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Improved method for determining the magnetization of the hull of a ship, and
associated device, |
The invention relates fo the technical field of methods for regulating the magnetic
signature of a ship.
The signature of a ship is the set of values of the magnetic field created by the ship,
evaluated in a reference plane. When it is a surface ship, this reference plans is generally

horizontal, situated under the hull of the ship approximately at one times the width of the

“ship, or typically 10 fo 30 m.

' FR 2 825 803 disclosas a method for regulating the magnetic signature of a ship.

In its portion for determining the signature of the ship, this method provides for
acquiring a plurality of measurements of the magnetic field, using a plurality of sensors
tocated inside the hull of the ship.

Then, from this plurality of measurements and the value of the local terrestrial
magnetlic fieid, it provides for caiculating the most likely magnetization distribution on the
surface of ihe hull using a first model that assodates a magnetizafion distribution with a
pluraiity of measurements of the magnetic field, and a second model thaf couples the
magnetization at one point of the huli with the magnetization at ancther point of the hul.

The magnetization in guestion is then the total magnetization at one point of the hull,
corresponding o the addition of the permanent magnetization and the magnstization
caused at that point.

Lastly, the magnetization distribution thus calculated is used to estimate the vaiue of
the magnetic field created by the whole of the reference piane, ie. the signature of the
ship. ‘

in its reguiation portion, this method provides for minimizing the signature of the ship
thus determined. To that end, the hull of the ship is equipped with several so-calied
"magnetic immunization" lcops, made from a materia! conducting the electrical current,
and the ship stores electrical power means making it possible o circulate suitable
electrical currents in each of the loops independently. The circulation of a current in 2 loop
generaies a magnetic field that is superimposed on the local terrestrial magnetic fieid and
on the field created by the magnetization distribution on the hull, knowing that the lafter is
modified by the mégneﬁo field generated by the loops. Thus, by regulating the electrical
currents circulating in the different loops, the signature of the ship is minimized.

The precision of this method rests on the represeniativeness of the plurality of
measurements of the ?ﬂagnetic field using the plurality of sensors situated inside the hull.
and on the apfitude of the first and second models to precisely determine the

magnetization of the hull from the measurements resulting from the sensors.



When the sensors are located inside the hull, far from it, the method allows a
satisfactory determination of the magnetization of the hull corresponding to the
measurements done.

However, the measurement in the air of the magnetic field created by the hull is
disrupted. In fact, a ship contains secondary magnetic sources, such as the ferromagnetic
masses thai make up its engines. These secondary magnetic sources produce secondary
magnetic fields that are superimposed on the magnetic field created by the hull. The
secondary magnetic fields represent a strong disruption for the information one seeks to
obtain by using the sensors. Also, the measurements are not very representalive of the
magnetic field resulting from the magnetization of the hull. As a result, the magnetization
of the hull calculated from the measurements done inside the ship is not precisely
representative of the actual magnetization of the hull. As a result, the signature of the ship
thus calculated may be very different from the actual signature of the ship.

To improve the ratio of the relevant signal to the disruption, it has been considered to
bring the sensors closer to the hull, to position them in the immediate vicinity thereof, and
to move them away from the secondary magnetic sources as much as possible.

However, when the sensors are brought closer to the hull, the signature determined
by the implementation of the method described in document FR 2 825 803 no longer
corresponds to the actual signature of the ship.

Embodiments of the invention therefore aim fo offset this problem by providing a
method for determining the magnetization of the hull of & ship making it possible to obtain,
from magnetic field measurements done using sensors onboard the ship, a solution that
may be robust and that may not be disrupted by parasitic magnetic field sources contained
in the hull of the ship.

According to a first aspect of the present invention, there is provided a method for
the real-time determination of the magnetization of the hull of a ship, the hull of the ship
being made from a ferromagnetic materal and subjected to an inductive magnetic
excitation, and the ship being provided with a plurality of magnetic field sensors positioned
at predetermined points relative to the hull, comprising the following steps: a) - acquiring a
plurality of measurements of the magnetic field using the piurality of sensors; b) -
assessing the inductive magnstic excitation; and ¢} - determining a likely distribution of
magnetic sources on the surface of the hull by resolving a system of equations derived
from a modelization of the physical phenomena at play, on the basis of the plurality of
measurements {aken and the assessed inductive magnetic excitation. In said
maodelization, the induced magnetic sources are described by a distribution of dipolar
sources and the remanent magnetic sources are described by a distribution of monopolar
sources. Said modelization comprises:



-a first model associaling a magnetization distribution in the
ferromagnetic material with the measurements of the magnetic field; and
- a second model reiative to the behavior of the ferromagnetic material,
describing the coupling between a magnetic source at one point of the material, with a '
magnetic source at another point of the material; |
Aécording to specific embodiments, the method comprises ong or more
of the following features, considered alone or according to all possible combinations:
- the method uses a transform T making it possible to associate at least one
distribution of monopolar sources with a distribution of dipolar sources and/or a
transform T * making it possible to associate at least one distribution of dipoiar
sources with a distribution of monopolar sources;
- said modelization uses a virtual model of the hull of the ship comprising a
primary mesh made up of a plurality of planar and polygonal elementary surfaces;
- by elementary surface of the primary mesh, the distribution of dipolar sources
is uniform and tangential to said surface siement;
- the distribution of monopolar sources is discretized at the nodes of the
primary mesh;
- said system of sgusations io be resolved is written:
ey T
D, +id D,T* Qf’") Q\SM} .
with:

- m a vector whareof the [ component is the difference H(R (1= Hy (R;) between the

measuremant of the magnetic excitation done at point R ; by the ¥ magnetic field sensors

£

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

1
4

.. RR,
L (w7, ﬁ‘i’f’i (&)

L

- 4, 2 matrix whereof the element 4, . is the operator

associated with an elementary surface S, of the primary mesh having a plurality of edges

L, each having 2 normal 7, in the plane of the elemantary surface §, and oriented

{
foward the outside of said elementary surface, and where . is a pair of vectors forming a
basis of the slementary surface;
- S, 18 a vector whereot the ™ component is proportional to the inductive magnetic

excitation eyH,, ata point of the I slementary surface of the primary mesh;

e, .. RE
- D, Is a2 matrix whereof the element D, . is the operator —if—j (ui,.n,.}TJdeLf (R):
) L R R

T

and
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~ T 2 transformation matrix such that (0" =T (5,"), whereof the pseudc-inverse is

denoted T *; .
- the determination of the likely distribution of magnetic sources involves a

preconditioning procedure;

- the determination of the likely distribution of magnetic sources involves a
singular value decomposition procedure.

According to a second aspect of the present invention, there is provided a

method for the real-time determination of the magnetic signature of a ship, comprising
a step for the real-time determination of the magnetization of the hull of the ship using
the method according to the first aspect, making it possible to obtain a likely
distribution of magnetic sources on the surface of the hull, then an additional step
consisting of calculating the signature of the ship from said likely distribution of
magnetic sources.
Accoerding to a third aspect of the present invention, there is provided a method for the
magnetic immunization of a ship, the ship being provided with a plurality of
immunization loops having predetermined geometries relative to the hull of the ship
and power supply means capable of being controlied so as to cause suitable currents
io circulate in the immunization loops, independently of one another, comprising, in
addition to the steps of the method according fo the second aspect for the real-time
determination of the signature of the ship, a step consisting of estimating the different
currents to be circulated in the immunization loops so as to modify the signature of the
ship, and a step consisting of controlling the power supply means so as o cause said
estimated currents to circulaie in the immunization loops.

According to a fourth aspect of the present invention, there is provided a device
for the real-time determination of the magnetization of the hull of a ship, the hull of the
ship being made from a ferromagnetic material subjected to an inductive magnetic
excitafion characterized in that it comprises; a plurality of magnetic field sensors
positioned at predetermined points relative to the hull; means for determining the
inductive magnetic excitation; and a computation unit connected to the plurality of
sensors and to the means for determining the inductive magnetic excitation, capable
of executing the instructions of a computer program to implement the method
according to the first aspect for the real-time determination of the magnetization of the
hull of a ship or the method according to the second aspect for the real-time
determination of the signature of a ship.

According to specific embediments, the device comprises one or more of the
following features, considered alone or according to all possible combinations:

- at least one sensor from the plurality of sensors is glued on the huli;
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- at least one sensor fram the plurality of sensors is a biaxial sensor measuring
the components of the magnetic field that are tangential to the hull;

- at least one sensor from the plurality of sensors is placed outside the hull of
the ship.



According to a fifth aspect of the present invention, there is provided a device for
the magnetic immunization of a ship of the type including a piurality of immunization loops
having predetermined geometries relative to the hull of the ship, power supply means for
the immunization loops, and means for controlling the power supply means of the
immunization ioops. The control means including a device according to the fourth aspect
capable of calculating the signature of the ship.

The devices presented above may be advantageously onboard the ship whereof
the magnetization of the hull is determined. '

Embodiments of the invention and the advantages thereof will be better
understood upon reading the following description, provided solely as an example, and
done in reference to the appended drawings, in which:

- figure 1 is a diagrammatic illustration of the facility making it possibie 1o regulate
the signature of a ship;

- figure 2 is an illusiration of a portion of the mesh of the hull and its dual meshing;

- figure 3 is a flowchart illustrating the reguiation method; and

- figures 4 and 5 are graphs providing the value of the signature for different

jongitudinal positions under the hull of the ship.

Device

The ship for which one wishes to regulate the magnetic signature comprises a hull 1
that ts made by assembling sheets of metal. The sheets of metal used are made from a
farromagnetic material characterized by a reversible magnetic suscepiibility 7 .

