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A B S T R A C T

Safe passage of ships in the presence of sea mines can be ensured by limiting or reducing the ship’s magnetic
footprint. For vessels with plastic hulls, the main component that requires magnetic damping is the engine.
Demagnetization of such an object can be achieved by wrapping it with coils and setting the direct current
appropriately. For each specific geographic location, the currents in the coils can be determined iteratively
from measurements of the magnetic signature in the cardinal directions. In this paper the magnetic signatures
are calculated using decomposition-based approach for each coil and each component of the external field
separately. Hence the overall magnetic signature of the object can be reproduced in arbitrary external
magnetic field (i.e. anywhere on the Earth). Knowing the influence of each coil, it is possible to formulate
the optimization task (signature minimization) and determine the currents. The presented method is verified
in FEM software with the use of engine models of both symmetrical and asymmetrical shapes. Since the
determination of the currents takes place as a result of solving the optimization problem, the effectiveness of
obtaining the results, the speed of convergence and the dependence on initial conditions is under investigation.
The effect of the model mesh size on the quality of object signature reduction is also analyzed. The developed
method can be used for a real object. In that case acquiring the data then requires the measurements of the
object placed inside the Helmholtz coils.
1. Introduction

A ship built of ferromagnetic materials disturbs the Earth’s magnetic
field in its surrounding. This disturbance is called the ship’s magnetic
signature. There are many papers dealing with this subject. The author
of [1] explained the phenomena related to four major sources of
the ship’s magnetic fields. In [2], the author described passive and
active reduction technics of ship’s magnetic signatures generated by
ferromagnetic steel, eddy currents, and corrosion currents. The math-
ematical models of spherical, prolate spheroidal, and semi-empirical
magnetic ships and submarines were presented in [3]. The authors
of [4,5] presented the mathematical model of a prolate spheroidal
marine vessel with spheroidal harmonic expansion coefficients of the
magnetic scalar potential. In [6–8] the authors presented a virtual
magnetic model of the ship using induced and permanent magnetic
dipoles. On the basis of magnetic field measurements in four cardinal
directions of the ellipsoid-shaped vessel, the authors achieved a multi-
dipole model which allowed to reproduce ship’s magnetic signatures for
an arbitrary course and measuring depth. The authors of [9] showed

∗ Corresponding author.
E-mail address: jaroslaw.tarnawski@pg.edu.pl (J. Tarnawski).

a good comparison of the multi-dipole model and the physical model
only in North–South and South–North direction. Good compatibility
of the results obtained for the real marine ship Zodiak and its multi-
dipole model was presented in [10], proving that the virtual model
is correct and can be used to predict ship’s magnetic signatures. The
decomposition of the induced and permanent magnetization of a ship
was presented in [11] and [12]. The knowledge about the distributions
of these two types of magnetization is useful in designing the demagne-
tization coil system. There are also many papers in which the authors
analyzed the problem concerned with hysteresis of ship’s ferromagnetic
steel and the ship deperming process. These significant and complex
phenomena have to be taken into account especially when reducing
the vertical permanent magnetization. Numerical methods are used
to analyze the deperming process. In [13–15], the authors analyzed
this process using FEM with the Preisach model and demonstrated the
effectiveness of this method in minimization of the ship’s magnetic
field. The simpler stepwise deperm method based on a single anhys-
teretic deperm was proposed by the authors of [16,17]. It was proved
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that this method is practicable and can be used instead the Flush-D
deperm [18] method. In [19], the author showed that anhysteretic
deperm cannot always be applied, and then an empirical method should
be used. The author proposed the method based on real measurements
and using the Jiles–Atherton (J–A) model. That method allowed to
predict permanent magnetization of the ship after each deperm cycle.
In [20], the authors presented the deperming process of the ship using
coils lying on the seabed. The main advantage of that method was that
the ship is not wrapped by coils, so the time of the deperming process is
shorter than in classic methods. Beside deperming, another method of
demagnetization is the application of coils with DC currents distributed
inside the ship. In [21], the authors presented a methodology for the
design of the optimal tri-axial degaussing system and the estimation
of the coil currents to minimize the magnetic signature of the ship. In
this methodology the magnetic signatures for each coil were calculated
separately without existing external field. Next, the magnetic signature
of the ship’s model was calculated for the chosen Earth’s magnetic field
components and after adding the magnetic signatures associated with
the coils with optimized currents, the minimized total signatures were
finally achieved. The authors used LARS and TCS-GRR techniques for
the minimization of magnetic signatures. In [22], the authors used ge-
netic algorithm and particle swarm optimization to obtain the optimal
coil’s currents. The disadvantage of that method is that for each new
value of the Earth’s magnetic field, the ship magnetic signatures have
to be measured again. Another approach was shown in [23,24], where
the authors presented an efficient methodology allowing to optimize
coil currents based on separate measurements of ship’s magnetic fields
for each coil. The authors claimed that the time of magnetic signatures
measurements is shorter than the time of calculation of magnetic
signatures using finite element methods. Like in [22], the disadvantage
of that method is that for new values of the Earth’s magnetic field,
the signature for each coil has to be measured again. A special case
of the demagnetization system was presented in [25], in which the
authors demonstrated the possibility of selecting new values of coil
currents in the case of failure of several coils. When the ship is built
of plastic materials the magnetic field related to ferromagnetic devices
inside it should be compensated. For this purpose the main of these
devices the ship’s engine is wrapped by coils in three directions to
minimize the magnetic signatures. The magnetic signatures of the main
engine or other devices can be calculated by using the FEM method.
The coil currents intended to minimize the magnetic signature can
also be calculated using FEM method. However the calculation time
is relatively long in this case, as the FEM calculations have to be
repeated each time for new values of the coil currents. The method
of determination of currents in coils wrapped around the marine de-
vice presented in this paper is based on the methodology described
in [21,22], which consists in determining the signatures associated with
each, coil separately without presence of the Earth’s magnetic field.
The methodology of magnetic device signature calculation (without
working coils) is described in detail in this paper. It is noteworthy
that article leaves aside the deperming process, as it, is solely focused
on the minimization of the magnetic field of a fully demagnetized
ferromagnetic object, and therefore, the authors have not considered
the magnetic hysteresis phenomenon. The magnetic signatures of the
fully demagnetized marine device are calculated separately for only
one component of the Earth’s magnetic field. Then, after assembling
the scaled signatures associated with each component of the magnetic
field vector, the resultant signatures are obtained using superposition
method for an arbitrary Earth’s field. In other words, the magnetic
signatures are calculated separately for each coil and each external field
component. This method makes is possible to reconstruct the magnetic
signatures of a marine device for an arbitrary external magnetic field.
The knowledge about the device signatures related to each coil allows
to determine the coil currents for minimizing the magnetic signature
without necessary FEM calculations.
2

