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Abstract: Mobile robots that are required to climb inclined ferromagnetic surfaces typically employ
magnetic wheels. In order to design magnetic wheels and to properly size the permanent magnet as
magnetizing source without the need for finite element analyses, a model that predicts the attractive
magnetic force is necessary. In this paper, an analytical force model is derived by estimating the
reluctance between the wheel and the surface. A magnetic circuit is constructed, incorporating the
leakage flux from the side of the wheel. The model is validated against the results from finite element
analyses and measurements from a test rig and a wheel prototype. Within the limitations of the
model, it can adequately predict the force and can be used for initial design of magnetic wheels.
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1. Introduction

Robots that can climb vertical walls and hold on to surface at any angles are required for many
mission-critical applications in hazardous environments such as inspection of pipes and reactor vessels
in nuclear power plant, welding in ship building, and inspection of dry storage casks for spent
fuel rods. To maintain robot positions on inclined surfaces, two mechanisms are typically used:
pneumatic suction [1] or magnetic wheels [2-5]. In terms of size and the ability to maintain its position
without power, a robot with magnetic wheels is preferable to the one with suction pads. For irregular
ferromagnetic surfaces, magnetic wheels are the only option.

In most cases, a magnetic wheel consists of a permanent magnet (PM) as a magnetizing source
and ferromagnetic parts for flux guidance and for ensuring enough traction surface. In a typical
electric machine, PM is used for continuous rotation [6]. In contrast, the role of PM in a magnetic
wheel is to generate the magnetic field that is needed to produce required attractive forces. The first
step in designing a magnetic wheel is to determine the size of the wheel and PM. Past efforts to
design a magnetic wheel include a rule-of-thumb approach [7] and finite element analyses (FEA) [2,3].
Normally, the rule-of-thumb method results in a bulky design due to safety factors that are necessary
to accommodate the uncertainty of the method. Finite element calculations take a very long time for
design iterations or optimizations especially for the inherently three-dimensional wheel geometry.

An analytical model that relates wheel parameters to load capacity would be very convenient
for designing magnetic wheels. However, it is rather difficult to accurately model the magnetic field
distribution between the wheel and surface due to rapid change in field around the contact area. For
example, Kindl et al. [8] proposed a magnetic force model by assuming the magnetizing intensity
inside PM and by neglecting the side leakages. Since the field distribution changes too rapidly between
the wheel and the surface, they assumed a very limited area of contact with uniform field which is
clearly unrealistic. Even the calculations by FEA can be misleading if the meshing around contact area
is not dense enough.
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In this paper, we propose a model that predicts the attractive force of a magnetic wheel pair by
combining analytical approach with magnetic circuit method. This model estimates the reluctance of
the air gap between the wheel and surface based on flux lines conforming to the boundary conditions
of field equations. The estimated reluctances are used to determine the magnetomotive force (MMF)
contributing to force generation. The validity of the model is verified through FEA and tests.

2. Derivation of Force Model

2.1. Reluctance Estimation

Shown in Figure 1 is the simplified structure of the magnetic wheel containing essential elements.
It consists of two ferromagnetic wheels joined by an axle. A permanent magnet is located at the center
of the axle. As shown, a closed magnetic loop is formed, and wheels are attracted to the surface. If the
magnet is rotated by 90 degrees perpendicular to the axle, the magnetic loop breaks open, resulting
in detached state. Optional flexible tires can increase traction force by providing a higher friction
coefficient and larger contact area.

tire PM

wheel

Figure 1. Structure of a simplified magnetic wheel.

An analytical force model would be convenient for designing the wheels and sizing the PM. Kindl
et al. [8] proposed such a model. However, they assumed that the flux lines between the wheel and the
floor are linear, which violates the boundary conditions of field equations if the ferromagnetic material
has high permeability. They considered a very limited area of contact where the field is uniform, which
is unrealistic since the field changes rapidly at the nearest point between the wheel and the surface.
They also neglected the side leakages which can be significant.

This paper derives the force model by estimating the reluctance between the circumferential
surface of the wheel and the floor surface more accurately than the previous research. It is assumed
that the flux lines between the wheel and the floor follow circular paths which satisfy the boundary
conditions. There can be geometrically shorter paths than circular arcs, but the path must be
continuously differentiable.

