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Abstract

With the advancement in science and technology, a wall-climbing robot attached to the ship's outer surface is
increasingly replacing humans in the rust removal. The magnetic force is not just the adsorption force but also the
moving resistance force, which is currently the technological bottleneck in wall-climbing robotics based on magnetic
adsorption. This paper proposes a novel wall-climbing robot based on electrically controlled permanent magnet
technology to solve this problem. An electrically controlled permanent magnetic wall-climbing robot is proposed to
realize the function of magnetization and demagnetization by changing the pulse current. The results of the
experiments reveal that the magnetizing force is adequately adsorbed on the ship's outer surface. The magnetic
attraction force is close to 0 N during demagnetization, meaning that the system is fully unloaded, as predicted by the
theoretical analysis.

Keywords: Wall-climbing robot, electronically controlled permanent magnet, magnetic pole unit; magnetic
attraction force, finite element analysis

l. Introduction

Ship surface rust removal is the most common maintenance issue facing the shipbuilding industry and the ship repair
industry [1,2]. Once the coating on a ship's outer surface is damaged, any steel exposed to the air or immersed in
water is easily corroded. For ships immersed in seawater for a long time, the corrosion is more serious. In general,
ship rust removal and cleaning are preliminary steps to paint [3,4]. After rust removal, spray painting can be carried
out to protect a ship’s walls from corrosion to extend the service life of the ship. However, at present, most shipyards
still use manual derusting, which not only endangers the health of workers but also pollutes the environment.
Automated machinery has gradually replaced manual labor in high-risk jobs as science and technology have
progressed, with the use of a wall-climbing robot being a notable example. The wall-climbing robot is a unigque type
of robot that is typically used on the ship's exterior. It is important to ensure that the robot can be stably adsorbed on
the wall in a static position and that the robot can securely adhere to the wall while it "walks." Therefore, the
magnetic attraction force is the most important feature for a wall-climbing robot, which is why most researchers have
studied robots with reliable adsorption forces [5].

Adsorption methods can be categorized as negative pressure adsorption, micro- needle adsorption, grip adsorption,
binder adsorption, magnetic adsorption, etc. Adsorption-type wall-climbing robot development has yielded a variety
of findings, and the application scenarios are getting more extensive, so more people are paying attention to their
work[6,7]. The United States Helical Robotics and other companies developed a series of robots for wall crawling,
such as HR-MP20, using permanent magnet adsorption, using wheeled mobile [8]. Chen et al. suggested a new form
of multi-vacuum sucker wall climbing robot. The robot can walk vertically on a variety of materials [9]. Yu et al.
developed a new legged gecko robot with 16 active degrees of freedom and 12 passive degrees of freedom that could
climb omni-directional surfaces with dry adhesive material using a diagonal gait motion.[10]. A new negative
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pressure adsorption mechanism is integrated into the design of a climbing robot. This mechanism creates and
maintains negative pressure and adsorption force by using the gravitational force of air. [11-13]. Mao et al.
developed a permanent magnetic adsorption unit that has a significant adsorption capacity. [14]. Huang et al.
proposed a novel electromagnetic adsorption-based wall-climbing robot. To achieve the unity of adsorption and
mobility, electromagnets fixed in synchronous belts go into and out of work in turn. Park and Seo proposed a new
type of wall-climbing robot that moves like a gorilla [15]. It consists of a DC drive motor, an adsorption vacuum
pump, and a microcontroller for machine control. On vertical and horizontal flat surfaces, the robot's efficiency was
done previously [16,17].An adsorption device with a flexible skirt edge was presented by Hefei University. With a
maximum load of 0.5kg, the robot could climb the wall surface from 0 to 360 degrees.

As previously mentioned, when compared to other common climbing robots, such as vacuum adsorption and
negative pressure adsorption robots, the permanent magnet adsorption method has great adaptability to the wall
surface, and the adsorption force is far greater than vacuum adsorption. Meanwhile, the biped adsorption type is
focused on animal, human behavior, and development. This approach is relatively difficult to control, and the
function is relatively poor. The main challenge is the inability to have the required industrial application direction.
[18]. Compared with the electromagnetic adsorption device, the permanent magnet adsorption device has a smaller
weight and volume, does not need a power supply and cooling equipment, and has no safety hazards due to
accidental power failure and loss of adsorption [19,20]. However, permanent magnet adsorption is unable to
overcome the conflict between adsorption flexibility and stability. The motion form and adsorption methods are the
two major themes of the wall-climbing robot. And the two are at odds: the more flexible the movement, the lower the
adsorption force should be. This paper proposes a wall-climbing robot based on electrically controlled permanent
magnet technology that can magnetize and demagnetize by altering the pulse current. Electrically controlled
permanent magnet technology addresses the contradiction between the maneuverability and the adsorption force of
the wall-climbing robot.

