowly over tume as a function of the induction 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




the ship's magnetic signature- These detection neans can for exanple be
enbarked on board a vessel, mne, torpedo, mssile or aircraft To limt

t he magnetic signature of a ship, the use of antimagnetic naR&calter @5
known.- However, there are still ferromagnetic materials on board. |In order
tolimt the cost of ships, it seens preferable to produce a ferromagnetic
metal hull and, by neans of field sensors (magnetoneters) installed inside
t he sa@/iemeé degaussi ng coi I s, to generate magnet Pe'rmmmmv capabl e of
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magneti sation of the hull. Kno of th| s magnetisation then allows

det eWh‘thﬁ‘f‘is'Bi‘{“?‘i?‘wtsl‘%msﬁ?PF?“ﬁ’ﬁf’g ‘qu ed for this conpensation in each of

t he degaussing coils. One. of the objectives of the invention is to provide
a met hod which enables the L 12 Decenber 2005 WO 021101405 PCTI FRO2102007
magneti sation of a plate (ferromagnetic steel plate of small thickness) to
be esti r’rélfhéﬂ‘e@?dG’Sf‘ﬁﬂmﬂqgéhﬁ“%ﬁwwt?ﬁ?ﬁéﬁéfﬁﬁﬁéﬁ%‘ﬁ@i ®and deduci ng fromthat
the field radiated by the plate everywhere outside of the latter. The
magnet i sat i one‘ewatalgf%q #@ngﬁﬂ;!? ickaitraf ¥AJOEY soj a5 te [eteqiag dheig Frlatige t he sum of an
i nduced nmmgnetisation, which corresponds to the magnetisation acqui red by
the material epsdes. the influence ofan induction field, |ike the
terrestrial field for exanple, and a pernmanent magnetisation which depends
on the hi-_storﬁ}et@lilinina@ermﬁ@mdltheVWdrﬂm}@wﬂewﬁtﬁn@Di@aﬁ on is conpletely
determ nistic and depends only on the induction field, the geonetry of the
pl ate (the huddigrmming attdack andeblaciingethpdatnra itieisengors fludirigat frattené al ; on t he

ot her hand the permanent nagneti sation develops slowy over tine as a
function of tiwesi efdbectesseluldngehiecaidtidae mal stress, pressure stresses or even
manuf acturing conditions. There are a great nunber of these paraneters and
“they are difficult to control. Therefore the permanent magneti sation
.cannot be nodelled, it can be estimated only by neasurenment of the field
whi ch i n®ithedchiain ofiSendors a&ddshdly platddeulsals thermentl] dizankiicdqlecaisdhd N order to

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 useof 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.
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~consi dering
-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,
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it consists in: producing a mesh of the said plate by dividing it into
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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,




produci ng .a second nodel i ng of the physical behaviour of the materi al
formng the plate, based on the nesh, its thickness, the induction field
and the reversible perneability of the material, 4 12 Decentieme2&ber Y05
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magneti sati on of each of the elenmentary surfaces using as a basis the said
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fiel YQBMYWPS - calculating the magnetic signat uPETEROZOHE7 p| ate at every
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thi ckness, on the geasur N i“"opng coordi nates ofthe cal cul ation points
and on the induction Ba™= pA'’""Plate" is understood to nmean either a
single plate, or a set of plates delimting in this way a volune.

Accor di ngAftcerdalgmﬁwf@upfﬁﬁmghd}a@é@éﬁﬁcgtlmteeélla&rgaema@kws’eta tegardithat the first
model 1 i ng consists. in nodelling the nmagnetic field by either of the
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where, M is the total nagnetisation, that is to say the sum of the

per memvEpement girestdosdmpdetingtonsistd intokndelling themanietivdigid et thelavdl offeadvofof t he el enment
i, Nr is the nunber of elenentary surfaces, L the edges of the elenentary
sur f theewface Semdnkscby sitinef alibe bilewisg tfo fotweilas] enents r i s the - di stance between
the current point of the edge and the neasurenent point,
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-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