The hull has an inner surface 3, oriented toward the inside of the ship, and an outer
surface 5, oriented toward the outside of the ship.

The ship contains a device, indicated by general reference 6 in figure 1, for the real
time determination of the magnetization of the hull of a ship. The device 6 is capable of
implementing the methods for determining the magnetization of the hull of a ship, and for
determining the signature of the ship and magnetic immunization of the ship. _

The device B comprises a plurality of magnetic field sensors 7. For example, 50
sensors are positioned in the volume V2 inwardly delimited by the inner surface 3 of the 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 befween 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 fo
the huli are taken into account. in fact, the measurement of the normal component of the
magnetic induction B has an unfavorable signal-to-noise rafic and including it in models
could be catasirophic 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
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method according to the invention. The position of each sensor 7 relative o the hull is
known.

The device € also comprises a plurality of immunization loops 8 for circulation of an
electric curreni, The locps 9 are made from an elecirically conduciing material. The loops
9 are independent of one another. They form electric circuits of known geometry and
positioning retative {o the huil.

The device 6 comprises power supply means 10 that can be controlled so as o
cause suitable currenis to circulate in each of the loops 9 independently of one another.

The circulation of a current in a loop 8 generates a magnetic excitation H capable

of causing a distribution of magnetization in the huil 1. in this way, the different loops 9

make it possibie to modify the vaiue of the inductive magnetic excitation 7.

The device & comprises means 11 for assessing the inducfive magnetic excitation

H,. These may for example be means making i possible io assess, at a given moment,

both the terrestrial magnetic excitation at the location where the ship is sifuated, and the
magnetic excitation induced by the immunization loops at each point of the hull of the
ship.

The device 8 comprises a computation unit 13 capable of carrying out the different
staps of the methods for determining the magnetization of the huil, determining the
signature of the ship, and immunization, described in detail below.

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

Upon each fime interval, the compuiation unit 13 runs a computer program whersof
the instructions are stored in the sforage 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 foilowing steps:

a)-  acquiting a plurality of measurementis of the magnetic field using the plurality of
SENsors;

by~  assessing the induciive magnetic excitation;

c}-  determining a likely distribution of magnetic sources on the surface of the hull by

resolving a system of eguations derived from modeling the physical phenomena at play,
on the basis of the plurafity of measurements taken and the assessed inductive magnefic
gxcitation,

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

sources; and
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g)- confrofing the power supply means so as o circulale suitable currenis in the
loops, o modify the magnetic excitation of the induciors and, consequently, to regulate
the signature of the ship.

Step ¢) implements modeling of the physical phenomena, a virtual model of the hult
of the ship to discretize that modeling and obtain a system of eguations to be resolved,
and mathematical methods for resolving said egquations. These elements will first be
presented.

General Information

The magnetic signature of the ship is given by the set of values of the magnetic
induction at different points of a reference surface, For a surface ship, said reference
surface is a portion of 2 plane situafed under the hull, for example at approximately 10
meters. For a submarine, this reference surface is a portion of a coaxial cylinder ouiside
the substantially cylindrical hull.

The magnetic induction on this reference surface results from the superposition on
the one hand of the terresirial magnetic induction and the magnetic induction created by

the cutrent 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 huli includes an
induced component A/ it oroportional to the total magnetic excitation H(P) at the point
P (M™ = yH), and a remanent component M’ , resulting from the magnetic history of
the hull.

The fotal magnetic excitation A(P) at a point £ of the ferromagnetic hull includes
a so-calied inductive component H,, independent from the material, coming from the
terrestrial magnstic excitation and the magnetic excilation creaiad by the different current
loops, and & so-called reduced component H " dependent on the material, resulfing
frorn the magnetization M (P") at all of the other points P' of the huil.

The reduced magnetic excitation H™ has mathematical properties that are similar
to those of an electrostatic field. In particular, H™ derives from a potential o:
H™ = grade

Model of the hull

it will be considersed that the hull is a thin ferromagnetic medium, reduced to a

surface S , with a thickness ¢.

Passage conditions through the hull

The main characteristic of ferromagnetic materials is their capacity 1o channel the

flow of the magnetic excitation. This property is amplified when the thickness of the
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ferromagnetic material is reduced relalive to the other characteristic dimensions of the
material and if the magnetic permeability y of the material is high.

These conditions being verified in the case of the hull of a ship, the normat

component H, of the total magnetic excitation H is null, ie. the total magnetic

excitation H in the material is considered tangent to the hull, and its tangential

component H, is constantin the thickness of the hull.