Fig. 1. Cartesian Coordinates System (CCS) and Object Coordinate System (OCS). The
𝑥-axis is oriented in the South magnetic direction.

2. Description of the magnetic field and transformations between
coordinate systems

The magnetic signature of a ferromagnetic object is a complicated
function of its shape, size, magnetic properties of material and an
external magnetic field surrounding it. Without the presence of the
external field the magnetic signature of the fully demagnetized object
is null. The magnetic field of an object can be described in the rotating,
Object Coordinate System (OCS — 𝑥𝑜, 𝑦𝑜, 𝑧𝑜) associated with an object
or in the non-rotating Cartesian Coordinate System (CCS — 𝑥, 𝑦, 𝑧),
Fig. 1. The induced components of the vector magnetic field of a
ferromagnetic object in the OCS can be described by Eq. (1).

⎡

⎢

⎢

⎢

⎣

𝐵𝑥,𝑜(𝑥𝑜, 𝑦𝑜, 𝑧𝑜, 𝜑)

𝐵𝑦,𝑜(𝑥𝑜, 𝑦𝑜, 𝑧𝑜, 𝜑)

𝐵𝑧,𝑜(𝑥𝑜, 𝑦𝑜, 𝑧𝑜, 𝜑)

⎤

⎥

⎥

⎥

⎦
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⎡

⎢

⎢

⎢

⎣

𝑘𝐿𝐿(𝑥𝑜, 𝑦𝑜, 𝑧𝑜) 𝑘𝐿𝑇 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜) 𝑘𝐿𝑉 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜)

𝑘𝑇𝐿(𝑥𝑜, 𝑦𝑜, 𝑧𝑜) 𝑘𝑇𝑇 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜) 𝑘𝑇𝑉 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜)

𝑘𝑉 𝐿(𝑥𝑜, 𝑦𝑜, 𝑧𝑜) 𝑘𝑉 𝑇 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜) 𝑘𝑉 𝑉 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜)

⎤

⎥
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⎥
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⎢

⎢

⎢

⎣
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−𝐵𝑥,𝑟 sin𝜑

𝐵𝑧,𝑟

⎤

⎥

⎥

⎥

⎦

(1)

where:
𝐵𝑥,𝑜, 𝐵𝑦,𝑜, 𝐵𝑧,𝑜 — components of the magnetic field in OCS, 𝐵𝑥,𝑟, 𝐵𝑧,𝑟-
components of the reference magnetic field in CCS,
𝑘𝑚𝑛(𝑥𝑜, 𝑦𝑜, 𝑧𝑜) — magnetic distribution coefficients related to object
shape, size, and magnetic properties,
𝑚 ∈ (𝐿, 𝑇 , 𝑉 ), 𝑛 ∈ (𝐿, 𝑇 , 𝑉 ) in OCS (𝐿 — longitudinal, 𝑇 — transverse,
𝑉 — vertical),
𝜑 — the angle between 𝑥 and 𝑥𝑜 axes (Fig. 1).