n, is the normal to the edge i of the current surface el enent,
tangential.to the elenment, e is the thickness of the hull, 5 12 Decenber
2005 WD 021101405 PCT/FR02/0200 that is to say, a matrix syRtm&Rdwnkbdg t he
following matri x form B-B,=FM=FM nd+FMn  Accordi ng to anot her particul ar
characteristic guaranteeing hi-gh stability with regard to errors and

measur enent noi se which permts consideration of its exploitation in a

r eal ived éx0148Vi ronnent, .the second nodel | i ng cons¢gkgezioiesodel Iing the
magnetic field at the level of each of the surface elenents by either of

the gjgetng;%gggmgm"{gowulas e grad ind _HA7 LI I"r - 1) 471", Si 1| ]

dsf grad f pe "3 d5 'f AT S I ii where, |ki; is the induced
rragnetl satl on of he S Zg is the perrranent
magneti sati on of |th eIe %{su fa ON1 is the nunber of elenmentary

surfaces L | th (gqllggg OfC w n a surifaces, S; the surface areas
of the el enents, th an en tihe barycentre of the surface

elements i and j, nl is the nor mal to the edge. i of the current surface
el ement, Acodepto @l addiodahehasktensting the calculation of the magnetic signature S of

the plate at a point I is carried out by any one of the following formulas:

_ ety r
S=B,+72 %/M.nf;da

e rF
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 plate and n which. a cucrent of
' ~ adjustable strength [ can be generated, this ste[t being able to consist in cstabiishing_a linear system
G linking the curreats 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 47 - A ., this




e is the thickness of the hull. that is to . ay.globally a matrix system
taking the following matrix form (C+ IdMi + CM = f(H According to
a particular characteristic, the calculation of the pernmaneni2 Zéntenodgzed
magneti sati on of each of the elenentary surfaces is carried out by solving
the following, matrix 6 12 Decenber 2005 WO 021101405 PCTI FRO2102007
system its solution being At : Frr Mnd B ... BO[C+tId C MPer D
Accor@ PLot8s an addi tional characteristic, the calP6HFBEZ0M7 of t he magnetic

¢ 9Bt B PATS P Bl GRSl oS O P

Si Mrepresents the estimated magnetisation N, is the nunber of surface

el enents (triangular or square facet). the edges of the elenents Si the

surface area.,of the elenents r is et ween t.he barycentre of
g fg

he di stanc a
She aurr ahaeu peengiog & HEtvénsion mik be Bt B E D RIS IR B Get Sha 71 el g, i n.
is the normal. to t dge f the current surface, el enent, tangential to
e Dleamane stadins el 6ra Do adifvet WO R A Rl Ry
characteristic, a thod in qccordance wi th-the invention includes
the magnetic signature of a ship as a whole.

Tt can be applied to the determination of the magnetisation and the magnetic signature of a

ferromagnetic structure.

IOther characteristics and advantages of the invention will become appareqt {o the reader
of the following description 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 méde of implementation,

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

- Figure 4 shows the spectrum of sing;xlar 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



a step which consists in conpensating 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 strEigchnier 863 be
generated, this step.being able to consist in establishing a |inear system
G linking the currents [ to the magnetisation M which.they generate on the
plate and a function of the geonetries of the plate and coils, and then to
m oni W81 function M , this 7 12 Decenber 200BCTAR®P70901405

per for éﬁ%&g@ﬁ@ %%%%tg%cﬁé“iw?aﬁgr et j i fiRegS, o (he e 0
R EE R B aﬁﬁ 'e‘i?éﬁe#%'e?fﬁ‘it HLE P OnW@I‘f of the o

magneti sation and. th netl nat ur Shl It can be
app| feERFOERG RapeoRpgions ﬁf.ethfa‘fa? 6 Braeh dena f“r‘l% issrea a"ftfﬁ‘&%lfnet. c
signature of a ferromagnetic structure. characterJ stics and
advafitriaefef therbullysach eiemantanoyriage nosyly b & awaﬁmﬂﬂ% bsifptoip r of the

