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Abstract: Magnetic silence of warships is necessary to prevent damage caused by the magnetic mines
detecting the magnetic field of the warship. Anhysteretic and Deperm-ME protocols are used to
reduce permanent magnetization among magnetic signals. However, they have some disadvantages.
Therefore, this paper proposes an effective deperming protocol that is easily controlled and reduces
the demagnetization time. A protocol composed of two Anhysteretic protocols is presented using
the Preisach model to easily manage and ensure excellent performance. Each stage has its own
advantages by considering the Preisach density distribution. In Stage 1, the existing magnetic history
is erased, and the demagnetization time is reduced. In Stage 2, the demagnetization performance is
improved. The effectiveness of the protocol was verified via simulations using the Preisach model
and experiments using a specimen. When the proposed protocol was applied, the results were
excellent when applying Anhysteretic and Deperm-ME. In addition, even if the number of magnetic
fields was reduced by 4 and 8 in the proposed protocol, the demagnetization result was maintained.
Therefore, if the proposed protocol is applied, excellent demagnetization results can be obtained and
the time required to perform demagnetization can be reduced, thereby improving the operational
capability of the warship.

Keywords: Anhysteretic deperm; Deperm-ME; demagnetization; Preisach model

1. Introduction

The magnetic signals of the warship consist of the induced magnetic field caused by
the earth’s magnetic field during operation [1-3], eddy currents by rolling [4], and the
permanent magnetization generated during the manufacturing process. Most of the signals
are the induced and the permanent magnetic fields. The induced magnetization changes
according to the position, course, and azimuth of the ship under the earth’s magnetic fields.
The permanent magnetization was generated inside the warship, as shown in Figure 1a,
owing to the external environment, such as the change of local magnetic properties by
welding and cutting the hull of the ship during manufacturing. Since the magnetic mines
installed in the sea detect these signals and attack the warship, the ship’s magnetization
has to be reduced to a certain magnitude. In particular, the permanent magnetization is
less than 50% of the induced magnetization.

In general, demagnetization is performed for magnetic treatment of the warship, and
then the induced magnetization is removed through the degaussing. A coil was wound
around the warship to reduce permanent magnetization, as shown in Figure 1b, and the
demagnetization was performed by applying continuously alternating and decreasing
magnetic fields. These magnetic fields are called the deperming protocol. As the magnetic
sensor installed outside the ship can measure the induced magnetic field, it can be elimi-
nated by applying a canceling current to the coil installed inside the ship [2,3]. After the
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permanent magnetization is sufficiently reduced by demagnetization, the induced magne-
tization is more easily compensated by the degaussing coils with less power required.

Permanent
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4\ /L Magnetization

Magnetic Flux Density Magnetic Flux Density

Sensor line

Sensor line

(a) (b)

Figure 1. Schematic view of the demagnetization effects: (a) effect of the permanent magnetization
after manufacturing the warship; (b) effect of the demagnetization.

The ship’s magnetization consists of a Cartesian component, with mostly longitudinal
and vertical components. In the case of demagnetization, it is generally used to reduce the
longitudinal component. From the practical point of view, the result of demagnetization
should reach less than half of the induced magnetic field component. The vertical com-
ponent is usually compensated by degaussing coils but since a submarine does not have
degaussing coils, it is magnetized in the opposite direction of the earth’s magnetic field to
eliminate the effect.

The most commonly used protocols for demagnetization are Anhysteretic Deperm,
Deperm-ME, and Flash-D [5-7]. Flash-D is mainly used in submarines without degauss-
ing coils, while others are used in warships equipped with degaussing coils. Several
recent studies have shown that Deperm-ME performs better than Anhysteretic Deperm [8].
However, since complex control is required by the exponential function, it is not easy
to use in the Navy. Therefore, a deperming protocol with better performance and easy
control is needed. In addition, if the demagnetization time can be reduced, the operational
capabilities of the warships can be improved.

This paper proposes an effective deperming protocol that is easy to control and
can reduce the demagnetization time by using the Preisach model. The Preisach model
can represent the hysteresis characteristics by considering the interactions between the
magnetic particles inside the material. Therefore, it is suitable for demagnetization research.
Moreover, in this paper, the influence of the earth’s magnetic field is removed. There
are two reasons. The first is that the effect is compensated by degaussing systems after
demagnetization. Second, the magnitude of the earth’s magnetic fields varies depending
on the operation regions. Therefore, only an effective deperming protocol was studied in
this paper.