The magnetic distribution coefficients 𝑘𝑚𝑛(𝑥𝑜, 𝑦𝑜, 𝑧𝑜) show the influ-
ence of the 𝑛th component of the object’s vector magnetization into
𝑚th component of the vector magnetic field in the OCS coordinate
system. The transformation from the CCS to the OCS system is given
by Eq. (2). The transformation presented in Fig. 2 with application
of the parameter 𝑦 from Eq. (2), allows to determine the magnetic
signatures on the whole x–y plane.
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⎢
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⎢
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−𝑥 sin𝜑 + 𝑦 cos𝜑

𝑧

⎤

⎥

⎥

⎥

⎦

(2)

3. The magnetic decomposition approach to fully demagnetized
object

When the Earth’s magnetic field is weak (of about several dozens
of μT), magnetic field changes inside the ferromagnetic steel take place
for any ship’s course on the linear part of the magnetization character-

istic [21]. Therefore, the overall magnetic signatures (𝐵𝑥, 𝐵𝑦, 𝐵𝑧) of an
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Fig. 2. Transformation of point P(𝑥, 𝑦) in CCS into point 𝑃 (𝑥𝑜 , 𝑦𝑜) in OCS for arbitrary
value of 𝜑.

Fig. 3. Transformation of the magnetic field vector components to CCS (𝐿-case).

object can be calculated from decomposed (partial) magnetic signatures
using the superposition method. The magnetic distribution coefficients
𝑘𝑚𝑛 [26] (simplified notation for 𝑘𝑚𝑛(𝑥𝑜, 𝑦𝑜, 𝑧𝑜)) can be calculated using
a FEM program or measured in a Helmholtz coils system. Magnetic
decomposition is considered in this paper as acquiring magnetic sig-
natures 𝑘𝑚𝑛 in three cases, in each case, only one component of the
vector of the external magnetic field exists. When only the longitudinal
external field exists (𝜑 = 0◦), it is possible to calculate or measure
how the longitudinal magnetization of an object influences into the
three components of the object’s magnetic field (3). For 𝜑 = 90◦ the
external field works across the object and it is possible to analyze
how the transverse magnetization influences into the object’s magnetic
field (4). Finally, when only the vertical external field exists, it is
possible to calculate or measure the object’s magnetic field caused by
vertical magnetization (5). Once the magnetic distribution coefficients
𝑘𝑚𝑛 are known, it is possible to calculate the magnetic signatures for
arbitrary direction (𝜑) of the object and arbitrary values of the Earth’s
magnetic field components 𝐵𝐸𝑥, 𝐵𝐸𝑧. The acquired (calculated using
FEM or measure) magnetic signatures of an object in OCS for three
above-described cases (longitudinal 𝐿, transverse 𝑇 , vertical 𝑉 ) for
different values of 𝜑 are combined using the superposition method (6)
and then transformed into the CCS system (Figs. 3,4,5). The values
of the external, reference magnetic field (in the OCS system) for the
first decomposed 𝐿-case (𝜑 = 0◦), for the second decomposed 𝑇 -case
(𝜑 = 90◦), and the third decomposed 𝑉 -case (𝜑 = 0◦) are respectively
(50 μT, 0, 0), (0, −50 μT, 0), and (0, 0, −50 μT), as summed up in
Table 1.

For better understanding of the methodology, the indices 𝐿, 𝑇 and 𝑉
were added respectively to these cases in the magnetic field (1) related
3

Table 1
Magnetic signature decomposition into datasets.

𝜑 Reference fields values

Decomposed 𝐿-case 0◦ (50 μT, 0, 0)
Decomposed 𝑇 -case 90◦ (0, −50 μT, 0)
Decomposed 𝑉 -case 0◦ (0, 0, −50 μT)

Fig. 4. Transformation of the magnetic field vector components to CCS (𝑉 -case).

Fig. 5. Transformation of the magnetic field vector components to CCS (𝑇 -case).

to OCS.
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𝐵𝑥,𝑜,𝐿(𝑥𝑜, 𝑦𝑜, 𝑧𝑜)

𝐵𝑦,𝑜,𝐿(𝑥𝑜, 𝑦𝑜, 𝑧𝑜)
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⎥

⎥
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⎢

⎢
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⎥

⎥
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⎣

𝐵𝑥,𝑜,𝑇 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜)

𝐵𝑦,𝑜,𝑇 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜)
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⎥

⎥
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⎢

⎢
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⎥
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⎣

𝐵𝑥,𝑜,𝑉 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜)

𝐵𝑦,𝑜,𝑉 (𝑥𝑜, 𝑦𝑜, 𝑧𝑜)
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⎥

⎥
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⎢

⎢
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⎡
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⎥
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⎡

⎢

⎢
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⎢

⎢
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⎥
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⎢
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⎥

⎦
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Fig. 6. The model of virtual object.

