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determining the signature of the ship and magnetic immunization of the ship.

The device 6 comprises a piurality of magnetic field sensors 7. For example, 50

sensors are positioned in the volume V2 inwardly delimited by the inner surface 3 of the

30 hull 1. The sensors 7 are placed close to the inner surface 3 and, preferably, glued on that

surface. From a practical standpoint, this is a mixture between biaxial and triaxial sensors.

In the case at hand, the sensors 7 being glued to the hull or, at the very least, very close

thereto, only the measurements of the components of the magnetic induction B tangent

to the hull are taken into account. In fact, the measurement of the normal component of

35 the magnetic induction B has an unfavorable signal-to-noise ratio and including it in

models could be catastrophic in terms of convergence toward a robust solution, i.e. a

solution that is stable relative to the measurement uncertainties. The information added by

this normal component not being very representative, it is not taken into account in the



d) -calculating the signature of the ship fromthe likely distribution of
magneti c sources; and 7 e) -controlling the power supply neans so as to
circulate suitable currents in the | gops, to nodify the magnetic excitation
of the inductors and, consequently, to regulate the signature of the shinp.
Step c¢) inplenments nDdelln of the phy5|cal phenonena, a virtual nmpdel of
the hul Imethogaceprdingniopthe dﬁ\@ﬂgm ehhezROsog: Of rRATB| SERECTah delBteaionthna il ds em of
equat i ongolw@ be resol ved, and mathematical nethods for resolving said

equations. These elements will first be pr esented. General Information The
magnetic si ghgtdavisedt alsp 0BRTIges; asPiyralisnefdpmupizatier logps §4pudsulafion gean

magnet i Goleckfc bmérﬁt“rmoaﬁs distd RR88%roRPhMERCcRLAIR do%fi@ét@@crﬁatéh'élfﬁﬁ@too@ a
surface ship, said reference surface is a portion of pl ane situated under

the Kul 19 afpindsRangané chtong FRHEr bl fP”TOeiﬁ%ff"érCémU'iSo?f %D%rb%qm%/ afthi s

refer e”%sﬁ?éhfn@%!ah% @ thORti.on of a coaX| aI cylinder outside the
subst anti al lJythC indrical hull. magneti c i nduction on this
5\

reference s iGee8 LﬂWrIPQ%ﬁ?WWeS%mﬁ6§$ tTpotHa‘b?ﬁrELQ? FeNGAEdnEhas & t he

terrestrifke SBMMS bérrd EHICHcOBIcAR ot 6 FBURBE 'QQnd}éHéHQéﬁtF?rbf%@ah&ﬂelby the
current | oops equi gpl ng the ship, and on the other hand, the magnetic

i nducti on cridgt@guigiion Rba sHGRELM 240910H IONeRHSS @maﬁye%@cﬁa ign /1 capable The
magngf | Z@tda‘a@ing({blﬁﬂguﬁorp& rﬂégr%ts%tsénhﬁ tfx@%f?”fagpﬁé faflUhb diffbMdesHsad)

i nduced conpon proportional to the total nmagnetic excitation H(P)
at the poakd it eRifidmodiyHh valaadf theriedrtienmagostponeitation £pz , resul ting
fromthe magnetic history of the hull. The total magnetic excitation H(P)
at a point Phgfdavise § spmariessnaests hlfer asfﬁeﬁjwe?eam@eﬁtwamn%e%en%iaiﬂ%

component tonedd1AED RilA8Amold U FRARL 'i@ﬂ)ossfbmon&stggeéé@é%%etn%ﬁ&?gﬁtr' al

magneti c éXCI atIO e nagnhetic ex |tat|on crea er ent

current psh @RP&rresdl ﬁha@ﬁé&%xb@imh%@lﬂﬁ@@c@tﬁamnmetthéﬂamrd@@ﬂmﬂ@man@nhé he
materlal resulting fromthe magneti zati on at al poi nts

P of!5t hehpgngtic excitationTiRduses i Hﬁ@ﬁ&at'@né&%%&wﬁ pgid oofh%EWEozé%t. cal

propertiggpthat are simlar to those of an electrostatic field. In

particul ar, If& derives froma potential co adco 30M of the
hull 1t wi ITPeHReVISSR FRPEREStthetmRYHRIRLMI | %C%Parbfﬁ pf ?ag?vmn%ﬁ%‘% P%@ﬁ»’é‘a. um

reduced dighaa obUd aceh&s foM ddlermitiRg k& afsgrRtization of the hull, determining the
signature of the ship, and immunization, described in detail below.

20 Preferably, the unit 13 includes a processor 15 and a storage unit 17, such as a
read-only memory and a random-access memory. It also includes an input/output
interface 19 to which the sensors 7, the means 11, and the power supply means 10 are
connected.

Upon each time interval, the computation unit 13 runs a computer program whereof

25  the instructions are stored in the storage unit 17.

The execution of this program carries out the different steps of the method for
magnetic immunization of the ship, shown diagrammatically in Figure 3. This method
comprises the following steps:

a)-  acquiring a plurality of measurements of the magnetic field using the plurality of

30  sensors;
by~  assessing the inductive magnetic excitation;
¢)- determining a likely distribution of magnetic sources on the surface of the hull by
resolving a system of equations derived from modeling the physical phenomena at play,
on the basis of the plurality of measurements faken and the assessed inductive magnetic

35 excitation,

d)- calculating the signature of the ship from the likely distribution of magnetic

sources; and



Passage conditions through the hull The main characteristic of
ferromagnetic nmaterials is their capacity to channel the 35flow of the
magnetic excitation. This property i§ anplified when the thickness of the
8 ferromagnetic material is reduced relative to the other characteristic

di nrensions of the material and if the magnetic perneability z of the
mat er i al®is Kegholing the ?ﬁwgresw%mqa@ﬁssooat iy Greripis étftétbt? PWéerE%é'é RF the

hul'l of l@o&h'tcpmotdh?tiﬁ@h{%het&omwoﬂ‘{heQﬁdJchﬂsta(hﬁaboﬁ%gﬁéﬁtlyctcﬁ@‘ghﬁa@é| on H
is null, i. otal nmagnetic 5excitation Hin the material is

consi dertBeiSiopplgEme the SkiRe hul |, and its tangential component H, is constant
in the thiclggss) i Iérﬁ@ﬁt;bmobeimg of thgb%%‘{s BAER RS btvirQRS makdel dfehé hiilst
of

interface betvveen the mat eri al ull and the vol une | ocated outside
the Bul 1of theahiede sliscretizg thatgpedeling and p@tain asygient shenyatisns to,pe reR0VeEcond

i nt er f acg bpLwREBiERCMER8E 13l rddbivirdesdib] dquanshd Meke| disrBehto Gall afisti tesi de
the hull 10(indicator 2 in figure 1), and the hypothesis that the hull is

reduced Reseftedirface S lead to the continuity of the potential y and the
di scont i nui taerefal idiemeicral differential of the an potentl al co when

passing through the surface S bei ng witten as foll )1l c2 034 8502 On
On 15Model i §eoragnedic wiggissire of dorisliags @é\@at@étheh%efr%fa&@a %Eﬁ‘ué‘ﬁ goetic

excifoat IipdL6e Refrves pdie An &Jf@’éhé@%&ﬁédec Fot @l SlurfacB eshid Wake fefensai d
reduced excitation H' are nodel ed either by d| stri butlons of rmno ol ar

sour ces ¥fapy isdp HOFigHLEfi %ﬁ@“@fs’tb@@%lu&?e’étﬁﬁr'&@s or grample e ARPrHYMELS

skilled Lot gophtsubmaiREahisabRediceslAbés isfd Bbiisn 028 Haaxidi @nahwututm of
accept abl e sources nust neet the passage conditions indicated above.

Sur f ace tAe stbstaiiieivayivericn akles The first distribution meeting the

passage condinkiRignetie indiRtiGY b AG€ rétbhbd BUFAQNrRIILCASGHARS sOperBb&fidr Sution
of nonopol ar sources, denoted 25The passage conditions are then

wri t'%en thg opglheadst t%terresgtalzma@g:})ttcd%@t;on.a@i () magnetic induction created by
the current loops equipping the ship, and on the other hand, by the magnetic induction

created by the magnetization M carried by the hull.