?
The passage conditions at the first interface between the material of the hull and the
volume losated outside the hull (indicator 1 in figure 1), the passage conditions at the

second interface between the material of the hull and the volume located inside the hull

{indicator 2 in figure 1), and the hypothesis that the hull is reduced fo a surface § lead to

the continuity of the potential ¢ and the discontinuity of the normal differential %qg of the

71

potential ¢ when passing through the surface S being written as follows:

o =,
%_%i(}
tn  én

Madeling of the magnetic scurces

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

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

The distributions of acceptable sources must meet the passage condifions indicated
above,

Surface distribution of charges

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

charges or distribution of monopolar sources, denoted ().
The passage conditions are then writien as follows:
&=

bp, Op, ‘
LI (P
dn oOn 4(F)

When passing through the surface §, the reduced magnetic excitation H'™ follows
the equation: H™ — H™; = g(P).J7i , where indicators 1 and 2 respectively refer to the
outside volume and the inside volume delimited by the surface S of the hull, and 7 is the

vector normal to the surface § |, at point P of the surface S.
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This vectorial equation indicates that the tangential component of the reduced

magnetic excitation H™ is preserved, and jumps from its normal component through the

surface §.

Such a distribufion of monopolar sources creates, at any point R , a reduced

poteniial and a reduced magnetic excitglion:

wyﬁ~U§£kqm
H™ (R) == j [acpP) ——dS(P) (1)

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

points P and R .

Surface distribution of tangential dipoles

The surface § of the hull bears g surface distribution of dipolar sources, denoted
p(P) at a point P of the surface S . The passage condifions for this distribution are

written as follows:
@ =@, = p,{P)

008 v ()
on  Om

where p (P) and p,(P) respectively represent the normal component and the {angential
component relative to the surface §  of the distribution p(P) ; and div, represents the
divergence operafor stressed on the surface § .

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

surface § of the hull mests the passage conditions through the swrface § . In the
following, the indicator t will be omitied.

Upon passage through the surface S, the reduced magnetic excitation H™ follows
the equation: H™ — H™y = {div. p(P)]#

Such a distribution of dipolar sources creates, for any point R |, a reduced potential

and a reduced excifation:

P(R) = — j‘ (5 2asip)

PR
H™(R) —Mj [grad(pp). —)dS<P> (2)

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

points P and R .
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Commenis

These two distributions of sources, by charge and by dipoles, represent the same
physical phenomenon and create the same magnetic excitation at any point R . This
requires that: divy p(P) = ~q(P)

Furthermore, a magnetized volume (O creates a potential having for expression:

PR
e dQ(P)

oR = [[[ 4Py

whera M(P) is the magnetization at a point P of the material.

The magnitude M({P) being constant along the thickness e of the sheet, the

volurne integral may be replaced by a surface integral. The change is made from a triple
integral on the elementary volume dQ of the hull to a double integral on an elementary
surface dS (which 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 A/ leads to: B =eM , white the relationship between p and
g leads to: g = ~ediv M .

Coniinuous modeling of physical phenomena

First mogeling
The magnetization distribution M(F) in the hull, which is the sum of the induced

magnetization M™ and the remanent magnetization M'™, generaies a magnetic

gxcitation at a point £ in the air that assumes, according fo equation (2), the form:
1 RP

H(Ry=H(R)+H™(R)=H (R} +— rad (M {(P),——)dQ(P (3

(R) = Hy(R)+ H™ (R)= H,(R) M{gj}jg (M(P).225)d0P)  (@3)

By reversing this relationship, the first modeling, commonly called modeling of the

inverse problem, makes it possible to determine the magnetization distribution M (P,
from a pluralily of measurements of the magnetic excitation at predetermined points R

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

Second medeling

The induced magnetization M™ at a point P of the hull is proportional to the total
magnetic excitation H(F) at that point 7 ;

M™(P)= zH(P)

Or:

PP N
o QP (4)

M¥(P) = y[H,(P) +£;£ [[[grada (P,
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This relationship transiates the behavior of the material. it couples the response of
the material at point P , L.e. the induced magnetization M "™ (P) at point P , with the fotal
magnetization M{P") =M™ (P")+M"™ (P') at each of the other points P' of the huil.

Discretization of the first and second modelings

The surface distributions of magnetic sources are discretized.

To that end, a virtual model of the hull is used. This model compriges a2 mesh made
up of a plurality of elementary surfaces that make up an approximation of the surface S .
This mesh comprises N polygonal and planar elementary surfaces §,. Each

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

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

Dipolar sources

The distribution of dipolar scurces p(FP), 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,.

With 7, =eM, =eM™ +eM™ = 5" + p/" | the discretization of equation {3)

leads to:
‘ 1 & . RP
HR) = Hy(R)+ =3 5 [ erads (5(P).— ) (P)

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

PR
PR*

{ﬂgmd(M,-_(P).%)mm: [ grad, 3 7). )

8%

Where (. is an elementary volume of the hull oblained by fransiating the

elementary surface S, over 2 length equal to the thickness e along a normal to the

elementary surface 5,. S, is the closed outer surface of said elementary volume Q,,

oriented from the inside out.