4. Numerical verification of signature determination using the
decomposition-based method

To verify the presented method, simulation calculations were car-
ried out. The virtual object selected for the simulation (Fig. 6) consisted
of two cuboids with dimensions 1 m × 1 m × 1 m, and 2 m ×
0.4 m × 0.4 m, connected at point (0, 0, 0). The remaining simulation
parameters were: 𝜇𝑟 = 200, 𝜑 = 30◦, the external magnetic field 𝐵𝐸𝑥 =
17.101 μT and 𝐵𝐸𝑧 = −46.986 μT. The calculations were performed
along a line in non-rotating CCS system (Fig. 1) for 𝑥 <−10 m, 10 m>,
𝑦 = 2 m, and z = −1.5 m. The value 50μT of the reference magnetic
field 𝐵𝑥,𝑟 and 𝐵𝑧,𝑟 was assumed in the calculations of magnetic dis-
tribution coefficients 𝑘𝑚𝑛. The simulations were carried out in Simulia
Opera 3D [27]. The magnetic flux density distributions for three cases
described in Section 3 are presented in Fig. 7. The magnetic signatures
of the object model calculated in Opera from formula (6) for 𝜑 = 30◦

are compared in Fig. 8.
It can be seen in this figure that the signatures are very similar

to each other, with only small differences caused by numerical errors
related to the approximation of magnetic field values between mesh
nodes.

5. The methodology of determination of coil currents for signature
silencing

When the magnetic signatures of an object are known for arbitrary
angle 𝜑 and for arbitrary value of the Earth magnetic field vector,
these signatures can be minimized by wrapping coils with currents
around an object. The methodology for minimizing magnetic signatures
is described in the upcoming steps.

5.1. Calculation or measurement of magnetic components for three cases of
the external magnetic field

Based on the methodology described in the previous section, in the
first step of the presented method, magnetic signatures of the object are
calculated (or measured) in the presence of only one component of the
external reference field.

For 𝜑 = 0◦ the following magnetic distribution coefficients 𝑘𝐿𝐿, 𝑘𝑇𝐿
and 𝑘𝑉 𝐿 were calculated for one component of the magnetic field 𝐵𝑥,𝑟:

𝑘𝐿𝐿 =
𝐵𝑥,𝑜,𝐿

𝐵𝑥,𝑟
(8)

𝑘𝑇𝐿 =
𝐵𝑦,𝑜,𝐿

−𝐵𝑥,𝑟
(9)

𝑘𝑉 𝐿 =
𝐵𝑧,𝑜,𝐿 (10)
4

𝐵𝑥,𝑟
and 𝑘𝐿𝑉 , 𝑘𝑇𝑉 and 𝑘𝑉 𝑉 for 𝐵𝑧,𝑟:

𝑘𝐿𝑉 =
𝐵𝑥,𝑜,𝑉

𝐵𝑧,𝑟
(11)

𝑘𝑇𝑉 =
𝐵𝑦,𝑜,𝑉

𝐵𝑧,𝑟
(12)

𝑘𝑉 𝑉 =
𝐵𝑧,𝑜,𝑉

𝐵𝑧,𝑟
(13)

For 𝜑 = 90◦ the following distribution magnetic coefficients 𝑘𝐿𝑇 ,
𝑘𝑇𝑇 and 𝑘𝑉 𝑇 were calculated for one component of a magnetic field
−𝐵𝑥,𝑟 acting across an object:

𝑘𝐿𝑇 =
𝐵𝑥,𝑜,𝑇

−𝐵𝑥,𝑟
(14)

𝑘𝑇𝑇 =
𝐵𝑦,𝑜,𝑇

−𝐵𝑥,𝑟
(15)

𝑘𝑉 𝑇 =
𝐵𝑧,𝑜,𝑇

−𝐵𝑥,𝑟
(16)

The presented method employs three distributions of 𝐵𝑥,𝑜, 𝐵𝑦,𝑜 and
𝐵𝑧,𝑜 for three existing separately external fields.

5.2. Composing magnetic signatures of the Earth’s magnetic field (for arbi-
trary geographical location)

In the next step, according to Eq. (6), three components of object’s
signatures are then calculated for a new value of the Earth’s magnetic
field (𝐵𝐸𝑥, 0, 𝐵𝐸𝑧) based on calculated coefficients 𝑘𝐿𝐿 ÷ 𝑘𝑉 𝑉 , which
are dimensionless. Note that the denominators in formulas (8) ÷ (16)
include the values of the reference magnetic field 𝐵𝑥,𝑟 and 𝐵𝑧,𝑟. To
obtain the magnetic signatures of the object in a chosen geographical
location, the coefficients should be multiplied by the Earth’s magnetic
field components at this location.

5.3. Acquisition of magnetic signatures of an object related separately to
each coil without presence of an external field

In the third step the magnetic signatures of the object are calculated
separately for each coil without the presence of the external field. Here,
an assumption has been made that three coils are wrapped around
the object. It can be determined how the coil’s current in each coil
affects the magnetic signature of an object in 𝐿, 𝑇 and 𝑉 directions.
The distributions of nine magnetic coefficients are calculated for three
reference currents (ampere-turns): longitudinal 𝐼𝐿, transverse 𝐼𝑇 and
vertical 𝐼𝑉 .