The magnetization M{P) at a point P of the ferromagnetic hull includes an
induced component M ™ proportional to the total magnetic excitation H(P) at the point

20 P (M™ = yH ), and a remanent component M ™", resulting from the magnetic history of
the hull.
The total magnetic excitation H(P) at a point P of the ferromagnetic hull includes
a so-called inductive component H,, independent from the material, coming from the
terrestrial magnetic excitation and the magnetic excitation created by the different current
25  loops, and a so-called reduced component H'*, dependent on the material, resulting
from the magnetization M (FP") at all of the other points F' of the hull.
The reduced magnetic excitation H’* has mathematical properties that are similar
to those of an electrostatic field. In particular, H™ derives from a potential ¢:
H™ = —gradp

30 Model of the hull
it will be considered that the hull is a thin ferromagnetic medium, reduced to a

surface § |, with a thickness e.

Passage conditions through the hull

The main characteristic of ferromagnetic materials is their capacity to channel! the

35 fiow of the magnetic excitation. This property is amplified when the thickness of the



On an When passing through the surface S, the reduced magnetic

excitation Hed follows the equation: Hedl - Hedo =, where indicators 1
and 2 respectively refer to the 30outSssi de vol une and the inside vol ume
delimted by the surface S of the hull, and ri is the vector normal to the
surface S, at point P of the surface S is vectorial e ation

i ndi cat é@rr?fﬁagnetf*ﬁé”@tﬁﬁﬁ'e’ﬁtrﬁﬁllfceéorﬁi?@ﬁ%ﬁ‘? "'Eﬁ ofhee CP@HG@Q&“%‘Q?%‘FPBS &% ati on

Hedis rﬁat%ﬁﬁra\haqkth@%gh@mﬁerwe@m.ﬂytf dMHemakbicranPaRant through the surface
S Such a distribution of nonopol ar sources creates, at any point
R, a reducdteSpaveditiond being serfieduipethemaapseof th%)h!;ﬂtt(ﬁtiﬂ(ﬁﬁﬁp yfdj(s‘R)OfmaEf
g(ndS(P) 4n-PRI Hed (R=1 ff g(P)PR dS(P) 4n-PR

current goRReR H.heofsther fde) magpetichaxgigtien ﬁnd‘spﬁ’”i s! e't H%e \7‘@*@{ maqneﬁifnl ng
points P and R . 10Surface distribution of tangential dip

sur f &ce ctatiophd hin |theemplerial §ucPRYLeray SPPIRit Pofieohulli %1 é’fﬁ ?69‘?'3@5

d ted P(P t Th dit f
Chis ai <orbaetioR B o5 PelatelBicRiesai e Tl oo nemy 601 Coei Snipe?é) an
an where p( E% ngﬁ%séd;#e(éonﬁﬁﬁf??ﬁ“h)éﬂdh zrﬁé’rﬂo‘%stfe%e rh?-e'?r@aﬁérr‘?e{{ of BRIRAERY tﬁ’é’d the

tangenti al relative e surface t he dlstrlbutlongg
and di v vobprefsated euieidelithe hyk tiseicaiper ain diguse r1ést§@d>a§$1ageh@>f§m0ﬂa@éf

In this fe! f Ph@Rh e PHEAE SoctRid hsiiBake ALIE

t angenti al Xt oﬁwttirpdr %gfe %ari{g én%k%hfghrbeqﬁ ﬁ"‘ nmeet s ?ﬂ% passage (S:]onglt'?l ons

t hr onggh (irfdcasurefinéigurs 1), amd thbeypahbosihag thethel is rediuced ra surlsick| S bieadia t t ed.
Upon passage through the surface 5 the reduced magnetic excitation H'd

fol l ows hheceaal bPike fBidhkal b sidihé discohiuitg R Bd nckal differential P Sahe a
di stribution of dipolar sources creates, fof any point R, a réduced

potential 25and a reduced excitation; 1 PR co(R)= g ? dS( P)
potential ¢ when passing through the surface S~ being wri ten as follows:

O =
%0 _99; L

on  oOn

15 Modeling of the magnetic sources

Because the reduced magnetic excitation /'™ behaves like an electrostatic field,

the sources of said reduced excitation K™ are modeled either by distributions of
monopolar sources or by distributions of dipolar sources, as is known by those skilled in
the art to model electrostatic fields.

20 The distributions of acceptable sources must meet the passage conditions indicated
above.

Surface distribution of charges

The first distribution mesting the passage conditions is the surface disiribution of

charges or distribution of monopolar sources, denoted ¢(F) .

25 The passage conditions are then written as follows:

P =@

2050 g (p)
When passing through the surface S, the reduced magnetic excitation H’* follows
the equation: H™ — H™, = q(P)# , where indicators 1 and 2 respectively refer to the
30 ouiside volume and the inside volume delimited by the surface S of the hull, and 7 is the

vector normal to the surface S |, at point P of the surface S.



4n-PR 1 if_PR grad(p(P).)dS(P) 47z- 10 Conments These two

di stributions of sources, by charge and by dipoles, represent the sane
physi cal phenonenon and create the s@re nmagnetic excitation at any point R
. This requires that: divsi7(P) = -q(P) S5Furthernore, a magnetized voI urre
1/ creates a potential having for expression: 1PR yo(R=iff M(P).

dQ(P) 47r s,Thispyegtariay %Uﬁa’t@nt‘ﬁ@cﬁiﬁ@ﬁgﬁ $at fepaeniial éoﬁtﬁoﬁ?“tPO%fhet F@Lﬁﬁ(ﬁ er| al .
The magmtud ng.constan on i ckness e of t he
vol une i NEEGF '&e"&#@“%eﬁre'ﬁ Heed By ,ngP |Rt%°‘"?1§ Cor‘f%o”e“hﬁ?"”@hﬁﬁe made
froma tgudﬂce 30i ntegral on the eI errentary vol une di/ of the huII to a
double integral on an elenentary surface dS (which is not a vector).

Conpari ng th%lcéx@ﬁ’éﬂsi%blé!ﬁnoﬁff mREORRIRTePRUTedS BESAIES) (@ cANYOPOIDE X 3 anfRiluchE

expr essi tion of Mleads to: /5 = eM, while

t he ?)ZI a?(lg}gﬁ[% %gét%tuwggan‘W/%J ngﬁcd&d(t eads to: q = -ediv sM 15Conti nuous
nodel i ng of SI da gﬁ{}@)na F| rst nodeling The magneti zati on

di stributi on P)4.)z which is the sumof the induced

magneti zation /Il ed a{n t he remanent nmagnetization Mrem generates a
magnetic excitation at a Bomgt Rin the air that assunes, according to
equat i on (Z)Htrﬁﬁ)*fﬁ q Hﬁﬂ? #)H o(R) + H'd (R = Ho(R + 1iff!)grad (M
(P). RP )615-2(P) 4¢FRP3 By reversing this relationshi p, the first

nodel i ng, nly called. no [ of the.invers r es. it

possi bl & P%feggo P RO PPN, 8f S18 MU B R By e FRERT 100 al i 1y

of measu;gcﬁ $ngfr the magnetic eXC|tat| on at predeterm ned points R and

fromthe ow egge of the i nductl ve magnetic excitation H O(R). 25Second

nmodeld ng iat dipeles on M nd at a point P of the hull is

gr gﬂ?lr:,; I g‘alTheosuthgge t.So t gfl the r’ te'a:gs )éﬁgfécaetclllgtrrlsbago@ ofa élpotgraéo gesntderlljoted M1 (P)
p(P) at a point P of the surface S . The passage conditions for this distribution are

written as follows:

@~y = p,(P)
15 BTG
on  on

where p (P} and p,(P) respectively represent the normal component and the tangential
component relative to the surface § of the distribution p(F) ; and div, represents the
divergence operator stressed on the surface § .

In this way, a surface distribution of dipolar sources p(P) that are tangential to the

20  surface § of the hull meets the passage conditions through the surface S . In the
following, the indicator t will be omitted.
Upon passage through the surface S, the reduced magnetic excitation H™ follows
the equation: H'*; — H™» = {div,p(P)].7i
Such a distribution of dipolar sources creates, for any point R |, a reduced potential

25 and a reduced excitation:

p(R) =

H™(R) =

(2)

where P is a current point of the surface § of the hull; and PR is the vector joining

points P and R .