The proposed protocol consists of two Anhysteretic protocols. The first protocol starts
with a high magnetic field level to erase the previous history. Additionally, it operates in
areas of low Preisach density, reducing the demagnetization time by decreasing unnecessary
magnetic fields. The second protocol improves the demagnetization performance by
drawing small traces in an area with high Preisach density distributions.

Simulations were performed using a program that combines the Preisach model and
the Finite Element Method (FEM) to compare the proposed protocol with Anhysteretic
and Deperm-ME. After applying each protocol, the distributions of the permanent mag-
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netization were analyzed. In addition, experiments were performed in a scaled-down
Magnetic Treatment Facility (MTF) test room in which the earth’s magnetic field and
external influences were removed to verify the simulation results.

2. Proposed Deperming Protocol Using the Preisach Model
2.1. Preisach Model

The Preisach model was adopted in this research because it considers the coercive force
and interactions between magnetic domains. The demagnetization process is also analyzed
through the Jiles—Atherton model, which is one of the hysteresis modeling methods [9].
However, since it is difficult to consider the density distribution of magnetic materials,
the Jiles—Atherton model is intuitively used for simulation rather than development of
deperming protocols. On the other hand, the Preisach model calculates the amount of
magnetization by integrating the density of hysterons corresponding to magnetic particles.
As shown in Figure 2, the magnetic properties were represented by the density distribution
of hysterons considering coercive force and interaction forces. Each hysteron is an element
that can take only two values ((—1,1), (0,1)—depending on the model design decision) [10].
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x."""lnteraction field axis

Figure 2. Schematic of Preisach density distribution according to coercivity field and interaction
fields on the Preisach plane.

For example, there were hysterons with small coercive force and no interaction at P1.
However, if there are interactions between hysterons, some hysterons will be shifted, such
as those at P2. That is, along an interaction field axis, hysterons having the same coercive
force had different interaction forces. Similarly, hysterons located on the same coercivity
field axis had the same interaction force. Hysterons with larger coercive force were located
at positions P3 and P4.

2.2. Conventional Deperming Protocols

Figure 3 shows the conventional deperming protocols: Anhysteretic Deperm and
Deperm-ME. Anhysteretic Deperm is easy to control because it has a constant decrease as
shown in Figure 3a. Thus, it is a demagnetization technique mainly used in the Navy. On
the other hand, there are also disadvantages. The demagnetization performance is not as
effective as that of the Deperm-ME protocol. Deperm-ME shows excellent performance
according to exponential variation, as shown in Figure 3b [8]. However, there is reluctance
in using it due to difficulties in control and variable determination and problems such as
reliability verification. Therefore, it is necessary to study the demagnetization protocol that
has the advantages of both protocols.
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Figure 3. Schematic view of the conventional protocols: (a) Anhysteretic Deperm; (b) Deperm-ME.

2.3. The Proposed Deperming Protocol Using the Preisach Model

This paper proposes a new deperming protocol using Anhysteretic Deperm with high
reliability and analyzes it using the Preisach model. It consists of two Anhysteretic Deperm
protocols and has better performance than Anhysteretic Deperm and is easier to control
than Deperm-ME. Figure 4 shows the process of determining the protocol.

Magnetization

......

S
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Distribution
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Intensity

Magnetic Field Intensity
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Figure 4. Process used to determine the proposed protocol: (a) the process; (b) schematic view of the proposed protocol.

In Stage 1, the initial magnetic field is approximately 6 times higher than the coercive
force because the magnetic history of the warship should be erased even if it is largely
magnetized by the external environment.

The second protocol starts with a magnitude that is twice the coercive force. When the
magnetic flux density (B)-magnetic field strength (H) curve is differentiated, it represents
the density distribution of the Hc axis on the Preisach plane. Most of the particles are
distributed in the region where the magnitude is less than twice the coercive force, as
shown in Figure 4a. Therefore, the particles would mainly be demagnetized in Stage 2.
Finally, the protocol is determined using the number of the applied magnetic fields and the
magnitude of the initial and final magnetic fields as shown in Figure 4b.