𝑘𝐿𝑥 =
𝐵𝑐𝑥,𝑜,𝐿

𝐼𝐿
(17)

𝑘𝐿𝑦 =
𝐵𝑐𝑦,𝑜,𝐿

𝐼𝐿
(18)

𝑘𝐿𝑧 =
𝐵𝑐𝑧,𝑜,𝐿

𝐼𝐿
(19)

𝑘𝑇𝑥 =
𝐵𝑐𝑥,𝑜,𝑇

𝐼𝑇
(20)

𝑘𝑇 𝑦 =
𝐵𝑐𝑦,𝑜,𝑇

𝐼𝑇
(21)

𝑘𝑇 𝑧 =
𝐵𝑐𝑧,𝑜,𝑇

𝐼𝑇
(22)

𝑘𝑉 𝑥 =
𝐵𝑐𝑥,𝑜,𝑉

𝐼𝑉
(23)

𝑘𝑉 𝑦 =
𝐵𝑐𝑦,𝑜,𝑉 (24)

𝐼𝑉
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Fig. 7. Magnetic flux density for the object model: left 𝐿-case, middle 𝑇 -case, right 𝑉 -case.
Fig. 8. Comparison between the reference signatures (FEM) and signatures calculated with the decomposed approach (DA).
𝑘𝑉 𝑧 =
𝐵𝑐𝑧,𝑜,𝑉

𝐼𝑉
(25)

where: 𝐵𝑐𝑥,𝑜,𝑛, 𝐵𝑐𝑦,𝑜,𝑛, 𝐵𝑐𝑧,𝑜,𝑛 — are the magnetic field components in
OCS generated by the currents of each coil, 𝑛 - (𝐿, 𝑇 , 𝑉 ).

When the coil currents are constant the magnetic signatures in OCS
are independent of 𝜑. However, they should be finally transformed to
the CCS system.

5.4. Calculation of ampere-turn current values for coils wrapping the object
for signature minimization

In the fourth step, the values of ampere-turn currents of three coils
for minimization of object signatures are calculated or measured. The
optimized (𝐵𝑂𝑝𝑥, 𝐵𝑂𝑝𝑦, 𝐵𝑂𝑝𝑧) components of object signatures related to
the induced magnetization and optimal coil’s currents 𝐼𝐿1,𝜑, 𝐼𝑇 1,𝜑 and
𝐼𝑉 1,𝜑 for arbitrary value of 𝜑 are given by (26):

⎡

⎢

⎢

⎢

𝐵𝑂𝑝𝑥(𝑥, 𝑦, 𝑧, 𝜑)

𝐵𝑂𝑝𝑦(𝑥, 𝑦, 𝑧, 𝜑)

⎤

⎥

⎥

⎥

=

⎡

⎢

⎢

⎢

𝐵𝑥(𝑥, 𝑦, 𝑧, 𝜑)

𝐵𝑦(𝑥, 𝑦, 𝑧, 𝜑)

⎤

⎥

⎥

⎥

+𝑨
⎡

⎢

⎢

⎢

𝑘𝐿𝑥 𝑘𝑇𝑥 𝑘𝑇𝑥
𝑘𝐿𝑦 𝑘𝑇 𝑦 𝑘𝑉 𝑦

⎤

⎥

⎥

⎥

⎡

⎢

⎢

⎢

𝐼𝐿1,𝜑
𝐼𝑇 1,𝜑

⎤

⎥

⎥

⎥

(26)
5

⎣
𝐵𝑂𝑝𝑧(𝑥, 𝑦, 𝑧, 𝜑)⎦ ⎣

𝐵𝑧(𝑥, 𝑦, 𝑧, 𝜑)⎦ ⎣
𝑘𝐿𝑧 𝑘𝑇 𝑧 𝑘𝑉 𝑧⎦ ⎣𝐼𝑉 1,𝜑⎦
5.5. Optimization criterion formulation

The values of ampere-turn currents allowing signature damping are
calculated based on the following minimization criterion (27)

𝑚𝑖𝑛
𝑁
∑

𝑛=1

√

𝐵2
𝑂𝑝𝑥,𝑛 + 𝐵2

𝑂𝑝𝑦,𝑛 + 𝐵2
𝑂𝑝𝑧,𝑛 (27)

where: 𝑁 — number of points representing the magnetic field.
The optimization problem (fifth step) defined by (27) can be solved

with a nonlinear least-squares (nonlinear data-fitting) algorithm. In
general, the least squares approach consist in determining the vector
containing decision variables that is a minimizer to the criterion being
a sum of squares, optionally taking into account possibly some con-
straints. In the analyzed case the decision variables are the currents in
coils with respect to constraints and the minimized sum of squares for
total magnetic field.

