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1. INTRODUCTION

Friction that arises when the various parts of mechanical components move against each other leads
to substantial energy waste within the system, especially in wind turbine systems. Ball bearings have been
employed to minimize these losses caused by friction. Minimizing these losses is crucial to maximizing the net
output of the small-scale wind turbine. Advancements in magnetic materials have increased the utilization of
magnetic bearings in various mechanical systems, effectively avoiding most frictional losses [1]-[7].

There are various types of magnetic bearings (MBs) that offer a noncontact mechanism of
operation [8]-[15]. Thus, MBs have a long life, are free of lubrication, are quiet, have low stiffness, and thus
vibration doesn’t pass to the main machine housing. Passive magnetic bearings (PMBs) have recently gained
significant attention from researchers and engineers due to their uncomplicated design and cost-effectiveness.
Earnshaw's theorem states that it is impossible to construct a completely isolated magnetic suspension system.
As a result, for magnet-suspended rotors, the controller needs to remain active while the other components can
function passively [16]-[24]. Different types of passive magnetic bearings are available, such as
superconducting, hybrid, and permanent magnet (PM) varieties. The PM category can be further divided into
three specific topologies: axial, radial, and conic [22]-[26].

Stiffness plays a significant role in choosing PMBs for specific purposes. As discussed in the cited
references [27]-[30], the magnetic charging technique has been demonstrated as a useful approach for
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determining the stiffness of axial or radial magnetic bearings in three-dimensional (3D) space. Nonetheless, in
cases where the air-gap length of the magnetic bearing is shorter than the average air-gap radius, employing
two-dimensional (2D) analytical and finite element methods for analysis proves to be more effective and
efficient. These methods offer advantages such as reduced time, cost, and space requirements, as indicated
in [31]-[38]. This study considers the magneto-static type of stiffness due to only the magnetic force
effect [39]-[46]. PMB configurations such as axial [16], [47]-[52] and radial [53]-[55], with an iron core at
the back [56]-[59], in between, and an air gap [60]-[63] in between four ring magnets are addressed. Stiffer
PMB is recommended for small wind turbines for effective use of low-rated wind energy residential power
consumption. The main goal of this critical review is to identify the stiffer PMB among four different
arrangements and select the one most suitable for a small-scale wind turbine.

2. DESIGN CONFIGURATION

The design establishes a specific layout for a 2D electromagnetic model of PMBs. Figure 1 illustrates
the technical root of the simulation. Each step and its corresponding execution in COMSOL multi-physics 5.6
will be examined. The geometry is established, and the selection of bearing materials is made, with the
electromagnetic model's physics defined based on the model's specific objectives. The subsequent steps in
finite element analysis (FEA) involve the creation of a mesh, which could be considered a form of artistic
expression. Once the simulation jobs are completed, the results become accessible. Data is extracted from data
sets and portrayed through 2D plots, providing a visual representation of magnetic flux density.

Selecting Materials

Defining Physics

Generating Mesh

Computing Processing
Solution Results

I Creating Geometry l

Figure 1. General workflow of a numerical analysis by finite element (FE) tool

The common structure of PMBs consists of two or three magnets in the stator and rotor, which are
configured in front of each other. Assumptions were made while computing force and stiffness [45], [64]-[68],
but in this study, we used four ring magnets to increase the rigidity of the structure, which makes it stiffer than
ever:

— Air gap length (h) is smaller than the mean radius of air gap (r3,), 2D model is best to compute the force
and stiffness results with negligible error,

— Soft magnetic materials are assumed to be perfect (permissibility = o), have four ring magnets,

— Curl of M is zero everywhere, hence J,=0, and the Fourier transformation can expand J,(x, y) to axial
direction J¢(x, &),

— Relative permeability of axially magnetized PMs is one (u,,=1) and the equivalent surface current density
of radially magnetized PMs for stator and rotor are noted by Jsagiary (X, &) and J; ragiary (X, €) respectively.

Figures 2(a) and 2(b) depict that it is possible to arrange the ring PMs on the both sides of iron yoke
having optimum air gap length, as well as using iron cores in between and at the back of ring PM, as depicted
in the corresponding Figures 2(c) and 2(d). In constructing PMBs, it is assumed that the magnet's width and
the iron's width are alike. In Figure 2, letters represent the respective dimensions such as PM height, width, air
gap length, height of iron yoke and design is done based on Table 1. Likewise, h stands for the length of the
air gap. By taking the y-coordinate, situated at midpoint of the gap length, the equation is expressed by (1).

x; =h/2,then x;; = x; +w, Q)
The ratio of the stiffness to unit length (K,,K,) of the proposed 2D model, radial and axial rigidity (K,yia,
K..gia) are calculated using (2). The optimized design parameters presented in Table 1 were obtained

from [69], [70].