follow ng description of a preferred node of inplepentation of the
i nvefupEAs Shgpp rFiggire sl ts positien Afeeh of; ‘F?J@?‘?%E%%“fé“ﬁ&lb‘ﬁw firsdi ti ng exanpl e,
and annexed -drawi ngs, .in which: Figure | shows the neans of inplenenting a
et h@&“@&'@@@ﬁdm@t‘*@#ﬁfﬁéﬁﬂﬁﬂﬁﬁ Figure 2 shows a diagramof the various
steps of a nethod according to the preferred node of i Iemsntatlon
Fi gure 3 Thnowssterrronsigsia estabighinga mpdpl@psociaterdiwith measyrpmenisroguesd by - Figure 4
shows the spectrum of singular values, Figure 5 shows the nagneti sation of
eachthehesnsers &t o Gur f ace of the surface mesh, Figure 6 shows the predicted
magneti c signature of the hull, Figures 7, 8 and 9 show, in an orthonor nmal
r ef er enc&hOppde), de@tedtﬂqessewgbwéﬁbe m@surﬁmt%ﬂcedm aes thednondadagr ed magnet i c
signature of the hull along the x, y and z axes respectively. Figure |
s howef thdpeomesarmodst comppied nithe Siurfgzeaneslmfﬁ@djulbiis:ﬂﬁcmwtht oeashesmpnip| enent at i on
node

the coordinates of the measurement points ard the induction field By, = yH, (1, is the permeability

of a vacuum or air):

B=B, + 3" fug n Lar,
-

(AT

B= Bgﬂ%zgmdﬂﬂ/f,--%di

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,




of the invention. These neans include n nmagnetic sensors C to Cu, for
exanpl e magnetoneters, each being capable of transmtting a signal to the
processing means | of these signals, in this case a m crocoflessmberPoes

m croconputer and the said-sensors are arranged .inside the hull 2 of a
ship 8 12 Decenber 2005 WD 02/ 101405 PCT/ FRO2/ 02007 The net hod accordi ng
to the de%@p¥Bedspreferred node of inplenentation cons®STERIMG? ¢ st step

i n producing a.nodel.. for exanpl. 0 - aj i GO hul I 2
of {he. shi p vt gafdnsBicet iRl B spar plsBlenYutfisatel i Mlonst el 101 F
a surface nmesh is created over the whole surface of the hull, each

el enent arf?f“%urface possi bly being formed for exanple by a triangle or
square-:as shown in Figure 2 [sic], the position of each of the el enentary
surfaces being defined reIBt'-iBae’—'FM'a‘W'éﬁd‘éMrﬁ ned triaxial reference

poi nt. The next step consists in establishing a nodel associated with
masurémmsgy@@@wgsa%@ﬁmgmaaé@;ﬁ& to Cu. The nodel, denoted F,
associated wth the nmeasurenents denoted B, uses the knowl edge of the

geonet i ¢ modgl, SHMARAEG FindiGn i dGRodiBAbyde defirshul |, i ts thickness,

the neasurenents, - the coordinates of the neasurenment points and the

i nduction fie = 1. L1k o L ics ACHHERD air):
B=B0 +~ oT rl\/*_t% "%'f’“f'h‘if‘ h@f pichh ﬂE‘;’ aggagg@@geésg M s N
K s the 1Ot e IRGRNA this ko shy ke i iS alffRuft BYinbAC B8y WARaB RN

magnet i sation K

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 stllrface 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 genieral 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

M= (.- DH

At the same time, M, is created by M, and M, it the whole of the plate. We thea have:
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i nduced magnetisation nf- of the elenent i, N, is the nunber of elenentary
surfaces, L, the edges of the elenmentary surfaces, S; the surface areas
of the elenents r is the distance between the-current poi nt DéchabLdg® and
the nmeasurement point, n, is the normal to the edge i of the current
surface el enment, tangential to the elenent, e is the thickness of the

hul |, %ﬁ‘gfcenber 2005 WO 02/101405 PCT/1R0/02007 Thi s equation reduces
nuner’ ox o0 solve a problem which takes the folf%“Fﬁﬂ“ﬂﬁtrlx form BBO-
FM FM +FNPv This system possesses the follomnng characteristics: It is
represenyetive of the e, sureqents p by th je sensors. It is a prior
under dLn%nseqﬁgdu—téﬁéﬁa§d 4deth aheelggs equaggons t han
unknowfig, is ufr fonal that4 Jay that 1t is difficult to
invert, this difficulty |ncreaS|ng mnth the nunber of sensors: To make
good t@gﬁzshortcontng, a nodel o the phy5|cal behavrbur of the

magnt & HS+ cfe Bfad mbver for Jﬁ ¢ physi cal behavi our
expl of g s—1he kmmm e of/th he geﬁnefrléz' arim H the surface nesh of
the hul'l and its thickness, of the induction fleld déhoted Ha and of the

relative perneability of the material denoted pr. This fornmulation is
descrhhped in the form of the follow ng very general equation pie (i+M (X