1PP" 30AP (P)= z[Ho(P)+Jjjgrad(MP ).)dfl (P')] 47rPFP 3 Thi s

rel ati onship translates the behavior of the material. It couples the
response of the material at point P ,10i.e. the induced magnetization ML(P)
at point P with the total nmagnetization MP )= Mnd (P )+ (P) at each of
the other points P of the hull. Discretization of the first and second
nodel i nqs 5HESEeMEace distributions of nagnetic sources are discretized.
To that endTHas¥ifd H%tribﬁ?&% oiogodr&% 'B?ldhaig% AREBY dibBics, PRHRIent BiEDEdNEES a
mesh made up of a plurality of el ementary surfaces that make up an

appr oxi natysioal mﬁemhenemrahdcwese th@ iesrenesignetonpxditstien BE poy ygiohak -akids pl anar
el enent ar surBaces SQ’ el ementary surface Si is |limted by a

pl uralltr§ wresd @teéj‘wlip )”Tﬁ% dges of the different 10surfaces cone together
in N' nodes L I r f di pol ar
sour ces 75(F) urtfq&fmoré %M gﬂeﬁ&g%r%@ﬁ]tea%o?r%%%g? teyt]iglu% fb'bé%ll{ég%ﬁgl hul | of
the ship, is c nsﬂd r ver each elementary surface Si of the
nmesh. |t |s§9\ﬁ ﬂl&ﬁg @5&;}1 15 Wth=eM-=eMnd + eM= pi + pi ,

t he di scretlzatlon of equatlon (3) leads to: ry _RP H(R) = Ho(R) +E grad

s(p, (P) ( 7 ablUfe GRREIREL I N oint F, of the
el enent a%@éguﬁ%ageggrém%\éﬁ%laﬁﬁ i \ﬁdt}ﬁ }VZ!())% | PR grad( Mg(FI;) )d12, ,(P)=

gr adPRs(Pi ( Fjne) Ak EﬁdBR'M@) being c¥NRER Aond ShiGrREBN & thy Ghese td t he
hul | obt ai ned by ?r anslating the elenentary surface Si over a | ength equal

tlo thg t\tilwkeaéseoral radybg replaednip] a sorfadesnegetefiteastangaris aede Som Triples t he
d, el t | t ed d
out - s Hlegm o St P s 2 ORI MR Ut Eo e, BB Fian SEMshBRy o'

t hi cknesguric@fdst fghich is not a vector).

Comparing the expression of the potential as a function of p and the expression of
the potential as a function of M leads to: p =eM , while the relationship between p and
g leads to: g = —ediv,M .
15 Continuous modeling of physical phenomena

First modeling
The magnetization distribution M (P} in the hull, which is the sum of the induced

magnetization M™ and the remanent magnetization M, generates a magnetic

excitation at a point R in the air that assumes, according to equation (2), the form;

20 H(Ry=H,(R)+H"“(R)=H,(R) (3)

By reversing this relationship, the first modeling, commonly called modeling of the
inverse problem, makes it possible to determine the magnetization distribution M (F),
from a plurality of measurements of the magnetic excitation at predetermined points R

and from the knowledge of the inductive magnetic excitation H (R).

25 Second modeling

The induced magnetization M™ at a point P of the hull is proportional to the total
magnetic excitation H(FP) at that point P :

M"™(Py= xH(P)

Or;

30 M"(P) = ;fH(P)—%—_"”gmd(M(P' PP '

] (4)



volune O, , the precedi ng expression becones: |lgrads( 75,(P).PR)dS, (P) =E
dL,,J(P) where ,1 is the nornmal along the edge Liu , situated in the plane
of the elenmentary surface S, and oridrted toward the outside of said

el enentary surface. In the followng, 12 for greater clarity, the
indicators j_on the different edges of a same el enentary surface are

om tted, thdhsuralalipaship fangiptes deerendvioredrths madgyiehl'se R JeSPYSRHCHUr
integral, F ' . 1. =.. R) - Ef . Ry (P)).n
IdL (P) 3% “Fa?%pé?)w é‘%ﬂp i’ﬁ'enté‘ter'ﬁﬁx”cg@ﬂéa("?%ﬁ?“iﬁ)ﬂg 13@3"5 roff T it he o1 (P))
a vector ; t ji e eytrenly Syt | r )
bet ween T rtr'ggtﬁsoﬁr%édn)% g{ ?ﬁgqn%nét i)cﬁgfg? %Ltﬁiégg{éggﬁﬁ@a{ ggiiﬁ%tr(@\" wher e
the jth sensjngcrétszaij&pbmedéstaﬁﬁisécEmd\A%Mn@ the inductive magnetic
excitation point RL- and - Amthe matrix ereof the elenment AM]I is
The Sper at or ECCHBPe BBl A foen gty Orreet S as 1L (U

.11)R RAL" (W) that &nd, a virtuaWhexie! of, thé Sulisvueet oThio nielebcbrpaises faoneshigade base
associated with the elenentary surface S, of deconposjtion of the 15By
usi ng edira®liopiualty, of glemenisy siirfasesithatigake WWrAkARr P atgnRidhasuriacge’ have:

PP (P) = ehﬂhgsp)rﬁes%k@&mgéeé%\; fp%fo%aﬁ(aﬁdiélgﬁgr'gzlgrﬁegtgn) SBRg’ces S,. Each

elementary surface S, is limited by a plurality of edges L, ;. The edges of the different

10 surfaces come together in N' nodes & (cf. figure 2).

Dipolar sources
The distribution of dipolar sources p(P), where P is a current point of the surface

S of the hull of the ship, is considered uniform over each elementary surface §; of the

mesh. It is written p,.

15 With p, =eM, =eM™ +eM!™ =" + p/™ , the discretization of equation (3)
leads to:
1 & - RP
H(R)=H,(R)+ Z}"EQZ j [grad,(p,(P). —=5)dS,(P)

where PR is the value connecting point P, of the elementary surface §,, to point R.
With:

PR

PR

20 [[[eradM,P-2a0,(P) = [[ grad, (5, (Ph)dS ()

Where ), is an elementary volume of the hull obtained by translating the

elementary surface S, over a length equal to the thickness e along a normal to the

elementary surface §,. S is the closed outer surface of said elementary volume Q,,

oriented from the inside out.

25 In considering the different magnitudes to be constant along the thickness e of the

volume Q). , the preceding expression becomes:

PR
PR’

[[ grad,(5,(P).==)ds,(P) =) [(B(P)A, j)%dﬁf,j(ﬂ

where 7, , is the normal along the edge L, , situated in the plane of the elementary

surface S, and oriented toward the outside of said elementary surface. In the following,



Si where it has been considered that the inductive excitation Ho (P)
Is uniformover the surface S, and is equivalent to HO1. Wth PP PP 20if
grads( i (P). ppo)dSi(P‘)—TOS (P2 -1 ppodL j(P'), L, one finally

arrives at: -' (pPP (P) 1)dL|(P')-exH0 421pp3 V\hlch can be
witten in matrix form. ébld (rd re = Sm\fii - Sma
vect or wisegegterclasity, the ipdirperfe it th@ dﬁﬁeﬁﬁﬁ.‘)r@?@%‘éﬂa $ng ﬁ@meﬁiﬁb‘élﬂwerﬁéﬁnetlc

exci tati gniiey Hﬁe séh cﬁ'ep@;br?ﬁffe@éntmh@er'|ﬁi@ﬂr%|lseJE%BWgYa §6Ht5z§fq@te8rfal the mesh; and
-Dmatri x wheFreo IrEhheeemant Dmj,is the operator R.R 3 RR
rom wnic

HR) = H, (R)+——Z LE @)+ pr@lirasa e o)

5  Or, in matrix form:

With:
- m a vector whereof the | component is the difference H (R)—H, (R,) between
the measurement of the magnetic excitation done at point R, where the i" sensor is
10 placed, and the value of the inductive magnetic excitation at point R, ; and

- A, the matrix whereof the element 4, . is the operator associated with an

elementary surface §, : “_I_mj‘ (u,.7,) e dL{R)
"'47:L4 i'iRR’}, (AN P

i
Where u, is a vector ordered pair forming a base associated with the elementary
surface S, of decomposition of the p,

15 By using equation (4), at a point P of the elementary surface S, , we have:

i

N
B (P)=eM " (P) = exHy +7 ) ﬂgmds(pjm )
-7

where it has been considered that the inductive excitation H (P) is uniform over the

surface S, and is equivalentto A .