Koxiar = 21 * 1y * Ky and K,qgiqr = 27 * 1, * K, 2
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Figure 2. Topologies of PMB studied: (a) standard rotating, (b) without air gap, (c) iron core between the
rings, and (d) iron core at the back of ring magnets

Table 1. Optimized design parameters

Constraints Unit Material used
Air gap length (I5) 0.2 mm Neodymium (rotors ring)
Ring magnet height (1) 1mm <1, <10mm
Ring magnet width (wy,) 1mm <w, <13mm
Radius of PMB (r) 20mm <w, <30mm Ferrite magnet (stator ring)
Magnetic force (F) 190N < F<220N

Remanent flux density (B,) 1.15T

3. DESIGN ANALYSIS

Magnetic field distribution analysis is done using the 2D FE method, and simulation is done based on
the above assumptions. In the 2D model, the space is discretized in to small elements, and for each
element, the result of the Fourier transformation analysis is done by the separation variable technique
Figure 3 [71]-[74].

3.1. Standard and rotating configuration of PMBs

Poisson’s equation can be used to calculate a rotating array's magnetic vector potential. There are two
currents for a rotating array positioned between x=x; and x=x;; sources resulting from axially magnetized
PMS J.4ia1(§) in planes of x=x; and x=x;; and a current source J,qia (€) in x; <x<x;; so that poison’s equation
can be written for the PMs that are radially magnetized as (3).

V2A = —toJaxiat(§)6(x — x;) + toJaxia1 ()8 (x — xi) + toJragiar (Eulx — x;;) —
.uojradial(f)u(x - xi) (3)

By utilizing the variable separation method and by applying superposition law and the sum of the magnetic
vector potentials for the rotor and stator can be used to get the overall solution as shown on (4).

© Jax Jra —|&lxi_ ,—|€|xii B » .
A= o 7,08 475 () (el 4 me~€1x=Ive)efivag, for the x = x, @

3.2. Standard radial configuration with back iron

Radially oriented bearings feature two ring structures nested inside one another with an air-gap as
shown in Figure 2. Much effort has been done to numerically estimate the force and stiffness of these structures
under axial and radial magnetization schemes. In the study of radial PMBs, the element is discretized into three
areas A,, A,, and A5. The vector potential analyzed in these three areas is given by (5)-(7) [75].

Ay = [° [F(©)e + Gy(©)e~] ™, forlx| < x; 5)

A, = f_ww [F3(f) cosh(&(x — x;)) + %} ejgydf, forx; < x < xj (6)
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0 radia —Svel ;¢
Ay =" [Fl(f) cosh(&(x + xi)) + ’”df—;e e/*dE, for —x;, <x < —x; )
3.3. Axial magnetic bearing having iron core in between ring magnets

While considering the iron core in the middle of ring magnets can cause the Laplace equation in non-
periodic space to have a very complicated integral form. Thus, the (y) axis magnetic field distribution can be
determined by Fourier analysis as depicted on (8) and (9) [76].

Ay = Y(agne*n* + byne *n¥)eknY put, K, = nL—ﬂ,n =41,43,45 8)

L=L,+L, 9)
Value of (q) can be inserted to the regions(4,), (4,4), and (4s) by using this equation and L, taken as overall
length of PMB to get solution of infinite areas. The Maxwell stress tensor is used to determine the
electromagnetic force on the rotor. The summation performed on infinite range of domain with (x=0) and for

a length z-axies. The overall summation may be assessed by Fourier on in the given domain area using
Parseval's theorem as (10) [77]:

1 (® 1
Fx — %f_w(BxZ _ Byz)df;andFy = Zf—w BxBydE (10)

The resulting ‘magnetic fields’ obtained through examining solutions of vector potential. Forces are calculated
by substituting magnetic fields on (11) and obtained (12).

1 1 1 1
E = Efo (sz - Byz)dy;andFy = ”_ofo (BxBy)dy (11)

l * % l * *
E = Z; [a1nb1n” + binQin ]knz' and, Fy = Z;_D [a1nbin” — binQin ]knz' (for,n=1,3) (12)

Stiffness of both axial and radial magnetization is determined by deriving equation with respect to the
corresponding y, and h, respectively (13).

aF. aF,
y X
- _% — _ 9%, rk. =
k, T3 andk, h s kgork, =
_anz [ Obyn * 0a1n dain” * abln:l
» ™ Ain =, + byy o + byp o LG for(n=1,3 ) (13)

4. RESULTS AND DISCUSSION

The FE method accurately studies radial and axial magnetization, considering geometry-related
topology, non-linearity, and high-quality mesh, as shown in Figures 3(a) and 3(b). Accurate characterization
of PMB properties is crucial for its use in mechanical systems, involving altering radial and axial positions to
observe forces and stiffness obtained by the interaction of magnetic flux. For the standard type of PMBs with
axial and radial configurations as depicted on Figures 4(a) and 4(b), there is a 1.29% deviation in magnetic
flux density, an almost similar magnetic flux density distribution, which can be used as a reference to discuss
the remaining three cases.