In considering the different magnitudes to be constant along the thickness ¢ of the

volume Q,, the preceding expression becomes:

PR
PR’

[Jrad (PP LSS BV =F, [ (5P, L, (P)

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

surface S, and criented toward the outside of said elementary surface. in the following,
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for greater clarity, the indicators j on the different edges of 2 same elemeniary surface are
omitied, the sum over the different linear integrals becoming a contour integral.

From which,
H(R)=H, (R)+——~«Zj @« @liisae  ©

Or, in matrix form:

= ind
('&M AM )[ ;irem] =m

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 valus of the inductive magnetic excitation at point R, | and

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

i
elementary surface S, : — | (uw.h & f -dL(R,
ry g, AR R LR

J

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

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

N

E’/:':Hd (P) - eMiinrf (P} .

(P~

)dS ()

0d

; PP’*

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

surface S, and is equivalentto H,.

With

” grad {(p,(P'). P,s)dS ()= f (p,(P')n) dL (P,
one finally arrives at:

f_(—" 7ZI( (P)A,) dL(P')me,me

Which can be wrilten in matrix form:

— el
(ld+Db, D, )( ?"’”‘J =S,

i

With:
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- §,, a vector whereof the i component is proportional fo the inductive magnetic
excitation ey, at a point of the " elementary surface of the mesh; and

- Dy, the matrix whereof the element D, . is the operator

RR
_m?é‘ij(aiﬁf) L dL(R),
47y lR}.R

where R, s the position of the barycenier of the elementary surface S,.

These equations are veciorial. Considering only its projection in the plane of sach
elementary surface, this leads o a system of 2N equations with 2N unknowns. These
equations relative to the magnetic behavior of the material make up what we call the
second modeling.

Monopoiar sources

In the monopolar description, the charges are substantially proportional to the
magnefic flow escaping at the interface beitween the sheet and the air. However, the
magnetic excitation and the sheet being oriented tangentially, the magnetic flow tends to
escape primarily through the edges of the hull model. The method provides for the

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

agsociated with the elementary surfaces S, of the primary mesh. The slements relative to
this dual mesh will be described below. The dual mesh comprises N' elementary
surfaces S, , each being assoclated with a node & of the primary mesh,

As shown in figure 2, a dual elementary surface §', is associated with a node of the
primary mesh. Each dual elementary surface §', is built from the barycenters of the
different elementary surfaces S, containing the considered node & and the middles of the
edges stariing from that node 7 .

The charge O, condensed at the node & is defined by:
Qi’( = !}. qu‘k
S

where S, Is the dual elementary surface associated with the node &k of the primary

mesh.

The discretization of equation (1) ieads to:
T & R.R
H(Ry=H,(R)+ - (R
(R)=H,(R) M;Q,g( k)RkRv

Where the point R, corresponds fo the position of the node k.
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By distinguishing between the induced charge and remanent charge in the total
charge Q,,ie. 0, =0, +0,", one obtains:

AT - RR
H{Ry=H(Ry+— > {0 (R)Y+0C(R, i
( ) 0( ) 4755(*’& ( k) = ( rc))RkRg

(8)
or, in matrix form:

Q‘md\;
A, A ( Tol=m
( %4 Q) Oremj

\&
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 1 and

- 4, the matrix whereof the coefficlent Agaf is the operaior associated with a dual

R,
slementary surface S5°,: 1 —&‘——‘;
47: Rka

To discretize the second modeling coupling the monopolar charges to one anothet, one

has:

g = —ediv M

0, ={[qds', =—ef| divMas,
5 5

Oﬁr’m’f =_p e'divSMinddSrk

=k

Sy

By using equation {4), ona has:
0" = e[| divy yH,(P)+ 7™ (PYUS", (P)
B
Then, by injecting equation (8) info the preceding equation, one has:
[ | \
ind _Lfif_‘i d ind Fent 4. R;P 1 Vo , vy
0+ Lg(@ +0, )ﬁ Aol G5 () =< A S

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

to the extrusion, over a thickness e, of the elementary surface 5", of the dual mesh
associated with the node &, on

—e|fdimyas,, = e [V dL,
5, LY

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

elementary surface, one obiains:
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in dJ in rem Ri-R;. - . - .
d(Rn’c)* (Z( d(Rl>+Qz {Rz))L, RR 3 -nk-de(Rk)}z““‘@ZL. Hy(Ryadl', (R}
‘ 1 E 7 k ¥
{7)

or, in matrix form:

ind
Ud+p, D }(Om] S,

Withs:

- Sy a vector whereof the k" component is given by the expression

—e;gjyk H (R ). dL, (R,) relative to the k™ dual elementary surface §',; and

- D, the malrix whereof the coefficient DQ is the operator ~—f X “’ AL dL (R

Equations fo be resolved

Synthetically, the eguations to be resclved are the following:

In the description in dipolar sources:

[ A AR () | )

\Dy +id D, AP, ”’j WSy )

in the description in monopolar sources:

( AQ AQ znd m {B)
%\UQ + Id Q \Q SQ

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

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

Transformation for going from descrigtion _in_dinolar sources o description in

monopolar sources

According to the method of the prior art, 2 system of equations is resolved ascording
fo one or the othar of equation systems {A) and (B). The obiained solution is relatively

precise in the case where the sensors of the magnetic fieid are far enough away from the
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hull of the ship. Otherwise, when the sensors are close or glued 1o the hull of the ship, the
obtained solution is distorted and is consequently not satisfaciory.

