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Abstract — This paper presents last DCNS developtnen
Closed Loop Degaussing System dedicated to highfoperance
electromagnetic silent warship.

This paper focuses on an evolution of the CLDG aliglom for
degaussed warship. Developed in cooperation witheable
Electrical Engineering’ Lab, this genuine method alvs to
determine the hull unknown magnetization componentlus the
predicted signature, based on real time magneticasieements
from sensors located very close to hull. The invergroblem is
solved leading to the determination of the completagnetic model
of the ship. A large and complex double hull subnee mock-up
has been designed and produced. The new developetthad has
been successfully validated on this mock up, and thterest of the
CLDG system has been confirmed. In conclusion, DGISRELAB
roadmap for full scale CLDG completion is presented

. INTRODUCTION

Most parts of submarines are made of steel. Onthef
drawbacks of using such a material is that steel
ferromagnetic. The hull of the submarine, placethanearth’s
magnetic field and subjected to high pressure tffeget a
static magnetization. This magnetization effecdsled to the
induced magnetization.
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The overall magnetization creates a local statigmatc
anomaly around the submarine and can lead to fectien or
localization by magnetic sensors embedded in aigdaor
even worse in mines. Therefore, for decades, wadielwavies
are looking at ways of reducing this magnetic angnigy
setting up large coils in the whole ship fed withpeopriate
currents (Fig.1.).

Fig 1: Examples of the Magnetic Anomaly and Degigs€oils in a
submarine.

One of the most efficient ways to ensure the magnet

discretion of a vessel would consist in settingaugdosed loop
degaussing system on board. The principle of tlwseCLoop
Degaussing System (CLDG) is based on a real-tinoenaty
evaluation by using internal magnetic sensors. Assalt, the
current in degaussing coils can be adjusted to eosgte for
any change in magnetization.

Before reducing the anomaly, it is necessary fergtip to
evaluate its own magnetic anomaly. The more imponpeart

of such system concerns the identification of thg’s hull
magnetization. This problem is quite difficult tohge. Indeed,
the magnetization can be divided in two parts:ratuced one,
due to the reversible reaction of the materialhie inductor
field, and a remanent one due to the magnetic ryisib the
material (which depends on hysteresis, mechanichtizermal
constraints). The computation of the induced magatdn is
now a documented issue [1]. However, the remanartt ip
impossible to evaluate with a deterministic caltalg we
have no access to the magnetic past of the materibsensors
can't extract directly the remanent magnetizatioonmf the
induced one. Moreover, even if we had such a kndgde
existing models would be too complex to be appledD
geometries. It
measurements to determine the total magnetizafidmechull.
Thus, the main goal is to solve an inverse problge
determination of the sources by knowing the efleetith
fRagnetic sensors placed in the air region closedetdull.

This problem has already been studied and
magnetization identification has already been asdewhen
sensors could be located far enough from the slametsvith a
simplified mock-up of a surface ship [2], [3]. Soroé the
main results recorded will be given below. Howevttis
method has not been tested yet on a realistic mpckf a
double-hull submarine with a significant humbernadignetic
sensors number placed between the two hulls, losedo the
magnetic sources. This is one of the main goath@foroject
presented in this paper.

Il. BACKGROUND THEORY

A. Forward modeling

Let us consider a device made up of a ferromagebéet
S with a thickness e and placed in an inductor metgtield
Ho (the earth’s magnetic field, for instance). Thisethhas an
unknown static magnetizatioM which contributesto the
overall magnetic field. Therefore, field is the sum of the
inductor field and the field created by the shisklf:

H=Hg+Hgq (2)

The field generated by the ferromagnetic matersl
directly linked to its magnetization by a conventibvolume
integral equation. For a sheet configuration, itstandard
practice to assume that the magnetization is tdiaeo the
shell and constant through it, its permeabilitynigehigh and

is therefore necessary to use magnet

the

its thicknes= being low in comparison with other dimensions.

Therefore, the integral equation can be written as:
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where:r is the vector between the point whétés expressed
and the integration point on the S surface of tredl s
For complicated geometries, this equation has,oofse, no
analytical solution, it is then necessary to diseeeit to get a
numerical expression. Considering that this surf&eis
meshed into n surface patches with a uniform magatein
M; associated to each of them. Equation (3) becomes:
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This equation is a vector one and depends lindiamhg theM;
values. Let us remember that the magnetizatioangéntial to
the surface S. Each patches magnetization has tien
degrees of freedom. Therefore, equation (4) carejpesented
as a system of equations:

[H]=[H,]+[AlM]

®)

which returns the solution with the minimal normngeally,
succeeds. Let us note that this approach is efficfesensors
are located sufficiently far enough to ensure dajllanagnetic
observation of the whole device. However, in a neaval
application, magnetic sensors have to be placey alese to
the hull to get a sufficient signal level and too@vmagnetic
disturbance. In this configuration, the solutioogsed by [2]
failed, returning a non satisfying solution. Ittien necessary
to use additional a-priori information to selecte tlyood
solution. It is done by combining the conventioapproach to
a 0-order regularization method as proposed inT#h]s kind
of method ensures the stability of the solution angdroves
the magnetization identification process.