The below is a description of the paper's structure: The magnetic circuit structure and operation of the electronically
controlled permanent magnetic pole unit was discussed in Section 2. We also calculate the magnetic circuit and
magnetic attraction force of the magnetic pole unit with the Maxwell equation. A finite element analysis is presented
in Section 3 to simulate and verify the magnetic attraction force during magnetization and demagnetization. Finally,
conclusions are outlined.

1. Magnetic circuit analysis and calculation of the magnetic pole unit
2.1 Magpnetic circuit structure of the magnetic pole unit

The magnetic pole unit is composed of a magnetic yoke, magnetic pole block, main magnet, reversible magnet and
excitation coil. Fig. 1 and Fig 2 represent a physical diagram and a 3D model of the magnetic pole unit, respectively.
The outermost frame is the yoke, and the internal structure is divided into upper and lower parts. The main magnet is
the one with the smaller volume next to the yoke, the larger magnet is the pole block, and the magnet directly below
the pole block is a reversible magnet that is surrounded by an excitation coil, which is made of wound copper wire.
To increase the strength and stiffness of the magnetic pole unit and fix the excitation coil and reversible magnet, they
are sealed and insulated to prevent liquid from entering and promoting coil leakage. To fill the internal gap of the
pole unit, epoxy resin is used around the excitation coil [21].
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Fig 1: The physical _diagram of magnetic pole unit
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Fig. 2: The 3D model of the magnetic pole unit
2.2 Working principle of the magnetic pole unit

When the magnetic pole unit is magnetized, a positive pulse current is instantaneously applied to the excitation coil
to magnetize the reversible magnet. The direction of the magnetic pole after the magnetization of the reversible
magnet is shown in Fig. 3(a). The magnetic fields are superimposed on each other, and the magnetic lines of force
pass through the magnetically conductive workpiece to form a closed magnetic circuit. Most of the magnetic field
lines pass through the magnetic pole block, air gap, magnetic workpiece, and air gap, magnetic pole block, reversible
magnet, magnetic yoke and reversible magnet successively to form a closed circuit, that is, the main magnetic circuit.
There are a few magnetic field lines that pass through the magnetic pole block, air gap, magnetic workpiece, and air
gap inturn to form a closed loop, which is the secondary magnetic circuit. As a result, between the magnetic pole unit
and the magnetic workpiece, a magnetic attraction force is generated, which is manifested as a magnetizing state.

When the magnetic pole unit is demagnetized, a reverse pulse current is instantaneously applied to the excitation coil
to magnetize the reversible magnet. The direction of the magnetic pole of the reversible magnet is shown in Fig. 3
(b). The direction of the magnetic pole of the reversible magnet is opposite to that of the magnetizing magnet. The
magnetic poles of the magnet and the reversible magnet are opposite magnetic poles, and most of the distribution for
the magnetic lines of force forms a closed loop inside the magnetic pole unit. Therefore, the magnetic attraction force
between the magnetic pole unit and the magnetic conductive workpiece is minimal, implying that the
demagnetization state is the external performance.
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Fig 3: Distribution of the magnetic lines of electrically controlled permanent magnet
(a) Magnetization state (b) Demagnetization state

2.3 Magpnetic circuit calculation of the magnetic pole unit

In general, the magnetic circuit consists of five parts: the permanent magnet material, an excitation coil, the soft
magnetic material, the assembly clearance and the working air gap. Assume the permanent magnet material's internal
magnetic field strength is H,, and its length is L,. There are k excitation coils, the number of turns of the i-th
winding is N; and the current is I;. There are m segments of soft magnetic materials, the length of the i-th segment
is L; and the internal magnetic field intensity is H;. There are n assembly gaps, with L; being the length of the j-th
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segment, H; being the magnetic field intensity in the assembly gap, and L, being the length of the working air gap
and Hg being the magnetic field intensity in the working air gap.