With

20 H grad (7, (P) S (P = j (5, (P L (P,

one finaily arrives at:
- ind ;
P (P x5 PP
e — Py, dL PYy=eyH
- M;j By (P ;) sdL (P = e,

Which can be written in matrix form;

~ e
(ld+D, D )[ng:SM

i

25 With:



47z; 5where R is the position of the barycenter of the elenentary surface
S, These equations are vectorial. Considering only its projection in
t he plane of each elenentary surface,l3this |eads to a system of 2N
equations with 2N unknowns. These equations relative to the magnetic
behavi or of the material make up what we call the second nodeling.
10Mbnopol ar -sdura sector whereof fhetifi compeoptl iarmrerasionapta the, indypbive INRARetc ar e
substanti al | y proportional to t netic flow escaR| ng at the interface
bet ween PiEAORBT aRde PRI\ 8 the | I-%%(B?f‘%?ry HeceabheMSSe® t ati on and t he
sheet being oriented tan ential | he, magnetic flpw tends o esca
primarily thro t Exofw?%éo‘lhulti‘ern) Ementl'he‘gmt héd ﬁ&%w %esrgt%r t he
15pr oducti on of an overV| ew of the nmagnetic flow on each of the edges of a
dual mesh &sgoch \gt(ﬁ)t he el enmentary surfaces Si of the primary nesh.
The el ene re % t'his dual mesh will be described bel ow. The dual
mesh corrprlses N él rrent ary surfaces 5 k , each being associated with a

node & O el TR e BESilon BAn ENRGHE. L QLB ol diiflcceb erent ary surf ace

K is assom a a node of dual el enentary

surface k isrpyd Iehuéﬂfo@@atr@%aaﬁmcgahﬁaén foﬁrmsqiréjé&roﬂnh t6d BRRBRYCh
surfaces S, containing the considered k" and the m ddl es of the edges

starti ngeleemabhairtassdits leadsrie acpwieie qa@'\b@ﬁ'éeéwg%d\“fét”ﬂ ekpRygs- K hese

defined By atilds reisthvekio2Buhfighetk HehaliBCotlthRl malePBE MaRE YipSWhitane ABYeci at ed
with the node k of the prlmary nmesh. The discretization of equation (1)

| eads t osecRMd MOgRY. HO(R) Q (RI) RkR 471- kRKR3 Wiere the point Rk
corrgsponds pighobBRr BOgLEd on of the node k. 14 By di stingui shing

bet ween t he T nduced charge and remanent charge in the total char &
i.e. Qk =Ckrg the @P“GPO!&VO‘F‘F&SCBBQ% rge qherges RIs( R)'QSta‘i‘P”SE(PF%O""P(“Rk?‘3 the cR( 6)
4n- kRKR3a@fetic! bW BEEdpng 8f tHe Pldiice between the sheet and the air. However, the

magnetic excitation and the sheet being oriented tangentially, the magnetic fiow tends to

escape primarily through the edges of the hull model. The method provides for the

15 production of an overview of the magnetic flow on each of the edges of a dual mesh

associated with the elementary surfaces S, of the primary mesh. The elements relative to
this dual mesh will be described below. The dual mesh comprises N' elementary
surfaces ', , each being associated with a node £ of the primary mesh.
As shown in figure 2, a dual elementary surface S', is associated with a node of the
20 primary mesh. Each dual elementary surface S§', is built from the barycenters of the
different elementary surfaces S, containing the considered node & and the middies of the
edges starting from that node 7 .

The charge O, condensed at the node £ is defined by:
Q= ”qu'k
5

25 where §', is the dual elementary surface associated with the node & of the primary

mesh.

The discretization of equation (1) ieads to:

HR)=H (R)+—ZQA( k)RRs

Where the point R, corresponds to the position of the node k.



5(AQ A Q=vein \91 Wth: - in a vector whereof the jth conponent is
the difference HHR)- HO (Ri) between the neasurenent of the magnetic
excitation done at point Rk where thd4jth sensor is placed and the val ue of
the inductive magnetic excitation at poi nt Rk; and 10- Ache matrix
whereof the coefficient Ais the operat assoc ted with a

1 RKR, el emdit @Fiy“gé‘tﬁ*‘f”&c%@@?@ﬂ the pgdoed Ghaioecred B CE@?,Q@n’H h6d8iA ng
coupl i ng t he ;Ira es {0 e. anot her, one has: g = -edi vsM 15k
qdSi k = <8[9 ef@?v's " %ré -2 Ok?r{ mg'i vsMaid dS k By using equation
(4), one has: kind - ellldﬂ;VS[AlO(P)+ e &@]ISM (P) S A Then, by

i njecting egdar)oR, (ﬁ)+|~m ( ﬁé(mne@m(ﬁg) eguati on, one has: ZGQlllfId eX
E(Q" a)lsdlvs[ RP 4k (P) = -e ffRdRVS[tHO(P)VS k (P) | 4ff st,
Lastly, .a %% ﬁ @trogradsky s formula to an el enentary vol une
correspo r{gﬁ[ YMe extrusion, over a thickness e, of the el enent ary
surface Sllk of thEgdua mesh associated with the node k , or: - e

di vs¥dS' k AIlA[ , 25where ifk is a normal to the edge E k

situated in t e pI f the associated elenentary surface, one obtains:

15 )
With:

- m a vector whereof the " component is the difference H (R;)—H, (R;) between
the measurement of the magnetic excitation done at point R, where the " sensor is
placed and the value of the inductive magnetic excitation at point R, ; and

10 - A4, the matrix whereof the coefficient AQM is the operator associated with a dual

1 RR
elementary surface §,: — kL

47 RR’

kN
To discretize the second modeling coupling the monopolar charges to one another, one
has:

g =—ediv,M

15 0, = |[ads', =—e|[ divoras,
St S

0" =—ef[divam™ds,,
5

By using equation (4), one has:

0" =~e[[divy[ zH,(P)+ "™ (P)HS", (P)
Ry
Then, by injecting equation (8) into the preceding equation, one has:

in o i rem 7. RFP t , 1
20 0"+~ Z(Qf 0 )| divgl 7 14 (P) = —e|| div,[ zH,(P)KS", (P)
s S

Lastly, by applying Ostrogradsky’s formuia to an elementary volume corresponding

to the extrusion, over a thickness e, of the elementary surface ', of the dual mesh
associated with the node &, or:

—ef[divgyas', = e [V.idL,
5, L

25 where 7', is a normal to the edge L', situated in the plane of the associated

elementary surface, one obtains:



&md (R )+ eX 4n- (7) or, inmatrix form (id + DQ DQ 5Wth: \f. RR Eou'd

(R+ CH(RA, I"I.fi'k.d.L'"k(Rk) 1RIRK - SQ a vector whereof the le
conponent is given by the expressionisexf Ho (RK).iikciflk(Rk) relative to
the kth dual elenmentary surface St k; and /2, - D the matrix vvhereof t he
coefficient Dis the operator e% f RR,,. 17_, i di! i(R)) QQ ) 1472- 1)
R R i 10Equati ons resol ved,, Rynthetical by, t uations to
be resol ved Q:re(fﬁkﬁlé4 @i ng?) 8t Iﬁ&))ie i8R () dF psk dr % L
piold \ AMD +Id Dm"A'pi rem k, Inthed frlptlonln rmnopolar sour ces:

1542\ 7.\7\ DQ +ld DQrem\ SQ

10

15

20

25

or, in matrix form:

(la+D, D, ){ Q"imf) =5,

rem
i

With:

- S, a vector whereof the k™ component is given by the expression

—ezL H,(R)#,dL', (R,) relative to the k" dual elementary surface S, ; and

- D, the matrix whereof the coefficient D, P is the operator mf % J n'dl (R)).

Equations o be resolved

Synthetically, the equations to be resolved are the following:

In the description in dipolar sources:

AM AM piiud . m (A)
D, +1d D, ) p/" | S,

In the description in monopolar sources:

4o A QM _[m
ot o5

The solution to these systems of equations is not unigue since, in most cases, the
number of sensors used (i.e. the number of coordinates of the vector m ), is lower than
the number of sources sought (i.e. N dipolar sources and N' monopolar sources). To
obtain a solution, a singular value decomposition (SVD)} procedure is used. This
mathematical tool, known by those skilled in the ari, makes it possible to determine the
minimum norm solufion from among all of the possible solutions. Preferably, a quadratic
norm is used in this singular value decomposition procedure.

Once the soiution is obtained, the magnetic field on the reference surface is
evaluated using equations (5), equation system {A), or (6}, equation system (B).