IIl.  DOUBLE HULL SUBMARINE SPECIFICITIES AND

EXPERIMENTAL SET-UP

We focus on the specific double hull submarinecstme:
the internal hull is dedicated to the pressurectffeand the
role of the external one has to do with hydrodyrcami

whereH, andH are vectors of 3 components (each component goth hulls are made of ferromagnetic materials. Jipece,

of the inductor and total field)A is a 3x2n matrix which
represents the interaction linking the sourceshfteld and
M is the 2n magnetization vector (2 components peshad
element).

B. Inverse modeling

Let us now imagine that we want to determMevector
(an image of the magnetization of the sheet pregean its
mesh). A solution is to place magnetic sensorsratdie shell
to have a measurementldfat a given point of the air region.
Let us consider that m tri-axis magnetic sensoes @aced
around the shell, (3) leads to a Matrix system whéris
measured,H, is known (the position of the device in the
earth’s magnetic field is knownf is a 3mx2n matrix (the
coefficient of the matrix can be computed with nuosd
integration techniques) aM is the searched value. To @ét
we have to solve this system. Unfortunately, thigktis not so
simple and several aspects can lead to very unmeasjution
process:

-The system is underdetermined:

If the shell geometry is complicated and the magagon
has significant local variations, a very fine mésmeeded to
accurately represent the real device. Howeverntimaber of
sensors is often limited, and only few measurenmsguiations
are available. Therefore, we are faced with a finrgstem
with fewer equations than unknowns.

-The system has a poor condition number:

This mathematical property leads to an unstatlgiea. In
fact, the measurement vector is associated withoa n
negligible range of noise and a poor condition neimivill
amplify it during the resolution process to givedi@ergent
solution.

This Inverse problem is said to be ill-posed. Idesrto
solve it, [2] proposes to add others equationsessrtative of
the magnetic behavior of the shell. In our casenibles to
write 2n additional equations and to add them &ptevious
system. The dimension of the research space iefther
considerably reduced and a standard single valegkdown,

between them, seems to be an interesting locationofir
magnetic sensors, enabling a good observing posdfothe
sources. Moreover, the internal hull will shiele tHisturbing
magnetic fields created by internal sources (ilectecal
machines or ferromagnetic sources).

Considering, this shielding effect, internal magnet
sources are not taken into account in our approsicich
makes it possible to define and use a simpler modetock-
up. In our approach, sensors have to be placedaodhmose
to the ferromagnetic hull. Due to the proximity thie steel,
measurements will not be limited on local magnéiizaor
reaction of the steel. We have to dispose of therav
magnetization.

The project was organized in two parts:

First, a numerical design and modeling,

Secondly, an experimental validation.

A. Numerical design and modeling

First of all a mock-up with realistic geometry hlsen
defined with the help of DCNS. It is made up of tiolls
separated by a 4 cm gap (Fig. 2):

- Internal hull (Thickness: 3mm, &= 30cm, Lengtin)3
- External hull (Thickness: 1mm, @= 38cm, Lengtl53n).

Fig 2: Double Hull Submarine Mock-up.

The first approach led to a numerical design. Btep was
very important as it made it possible for us:
To determine the range of magnetic field between th
two hulls for different kinds of mock-up magnetipat
(induced, remanent or induced + remanent).
To specify the Magnetization behaviour
submarine.

of the



- To determine the best possible locations for sengor B. Experimental Validation

order to correctly follow evolutions in the subnmeari The mock-up has been made by DCNS. This was done

magnetization. . taking into account a lot of troubles encountereabserving
Using FLUX [5] as FEM electromagnetic referencgpe required dimension (Fig.7.).

software, this step allows us to test and impravetoolboxes
based on moment method to solve forward problerenTthe
best sensor positions to extract hulls magnetizaticere
defined. Thus, virtual measurement has been gete@aid
used as input to test inverse problem resolutiohis T
methodology helped us to test and improve the ieffay of
the inverse problem algorithm.

Fig.7: Initial Mock-up

C. Experimental Setup
moving Coils System:A longitudinal coils system around the

ﬁ""ﬂ internal hull was put up. It is used for the depegrand the
polarization. Some of the coils can be used as Wiy

------------------------ B------=-======----———-- coils.

fixed magnetic anomaly sensor”

Fig 3: Numerical mock-up of a double hull submarivith the mesh, internal
fluxgates sensors (bi-axis in red and tri-axisefiow) and anomaly
measurement line.

A numerical validation has been made. Using a fodwa
problem, an overall hulls magnetization (Fig.4.)nche
generated and the signature along a line undesuhmarine
obtained too. Then, virtual measurements will deutated on
dedicated positions.