The calculation formula for the magnetic circuit in a magnetic pole unit can be derived via Kirchhoff's second law of
magnetic circuits:

M HiL + L, HiLi + HgLg = 0.4 T, NL; (1)
{21 HiLi + Z]n:l HjLi + Hng = HmLm (2)
TR, HiLi + XL, HiLi + HgLg = 0411 XK NiL; + Hpy Ly 3)

To calculate the magnetized AINiCo permanent magnet material for the excitation coil in the electronically
controlled permanent magnet pole unit, since there is no working gap, the assembly gap can be ignored. Formula 3
can be used to obtain the magnetic circuit calculation formula for the magnetized AINiCo permanent magnet
material as follows:

0= 04NY¥E, NiL; + HyLp, “)

The magnetic circuit of an electronically controlled permanent magnet pole unit is equivalent to the permanent
magnetic circuit when magnetized and demagnetized, and the magnetic circuit can be calculated using formula 2.

2.4 Magpnetic attraction force calculation of the magnetic pole unit

Since the gap between an electronically controlled permanent magnetic chuck and the magnetizing workpiece is so
small as it performs, it is presumed that the air gap magnetic induction is uniformly distributed. [22]. According to
Maxwell's differential equation, the magnetic attraction force calculation formula for the electronic control of a
permanent magnet pole unit can be derived as follows:

— 108 x (B A = 109 x (22 ) L
F=10"x (4965) Ag =107 x (4965) Ag ®)
Where F denotes the magnetic attraction force, B, denotes the magnetic induction intensity, A, denotes the contact
area and @, denotes the air gap flux density.

The magnetic induction intensity B, and the contact area A, between the magnetic pole unit and the magnetic
workpiece determine the magnetic attraction force. The magnetic attraction force is unaffected by the contact
area A, the structural parameters of the magnetic pole, or the number of excitation coils when the magnetic pole unit
and the magnetic conducting workpiece are determined. The working air gap magnetic induction intensity
B determines the magnetic attraction force between them. The magnetic induction intensity Bg; produced by the
main magnet and the magnetic induction intensity B,, produced by the reversible magnet are superimposed on the
working air gap magnetic induction intensity B, between the magnetic pole system and the workpiece. According
to the working principle of the magnetic pole unit, the magnetic intensity By, produced by the main permanent
magnet in the magnetic pole unit does not change. A pulse current is applied to the excitation coil to control the
magnetic induction intensity Bg, produced by the magnetized reversible magnet and to control the working
magnetic induction intensity B,.

I11. COMSOL finite element analysis
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COMSOL Multiphysics is large-scale advanced numerical simulation software that's used in a variety of scientific
and engineering calculations[23]. In the simulation of various physical processes in science and engineering fields,
COMSOL generates highly accurate numerical simulations with excellent computational performance and
multi-field bidirectional direct coupling analysis capabilities. At present, it has been widely used in electromagnetics,
structural mechanics, acoustics and other fields. In this paper, during magnetization and demagnetization, the
AC/DC module of the simulation software is used to verify the magnitude of the magnetic attraction force between
the magnetic pole unit and the magnetic workpiece. Fig. 4 represents the sequence in which the major steps are
performed.

. Material Setting . [ ) ]
[MOde"'”g ]— [ Attributes ]—[ Conditions ]_' [ Meshing ]— Solution )™ L processing

Fig 4: Simulation flow chart

In this paper, we verify two cases of magnetic attraction force between the magnetic pole unit and the magnetic
workpiece: one in which the magnetic attraction force between the magnetic pole unit and the magnetic workpiece
can exceed 800 N under magnetization conditions, and another in which the magnetic attraction force between the
magnetic pole unit and the magnetic workpiece is close to 0 N under demagnetization conditions [24].

3.1 Modelling

The model of the magnetic pole unit and the magnetic conductive workpiece is established based on the magnetic
circuit structure of the magnetic pole unit in Chapter 2. (see Fig 5).
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Fig 5: The model of the magnetic pole unit and the magnetic conductive workpiece
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3.2 Material Attributes

Electromagnetic field analysis involves materials such as magnetic yoke, the magnetic pole block, main magnet
(NdFeB), reversible magnet (AINiCo) and excitation coil, magnetic workpiece, air, its parameters are shown in
Table 1. In the simulation process, H-B corresponding values and curves of AINiCo are shown in the Table 2 and
Fig. 6 respectively.