6. Verification

Two different types of marine engines were used in verification
process (Fig. 9). The results of minimization of magnetic signatures of
the objects based on the data gathered along line (𝑥, 0, 𝑧 ) are shown
𝑜
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Fig. 9. Numerical models of engines for verification purposes.
in this paper for 𝜑 = 0◦ and 𝜑 = 90◦. Based on (26) the total magnetic
field components for 𝜑 = 0◦ are:

⎡

⎢

⎢

⎢

⎣

𝐵𝑂𝑝𝑥(𝑥, 𝑦, 𝑧, 0◦)

𝐵𝑂𝑝𝑦(𝑥, 𝑦, 𝑧, 0◦)

𝐵𝑂𝑝𝑧(𝑥, 𝑦, 𝑧, 0◦)

⎤

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎣

𝐵𝐸𝑥𝑘𝐿𝐿 + 𝐵𝐸𝑧𝑘𝐿𝑉
𝐵𝐸𝑥𝑘𝑇𝐿 + 𝐵𝐸𝑧𝑘𝑇𝑉
𝐵𝐸𝑥𝑘𝑉 𝐿 + 𝐵𝐸𝑧𝑘𝑉 𝑉

⎤

⎥

⎥

⎥

⎦

+

⎡

⎢

⎢

⎢

⎣

𝑘𝐿𝑥 𝑘𝑇𝑥 𝑘𝑉 𝑥

𝑘𝐿𝑦 𝑘𝑇 𝑦 𝑘𝑉 𝑦

𝑘𝐿𝑧 𝑘𝑇 𝑧 𝑘𝑉 𝑧

⎤

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎣

𝐼𝐿1,0◦

𝐼𝑇 1,0◦

𝐼𝑉 1,0◦

⎤

⎥

⎥

⎥

⎦

(28)

while for 𝜑 = 90◦ they are:

⎡

⎢

⎢

⎢

⎣

𝐵𝑂𝑝𝑥(𝑥, 𝑦, 𝑧, 90◦)

𝐵𝑂𝑝𝑦(𝑥, 𝑦, 𝑧, 90◦)

𝐵𝑂𝑝𝑧(𝑥, 𝑦, 𝑧, 90◦)

⎤

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎣

−𝐵𝐸𝑥𝑘𝑇𝑇 − 𝐵𝐸𝑧𝑘𝑇𝑉
−𝐵𝐸𝑥𝑘𝐿𝑇 + 𝐵𝐸𝑧𝑘𝐿𝑉
−𝐵𝐸𝑥𝑘𝑉 𝑇 + 𝐵𝐸𝑧𝑘𝑉 𝑉

⎤

⎥

⎥

⎥

⎦

+

⎡

⎢

⎢

⎢

⎣

−𝑘𝐿𝑦 −𝑘𝑇 𝑦 −𝑘𝑉 𝑦

𝑘𝐿𝑥 𝑘𝑇𝑥 𝑘𝑉 𝑥

𝑘𝐿𝑧 𝑘𝑇 𝑧 𝑘𝑉 𝑧

⎤

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎣

𝐼𝐿1,90◦

𝐼𝑇 1,90◦

𝐼𝑉 1,90◦

⎤

⎥

⎥

⎥

⎦

(29)

As can be seen in Fig. 9 the engines are symmetrical regarding x–z
plane, so 𝐵𝑡𝑦 = 0 for 𝜑 = 0◦ and 𝜑 = 90◦. The numerical models
of the engines were built in Opera 3D [27]. The size parameters of
the ship engine A model are: length 2.9 m, width 1 m and height
1.9 m. The relative magnetic permeability equal to 𝜇𝑟 = 200 and the
isotropy of engine material were assumed in the numerical analysis.
Three coils were wrapped around the engine A for compensation of
horizontal, vertical, and transverse magnetic field of the engine. The
size of the ship engine B is similar to that of engine A but its upper
part is cut out in front. Due to its asymmetrical shape in y–z plane, five
coils were used for engine B. For numerical verification both engine
models were placed in the external magnetic field 𝐵𝐸𝑥 = 17.101 μT and
𝐵𝐸𝑧 = −46.986 μT.

The basic research was carried out using the default mesh parame-
ters (calculation time: 10 min and 50 s). Moreover, a decision was made
to carry out calculations based on higher-resolution data (calculation
time: 1 day, 8 h, 13 min and 20 s) to check whether the optimization
result is influenced by the accuracy of the FEM calculation. The details
of Opera FEM simulation parameters used for the verification are
gathered in Table 2.

The complete list of numerical experiments used to verify the pre-
sented method can be found in the Table 3.
6

Table 2
FEM parameters.

Number of Standard mesh parameters High mesh parameters

active elements 9,555,657 99,159,671
nodes 1,759,497 17,216,682
equations 1,580,115 16,364,441
non-zeros 12,748,571 132,138,692

Table 3
List of numerical verification experiments.