The traces are drawn on the Preisach plane when the proposed protocol is applied, as
shown in Figure 5a. As the variations are different in the two regions, the traces were large
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in Stage 1, and dense in Stage 2. The total magnetization remaining inside the warship is
obtained using Equation (1), representing the sum of the densities in the area along the
traces. If the demagnetization is well performed, the total magnetization would be close to
zero. The hysteresis curve calculated according to the applied field is shown in Figure 5b.

Magnetization = jfer p(a,b)dadb + jfsi p(a,b)dadb 1)

where S+ S— are the Preisach planes divided by the traces, respectively, 2 and b are the
coordinates, and p(a,b) is the Preisach density.

2 Stage 1 Stage
(a)

Figure 5. The traces on the Preisach plane following the proposed protocol: (a) the traces on the
Preisach plane; (b) magnetization (M)-magnetic field strength (H) curve.

Each stage has its advantages. In Stage 1, large magnetic fields are applied to erase
the magnetic history. As a result, several traces are unnecessarily drawn in an area with
low Preisach density distributions, as shown in Figure 6a. Since these traces do not affect
the result of demagnetization, the number of magnetic fields can be reduced. This has the
advantage of reducing the time for demagnetization. Figure 6b shows the traces on the
Preisach plane after removing two magnetic fields. Since this area has low density, the two
regions divided by the traces on the plane and the corresponding total magnetization are
similar. Therefore, in Stage 1, the demagnetization time can be reduced.

Magnetic Field Intensity
Magnetic Field Intensity

(a) (b)

Figure 6. The traces of the Preisach plane in Stage 1 of the proposed protocols: (a) 10 magnetic fields;
(b) 8 magnetic fields.



Energies 2021, 14, 6295

6 of 10

Stage 2 plays an essential role in the demagnetization performance. Figure 7 shows
the second protocol and the traces on the Preisach plane. Since it has minor variations and
operates in an area with high Preisach density distribution, the Preisach plane is divided
uniformly, allowing an effective demagnetization.

ry

2 stage

2Stage .~ 1 Stage

Magnetic Field Intensity

@) (b)

Figure 7. Schematic view of Stage 2 of the proposed protocols: (a) Stage 2 of the proposed protocol;

(b) the traces on the Preisach plane.

Since the proposed protocol has both excellent performances of Deperm-ME and
convenient control of Anhysteretic Deperm, it can be used in the real environment. In
addition, it can reduce the demagnetization time.

3. Simulation and Experiment Setup

Simulations were performed through a program that combines the Preisach model and
Finite Element Method (FEM) to verify the proposed protocol. In addition, experiments
were conducted to verify the simulation results. Since the magnitude of the earth’s magnetic
field is dependent on the operation areas and the effect of the earth’s magnetic field is
compensated by degaussing after demagnetization, for the basic research of the deperming
protocol, the effect of the earth’s magnetic field was removed and the experiment was
carried out in a Magnetic Treatment Facility.

Figure 8 shows a specimen and the deperming coil used in the simulations and
experiments. The length, outer, and inner diameter of the specimen made of the Steel Plate
Cold Commercial (SPCC) magnetic material were 298, 44, and 42 mm, respectively. The
demagnetizing coil was 557 mm long, 60.4 mm in diameter, and folded in 606 turns. The
B-H curve of the SPCC and the Preisach density distribution are shown in Figure 9.

298 mm

3
3
3

U .

{ | Depermingcoil i} SPECIMEN

557 mm

Figure 8. Model of the demagnetization experiment and simulation.
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Figure 9. Magnetic properties of the SPCC: (a) B—H curve; (b) Preisach density distribution on the Preisach plane.

4. Results and Discussion
4.1. Simulation Results

Three protocols were applied to the coil for comparison (see Figure 10). The initial
and final magnetic fields and the number of the applied magnetic fields were the same.
Each magnetic field lasts for 5 s, with a rest period of 3 s. Anhysteretic has a constant
decrease of 111.1 A/m. On the other hand, in the proposed protocol, the reduction is 191.2
in Stage 1, and is constantly decreased by 39.5 A/m in Stage 2. The proposed protocol was
determined through the process shown in Figure 4.