The method according to the invention resoclves another system of equations (C).
Equation system (C) derives from the combinations of both systems of equaticn {A) and
{B), so as to precisely and robustly model both the vectorial appearance of the problem, in
particuiar the link between the measurements of the magnetic fields and the sources, and
the scalar aspect of the problem, in particular the mutual coupling between the sources on
the surface of the hull. The solution obtained by resolving system of equations (C) is
precise, even when the magnetic field sensors are positioned ciose fo the hull.

To that end, the method according to the invention uses a fransform 7' making it

possible to go from the distribution of dipolar sources p, to the distribution of monopolar
sources @, : (0, ) =T(p,).
With:
0, = [[9(P)dS', (P) et g(P)=~div,p(P)
5!
It is shown that:
dy _—
O, =2 B [ dli, (Py (7)
A
Where:
- d, is the number of dual edges L', ; associated with the dual elementary surface §', of

the node k;

- it, , the 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 slemenis of the mesh, a matrix 7 is
obtained making it possible fo go from distribution in dipolar sources to distribution in
monopolar sources: (0,)=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

mairix to the mairices thal are not square, makes it possible to go from distribution in

monopolar sources {o distribution in dipolar sources: (p,} = T*(Qj) .
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Furthermore, by using the transform 7 only for the remanent magnetizations,

system of equations (C) is written:
[ A, Ay .T*\( ;a;""f}{ m ] ©
D, +1d DM,T*J o S
with:
- m the vector whereof the | component is the difference H(R )=H, (R,) between the

measurement of the magnetic excitation done at point R, by the ® magnetic fields

sensors and the value of the inductive magnetic excitation at peint R .

- A4, the matrix whereof the element A, . is the cperator j——! (w71 )—— dL.(R)
G 9L ‘Rva[‘

7l
associated with an elementary surface S, of the primary mesh, having a plurality of edges
L, . sach having a normal 7, in the plane of the elemeniary surface . that is otlented
toward the outside of said elementary surface, and where ¥, is & vector ordered pair
forming a decomposition base for the elementary surface §,;

- §,, the vector whereof the ¥ component is proportional fo the inductive magnetic

excitation eyH,, at 2 point of the i elementary surface S, of the mesh; and

RR.
- D,, the matrix whereof the element D, is the operator wfe—j‘(uj _ﬁj)l i :1% dL,(R,);
L RR.

and

FEIE e PERT

- T the transformation matrix, such that (@, ) =T (p,” ), whereof the pseudo-inverse
is denoted 7'*.
The unknowns 7, are first eliminated from the system. We have:
(") = (D), + 1Y (8, ~ D, THO™) (8)
and, consequently:
(O ™y = ((~ Ay (D, +1dY'.D,, + 4T * (m— 4, (D, +1d}"S,,) {9}
A simifar system of equations couid be written from the 4, and D, of equation

system (B).

Rebalancing the weight of the sources

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

favoring an elementary surface located across from a magnetic fisld sensor 7 relative to
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the other elementary surfaces of the primary mesh, the mathod according to the invention
provides a procedure for rebalancing the equation system (C).
Te that end, a procedure, also known in itself, for preconditioning rectangular

mairices is used,

In general, let 4 be any rectanguler matrix. ¥, and W, are the diagonal square

matrices whereof the terms are respectively the inverses of the norms of the rows and

columns of 4. The matrix 4, is then defined by: 4 =W AW,

This procedure tends fo decrease the influence of the most significant cosfficients of
the matrix 4.

In the case of eguation (8}, the preconditioning procedure preferably relates o the
matrix — A, (D, +Id)".D,, + 4,)T*.

By applying the preconditicning procedure to the latfer set of squations, one obtains:

oM =w, (W, .(—4,, (D, + 1dY*.D,, + AT * W) YW (m- A, Dy, +1dy 8,5

rem

The unknowns ;" are obtained using the preceding expression, then the unknowns

5™ are calcuiated from equation (8).

Lastly, the magnefic fieid created by the hull of the ship in the reference plane is

calculated using the corresponding part of equation (8) for the contribution of the

Fent

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

the contribution of the induced dipolar sources ﬁii”d.