Transformation for going from description in dipolar sources fo description in

monopolar sources

According to the method of the prior art, a system of equations is resolved according
to one or the other of equation systems (A) and (B). The obtained solution is relatively

precise in the case where the sensors of the magnetic field are far enough away from the



The solution to these systens of equations is not unique since, in nost
cases, the nunber of sensors used (i.e. the nunber of coordinates of the
vector in), is lower than the nunber 16f sources sought (i.e. N dipolar
sources and N nonopol ar sources). To obtain a solution, a singular value

decorrp05|t| on (SVD)_ procedure is used. Thi th tical ooI nown by
t hose sKIY!odHe i t%ﬁ%ﬂ"’tse Wage & ?9'7585‘"’5%‘%‘3@3?8{5@ %?ﬁﬁé’@ﬁé nor m
sol ut i onythdi9en @dmrebg :@bulsto&%dtaha iPesEBlants abtédtienstorr ef erabl y, a quadratl c
normis used in this singular val ue deconpositi OF_@Frocedure qCé)*uce t he

sol ution is I6Btasthed aCEHRINgdg HBe iivenial EPsglyes REOIET SYHRT sTRYPLY

eval uat egchaSbnySEHaL) aBsvdsHrom ewaém@:namt@mo(m&yst@ﬁs OB3q UG AL emd syst em
(B). 25Transformation for goin é)rp %Scrlgq.tl on in dlf%gl%é SOUE%]mS

o e i pPbrFoids BrRRahAncsBaN HEamode] bSO e LEL A gPReS PN SHbH OB

prior arﬁamc,%lam&éﬁmtfeftw@aumblrﬁé@su@nmeet Henamreos deiagah@tmu@crestw ot her

f t t B). Th b d sol | at
or cci 96 1A G 2886 A FOPRET SLPRURASTONS TG aHEgHID BoHeBd S T Tenough

away fraone tdiface 6f 4 hutprHeheoaetturpobt@tnBerw r%@olebeys{ehe os eqsatiods 8 i<l ose
or glued to the hull of the shi p, the obtained s S‘}“gl storted and is

consequeieFise. fyen when deipagnefic field sensqfﬁ@re@?the the invention

resghves anaihgkt éﬂ&ttﬁ@h@th&ﬂaéédreﬁg 16 He mE&ﬂ%ﬁ'@és%\’ﬁé%rﬁCﬂ’ dRikinges from
t he conbi nati ons of both systens of equation (A) and 5 (B), so as to

pr eci selposaihl: atwusarh yherdidisioutiet bf dipdavesres al tcat:tn@eh$tabtdendt‘f MAEPPIRbbI em
in particular the link between the neasurenents of the nmagnetic fields and
t he sourmsqes@kd the=ddalar aspect of the problem in particular the nutual
coupling between the sources on the surface of the hull. The solution

obt ai ned by 50l vi ng system of equations (C) is precise, even when the

magnetic field e t|o ed. glose to the hull. 10To that end, the
met hod accor ;Jer}%)tl‘ﬁe@)nve (t%_:)on %sevggl transform T nmaking it possible to
go fromthe distéribution of dipolar sourcesto the distribution of nonopol ar

souriges QK: {igshdwiWrah: X = q(P)dS" (P) et q(P) = -divsi5(P)
151t is shown that Where: - dk is the nunber of dual edges L',,

associ at ed t h<the [dlua ,eI ary surface Sl k of the node k; 20/ the
exiting nor\rlt\gft 2: n‘s"ﬁ{fz% dual edge Du; and - A the val ue of the
tangenti al di pol ‘ar fragneti zati on al ong the considered dual edge this
magnet i 2ghp@N being constant along a dual edge and corresponding to the
magneti zation of the elenentary surface S, on which the considered dual
edge is 1 dcitpd number of dual egg@pﬁlkyuaﬁgoq«e%wﬁbﬁmw elementprapprfase §hef

el ements of the nmesh, a matrix T is 25obtained naking it possible to go
from di stbeinede Kon i n di pol ar sources to distribution in nonopol ar sources:

(X)pg= T }ifjjt)ue exiting normal at the considered dual edge L', ,; and
- p, the value of the tangential dipolar magnetization along the considered dual edge
L', this magnetization being constant along a dual edge and corresponding to the

magnetization of the elementary surface S, on which the considered dual edge is located.

By applying relationship (7) to all of the elements of the mesh, a matrix 7 is
25  obtained making it possible to go from distribution in dipolar sources to distribution in
monopolar sources: (Q,)=T(p,)
The coefficients of the matrix 7 depend on the geometry of the chosen primary
mesh.

The pseudo-inverse T * of the transform T, i.e. the generalization of the reverse

30 mafrix to the matrices that are not square, makes it possible to go from distribution in

monopolar sources to distribution in dipolar sources: (p,) =1*(Q,).



The coefficients of the matrix T depend on the geonetry of the chosen
primary mesh. The pseudo-inverse T* of the transformT, i.e. the
generalization of the reverse 30matril¥ to the matrices that are not square,
makes it possible to go fromdistribution in nonopol ar sources to
distribution in dipolar sources: (A)=T* (Q. 17 Furthernore, by using
the transf orfirthegndrg. Pyrusinge the @Rt nhgABlYi Patthe memaggrl Brppeize i ons
(O is %{eﬁéﬂequ&%ﬂxs’f{d)%&ttéﬁ:* jy@ " witten: 7.11"d \ t 1\ 171 Sm (O
with: 5-7in the vector whereof the jth conmponent is the difference
H(1?,)-Ho(Rj{) between, rte/ pgasu nt of the magnetic excitation done at
poi nt Rt he jtl? i nelg‘ij%*fi lf$= gnsors and the value of t#e inductive
magneti c excitati‘on “pornt R RRI - Amthe matrix whereof the el ement
Any is th?n,operat or is (urn.)dLi (R) 4n-L1R R associated with an el enentary
surface "’5”, ‘of the primary nmesh, having a plurality of edges 10 L, , each

having a poBectdr wHesds iR jp|céﬁx%oﬁéntti§‘§1eedif?éfgr%@!?ﬁ(1€5}wB%gg{dﬁi/t\}e]ﬁn%h thé

oriented toward the outside of said elenentary surféace, ere u, is a

vect or ondgspemBAY bf Y MaBle® ERSQIHPTohE A RARe R Oy thej'ehrigRaiAfMasur f ace

Si;
sensors and the value of the inductive magnetic excitation at point R ;

RR,

‘3

1 -
- 4, the matrix whereof the element 4, . is the operator Z—L {(u,.n;) dL.(R.)
T v

\ it
associated with an elementary surface S, of the primary mesh, having a plurality of edges
10 L, each having a normal #, in the plane of the elementary surface S, that is oriented
toward the outside of said elementary surface, and where u, is a vector ordered pair
forming a decomposition base for the elementary surface S;;
- S,, the vector whereof the i component is proportional to the inductive magnetic
excitation eyH,, at a point of the i elementary surface S, of the mesh; and
RE,

]

15 - D, the matrix whereof the element D, . is the operator ——f;i J(uj A;) 7dL,(R,);
L.

and
- T the transformation matrix, such that (@) =T (p,”""), whereof the pseudo-inverse
is denoted 7*.
The unknowns jv’f"d are first eliminated from the system. We have:
20 (B, =(D,, +1d)7(S,, = D, T*)NQ:"™") (8)
and, consequently:
Q7™ = (= 4y Dy + 1Y Dy + 4,)T*)* (m = 4, (D, + L)'S, ) (9)
A similar system of equations could be written from the 4, and D), of equation

system (B).
25 Rebalancing the weight of the sources

In order to give the same weight to all of the elementary surfaces of the primary
mesh during resolution of equation system (C), and so as not to bias the solution by

favoring an elementary surface located across from a magnetic field sensor 7 relative to



S Mthe vector whereof the ith conponent is proportional to the inductive
magneti c excitation ezHo, at a point of the ith elenentary surface Si of
the mesh; and ze 15- D the matrix whéBeof the element Dis the operator (u
Aly 4n- L, Rfifidt (R); and - T the transformation matrix such t hat

(Qrem= T , Wher eqf seudo-i nv e I s, denot e The upknowns
r| r| nd et %fﬁgm%‘@%sriﬁwaf Ry infig gaecr il F@rﬁhf‘ ISR} o

-DAperdés(Qp}dc%hur@n&-reﬁgamwm@téqmnm slém (C((-A4l . (D41 + 1d)-1 . D4l
+4)740* (m- Am.(Dm g; }s(lmlars temof e ations oul d be
written fromot gt &% r?dplfﬁe (?L?é’t B?W%J%t‘@%&*(%.prﬁ Q”%cheﬁg?”PH'@rV\el ght
of the s@dfriceSisused. | n order to give the sane weight to all of the
el enentary surfaces of the primary nmesh duri ng resol uti on of equation
systdém (C), laggnemwl.det Hobe woy hecdanaurs rsalrint Honamsy M, agesr ihegdiagpral equHem ary
surface | ocated across froma rragnetlc field sensgt 7 relative to qﬁ

o] the

ot her el BABRBRMICEDF MR BEMBAre FRPBFIVRAL xherfﬁwse%ﬂ heetHed Ao ravhgn
1 t 1 0.
o et AR S TR RS B i RRRATCLIR, S et on, Syt em (9

rectangul ar gt ;E}r'o‘é@&ré %erk!i%%jdeééékegt%@%fmencé 8 thé nhﬁ;t é@%lfl&é‘rﬁtcééméibﬁtg offat rix.