To estimate the reluctance (or permeance), a coordinate system is defined as shown in Figure 2,
where 4 is the minimal distance between the wheel and the floor surface to account for the tire thickness,
and R is the radius of the wheel. The x-axis lies on the floor surface. The origin of x-axis is the point
that is closest to the wheel. The flux line at an arbitrary angle § would be a circular arc, the center of
which lies on the x-axis. The center of the arc is denoted by x., while p is the radius of the arc. Using
the geometric relations as shown in Figure 2, it is observed that

Rsin® —x.  cos®
R(1—cosf)+6 sinf’

Rearranging this, we get
R—(R+6)cost
sin ¢

, M

Xe =




Actuators 2020, 9, 67 30f9

as well as
R(1—cosf)+6

sin 6

@

Along the vertical axis (6 = 0), both x; and p become infinity, which means that the path is straight.

p =
This singularity disappears in the force model. The differential permeance at the angle 6 is
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where w is the axial width of the disk. The total permeance can be obtained by integrating the

differential permeance as
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where 0,, is the angle limit beyond which the flux density falls off below a negligible value.
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Figure 2. Coordinates and the definitions of parameters.

Due to the nature of wheel geometry, the side leakage is expected to be significant, as depicted in
Figure 3. In order to estimate the side leakage, an equivalent air gap is defined as

21oR sin 0
Qeff = w . ®)
g

This equivalent air gap can be thought as the uniform air gap having the same permeance as
the wheel. Then, using the method of estimating the side leakage for toothed structures [9], the side
leakage permeance is approximated as
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where X is the extent outside of which the leakage flux is negligible. Then the reluctance of the wheel

air gap can be written as
1
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Figure 3. Leakage fluxes from the sides of the wheels to the surface.

2.2. Magnetic Circuit

The source of the magnetic field is the permanent magnet (PM) at the center of the axle. The choice
of material for PM depends on several factors. Firstly, the material must have high specific energy in
order to minimize the weight of the wheel. In addition, it should withstand the environment where
the mobile robot operates. Lastly, the magnetic design becomes easier if the demagnetization curve is
linear. Materials such as Alnico have nonlinear demagnetization curve, and make it impossible to use
magnetic circuit approach. Further, they are fragile and easily demagnetizable at low temperatures.

Rare-earth PMs such as neodymium-iron-boron (NdFeB) are ideal for our purposes, as they have
very high specific energy and almost linear demagnetization characteristics with the permeability very
close to that of air. Therefore, the magnetic wheel can be represented by a circuit as shown in Figure 4.
The reluctances of the disk and the floor surface are neglected, assuming they are made of infinitely
permeable materials. The clearance between the PM and axle for the rotation of PM contributes to the
circuit as a reluctance, R . The reluctance of PM is obtained by

I
Rm - I/lmAm 7 (8)

where I, is the PM length, A, the cross-sectional area, y, the permeability of PM which is assumed to
be the same as 9. The magnetomotive force (MMF) applied to each wheel can be written as

— Rg

- Rm+Rp+2Rg

Fom Hcl, , )

where H. is the coercitivity of PM.

left R Rg § right
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Figure 4. Circuit representation of the magnetic wheel.
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2.3. Attractive Magnetic Force

Since the MMF acting on the wheel is explicitly obtained, it is possible to find the flux density
distribution along the perimeter of the wheel. In contrast, the previous research [8] treated F, as
unknown and had to assume a value on the operating line. Using (9), the magnetic flux density at the
angle of 6 can then be estimated by
B, = FoTm.

pf

Finally, the attractive force can be obtained by integrating the Maxwell stress tensor around the
disks, which can be written as

(10)

1
Fe ]f B2fds, 11
where B, is the component of the flux density vector normal to the surface [10]. Using (10) and (11),
the attractive force can be written as
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3. Validation of Force Model

3.1. Numerical Validation

In order to verify the validity of the force model, three-dimensional (3D) finite element analyses
(FEA) are carried out. A commercial solver, MAXWELL3D (Ansys Inc., Canonsburg, PA, USA) is used
for this purpose. A wheel pair is first designed for analysis. Table 1 summarizes key parameters. The
required load capacity of the wheel pair is 75 N. The permanent magnet is made of NdFeB 50H grade
having the coercivity of 995 kA /m.

Table 1. Parameters of the magnetic wheel.

Parameter Symbol Value Unit
Radius of wheel R 75 mm
Width of wheel w 9 mm
PM axial length Im 58 mm
PM cross-sectional area An 625 mm?
PM coercitivity H, 995 KkA/m
Angle limit O 60 deg.
PM/ Axle clearance 4 mm

One case of FEA is shown in Figure 5. The FEA model consists of 75,485 tetrahedra elements.
It takes approximately 39 minutes on a PC (i9-7920X CPU, 2.9 GHz, 64 GB RAM). It can be seen that
the highest flux density is near the contact point of the wheel with the surface, as expected. When
carrying out FEA, it is important to check if the meshing around the contact point is dense enough that
the steep flux gradient is adequately calculated. In addition, the material property of ferromagnetic
parts such as wheel disks and axle must include magnetic saturation. Otherwise, the results of FEA
would be unrealistic.
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Figure 5. An example of 3D finite element analysis (FEA) showing flux density distribution.