Internal tri-axis and bi-axis magnetic sensors

Fig 8: Coils syste around the internal hull (eiwehe 2 hulls).

Sensor’'s CharacterizationBefore the implementation of
the sensor on the mock-up, each sensor has besatwhized,
thus, to verify its specifications (sensitivity, niimearity,
drifts) and establish a correction matrix.

Mock-up Set-upThe submarine mock-up has been placed
on a railway in a field simulator in the LMMCF (Low
Magnetic Field Facility) [7] (Fig.9). 75 bi-axis drb tri-axis
fluxgate sensors have been used to instrument dlok-op.

. Below the mock-up, another fluxgate sensor has been
Fig 4: Reference Magnetization for Numerical Vatfida (forward problem). place_d (Fig.9, Fig.10, and Fig.11). By mOV'“Q th‘bmanne

Knowing the induced field, from these virtualOVer it, we get a measurement of the magnetic alyowtdch
measurements an inverse problem is solved in dedpredict ¢an be compared to the predicted one. Then, therame of
the submarine magnetization (Fig.5.) and its sigreagFig.6.). the inversion process can be evaluated.

1000 2000 3000 4000 5000 5000 7000 £0CO 9000

Fig 5: Identified Magnetization obtéed by InvePy®blem resolution.
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Fig.6: Comparison between reference (forward prapkend CLDG inverse
problem signature prediction.
The results shown in figure 6 between the two siges

obtained by forward or identification are a goodcaha
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Fig 11: Submarine Mock-up placed on te railwaithia LMMCF
The experimental set-up makes it possible to take
measurements with an accuracy exceeding a few adadsf



nanoTeslas. The mock-up has been placed in a tiealiglegaussing coils are energized. The current thrabgh is

magnetic condition with a strong permanent magagtn.

D. Experimental Validation

The whole geometry of the mock-up is meshed inteemo

than 4000 surface elements. So, about 8000 unkndwihs
describing the magnetization, have to be determifedm
sensors; 165 measurement equations are obtairedysktem
is then highly under-determined. To reduce the sizehe
research space, 4000 equations, representatives dftrinsic
magnetic material behaviour; are added [2],[5]. doer, a
physical and acceptable solution is still diffictdtobtain. It is
therefore necessary to use a 0-order regularizafipnoach to
finally get a magnetization distribution which seero be
satisfactory (Fig.12.). From this magnetizationtritisition, it
is possible, by applying a matrix relation similar (4) to
compute a predicted field on a reference line etaiutside
the submarine. As it is shown on figure 13, thedjoted and
the measured fields show a very good adequacy.
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Fig 12: Reconstructed hull magnetization
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Fig 13: Results of the experimental set-up: Congparbetween
Measured and predicted signatures.
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E. CLDG Application on a double hull submarine

To confirm the accuracy of the CLDG and test the Methodology

efficiency of our algorithm, a simple degaussingteyn has
been built and validated on the double hull subnearit is
made up of 7 longitudinal coils and only 3 verticalls. For
each coil, its effect
experimentally.

Fig. 14: Basic degaussing Coils Set Up for CLDGn(# and Vertical)

The submarine has been placed in a realistic magnet

condition. It presents, for the internal hull, a rtical
stabilization combined with an athwarship one. Nwer
some local anomalies for the internal and the esiehull

have been added. The whole is placed in an induced

longitudinal field.
As 8D the magnetization of the submarine is idesttiind
the signature predicted. In order to minimize taiomaly,

adjusted and optimized by a least square algoriftima. mock-
up with Active CLDG is verified and results are geated in
figure 15.
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Fig. 15: Results of the experimental set-up (meakpredicted and reduced
magnetic fields)

The efficiency of the anomaly reduction is obviolifie
initial anomaly is around 4.99 A/m and the compéstia
system makes it possible to obtain a final anonudi.47
A/m. This is essentially due to the good magneg&baviour
identification. This application confirms previoussults and
the validity of the CLDG.
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IV. CONCLUSION

An already known identification method combinedhnét
0-order regularisation process has been establishabling
the determination of unknown magnetization frontistaear
field measurements.

It can be used to determine the magnetic anomaiyted
by double hull submarine with internal magnetic swament
realized very close to the hull. It has been fulljidated on a
realistic mock-up of a submarine.

A real Closed Loop Degaussing System has shown its
efficiency by reducing the anomaly and minimizinge t
signature. It is based on a good prediction andtifieation of
the magnetic behaviour of the submarine. Validaton a
simple hull submarine has been done too.

The first important step results makes it possibleonduct
a second step with a more complex physical mock-up.

is under process for being patented.
DCNS/G2ELAB will shortly begin a three years PhDriwin
order to improve algorithms robustness and effiyeAnd we
are now working to offer, in the best conditiond) cale sea

has been calculated and desteials and prototyping.
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