~to which is added the follow ng equation intrinsic to the material: B‘R+B

(2) W"‘ %qm):h&’]u'ogﬂna(ggignsﬁ@q og’& eler\f\tlgntg% t.‘surface I,

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 etlge 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




H= pLF-M MP (3) Wth M being the permanent magnetisation 11 the induced
magneti sation and Mthe total magnetisation: Since MM = K we obtain |
(i. - Of At the sane time, Kis created by M and MP in thd2ukedtepiookhe
pl ate. We then have: 10 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/FRO2I Q2007 r Y.
r)jwaﬂ n f~dLL 4)r 1V LJ 1131 Jd3dSle/% ff"ldS Y 4z
_S‘-ﬂ‘? 01495 where, M- " is. the induced magnetié’gf %P7t he el ement ary
sur f @fwing globdl modett he pernanent magnetisation of the elenmentary surface j,

F  F[ M, B—&}

C+ld Cl| M D

P

that is: AM =Y
with:
F F M, B- B,
A= M= Y=
, C+Hd C M, | D

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:

th ’

ZQJk -fn im

for 1<kansN

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

12




NL is the nunber of elenmentary surfaces Lt the edges of the el enentary
surfaces, S; the surface areas of the elenents, r;, is the distance

bet ween the barycentres of the surface elenents i and j, (4)!12Decésbet beys
normal to the edge i of the current surface elenent, tangential to the
element, e is the thickness of the hull. By witing this equation for each
el errent, nunerically the following matrix systemis obtained: (C+ fd)yMn
+ CM WOO2HM4050) where Cis a matrix which is depenBEHfRFRM®he geonetry of
the mesh, the thickness of the plate and the relative perneability r, Id
is the identity matrix, Mddd R aPe G edbect|ively the induced and pernanent
magnetisation such that M3 M+ My_ ghigg syjstem has the fol |l ow ng

‘characteristics: It is regresentative of tjhe physical behaviour of the
plate, ‘It is under-dimehsi|dhe® 4hdt ik td say that it has nore equations
t han unknowns, It is highly gongitional, {that is to say it is easy to

invert. The 2 nodels have tio be verified sijnul taneously, which leads to
constructing then solving t{ie 01 Q2 MDefenbgr 2005 ?WO 02/ 101405

PCT/ FRO2/ 02007 follow ng gl obal nodel: [c~Id C][[M 14j]=[B- DBo] that is:
with: AAME Y F F .

We then have

A= QLA PT

with L™, which is equivalent to:

o0 0 0 0
G 4 0 0O
L=l0 0 % 0 0 of
0 0 0 . o0
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




C+tld CM[B BO 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-dinensioned, it requires neither enif Ddcedber 2005
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 magnetisation. The inv ' |l ows the
esti quﬁ%“%f ‘M denoted j to be obtained The na???’tl?(ﬁ’(@ﬂj’) 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 ortho al , .t hat isFto say x X4P" =4, i -4 X XQk Q
I

a dkn j=1 for 15kynsi® Lyl E Y ES J x whogg di agonal el enents are
t he ei genval ues og\ L Has |IA owi ng,form 12 12 Decenber 2005

W0021101405 PCTI FRO2r 02007 L= %t hen have A-' =Q.-'"PT with L-", which is
equi valent to_