W) and Wi are the diagonal square matrices whereof thé terns are
respectimeln}atmhei i nverses of the nornms of the rows and colums of A. The

matrigx Al ﬁnﬁ%?a%&i ts?ﬁ’hég he ;Yt\gcoar‘ldV{men proce g?% Srdtt 2RIkl BNAS tO

decrease the i uence most’ sign nt co Icients of the matrix
A. 10l n mbeixcage.(of, eqatbonr A 9Y,*.t he preconditioning procedure preferably

relates to the matrix - Amt Id)-1 .Dm+ ,4m )T *
By applying the preconditioning procedure to the latter set of equations, one obtains:

(O =W, (W, (= Ay (D, +Id)" Dy + 4, )T * W, )* W, (m~ A, (D, +1d)' S,
The unknowns Q" are obtained using the preceding expression, then the unknowns

15 p™ are calculated from equation (8).

Lastly, the magnetic field created by the hull of the ship in the reference plane is
caloulated using the corresponding part of equation (6) for the contribution of the

remanent monopolar sources Q" and using the corresponding part of equation (5) for

the contribution of the induced dipolar sources p."™

20 The preceding steps of the method for determining the magnetization of the hull of
the ship and the method for determining the signature of the ship make up the steps
necessary for a magnetic immunization method of the ship consisting of regulating the
magnetic signature of the ship in real-time.

To regulate the magnetic signature of the ship, preferably to minimize the magnetic

25  signature of the ship, the computation means of the ship determine a plurality of electric
currents suitable to be respectively applied to the immunization loops with which the ship
is equipped.

The computation means fransmit these suitable electric currents as instructions to
the power supply means of the different immunization loops. The power supply means

30 apply a current corresponding to the required suitable current as input for each of the
loops.

As a resuit, the currents circulating in the different immunization loops generate an

inductive magnetic excitation modifying the total magnetic excitation /.

Once the electric currents are established, the method for determining the

35 magnetization of the hull of the ship is again carried out taking this modification of the



By applying the preconditioning procedure to the |atter set of equations,
one obtains: WA(WY. ((- AmM.(Dm+.Dm+ AmM.T * W)* W.(m Am.(DM +
Id)-1 m) The unknowns Q n are obtai nd@ using the precedi ng expression, then
the unknowns ind 15pi are calculated from equation (8). Lastly, the
magnetic field created by the hull of the ship in the reference pI ane is
cal cul atBaungdir ngxeifglior offve SO nasaeypasd @ teqdeleroine (8) Neyr V‘t’iH% the

contribution_,_of.th ol ar,. sourc usi

Cor e ahesTRy o Thp TR o eRaR B B RERERe 1 HET S RuPe Bt
di pol ar tseuewdiRely 20[ibef precdiadbuiign of e@arn@jnemm]ume:tnhbd shiddcedd tties ndini ng t he
magnet i zat | of .the hul for. determ ning the
T onat ure. of ENGHEReSRR RO e Bl e B dR o Pl mghEiR

i Murs zat i O;Fuﬁmémweoin ohe eﬂhrrwtue@nﬁmbaidsm@toéf theg tletttidn fpr t detemagng tthe
signature of t

n rea thema etlc ture of
The"ehi preghedraian . R e Fremaaditt (VB G EhE &t ot dhi o,
t he ComtﬁcﬁtdnenSVBaaasgﬁftloh F@s@iyhptmtrﬁmmim @prﬂdaﬂﬁéd t:Me@(in eésegtartrc[tm ]
currents_ s 0, be respective o_t tion | oops wt
Whi ch 't b s e e g Thedr ke Grnpal B bRt rale TRa o se B abi o
g| fe]?t ri QNtﬁéﬁédeQﬂé Seﬁstidrfﬁlidm u&éﬂemr?]nfte tolution minirhizes pmmfosémambiyomeans of the
i r ent n| zation The po su ans_. 30ap ent
corr’ spondl § d° eﬁ%”creeciﬁ?%l?%ﬂogulst fﬁjl\’%m@@f?(f"éhy EE Wl’%rﬂ?l r@’ﬁe%@ﬁ%&?mq he
| oops. detemﬁﬁecﬁdtfr&@td precédiey Garaticendf sheinethokdbn degierimmibd) thedhidrettieston.
i nmuni zati o hl oops 8 ﬁge an | anCBI ve,. q@@eti exci &ati on nodi f ié1g t he
total magnet T BRIPIGH PGPSR can aiso be & dictigilon of gagngliy podcePered ar o
e?]t ablhl 3@(@ d heviget ﬁmbteg@rtodet z@tk)maﬁi mﬁ mbenﬁgm@netﬁwt d}fOIthGsthtpheTHRJI | of
te5|p|saa| car ed out taking this i f t netic
exci ¢ at | BREET R T AL st Pt dep kPR At s 4R ehiietdio T
mag et | és’e'ra!, Oﬁng ﬁh@taﬂfﬁé@@fv?‘cer dletern}nl Eg '(tjhe si gnature ?f the ship is then
iterated wit e new likely value o istribution of t gheti zation
on t he- sur T dEdNBTwihe Ul Ea RGP, ML LETRe T HETLS tOheMTdg et | o
si gnat ur @a@ietizArStisPbLiforbMtHE ARfce of tha! h@lhﬁésﬁ@\kﬂ\/ed flor@NBe aldgapmatiby e
enbodi ment of the nmethod for determ . ning the nmagnetization, the S|a§%ul ar

val ue ded®ifipdisntatdrr ¢isve) thereteenseisteburisni rredat fhe distrioadipt pbRaM

sol uti onydes r@@H@éHtottrweqp@a"%ﬁqezﬁe@efeweﬁe@tﬂsﬂ%@n&{I terion using a norm such
as "the | east squares ﬂresent alternative enbodi nrent, a sol ution

i s SBught V\Htersééﬂldt he gelerathiabriner gleraativer & cfhee medhast ifem deferminingedn® he

chosen chb&&dizfbn afOtEBIrﬁmn&fn%sém%nﬂb@%léa%t.aﬂsmera%a%aggw@smé he
m nimal normdistribution determ ned during a preceding iteration of the

met hod f/BRY Beirepipinanied fermthersypieris LA engations such as systems (A) or (B).
This alternative has the advantage of leading to a more robust minimal nom

magnetization distribution then in the singular value decomposition procedure traditionally

25 used. It should be noted that it has been observed that the solution obtained by
implementing the present invention is much more robust than the solutions obtained using
the resolution methods of the prior art, irrespective of the distance between the sensors
and the surface of the ferromagnetic hull. The qualifier "robust” traditionally means that
the solution is modified littie or not at all by disruptions or noises.

30 The method for determining the magnetization of the hull of a ship according to the
present invention was implemented on a model at a scale of 1/30™ of a double-hulled
submarine.

Figures 4 and 5 are graphs making it possible to compare the signature of the hull
calculated using the method according to the prior art and according to the inventive

35 method with the actual signature measured by a sensor. The signature is evaluated here
along an axis parallel to the longitudinal axis of the hull and located 10 m below the latter,

position 0 corresponding to the vertical of the center of gravity of the hull. The graph of



This reference distribution can.also be a distribution of magnetic sources
nmeasured using a device adapted to a nonent in the nagnetic history of the
ship. This neasurenent may for exanpRe& be done in a naval shipyard, before
the ship takes to the 15sea, using a stationary devi ce. In this way,
the idea is transcri bed fhat between t monent.s_.t-St and t, the .

rmgnet | ST SHPGR IHea0y AT GhCTHET el PaBs TS BHS TG RGeS 8 m ¢ he
magnet i zaghows @i SkerticRltdrogbnaht &f thatodamd fied. Themagheticeivke selisoty aleudlian, and
that the djstribution at ponment t does not. need to be very "far! fromthe
o or enc lestyFotief h NeBET BHbh e RGAEd: it RO RIS ¢ he
met hod fdhsedel ejefigimthet fignatagneliduabd eacartinghe thuldredesit imdeendenthef the
equat_i on temone seeks to resolve. It may be inplenented for other
systéns‘6iﬁia@8?W6H§%§%8Wpas systems (A) or (B). This alternative has
t he advant aggeGheth@fdidt@dihg t@tHEoheentioh didweTapragite oslicummttamgefahe sghbiore
distribytion then in the singular val ue deconposition procedure ..
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t he sol wid @k ebkriknsdileyferplagnetit halp of liee phips €l dxaneRt iivrthe aswial aor e
robust than the solutjonsfobtaine usi ng_t he resgl tion nethgds q{ ﬁge
prior artPMaripeLORWIEING Bfereaag)edp Jaret il ARL A PHUOLEREYF LUK " f'hd %S ur f ace
of tie fRNEOEBGBEIdvEntBYduslyThiacalBbtwkeERIThE hobUsts. THimdrbhgemaddtymaleans t hat
the solution is nodified |ittle or not at | b i,Sruptions or naqjses.
50The. retaroRer B Mbeer et RESiberesufk dtbed EerBLegr and et

accor di ngedifed! BenrRces@NFuitharaitld, afe NASr hutpdopRBintiera omgactimsetidat maksecal e of