3.2. Test Setup for Experimental Validation

To experimentally validate the force model, a prototype of wheel pair and test rig are built.
Pictures of the prototype are shown in Figure 6. The prototype has the same dimensions as the one
used in FEA except several modifications that are necessary for actuating the permanent magnet and
rotating the wheels. The ferromagnetic parts are made of 1010 steel.

Figure 6. Pictures of a magnetic wheel pair. Top picture shows the assembled wheel pair without the
permanent magnet. Bottom picture shows the permanent magnet as well as the shaft to turn the magnet.

The attractive force of the wheel pair is measured using a test setup depicted in Figure 7. The
wheel pair is connected to a load cell (SBA-200L, CAS, Seoul, Korea) using a rope. In order to simulate
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tire and to maintain constant air gap between the wheels and the surface, sheets of plain paper are
inserted in the gap. The thickness of one sheet is measured to be 0.101 mm. While the wheel pair is
attached to the surface with several sheets of paper inserted in the gap, the load cell is slowly pulled
up using a crane. The force measurement of the load cell is recorded just when the wheels are detached
from the surface. It is important to use the peak detect mode of the load cell indicator, since the
force diminishes rapidly, as soon as the wheels are detached. The test is repeated 10 times. Another
measurements with different air gaps are carried out with different number of sheets.

|

load

Figure 7. Sketch of a test rig. A set of ropes connect a wheel pair to a load cell. The other end of the
load cell is connected to a crane that lifts up the load cell.

3.3. Validation Results

Figure 8 summarizes the results of both numerical and experimental validation.
The measurements are displayed with uncertainty. The next section discusses how the measurement
uncertainty is estimated. When compared to the results from FEA, the model overestimates the force if
the tire thickness is small, and shows slight underestimation if the tire thickness is more than 0.4 mm.
The model consistently overestimates the force when compared to measurements, although the model
agrees better with the measurements than the results from FEA. At the design point of 0.4 mm tire
thickness, the predicted force by the model is close to both FEA and measurements if measurement
uncertainty is considered.
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Figure 8. Comparisons of the force predicted by the model with the results from FEA and measurements
from the test rig.

4. Discussions

As shown in Figure 8, the forces predicted by the model are a little different from the results from
FEA and measurements. Several issues can be considered to account for the mismatch. First of all, the
model is valid as long as the material is magnetically linear. In other words, the model is derived with
an assumption that the flux density is below magnetic saturation. Figure 9 shows the maximum flux
density calculated by the model. If the tire thickness (or air gap) is less than 0.3 mm, the flux density is
over 2 T. Therefore, the model is not usable with very small tire thickness.
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Figure 9. Maximum flux density in the air gap between the wheel and the surface, calculated by the

force model.

Another issue is the measurement uncertainty. To simulate the tire, sheets of paper are used.
When 50 sheets are measured, the mean thickness is 0.101 mm with the standard deviation of 10.6 um.



Actuators 2020, 9, 67 90f9

Therefore, the air gap (or tire thickness) has about 30% uncertainty with 95% confidence. Surface
roughness also contributes to the uncertainty in tire thickness. Typical surface roughness through
milling or turning is up to 6 um [11]. The combined surface roughness of wheel and surface can
be more than 10 pym. The measurement uncertainty shown in Figure 8 is based on the variation of
paper thickness.

Lastly, the model ignores the reluctance of the ferromagnetic parts such as axle and wheels. The
structure of the actual wheel pair is rather complex to rotate the wheel while maintaining flux path.
The reason that the measured forces are lower than the model may be due to the reluctances of the
ferromagnetic parts. This can be easily compensated by adding a reluctance in the magnetic circuit in
Figure 4.

5. Conclusions

In this study, an analytical model that predicts attractive force of magnetic wheels is derived.
The model is validated against finite element analyses and test results. Within the limitations of the
model, it adequately predicts the force produced by the wheel pair. The main purpose of the model is
for designing the wheels and for sizing the permanent magnet in order to produce the required load
capacity. Test results support that the developed model satisfies this purpose and can be used at least
for the initial design.
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