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




400000. 0000021000 OOO. 0O0OOOOIN, OOOO O.000O
L=00"'4. 000 00O0O. 00O O OyN Wen an eigenvalue k- is zero, it is
replaced by O in L°_ The estimation of M that is to say , ([2Deeathyapged
quite sinply by: VI = A-"Y (5) The nodel, denoted A associated with the
calculation points of the signature denoted S, is theoretically witten in
the sanme way as the nodel associated with the nmeasurenent points described
by'OWOWW“Hgﬁs t he know edge of the geonetric nodeFCVHRHE t he surface nesh

of td} ut}h' pﬂfﬁtbﬁ‘“égérg’m‘ﬁ‘%% ﬁ&hﬁe&§#{t§ﬁ§[§petss the coordi nat es of the

cal cu at| nts uction poH (po is the
pernmeability of a vacuumor air): 13 12 Decenber 2005 WO 02/101405
PCTI FR02/ 02007 S=Bo+ePo> j 47r NE L, Mrepresents the estinated

magnet i S%I

methoddalfcoordmg to the mode of implementation described previously was
implemented on a steel hull which was modelled on a computer and on which a surface mesh was
c'reatcd, as shown in Figure 3, This model comprises 271 elementary surfaces which have square
forms 4 or trangular forms 5. As showa in Figure 3, 32 triaxial mini-Crouzet sensors 6 were

arcanged 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=-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

15




~3 (6) Nr is the nunber of surface elenents (triangular or square facet).
L, the edges of the elenents r is the distance between the barycentre of
the current surface el ement and the point of calculation ofi2bRehbeebdhs N,
is the normal to the edge of the current surface elenent, tangential to the
element. e is the thickness of the hull. This equation reduces nunerically
to solve a problemwhich takes the followng matrix form S=AMthus a
Si mpVeo epadrPc product. A conpl ementary step consi SICIFRIpEEApensating for

of. the plate, or nature by usi ng a known

th t t

sygt g%g ko) "ﬁi’gé’:ﬁ?@ Sﬁﬁacgd?eflgcrﬁ?tf‘ﬁﬂ‘bgﬁ piﬂt%étéﬂl‘%“ a’f“‘e SRUCMPERSVAT ch currents

f adj ust abl t th | t hi d | t G
et " Eh O et e e Mgt%r%ﬁ@vﬂf ensioned, |1 nking the

currents Ito th netisati.Q a hull having regard to the geonetries
of the hull ﬁ?oaa@gasggqﬂﬂwéﬂﬁggfthwre%b%‘@wrgﬁ glcpgsitufifat - R=G The

conmpensat i on currents are then estimated, for exanple by generalised
i nveHgipEe Bns s 6‘1‘? ok, Shesplateys thigkness| theogdustion fieldand thesetgrst g1rfc‘n t he
fol | owi ng_manner (GTQ-tGrI The follow ng step consists in mnimsing
t he ?W&”g’ri'&h"fﬂﬁm&‘?ﬂa* this ninimsation of the 14 12 Decenber 2005 WO

021101405 PCTI FRO2102007 function M- M being perfornmed by the nethod of
| east squar esSalcplingilie nernapent anddindiged magngdsafiasdel cath ¢l derpantaat | on descri bed

previously was
surfaces based on the said first and second modellings and measurements of the magnetic field

carried out by the said sensors.
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
rneasurements which has a very poor conditioning. The latter thus contributes towards the overall
degradatipn bur to alesser extent sinoé:the— number of equations connected with it ts not very large.
The overal.i characteristics of the system to be rnverted 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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i npl emented on a steel hull which was nodelled on a conputer and on which a
surface nesh was created, as shown in Figure 3. This nodel conprises 271
el enentary surfaces which have square forns 4 or triangul arn2beidbe200hS
shown in Figure 3, 32 triaxial mni-Crouzet sensors 6 were arranged inside
the hull. The hull was placed on a northerly heading so as to not require
sinulation of the terrestrial field. It is thus placed in a highly uniform
i ndustG@fnofgsel d. The values of this field are: B&KEFROIBERNT Boy = -22549
40662.nT The internal sensors 6 were nounted on a structure

nT Bo Si C% - |

i sol ?ﬁ{‘é e BHPRhB2ANEHFUO% ¢ i s thus possible to produce two types of
measur e ts: neasurepents _of the field inside the . nock- nd
neasureggﬂ‘f’énw ‘FP“HBOE%CF‘,OfgtFteiefme&ﬂyrS&%?‘ieﬁﬁS P e PEE eF‘Q‘éﬁ‘H putting back