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
signature of the ship, the computation means of the ship deiermine a plurality of slectric
currents suitable to be regpectively applied to the immunization loops with which the ship
Is equipped.

The computation means transmit these suitable electric currents as instructions to
the power supply means of the different immunization loops. The power supply means
apply a current comresponding fo the required suitable current as input for each of the
loops.

As a result, the currents circulating in the different immunization loops generaie an

inductive magnetic excitation modifying the tolal magnetic excitation H,.

Once the electric currents are established, the method for determining the
magnetization of the hull of the ship Is again carried out taking this modification of the
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magnetic excitation A, into account, so as fo determine a new value of the

magnetization. The method for determining the signature of the ship is theﬁ fterated with
the new likely value of the distribution of the magnetization on the surface of the hull.

Through successive iterations, the magnetic signature of the shib is minimized.

Furthermore, in one alternative embodiment of the method for determining the
magnetization, the singular value decomposition (SVD) procedurs is modified. In 2
traditional SVD, a sofufion is sought that minimizes a predefined criterion using a norm,
such as "the least squares.” In the present alismative embodiment, a soiution is sought
whereof the deviation from a reference solution minimizes the chosen criterion.

This reference distribution is advantageously the minimal norm distribution
determined during a preceding iteration of the method for determining the magnetization.

This reference distribution can alse be a distribution of magnetic sources measured
using a device adapied to a moment in the magnetic history of the ship. This
measurement may for example be done in a naval shipyard, before the ship takes to the
sea, using a stationary device,

In this way, the idea is transcribed that betwsen the momenis {-8t and t, the
magnetization distribution on the surface of the hull has svolvad from the ma'gnetizafim
distribution at t - 81, i.e. the reference distribution, and that the distribution at moment 1
does not need to be very "far” from the reference distribution.

it shouid be noted that this aliernative of the method for determining the
magnetization of the hull is independent of the equation system one seeks to resolve. it
may be implemeniad for other systems of equations such as systems (A) or (B).

This alternative has the advantage of leading to a more robust minimal nomn
magnefization distribution then in the singular value decomposition procedure traditionally
used. it shouid be noted that it has been observed thal the solution obtained by
implementing the present invention is much more robust than the solutions obtained using
the resociution methods of the prior art, irrespective of the distance beiween the sensors
and the surface of the ferromagnetic hull. The quaiiﬁér "robust” traditionally means that
the solution is modified little or not at all by disruptions or noises.

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

Figures 4 and 5 are graphs making # possible {0 compare the sighature of the hull
calculated using the f‘nethed according fo the prior art and according fo the inventive
method with the actual signature measured by a sensor. The signature is svaluated here
along an axis parallel to the longitudinal axis of the hull and located 10 m below the latter,

position G corresponding to the vertical of the center of gravity of the hull. The graph of
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figure 4 shows the iongitudinal component of the magnetic field, while the graph of figure
5 shows the vertical component of that same field. The magnetic field sensors are glued
on the outer wall of the inner hull of the submarine. A very significant correlation was
observed between the signature calculated according to the present invention and the
actual signature of the ship.

The method according o the invention allows a precise calculation of the signature
by bringing the sensors closer to the hull, said sensors advaniageously being posifioned
on the ouiside of the ferromagnetic huli of the ship. For example, in the case of a
submarine comprising a ferromagnetic inner hull and a hydrodynamic outer hull, the
sensors are advantageously placed between the two hulls. This arrangement makes it
possible to reduce, inside the inner hull, the bulk caused by the sensors and their
electrical connections. Furthermore, the inner hull constitufing a magnetic shield, it makes
it possibie to considerably reduce, or even cancel, on the outside thereof, the secondary
magnetic fields generated by the inner secondary sources, such as the engines. The
magnetic figld measurements done by the sensors located on the outside of the inner hull
thus come even closer to the magnetic field of interest, .e. the magnetic field generated
by the magnetization distribution on the surface of the hull. The solution to which the
inventive method leads is all the more accurate as a result.

Within the meaning of the invention, the terms "close fo the hull™ or "glued o the
hull" applied to & magnetic field sensor mean that the element of said sensor that is
sensifive to the magnetic field is placed between 0 and 10 cm from the surface oriented
toward the cutside of the ship or the surface orienied foward the ingide of the ship of the

ferromagnetic hulj for which one wishes to calculate the signature.
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CLAIMS

1.~ A method for the real-time determination of the magnetization of the hull of a ship,

the hull of the ship being made from a ferromagnetic material and subjected o an

inductive magnetic excitation, and the ship being provided with a plurality of magnetic field

sensors positioned at predetermined points relative to the hull, comprising the following

sieps:

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

SENSOre;

b} - assessing the inductive magnetic excitation: and

c} - determining a likely distribution of magnetic sources on the surface of the hull by

resolving a system of egquations derived from a modelization of the physical phenomena at

play, on the basis of the plurality of measurements taken and the assessed inductive

rmagnatic excifation,

characterized in that, in said modelization, induced magnetic sources are described by a

distribution of dipolar scurces and remanent magnetic sources are described by a

distribution of monopolar sources, and in that said modeiization comprises:

- a first mode! associating a magnetization distribution in the ferromagnetic material

with the measurements of the magnetic field; and

- & second moasl, relative 1o the behavior of the ferromagnetic material, describing

the coupling between a magnetic source at one point of the material, with 2 magnetic

source at another point of the material.