Numerical experiment Type of engine Angle 𝜑 [0◦] Mesh size

E1 A 0 Standard
E2 A 90 Standard
E3 B 0 Standard
E4 B 90 Standard
E5 B 0 High
E6 B 90 High

6.1. Verification of the method — numerical experiments E1, E2

The magnetic signatures of the engine in scenario E1 for 𝜑 = 0◦

were calculated according to the above described five steps procedure.
The magnetic signatures for each component of the external field for z
= −10 m are presented in Figures A.1a, A.2a, A.3a, and A.4a diagrams,
while the engine model for each external field and for 𝐼𝐿 and for
𝐼𝑉 are shown in Figures A.1b, A.2b, A.3b, and A.4b. The magnetic
isoclines in Figures A.1c, A.2c, A.3c, A.4c, A.1d, A.2d, A.3d, and A.4d
illustrate the distribution of obtained magnetic field around engine for
each examined case.

The verification of this method for 𝜑 = 0◦ is shown in Fig. 10.
The ampere-turns for this case (Table 4) are 𝐼𝐿1,𝜑=0◦ = 22, 4 At and
𝐼𝑉 1,𝜑=0◦ = 36, 1 At. The minimized signatures values are less than 1 nT.
The calculation time for determining optimal ampere-turn currents was
less than one second for both scenarios.

The magnetic signatures of the engine for 𝜑 = 90◦ were also
calculated for all five steps. The final result is presented in Fig. 11.
The ampere-turns for this case (Table 5) are 𝐼𝑇 1,𝜑=90◦ = 11.2 At and
𝐼𝑉 1,𝜑=90◦ = 36.1 At. It can be seen that for 𝜑 = 0◦ and 𝜑 = 90◦ the
values of the currents of the vertical coil are practically the same. The
magnetic signatures of the engine are also dumped in this case. The
biggest value of the reduced field is less than 1 nT.
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Fig. 10. Verification scenario E1 for 𝜑 = 0◦.
Fig. 11. Verification scenario E2 for 𝜑 = 90◦.
Table 4
The results of scenario E1 — ampere-turns of
coil currents for 𝜑 = 0◦.
Coil current Value [At]

𝐼𝐿1,𝜑=0◦ 22.396
𝐼𝑇 1,𝜑=0◦ 0
𝐼𝑉 1,𝜑=0◦ 36.076

Table 5
The results of scenario E2 — ampere-turns of
coil currents for 𝜑 = 90◦.
Coil Current Value [At]

𝐼𝐿1,𝜑=90◦ 0
𝐼𝑇 1,𝜑=90◦ 11.168
𝐼𝑉 1,𝜑=90◦ 36.045

6.2. Verification of the method — numerical experiments E3, E5

For the asymmetrical engine B and angle 𝜑 = 0◦ (numerical case E3
and E5), the magnetic signatures and calculations of ampere-turn cur-
rents were carried out using the same methodology but different mesh
size. The final results are shown in Figs. 12 and 13 while determined
coil currents are listed in Table 6. The minimization of the magnetic
signatures for scenario E3 resulted in the maximum error of 0.45 nT
(Fig. 14) but scenario E5 with higher-resolution mesh reduced this error
7

Table 6
The results of scenarios E3 and E5 — ampere-turns of coil
currents for 𝜑 = 0◦.
Coil Current E3 results [At] E5 results [At]

𝐼𝐿1,𝜑=0◦ 16.863 17.654
𝐼𝐿2,𝜑=0◦ 9.038 7.18
𝐼𝑇 1,𝜑=0◦ 0.058 0.019
𝐼𝑉 1,𝜑=0◦ 14.345 19.230
𝐼𝑉 2,𝜑=0◦ 22.876 18.9999

to 0.2 nT (Fig. 13). This better result however, was obtained at the cost
of significantly longer computation time.

6.3. Verification of the method — numerical experiments E4, E6

For the asymmetrical engine and angle 𝜑 = 90◦ (numerical cases E4
and E6) the magnetic signatures and calculations of ampere-turn cur-
rents were carried out using the same methodology but different mesh
size. The final results are shown in Figs. 15 and 16 while determined
coil currents are listed in Table 7. The minimization of the magnetic
signatures for scenario E4 resulted in the maximum error to 1.7 nT
(Fig. 17) but scenario E6 with higher-resolution mesh size reduced this
error to 0.9 nT (Fig. 16). Like in the previous case better results were
obtained at the cost of significantly longer computation time.
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Fig. 12. Verification scenario E3 for 𝜑 = 0◦.
Fig. 13. Verification scenario E5 for 𝜑 = 0◦.
Fig. 14. Verification scenario E3 for 𝜑 = 0◦ (differences).
6.4. Comments on signature minimization results