1130t h of a ubl e- hul | supnari ne. Fi qur es |, nd re graphs

maki ng i'[ P%ﬂﬁ‘? g% %Oftséﬁjeeajﬂbb&%@‘-‘%% %’P@r‘fﬁ?‘iﬁi’e"%g‘et%‘zs‘ﬁ%ﬂler%‘% D SsERIL ng

t hehmst h_sa@%@@iﬁefrecﬂsn@erltsaat_tehebypmquar §eoanglaracsmmﬁsngu<tm at% Eae iemgieeti Viee 35
net no W t t he ct ua Sl ature asur e ensor. e nature,| s

T el o: dhaghstic TeR Sherturrrnd e i ol T e §STe foafesh 6 PRl afh€ e BiL' Do
and | ocahed cdife Rvbeeet hetht atdgeitic POIid iirmeredt, ¢.or thespagrditio gieldogdrizeataer t i cal

of the center of gravity of the huyll. The h 20 figure 4, shows the

| ongi t udi¥h& EAHBRAMRN é'lsgibﬁéorhﬁa%? iSHﬁ??eeg{i%P%ﬁ[ eﬂieh%dl&g’gp*ﬁ %?'ngliﬁjr e5
shows t hgvargivé hedlodoeaqob enthedhotehaicusienes & r&dut. The magnetic field sensors
are glued on, the outer wall of the.inner

] hul I, of th bpari,ne. A r
Si gnif i cant WWEH deareBRNGERS B anPOLRT dat (BRR PRse 4 dia il e gt e
accapdi ngulit eppliel or 8 Seagndtio it s@tsoamibdrhtiabaied elinedit @hakidr serebr tiee ishi p.

The nethod according to . the, jnventiqon,allo reci.se calcul ati on.of the
Tt el i M adtatt i Bt ep antker Bl O R B s aRt &l
advant ageedrd thelrisg pose ishpnedheButfdve @idhsiddewafd thbendidy oothmaghit éfchdiul | of

the ship, For exa , in the case of bpari.ne. conprising a
ferronagfﬁE'P?"ég'i‘%ﬁgmiE(tﬂ"}’h'%[h‘epeaw'ﬁ %ﬁ@oﬁ?ﬁéﬂﬁ%{’r’%ﬁ%}atﬂ& |, the 10 sensors are
advant ageously placed between the two hulls. This arrangenent nmekes it
possible to reduce, inside the inner hull, the bulk caused by the sensors
and ©heir el ectrical connections. Furthernore, the inner hull constituting
a magnetic shield, it makes it possible to considerably reduce, or even
cancel, on the outside thereof, the secondary magnetic fiel ds generated by
the i nner secondary sources, such as the engines. The 15 magnetic field
measur enents done by the sensors | ocated on the outside of the inner hul

t hus conme even closer to the magnetic field of interest, i.e. the magnetic
field generated by the magnetization distribution on the surface of the
hul . The solution to which the inventive nethod |eads is all the nore
accurate as a result. Wthin the neaning of the invention, the terns "close
to the hull" or "glued to the 20 hull"” applied to a magnetic field sensor
mean that the element of said sensor that is sensitive to the magnetic
field is placed between O and 10 cmfromthe surface oriented toward the
outside of the ship or the surface oriented toward the inside of the ship
of the ferromagnetic hull for which one wishes to calculate the signature.
25 21 CLAIMS 1.-A nmethod for the real-tinme determ nation of the

magneti zation of the hull of a ship, the hull of the ship being nmade froma
ferromagnetic material and subjected to an inductive nagnetic excitation,
and the ship being provided with a plurality of magnetic field



5sensors positioned at predeterm ned points relative to the hull,
conprising the following steps: a) - acquiring a plurality of nmeasurenents
of the magnetic field using the plurdlity of sensors; b) - assessing the

i nductive magnetic excitation; and 10c) - determining a likely distribution
of magnetic sources on the surface gf A@?\g hul I by resolving a system of
equations derived froma nodelizati r"r t he physi cal phenonena at play, on
the basis- of A methollusethe ryalaimegstsumieatontcs thakeapnetizdtidrhef the siels skal shinduct i ve
magneti c

excitatjon,. . characterized.in that, in_ said del.i i,on
i nduced tﬁﬁéﬂ@t%&“?oﬁ%é’?’% 5‘88’85{'5?'? N SRS 'E?tlef'%]u?ri%gﬁu%?gtgé ptgl 40
sour cels ind\ettivemanestic gxaigth| andthershgsberiepdesied witbc dyrabty df signdtistiieh of
nonopol ar _source and, in that. said. nodelization,.c ri : .a first
TodeP asBsPRROGORALAECPELTIER Rt FTBUETSHTE Fof e R P Sng delovd
mat eri alstgpd: h t he nmeasurenents of the magnetic field; and a
second del, relatiye to the behaviqgr of the ferronagneti ial
descri biHg 2L RHTRIR O%éf‘%sé!ﬁer%\e'ﬁ%éﬁé?? @%&E‘%g@@t i %peo %J?é“b’? % he
mat er i algergbsh a nmagneti c source at another point of the material. 2.-The
met hod cordi n&ﬁto claiml1, ch ract%gi zed,in that the nethod uses a

t r ansf or M PSHERIAGNT NIPSLEipdelis eXd@lRT A at | east one distribution of
monagol af) -sesteeesingvat fkely dissibuiidrubl emgoétidipotes osdue cesaa@ndf the Rulltansf or m

T * making it possible to associ.ate, 25at | east. one distribution of djpolar
sour ces r\ﬁ??‘wn%g&ﬁt?miogﬁﬁ%tf?"& eﬂﬁ?fgfﬁ?fpgrm%(%%ﬁtgg Og.ﬂze ’%Y ‘Cﬁ{;ﬂﬂ%am%&‘%%{r gi ng
to cl ai midy, drathactesid aktha plutdiiat of aiedsurediehiszakemmnddes sasassed ueductioxel of
the hull_ of the s{%i.g conprising a primary mesh nmade up of a plurality of

pl anar JAEBIF PYSFAY Vel enentary surfaces. 4.-The method according to claim

g, char agHaeqdigtgdd imthahat saldymedeioritinaindusar frageetaf s@btdsearpdesmibgdribgsh, t he
i stributian of dipolar sources iis unifarmand.tangential to i d face

el enent éft’-"‘g’ﬁ@nnﬁgt ﬁtﬁ’a%éc%?&,f‘iﬁsnan? JGE‘FQ?‘% @agpgtcl 3?%0%8, aé?‘laotreg%!:t?berd i izjz in

t hat t hedigtribitionfiionbp&ifr souRaEsObRd insthatrezesmbdseldbteT @nmzisds:at t he nodes of

the primary ne

charact eri zed ﬁrgt' ?ﬁ%{%‘ggg?ggf%%g%ﬁa%ﬁg@%@g aitgﬁ'ibﬁhar'x ﬁth%é&?ognga?ﬂni%%%%gé? iﬁp ?E ![ 32
( AmAM nglith e rdsasutrefnentgdoBhd niagnegiicefield; and
- a second model, relative to the behavior of the ferromagnetic material, describing
20  the coupling between a magnetic source at one point of the material, with a magnetic
source at another point of the material.
2.- The method according to claim 1, characterized in that the method uses a
transform 7' making it possible to associate at least one distribution of monopolar sources
with a distribution of dipolar sources and/or a transform 7' * making it possible to associate
25  at least one distribution of dipolar sources with a distribution of monopolar sources
3.- The method according to claim 2 characterized in that said modelization uses a
virtual mode! of the hull of the ship comprising a primary mesh made up of a plurality of
pianar and polygonal elementary surfaces.
4 - The method according to claim 3, characterized in that, by elementary surface of
30 the primary mesh, the distribution of dipolar sources is uniform and tangential to said
surface element
5.~ The method according to claim 3 or claim 4, characterized in that the distribution of
monopolar sources is discretized at the nodes of the primary mesh.
6.- The method according to claims 4 and 5 in combination, characterized in that said

35  system of equations to be resolved is written:

4, AT p™Y (m
D, +M[d D,T*fo™ ) |s,



22 with: - m a vector whereof the jth conponent is the difference H(R)-HO
(RI') between the neasurenent of the magnetic excitation done at point RJ by
the jth magnetic field sensors and tHé val ue of the inductive nagnetic
excitation at point R; 1R R 51 a matrix whereof the elenent Ais the

oper at or wit ulT)dL. (R) 4ff LR R .1 associated with an elenentary surface
i of th¥ rbrl mary mesh having a plurality of edges 4, each having a normal

int h% %?or%he%@ 1 W%%n?%ﬁﬁ@mﬁgﬁ—g}c@n éﬁ a)I eﬁt ef | Ut e

outS| de o el enentary ace mi Prof vectors

form ng felaidieflof iEmSLRIBUBNioR Woh&GEroinCr, g?tﬁé‘%mn%gn%@ﬁﬁé’fser?_%?s th

conponent "1'S proportiond & hduct | Ve nagh I C ‘'excl'tation ex
p0|nt of ry mesh; ze

w R R frvhie St PN RUAARS Rt RE BOWTR YT =1s The operator 471-
and - T, atransformation matrix such that (grem)=T ern)R, whose
pseudo- i nugr.se msmi5mem@ﬂeMeT§emeﬁtuéThesnnéhmﬂuﬁmcqufmgitbwaﬂyHQWQ of the
precedi ng clains, characterized in that the deterni f#Fon ofR&he likely
di stribution of magnetic sources involves a preconditioning procedure. 8.-
The net esgosisiedrdinray elemanipnosiafase I 19 ther vty mepsel having @ el edpeed in
that the 20determ nation of the likely distribution of magnetic sources
i nvol vesla SACHJAVEX ¥ d1otBaldéc indiss Plene et ghe Glafigraary %Jrf-ac‘ik fret o899 t he

real -tinme determ nation of the mag netl c signature of characterl zed
in that tPWaES’otHﬁPPESéj?OJS@ldé%e%fﬂtaM?é* ragey angdiWhe el ¢4 &%Pﬂ'éf’ﬂff%t%? Tqriing a

magnet i atslfo(?(y_\e eE%R%%ntgw éurPacet he ship using the nethod according to any one
of clai

10 - §,,, a vector whereof the " component is proportional to the inductive magnetic

excitation ey, ata point of the i" elementary surface of the primary mesh;

RR
- D, . a matrix whereof the element D,, . is the operator m‘—zﬁj(ui.ﬁj) ——dL(R,);
an s, R,R|
and
- T, a transformation matrix such that (Q")=T (p,”"), whose pseudo-inverse is

15  denoted T%*.
7.- The method according to any one of the preceding claims, characterized in that the
determination of the likely distribution of magnetic sources involves a preconditioning
procedure.
8.~ The method according to any one of the preceding claims, characterized in that the
20  determination of the likely distribution of magnetic sources involves a singular value
decomposition procedure.
9.- A method for the real-time determination of the magnetic signature of a ship,
characterized in that it comprises a step for the real-time determination of the
magnetization of the hull of the ship using the method according to any one of claims 1 to
25 8, making it possible to obtain a likely distribution of magnetic sources on the surface of
the hull, and then an additional step consisting of calculating the signature of the ship from
said likely distribution of magnetic sources.
10.- A method for the magnetic immunization of a ship, characterized in that, the ship
being provided with a plurality of immunization loops having predetermined geometries
30 relative to the hull of the ship and power supply means capable of being conirolied so as
to cause suitable currentis to circulate in the immunization loops, independently of one

another, the method comprises, in addition to the steps of the method according to claim 9



25 8, making it possible to obtain a likely distribution of magnetic
sources on the surface of the hull, and then an additional step consisting
of calculating the signature of the ship fromsaid likely distribution of
magnetic sources. 10.- A nethod for the magnetic inmmunization of a ship,
characterized in that, the ship being provided with a plurality of

i muni zafer the ealdjee Hefermigatimeridbe pignalete efdbersbipi @ stepocangishing 9fe99ﬁ“6*aifm9e hul |
of the s njbﬁé}gmpemmé WP R cifFR RS %am?eblr@ngfﬁlza@nmgog@%rg ke thoufly age t O
cause sulta currents to circulate in the imunization |oops,

i ndependugndtyrecst tenshimmot ieeyier eansistieg Rbepréoiips ithgerowsr s uRRYiME2Hh SP 85 tthe
steps of 4 Qe s%t&ﬂﬁ!aég%ﬁght@% E;?ctﬁét@'umhg im#ainizefior IBgpd.€al -time

determ nati on ignature of the ship, a step consisting of estimating
the di ff&rentA éavfm@fﬁ)éorttbe b@lﬁmﬁcqﬂt%mwt'pﬁofﬁ@m@ﬁﬁ%ﬁmqwq Bdbd) ¥ as to

modi fy the, sihgnajiuseef sﬂ;&%eﬂa' Rrad8Nfhra = ffRntmelis Mg fsusReletobl 409 t he

power suppl’y nmeans so as to cause sald estimated currents to circulate in
t he | mminiedivé oragneiapsxcitation. (IA d@\ﬂf@@er@@ﬁ if that ttivempezds: t i me det ermi nati on

of the magnetization of the hul a ship, the hull of the ngp bei ng
made from a feephum#afgqféﬂ@@eﬁaff@ﬁ.sanS%fa&T)&qsaﬁan% LA CPAGIENPY 8OREgRE( YT
excitatigninhd ndilo ), characterized in that it conprises: a plurality

of magnetic field sensors positioned at %Hdeterm ned points relative
to t¥e hull; @Wﬁ%d?tﬁwlﬂ‘égéferﬁ‘ﬁll‘cﬁ’ﬁem?ém?% PNRD: RBGnet i c excitation: and

a conput.ati ong Bihbutbdeh uioRBeedR@clea thhge plikdiig] dfts)én%rs%ﬂﬂﬁ@lﬂﬁe @B&hd for t he
nmeans for determ ning the I nductive nmagnetic excitati on ﬁabl e of

execut i n@FteRENING dhe FOUFBRsTEINelC %ﬁ'fﬁi'to@r canagler aneHesUiingD fucigns et hod

accor di nghnbgutéMrogiag @fimﬁleﬁié’rﬁ‘?thb ﬁl@thgdfa@,éor&ilhﬁ t6 ea) ohé Lasecadmﬂ 9 Bagriten of
t he magneti zation of the a ship or the nethod ccortgod gng 0 claim

R e L O L W L T R @ IR P ReRe rdingr e

devige agCidig@r tHe rehidine a&emqﬁaro@cafw Q@rﬁbtuﬁé dfa%h;pat Ieast one sensor
fromthebglurallt (7) of sensors Isn?gfl on the hul

devi ce abeor dlfyd %C%P%Ofﬁ'ngﬁ%ﬁlam 3 act%wépdett%%t.%é%ﬁ%iﬁn?r%&m%&fr%ast

one sens g pwr@;m,gjf}e,fgéﬁgoag ikigetfonspason 8)(7) is a biaxial sensor measuri ng
t he conponents of 20the magnetic field that are tangenti al iqhe hul I (1).

14. - Theldevi the deden G?W@d'ﬁ%t‘éﬁ‘ﬁ"%ﬂé I clriMaf frechfaciedized in éfvﬁi@é a8t P%%d i n

that at {fast fr@r'ﬂ@thé‘f}ﬂ@é%fty Brgénsb&e(mwé Bldxiay s@sop ensRisnd e dosnpohase Gf
out si de the hull f A device for the magnetic

i A zalhe SReasetia ’%‘Hﬂi?*@fe ?H%ertt‘?b‘@ tf“l"’lEP'b@l)ng a plurality of inmunization

| oops havi ng pedsliey é@c@%gamédee& dghRtivie 130 chivecleubéd (hlthatodt iédse ship,
25 power supply neans t he i_muni zati on gﬁ%ﬂ %o% means for
control I‘P'Wgsetrﬁ@r edhe %’H iyy"f ﬁ%%ﬁ?és ) '3 PRCSARHINIS (Tb¥pee shiar act eri zed
in that ifie cepblies f&w&agwkum@aﬂm 6Ea 86i6 OF mertgpé Qac@ﬂhg@'@ur@fltﬁ@ ai ms
11 to 14 capable of calcul ati negtgt he nat ur e of t e device

accor di ngreizaion deppsoravingaRTRE ri“‘f‘% E OMBiHgP Jelptive t?e% 'ﬁ‘”t(%?f frejship,
30onBpar ghdresuspiy Prasre i epffol e iMBanRbiicalbbsy) a0k nidigishied donkrllisgtrerpowaed.

supply means of the immunization loops, characterized in that the control means include a
device according to any one of claims 11 to 14 capable of calculating the signature of the
ship.

16.- The device according to any one of claims 11 to 15, characterized in that it is

30  onboard the ship whereof the magnetization of the hull is determined.