2.~ The method according to claim 1, characterized in that the method uses a

transform T' making it possibie to associate at least one distribution of monopolar sources

with a distribution of dipolar sources andfor a transform 7 * making it possible to associate

at least one distribution of dipolar sources with a distribution of monopolar sources

3.-  The method according to claim 2 characterized in that said modslization uses a

virtual mode! of the hull of the ship comprising a primary mesh made up of a plurality of

planar and polygonal elementary surfaces.

4 .- The method according to claim 3, characterized in that, by elementary surface of

the primary mesh, the distribution of dipolar sources is uniform and tangential to said

sirface element

5.- The method according to claim 3 or claim 4, characterized in that the disiribution of

monopolar sources is discretized at the nedes of the primary mesh.

8.- The method according to claims 4 and 5 in combination, characterized in that said

system of eguations to be resolved is writien:

(4, 4,7 p™ rf m
\D, +1d DT} o™ |5,
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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, by the | magnetic field sensors
and the value of the inductive magnetic excitation at point &

ER,
- 4, , a matrix whereof the element 4, Is the operator —1—{ (w5 )——5dL(R)
G A vL; RE !

[
ASRAY

associaied with an elementary surface S, of the primary mesh having a plurality of edges
L,, each having a normal 7, in the plans of the elementary surface §, and oriented

toward the outside of said elementary surface, and where u, is a pair of vectors forming &

basis of the elementary surface;

- §,,, a vecior whereof the i component is proportional to the inductive magnetic

excitation eyH,, at a point of the i elementary surface of the primary mesn;

D, . a matrix whereof the element D,, . is the operator —ﬁf{_ug.ﬁi)——i—%dﬁf(ﬁ,.);
L [ o4
and

FERL

- T, a transformation matrix such that (0" )=T (p,”"), whose pseudo-inverse is

denoted T,

7.- The method according to any one of the preceding ciaims, characterized in that the
determination of the fikely distribution of magneiic sources involves a preconditioning
procedure,

B.- The method according fo any one of the preceding claims, characierized in that the
determination of the likely distribution of magnetic sources invoives a singular value
decomposition procedurs.

9.- A method for the reai-time determination of the magnetic signature of a2 ship,
characterized in that # comprises & step for the reaibiime determination of the
magnetizafion of the hull of the ship using the method according o any one of claims 1 1o
8, making it possible io oblain 2 likely distribution of magnetic sources on the surface of
the hull, and then an addifional step consisting of caiculating 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
relative 1o the hull of the ship and power supply means capable of being controlied s as
to cause suitable currents fo circulate in the immunization icops, independently of ons

another, the method comprises, in addition o the steps of the method according 1o claim @
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for the real-time determination of the signature of the ship, a step consisting of estimating
the different currents to be circulated in the immunization loops so as to modify the
signature of the ship, and a step consisting of conirolling the power supply means so as to
cause said estimated currents to circulate in the immunization loops.

11.- A device for the real-time determination of the magnetization of the hull of a ship, the
hull of the ship being made from a ferromagnetic material subjected to an inductive
magnetic exciiation, characterized in that it comprises:

- a plurality of magnetic field sensors positioned at predetermined points relative to
the hull;

- means for determining the inductive magnetic excitation; and

- a computation unit connected to the piurality of sensors and to the means for
determining the inductive magnetic excitation, capable of executing the instructions of a
compuier program to implement the method according to any one of claims 1 to 8 for the
real-time determination of the magnetization of the hull of a ship or the method according
to claim 9 for the real-time determination of the signature of a ship.

12.- The device according to claim 11, characterized in that at least one sensor from the
plurality of sensors is glued on the huil.

13.- The device according to claim 11 or claim 12, characterized in that at least one
sensor from the pluraiity of sensors is a biaxiai sensor measuring the components of the
magnetic field that are tangential to the hull,

14.- The device according to any one of claims 11 fo 13, characterized In that at least
one sensor from the plurality of sensors is placed outside the hull of the ship.

15~ A device for the magnetic immunization of a ship of the type including a plurality of
immunization loops having predetermined geometries relative to the hull of the ship, power
supply means for the immunization loops, and means for controliing the power 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 calcuiating the signature of the ship.
16.- The device according to any one of claims 11 to 15, characterized in that it is
onboard the ship whereof the magnetization of the hulf is determined,