For the type A engine, the results of minimizing the magnetic
signatures below 1 nT were obtained even using a standard mesh.
However, for the type B engine, the errors were at a higher level and to
study them calculations were performed using two different mesh sizes:
standard and higher-resolution. In this case, the use higher-resolution
mesh enabled to obtain the maximum error below 1 nT, i.e., similar
8

to that observed for case A. This can be considered a satisfactory
result which clearly confirms the correctness of the presented method.
The optimal values of coils ampere-turns were calculated basis on
distribution of magnetic field along one line 𝑥 (y = 0). The distribution
of the magnetic field 𝐵𝑥, 𝐵𝑦 and 𝐵𝑧 on surface x–y without coil currents
are presented in Fig. B.1, B.3, B.5. The distribution of the magnetic field
with coil currents are presented in Fig. B.2, B.4, B.6. The maximum
value of the magnetic flux density for the silenced engine A is less than
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Fig. 15. Verification scenario for E4 𝜑 = 90◦.
Fig. 16. Verification scenario E6 for 𝜑 = 90◦.
Fig. 17. Verification scenario E4 for 𝜑 = 90◦ (differences).
1 nT for 𝐵𝑂𝑝𝑥 (Fig. B.2) and 𝐵𝑂𝑝𝑦 (Fig.B.4), and less than 2 nT for 𝐵𝑂𝑝𝑧
(Fig. B.6).

6.5. The analysis of optimization convergence and dependence on initial
values

The lsqnonlin function [28], available in the Matlab 2021 package,
can be used to determine the optimal ampere-turn values. The lsqnonlin
9

uses the Trust-Region-Reflective Least Squares Algorithm. Naturally,
this algorithm is also available in other packages, libraries and lan-
guages such as, Python [29], Ceres [30] and many others. Correct
solutions were obtained even using the Nonlinear GRG Solver available
in MS Excel [31]. Non-gradient methods such as genetic algorithms or
evolutionary strategies for instance can be applied to solve the pre-
sented optimization problem but in that case the computation time is
expected to be significantly longer. Gradient methods, such as lsqnonlin
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Fig. 18. Optimization dependence on initial values.
Table 7
The results of scenarios E4 and E6 — ampere-turns of coil
currents for 𝜑 = 90◦.
Coil Current E4 results [At] E6 results [At]

𝐼𝐿1,𝜑=90◦ −4.013 −4.197
𝐼𝐿2,𝜑=90◦ 7.125 7.536
𝐼𝑇 1,𝜑=90◦ 10.421 10.460
𝐼𝑉 1,𝜑=90◦ 20.962 20.378
𝐼𝑉 2,𝜑=90◦ 16.562 16.948

are fast, but they are prone to getting stuck in local minima. The
assessment of the usefulness of this method should be preceded by an
analysis of the impact of initial conditions. Therefore, the procedure
randomizing 1000 times the initial conditions from the permissible
current range for simulation scenario E2 was carried out, as shown
in Fig. 18. The obtained results were all very close to each other
for extremely different starting conditions. The convergence of the
optimization process is reported in Fig. 19. The presented results mean
that the optimization problem is well conditioned. They also mean that
the algorithm does not run the risk of getting stuck in local minima,
hence the use of the gradient method will bring a good result with low
computational effort and high computation speed. One thousand calls
of the Matlab 2021 version optimization procedure running on desktop
PC (CPU i7-8700, 16 GB RAM) with different initial conditions took
156 s. Compared to FEM methods, the speed of calculations as well as
the universality and availability of computational tools is the advantage
of the presented approach.

7. Conclusions

Magnetic signature compensation for one specific geographic loca-
tion can be achieved in a practical way by iteratively adjusting the
coil currents based on measurement in cardinal directions. This article
presents a magnetic decomposition-based approach to determining the
magnetic signatures of a ferromagnetic object. The decomposition in-
volves obtaining signatures, by measurement or calculation, separately
for each component of the external field directed along, across and
vertically toward the object. Those separate signatures for external
field component, can then be used to determine the signature of the
entire object for its arbitrary course and arbitrary values of the Earth’s
magnetic field.

In order to verify the magnetic decomposition method, signatures
were determined for individual components of the Earth’s magnetic
field, and transformed from the object-related system to the Cartesian
10
system. Then, they were assembled and compared with the reference
signatures obtained directly from the FEM Opera software.

Based on the magnetic signatures of the object for a given Earth’s
field and the signature associated with each individual coil wrapped
around the object, the values of the currents in the coils ensuring the
minimization of the Earth’s magnetic field disturbance were determined
by optimization.

The signature minimization process was verified using two simu-
lated marine engines in the form of coil-wrapped ship engines and
two different ship courses. The input data came from the FEM Opera
software, and the method presented in the article was implemented
outside the FEM, which made it possible to determine very quickly the
values of currents in the coils that minimize the magnetic signatures of
the engine. In the classical approach, FEM calculations are performed
for every arbitrary Earth’s magnetic field. Hence the optimization pro-
cedure results in a lengthy computational process. The convergence of
the optimization method and its dependence on initial conditions were
also investigated, as well as the effect of mesh density on the quality
of the obtained results.

For objects with a more complex and asymmetrical shape, a larger
number of coils wrapped around an object and a larger number of
data related to magnetic signatures may be required to minimize the
magnetic signature. The issue of determining the appropriate number
of coils and their arrangement is a separate research and engineering
problem, but the presented method is universal because it allows to
consider arbitrary number of coils and signature data.
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Fig. 19. Optimization convergence.
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