in place the said strycture, Thjs approach permts, i npl e subtraction,
measHEREHRe BPAtE diestrengt i garkes ik colpupt th%ﬁh@fw%wg?éﬁ ¥&i%tion to the
~induction field while renoving the constraint of the problens inherent in
t he BhiFksrepresentedhy 28am%rs. This approach is referred to as differential.
Since the hull was created in a nmesh of 271 surface elenents, there are
therefore 542 unknowns to be identified, starting with 99 pieces of
information, that is to say 96 neasurenents comng from 32 tri axi al
sensors Bygprelgng Fraationtewe ptmgalsnlatetis mpenatipssepueafthie glatept 9Py poithen the t hree
following steps were perforned: performing a first nodelling of the

magneking asabasigthessidpeimapent andiindycedigagpasisaiion efpaeitof the Blementidpsusiatssr 2005 WO
02/ 101405 PCTI FR62/ 02007 and a function of the surface nesh created on the
pl at ¢ sirfage mashaiteaeed n théhplatraksbicknesn the, maahwenpotsy dit nedrdisatesfotttee measur ement
points and the induction field Ba = 0. - performng a second nodel ling of
t he @lykiigapoidvednd vieonducintfield ByetigHi. al constituting the plate taking as a
basis the nesh, the plate's thickness, the induction field and the

r ever si blTde 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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perneability of the material. - calculating the permanent and induced
magneti sati on of each of the elenmentary 'surfaces based on the said first
and second nodel i ngs and neasurenents of the magnetic fi el di2 D&embepdogut

by the said sensors. This last step requires the inversion of a matri x.
Before the inversion, it is necessary to examne its singular val ue
expansioq. On that subject, the smaller the singular values, the nore

di £ i €AY %R systemis to invert- In particular, P§/H¥YE7al ues are very
¢l 0sayHidh aQuerdnt of aBjubtStREARFRRDY zenbiBted ah G ARENBd 25R% b@PJXGLAgds into play.
These nethods are relatively cuﬁ%ersone for 3D problens. ThiS expansion

into a§és&el&hﬁ%am5.t§§cm @fﬁmmgthéhjﬁk&yr:%-t&,m&h&ﬂtéoxw%ﬁﬁmgf%g%ﬁ@t two groups

of values. The first group 1s conposed of significant v related to

the SnHlfsind4HitaSn éfttﬁeaga;maﬁesfolrm@pi fic&ifitan gg&l%désfbg'cml;m' L igystem

effectively shows a relatively | ow conditionhing. con group shows
Valu%ﬁmaFQ@ﬂ%%ﬂgﬁal&flﬁfaﬁlQmﬁﬁMkah&sgﬁﬁgg directly the inage of the
systemo nmeasur enent s iC as a very poor conditioning. The latter thus
contributes towards the overall degradation but to a | esser extent since

t he nunber of equations connected with it is not very large. The overal
characteristics of the systemto be inverted are: smallest singular value:
0. 9753 conditioning: 400 The system can thus be inverted by the method of

| east squares generalised with no particular precaution. After inversion,
we thus obtain the residual and induced nmagnetisation, the 16 12 Decenber
2005 WO 02/101405 PCTI FRO2/ 02007 sum being the total magnetisation. The
magneti sati on of each of the elenmentary surfaces is shown in Figure 5,
“firstly by strength: the greater the strength, the darker is the col our of

- the surface, and secondly by direction which is represented by an arrow.

By applying Equation 6, we now cal cul ate the magnetic signature of the
pl ate at every point o
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taking as a basis the said permanent and i nduced nmagneti sation of each of
the el enmentary surfaces, the surface nesh created on the plate, its

t hi ckness, the neasurenents, the coordinates of. the cal cul 2tDedémtePhdtiss
and the induction field Bo = . The nodulus of this nmagnetic signature,

t hus the magnetic anomaly calculated in this way, is shown in Figure 6. In
order to show the agreenent between the cal cul ated signature values and the
act uatoemalees, 7 sensors of the Utra type were picagaeroee®’a hori zont al