-E-Anhysteretic

—“Deperm—ME
-=—Proposed

3000

2000

1000

Magnetic Field Intensity [A/m]

1 3 S5 7 9 11 13 15 17 19 21 23 25 270 29 31 33 35 37

Number of magnetic fields

Figure 10. Three types of deperming protocols.

Figure 11 shows the distribution of the internal magnetization after the demagnetiza-
tion process performed according to the protocols. After applying the Anhysteretic protocol,
a large amount of permanent magnetization remains inside, as shown in Figure 11a. The re-
sults obtained through the Deperm-ME protocol were reduced compared to those obtained
with the Anhysteretic Deperm protocol. However, as shown in Figure 11c, the internal
magnetization after using the proposed protocol was lower than that obtained with the
other two protocols. Therefore, the demagnetization performance of the proposed protocol
is the best among the protocols.
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Figure 11. Simulated distribution of the residual magnetization according to the protocols: (a) An-

hysteretic Deperm; (b) Deperm-ME; (c) proposed protocol; (d) contour bar.

4.2. Experiment Results

Figure 12 shows the experimental setup. A SPCC specimen was placed inside the
X coil and three protocols were applied to the X coil. The magnetic flux density was
measured with a magnetic sensor (Mag690, Bartington Instruments, Witney, England) to
confirm the demagnetization results. The sensor that was positioned 18 cm below it in
the vertical direction measured the magnetic flux density while moving the specimen on
the aluminum rail. The Z coil was not used in this study since it is used in the Flash-D
protocol for submarines. All the devices around the flux-gate magnetic sensor were made
of non-magnetic aluminum to minimize the effects of the external magnetic fields.

Earth Magnetic
Depe ngZConl i — Comp Satlor

Figure 12. Sensing system for deperming.

Figure 13 and Table 1 show the results of the experiment. Since all the protocols used
the same number of applied fields, the operating time was the same. When the Deperm-ME
protocol was applied, the magnetic flux density was 66.5% lower than that obtained with
the Anhysteretic Deperm protocol. The proposed protocol reduced the signal by 95.5%.
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Figure 13. Experimental results of the SPCC following the deperming protocols.
Table 1. Measured magnetic flux density of the SPCC following the protocols.
. Magnetic Flux Density
Protocols Shot Numbers Time (Reduction Rate)
Anhysteretic 36 288 s 304.0 nT
Deperm-ME 36 288 s 94.9 nT (33.5%)
Proposed 36 288 s 12.2 nT (4.5%)

Additional experiments were performed to verify whether the proposed protocol
could reduce the demagnetization time. Stage 2 is fixed in the proposed protocol, and
the number of applied magnetic fields in Stage 1 is reduced by 4 and 8 magnetic fields.
Figure 14 and Table 2 show the results of the experiments.
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Figure 14. Experimental results obtained with a reduced number of magnetic fields.
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Table 2. Measured results of the SPCC by reducing the demagnetization time.

Time Magnetic Flux

Protocols Shot Numbers (Reduction Rate) Density

Deperm-ME 36 288 s 949 nT

Proposed 36 288 s 12.2nT
256 s

Reduced 4 shot 32 (88.8%) 33.6 nT
224 s

Reduced 8 shot 28 (77.7%) 70.6 nT

When 4 and 8 magnetic fields were reduced, the flux density increased by 21.4 and
58.4 nT, respectively. As the number of magnetic fields decreased, the signal increased.
However, the performance was better than that of Deperm-ME. Furthermore, the demag-
netization times were reduced by 11.1% and 22.2%, respectively. Therefore, the proposed
protocol has effective performance and reduces the demagnetization time and is easy
to control.

5. Conclusions

This paper proposed a novel deperming protocol consisting of two Anhysteretic
protocols using the Preisach model. In Stage 1, the previous history was erased through a
large initial magnetic field. Due to the low density of the region, unnecessary magnetic
fields can be removed. In Stage 2, due to the high density distribution, the performance
was improved by drawing the traces uniformly with a slight variation.

The simulations and experiments show that the proposed protocol has better perfor-
mance than the Anhysteretic and Deperm-ME protocols. In addition, the demagnetization
time can be reduced by up to 22% while maintaining excellent performance.
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