Table 1 Material parameters

Material Properties
main magnet(NdFeB) B,, = 1.281T
H,, = 483kA/m
uy = 1.0875
reversible magnet(AINiCo) B,, = 1.334T
H., = 61.6kA/m
magnetic pole block U, = 2000
magnetic workpiece Us; = 1000
magnetic yoke u, = 400
air Us =1
excitation coil N=95,1=25A

Table 2 H-B corresponding value of demagnetization curve of AINiCo

H(Oe) B(T) H(Oe) B(T) H(Oe) B(T)
55703.9 1.32588 11936.6 1.21294 3978.9 0.84376
51725.1 1.32176 9946.2 1.17176 34815 0.74694
437674 1.31294 7957.7 1.119059 2984.1 0.64941
35810.0 1.30235 6963.0 1.06766 2486.8 0.55353
27852.0 1.29117 5967.4 1.01294 1989.4 0.48894
23873.1 1.281176 5470.9 0.98106 1492.1 0.38471
19894.3 1.26588 4973.6 0.94612 994.7 0.22176
15015.4 1.24647 4476.2 0.88353 497.4 0.112
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Fig 6: H-B curve

3.3 Setting conditions

Boundary conditions are set for electromagnetic field interfaces and impulse current excitation functions are applied
as shown in Table 3 and Fig. 7 respectively.

Table 3 Boundary conditions of magnetic field interface

Boundary conditions Equation Constitutive relation
Ampere's Law(field 1) VXH= B = pouH
B=VxA
0a
E=-—
0
] = oE
Ampere's Law(field 2) VXH= B = pouH + B,
B=VxA
0a
E=-—
0
] = oE
Ampere's Law(field 3) VXH= B = pouH+ B,
B=VXxA
0a
E=-—
0
] = oE
Ampere's Law(field 4) VXH= _ B
B=VXxXA H_f(lBl)l'Tl
Oa
E=-—
0
] =oE
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Fig 7: Impulse current excitation function

3.4 Meshing

The meshing of geometric model directly determines the calculation of the problem, including the solving time of the
model, the amount of memory needed to calculate the problem and the precision of the solution. This article uses
automatic meshing, as shown in Fig 8.
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Fig 8: Meshing diagram

3.5 Solution

COMSOL Multiphysics is used to form a discrete system of linear algebraic equations based on a series of
interrelated small units through discrete means and then solves the equations to obtain a solution for the unit node. In
this paper, a stationary solver, time-dependent solver and stationary segregated solver are used to solve the problem.
The iterative solver adopts a fine iterative strategy. In solving the nonlinear equation, the iterative solution is
obtained, and the solution that meets the precision requirement is finally obtained. The segregated solver is mainly
used to solve the weak coupling problem. The physical fields are solved in order, and then the coupling iteration is
carried out repeatedly until the accuracy requirements are met.

3.6 Post-processing

The magnetic attraction force between the magnetic pole unit and the magnetic conductive workpiece is 800 N under
magnetization, as seen in Fig. 9, satisfying the adsorption requirements. In the case of demagnetization, the magnetic
attraction force between the magnetic pole unit and the magnetic workpiece is close to 0 N, which meets the
unloading requirements. The magnetic force line distribution on the magnetic workpiece is rather uniform, as seen in
Fig. 10, implying that the magnetic suction distribution is relatively uniform.
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Fig 9: Magnetic attraction force between magnetic pole element and magnetic workpiece
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Fig 10: The distribution of magnetic force line on the magnetic workpiece
(a) Magnetization state (b) Demagnetization state

1V. Conclusions

In this paper, a wall-climbing robot based on electrically controlled permanent magnet technology is proposed,
which realizes the function of magnetization and demagnetization by changing the pulse current. Between the
magnetic pole unit and the magnetic workpiece, the magnetic attraction force approaches 800 N. The ship's outer
surface has a sufficient amount of magnetizing force. The magnetic attraction force is similar to 0 N during
demagnetization, indicating that the system is fully unloaded, as predicted by the theoretical analysis. Electrically
controlled permanent magnet technology addresses the contradiction between the maneuverability and the
adsorption force of the wall-climbing robot. Compared with electromagnetic adsorption devices, electronically
controlled permanent magnet technology presents no safety hazards due to accidental power failure or loss of
adsorption. The pulse current, demagnetization time, and residual magnetism can all be adjusted in the later study to
ensure the wall-climbing robot's maneuverability and adsorption force on the ship's surface.
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