pl ane situated at 30 cm above éhe hul |, and perpendicular to the axis of
the hull were evenly distribut bABFer a total di stance of about | The
results are shown in Figures 7, 8 and 9 representing in a orthonornal
reference Ox, y, z, the conponent of the predicted nmagnetic signature 10
and neasured magnetic signature 20 along  the x, y and z axes respectively.
Each 126 metaéefideicaniaipgsipmagpetsaton aad the field radipted by Ferpomngnedical&icysGhi | e t he
abscissa is the distance in relation to the plane of symetry of the hull.
|t winlagneie fligld sesgors Aistribytpd plang e pierapd gidegw grsitione frlatietotieliti$he predi ct ed
and neasured signature values. Therefore since the invention allows the
magnekdrasterisegrin taldt epagHei ¢ signature of the hull to be determnined
precisely, it is then possible to conpensate al nost conpletely for the
magnet i saprpdigingh mepheolhelskid plate by idividing iigiorelemety deffatissi ng coil s arranged
close to the plate and in 17 12 Decenber 2005 WO 02/10. 1405 PCT/ FR02102007
whi ch a cpredusing a Gfsaupdeling bf the magnetinfield assogiated bich Hemenwrasgnts at by per f or mi ng
a first step consisting in establishing a |inear system G |linking the
currents findtion bfibe selgrratesks proilead b theiplatehits thisknegse the mgasuremgpistthee hul | and a
function of the geonetries of the plate and coils, and a second step

consi st i n@oidmatenbithainsisngnénh poifits st thomddcttin feldB, -t he net hod of | east
squares 18 12 Decenber 2005

, - 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 elemen.tajy surfaces
using as a basis the said first and secoqd 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 surfacé 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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WO 02/ 101405 PCTI FRO2J02007 CLAIMS 1) A nethod of determ ning the
magnetisation and the field radiated by a ferromagnetic plate using
magnetic field sensors distributed along the plate and at kniMPecgftel bhgans
relative to the latter, characterised in that it consists in: - producing a
mesh of the said plate by dividing it into elenentary surfaces. - producing
a first nodelling of the nagnetic field associated wth the neasurenents
and aYO#iKES on of the surface mesh produced on t WETEREH7 ¢ s t hi ckness,

t he neasurenents, the coordinates of the neasurenment points and the

i nduction field Bo = . - producing a second nodel ling of the physical
behavi our of the materi al fﬁZﬁ? he ppate, based on the nesh, its

t hi ckness, the indud? B, i ndM.ve +eller si bl e perneability of the
material - calculating the ﬁ%ﬁmm ent anfd i nduced nmagneti sation of each of
the elenentary surfaces wusing as a basis the said first and second
nodel | i ngs and neasur enmenggs, peif or py ¥he, said magnetic field sensors,
cal cul ating the naéﬁéi%c— 2 3ﬂW§ge ﬂﬂK 390} ate at every point based on
the said permanent and i ced magnetisdtion of each ofthe el enentary
surfaces, the surface nmesh produced on the plate, on its thickness, the
nmeasurenents, the coordinates of the cal culation points and the induction
fiel ¥MES= . 2) A nethod according to aim1l, characterised in that the

fi model | | i StS i |1 th tic field by a f |
| kPR e RER e o Bt Pty Reggu g Gatoh Bl . | ot on, ¢ ne

induction field and the geonetry, such as one of the follow ng fornulas: 19
12 Dindused apsistigtonfd b/ tAcelasst ipG | FRO2102007 B BO fe~ E fMnj dl 4TC N, Li

r
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;

M- € wd TG € ‘;;
M g Sy g LY e g
PR RN LAt i M el

20




B=Br, -4 ' Xgrad ff)M'dS tvf Si where, M is the total nagnetisation,
that is to say the sumof the permanent magnetisation M' and the induced
magnetisation M d of the elenent i, P is the nunber of el enE2D&énber 2005
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 nmeasurenent point, n; is the normal to the edge i of the current

sur f geeAbeseNt , tangential to the elenent, e isptherdzhka@kness of the
hull, that is to say, a matrix systemtaking the followng matrix form B
- Bo = FM = FMEnd + FMPer 3) A nethod according to either one of Clains I
and 2, characterised in that the second nodelling consists in nodelling