Figures 5(a) and 5(b) depict the magnetic flux density on axial and radial-configured PMBs with an
air gap in between ring magnets. Hence, the insertion of an air gap in between the rings will increase magnetic
flux density by 94.64% in axial and 25.54% in radial configurations as compared with the standard above.
Similar study reported on 2 and 3 ring PMBs, but a slight deviation is due to the additional number of ring
magnets used here.

Figures 6(a) and 6(b) show that the insertion of an iron core at the back will increase magnetic flux
density by 40.52% in axial and 20.20% in radial configurations with respect to the standard. For axially
configured PMBs having an iron core in between the ring magnets, the magnetic flux density is decreased by
1.32% and increased for radially configured PMBs by 24.14%, as depicted in Figures 7(a) and 7(b). The
magnetic flux density distribution on four ring magnets for a given configuration have good agreement with
the findings on 2 and 3 ring magnet PMBs.
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Figure 3. Mesh quality considered for the study, quality skewness ranges (0.7-0.95), (a) ring with air gap and
(b) ring with back iron
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Figure 4. Standard magnetic flux distribution for (a) axial PMB and (b) radial type PMB
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Figure 5. Magnetic flux distribution ring magnets with air gap in between them for (a) axial
and (b) radial type PMB
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Figure 6. Magnetic flux distribution on ring magnets with iron core at the back of them for (a) axial
and (b) radial type PMB
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Figure 7. Magnetic flux distribution ring magnets with iron core in between them, for
(a) axial and (b) radial type PMB

There are eight (4-pair) pieces of ring magnets used for such 2D analysis; see Figure 2(b).
Figures 8-10 depict each segment having a different color and showing the corresponding magnet ring,
while doing simulation (a), (b), (c), (d), (e), (f), (g), and (h) depicts the individual segments of ring magnets in
Figure 2(b), and then the line graph shows trends of magnetic flux density versus phase angle for both axially
and radially configured ring magnets in the rotor and stator ring of bearing in the four scenarios.

Figures 8-10 depict the trend of magnetic flux density (¢) distribution versus phase angle for both
axial and radial configurations of PMBs. It comes from the fact that when the ring magnet is perpendicular to
the field, small repulsive movements of it led to changes in the flux. As shown in Figures 8(a), 9(a), and 10(a),
eight different curves of (¢) each have a maximum, which means they counter-intuitively have a big flux
change in smaller change in phase.

But, radial configuration, Figures 8(b), 9(b), and 10(b) show that the ring is "flat" in that the condition
of attraction or repulsion does not change the flux a lot. According to the relation between magnetic flux and
electromotive force (emf), some of the ring magnets have a zero magnetic flux line, which indicates the
maximum emf . The graph depicts the phase or time derivative of magnetic flux, based on the properties of sine
and cosine. The cosine represents maximum flux, while zero means no flux. Figure 11, displays a concise
overview of the distribution of magnetic flux density in both the axial and radial orientations for four distinct
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configurations of PMBs, labeled as A, B, C, and D. As mentioned earlier, the magnetic flux density (Mnfn)
exhibits an increase in all four cases (A-D) for PMBs configured in a radial manner.

Magnetic flux density, Axial (T)

Magnetic flux density, Axial (T}

Magnetic flux density. Axail (T}

—*-(a)
& (b)
—— {c)
—— (d)
—+= (e}
|
1 - tg
—&— (h}

3
Phase (rad}

(@)

Magnetic flux density, Radial (T}

Figure 8. Standard magnetic flux distribution on eight ring magnets for
(a) axial PMB and (b) radial type PMB
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Figure 9. Magnetic flux distribution on eight ring magnets with air gap in between them for
(a) axial and (b) radial type PMB
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Figure 10. Magnetic flux distribution on eight ring magnets with iron core at the back of them for
(a) axial and (b) radial type PMB
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Figure 11. Four configurations of PMBs: (a) standard, (b) air gap in between ring, (c) iron core at back,
and (d) iron core between rings

CONCLUSION
The interaction between the inner and outer ring magnets generates repulsive forces that efficiently

reduce the friction between the rotating parts. The configurations, having air gaps and soft magnetic materials,
including iron core in between ring magnets and iron core at the back, will increase magnetic flux density,
which is a key factor in increasing the stiffness of the PMBs. By incorporating iron cores into the rear portion
and strategically placing air gaps between the ring magnets, the rigidity of the structure has been significantly
enhanced. Furthermore, the PMB offers the distinct advantage of not requiring any control system or external
power source. Consequently, a conventional arrangement that involves stacking radially magnetized PMs,
along with back iron and optimal air gaps between the ring magnets, is extremely well-suited for integration
into a compact and small-scale wind turbine.
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