the mag ic behaV| our of the plate by a fornula.linking the magnetisation,
the indleti enyfiél sf ugl e-Fe %Ay@m@@| lity of the material
and tr{élrgébrretry,ffs'uch ‘one; of’ tﬁé ol | ng fsorfiulas: H,, - e X J'.nf

dl, 3 dL, 011 -1) ur L; r 4,,¢c N, L- rl 20 12 Decenber 2005 WO 021101405

PCTI FRO2102007 i AT "d e ~. er °~ = Ho + grad f fA"d . ' dS1 + - grad f
fM y dS, 4ir ?1fs Si 47t Nf S~ f where,
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, tangeqtial'to the element,
eis l;he thickness of thé hu_li_

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

(C+ VId)Mi‘“‘ + 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.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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MIld 1is the induced nmagnetisation of the elenentary surface j, M is the
per manent magneti sation of the elenmentary surface j, N, is the nunber of

el ementary surfaces Lj the edges of the el enentary surfaces,12nSehtee2005
surface areas of the elenents, rj is the distance between the barycentres
of the surface elenents i and j, nnis the normal to the edge i of the
current surface elenent, tangential to the elenent, e is the thickness of
the o dvioMbat is to say globally a rratri X syst emPCAFR\P240he f ol | ow ng
matrix form (C+ 1d)M-d+ Cwe' =1f(M 4) A nethod according to d ains
2 and 3, characterised int th cal cufation of the pernmanent and

i nduced nagneti sati onS ef Bgac ZhMahngm'ﬁ,ary surfaces is carried out by
solving the fol |l owi ng matri x4y itgsolution being R FFM"'"d B - Bo
C+1dClnP,"r D] . 5) Anethod according to Claim4, characterised in
that the cal cul ation of the magnetlc signature S of the plate at a point |
is carried out by any _gne_ Ly formulas: 21 12 Decenber 2005 WO
02/ 101405 FCT/FR02/02007’ SﬂB{E%e rf_ S=Bf, - 4"" Zgrad ff, iii,
dS; r .3 N, S,. represents the estlrrated magneti sation N, is the nunber of
surface elenents (triangular or square)-

"M - represents the estimated magnetisation

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

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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L; the edges of the elenents Si the surface area of the elements r is the
di stance between the barycentre of the current surface el enent and the
point of calculation of the field. n; is the normal to the Bddeeimbephodgshe
current surface elenent, tangential to the elenent- e is the thickness of
the hull. 6) A nethod according to any one of Clains | to 4, characterised
in H\%oir{odopd udes a step which consists in comgg&gézim%jfor t he
magnet I sati on of the plate or its magnetic signature by using a system of
degaigy aidighodQbdotdigf th ANGRE, @S &istdin tAethPhidd & nafigkising il , current of

~adjustable strength | can be generated 7) A nethod according to Claimb5,

char adifer MGepc Bt BY thic lncitbg bfleE6sqaarkd. r St step consisting in establishing a
| inear system G linking the currents Ito the magnetisation M which they
generate on the plate and a function of the geonetries of the plate and
coils, and a second step consisting in mnimsation of the function A - A

22 13 %ﬂﬁmQEZQ%OM&A%MP&eP&tHe%FQ&%M& to &k dérefiikaiBLloCCOrding to

Caimé6, characterised in that the step o rninimsing the function M- M
IS PRk fABHaddN ahd1Be Bedighuletral nafsia’skp: 9) Application ofa method
according to any one of the preceding clains to the determ nation of the-
magneti sation and the magnetic signature of the hull of a ship. 10)

Application of a nethod according to any one of the preceding clains to the

det engi AdHiikeBa [ IR0, dBEn b ' ; of a ship as
lmwll B Ag{farﬁéﬂ%dga:gﬂg%;té%ogg RDdcBE Gglmﬁs%t,u@déee&ﬁ@awwf p

a whole.”1 pl1cation a fethod according to any one of the preceding

¢l al ?%r 1 n&@ﬁioﬂ%ﬁh@%{?ﬁ&&a‘% n%%w%??ﬂﬁ{?&'l%ﬂo@@“ on and the rmagnetic signature

of a magneti1 c structur

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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