
 
Semarak Engineering Journal 12, Issue 1 (2026) 153-162 

 

153 
 

 

Semarak Engineering Journal 

 

Journal homepage:  
https://semarakilmu.my/index.php/sej/index 

ISSN: 3036-0145 

 

Implications of Axial Displacement on the Stacked Ring Configuration of 
Permanent Magnetic Bearings (PMB) in a Horizontal Overhung System 

 
 
Azman Jamaludin1, Mohd. Zarhamdy Md Zain1,*, Nur Safwati Mohd Nor1

   
 
1 Fakulti Kejuruteraan Mekanikal, Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia 

  
 

ARTICLE INFO ABSTRACT 

Article history: 
Received 21 November 2025 
Received in revised form 10 January 2026 
Accepted 15 January 2026 
Available online 31 January 2026 

In a horizontal overhung system, a stacked ring configuration of 
Permanent Magnetic Bearings (PMB) demonstrated axial instability 
and a noticeable sensitivity to geometric imperfections. Backer’s 
research model allows for the study of the effect of maximum radial 
displacement, yet it struggles to resolve issues with establishing 
stiffness for axial displacement. Since then, various models have been 
employed to bridge the gaps in understanding axial stiffness. While 
there has been extensive research into stacked ring configurations for 
horizontal overhung systems, existing designs commonly exhibit poor 
axial stiffness, which causes excessive rotor movement, inherent 
instability, and restricts their applicability. Most studies indicate that 
axial instability can be mitigated through the use of bearing supports, 
such as electro-mechanical servo mechanisms, but further knowledge 
is required to optimise design parameters for effective axial 
displacement control. Therefore, there is a critical need to develop a 
novel PMB configuration that maximises axial stiffness while 
minimising reliance on bearing supports for axial displacement 
management. A rotor system is constructed incorporating an N35 
grade axially magnetized neodymium magnet within a cartridge 
assembly, along with a rotating shaft sleeve and setting plates 
designed for a non-metallic steel forging step shaft. The innovative 
hybrid overhung rotor design includes a durable marine-grade thrust 
bearing housing and a split industrial Plummer block housing, 
engineered to house a set of C3 angular contact ball bearings. Results 
from experiments revealed a stable linearity of air gaps for the range 
of ring thickness-wavelength ratio d/λ size up to 1.06. Conversely, the 
reverse effect to the ring thickness-wavelength ratio (d/λ) below 1 
enhances the threshold of axial displacement. The findings indicate 
that axial displacement causes the magnetic wavelength (λ) to 
decrease by a factor of six. Furthermore, it influences the PMB’s size 
based on the ring thickness-to-wavelength ratio (d/λ) and sustains 
stable PMB stiffness up to a d/λ ratio of 1.06. This stability offers an 
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advantage in achieving an improved axial displacement threshold 
when the PMB thickness-to-wavelength ratio (d/λ) is less than 1. 

 
1. Introduction 
 

As reported by Guzmán-Mínguez et al. [4], Max Baermann substantially improved permanent 
magnets using plastic-bonded Alnico powder and phenolic resin, starting in the 1930s. According to 
the research by Wei et al. [16], Max Baermann has successfully developed a highly coercive barium 
ferrite powder for flexible plastics, patented for applications such as injection molding, calendaring, 
or extrusion. Paden et al. [12] reported that in the 1960s, F.T. Backers comprehensively reviewed 
Max Baermann’s patented flexible magnet, which was intended for a Permanent Magnetic Bearing 
(PMB) model. He used a magnetic scalar potential that was based on the idea of A. H. Boerdijk for 
reducing friction by magnetically “floating” the shaft. Following this, multiple PMB models were 
created. Notably, Yu et al. [22] presented a review of the Coulomb method, and Yonnet [20] 
established a virtual work model in the 1980s. Several researchers [2,7,13,17] have noted that, 
although advancements have been made, such as Ravaud et al. [14] with the Coulomb method, Li. 
Zhang et al. [9] with the Monte Carlo model, and Tian et al. [6] on multiple solutions for axial stack 
permanent-magnet bearings, PMB designs still face stability issues related to radial and axial 
stiffness, which limit their load capacity and potential applications.  

The issue of load capacity has been a subject of discussion since the 1960s, as evidenced by 
Baker’s work. Subsequent proposals for solutions have been put forth by Yonnet [20, 21]. 
Furthermore, Paden et al. [12] observed in their research that enhancing stiffness, in relation to load 
capacity, can be achieved through the improvement of tight air gaps and the implementation of 
multi-thin (stacked) rings, which is a method that is proven effective in managing superior load 
capacities. However, introducing a multiple stacked ring would increase axial displacement and 
demand for PMB to have a high axial stiffness. Besides problems with stability and load capacity, 
multiple researchers [1,8,19] have indicated that current PMB designs do not have sufficient axial 
stiffness. This leads to shaft deflection, rotor-stator contact, magnet damage, and a risk of failure, as 
detailed by Lijesh et al. [5]. The findings of Baker et al. [11] suggested that active controls or stabilizers 
are essential for achieving balance in axial movement. Additionally, for some hybrid application 
configurations using PMB or conventional ball bearings as radial and thrust bearings, geometric 
defects affect both bearings. This exposure to defects can lead to rotor instability caused by axial 
displacement issues, a concern highlighted by multiple authors in the context of conventional 
machines [10,13,16,18,19]. As specified by Backer, a small axial deviation in PMB needs to be 
managed. To achieve optimized axial stiffness with reduced dependence on active control systems 
and bearing support as described by Baker, a new PMB configuration needs to be developed to meet 
the axial displacement threshold. 
 
2. Methodology  
2. 1  Mathematic Model 

 
Baker developed a theoretical model of a two-plate system as illustrated in Figure 1(a), where 

two parallel magnetic plates are positioned with an air gap with a distance of h0 between them. 
According to Reimann et al. [15], a time-varying magnetic field, with an estimated wavelength of l0, 
will create an interaction between the plates in the Z direction, inducing precession in their magnetic 
moments. The two plates interact via their dipolar fields in the N-S-S-N configuration. Baker described 
that the influence of the wave, determined by the wavelength, dictates the spatial distribution of the 
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magnetic moment as described in Eq. (1). The magnetic moment for plate 1 is defined as M1 = 
M0.cos(2π(z)/l0), while for plate 2, M2 = M0.cos(2π(z+z0)/l0), where phase shift captured by 
displacement at z0. 
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As illustrated in Figure 1(b), plate 1 experienced a displacement of ∆L along the Z direction, 

resulting in a modified two-plate interaction with a shorter wavelength l. 

              
                                                             (a)                                                                  (b)  

                Fig. 1. Two-plate system: (a) without axial displacement, (b) with axial displacement 
 

According to Yonnet et al. [21,22], evaluating the intersection reveals that a magnet with the 
same strength can reverse in another direction. Region 2 has the same magnetic strength as region 
3 in the opposite direction. Similar magnetism occurs in Regions 4 and 5. Figure 2 reveals that a 
combination of “null” magnetisation interfaces for areas 1 and 6, and areas 2, 3, 4, and 5, leads to a 
reduction in the initial wavelength and a zero six-fold axial displacement.  

In a fully stacked ring PMB, the plates are shaped based on the ratio of ring thickness to 
wavelength (d/λ) as well as the inner (r₁) and outer (r₂) ring radii. According to Bakers and Paden et 
al. [12], the ring’s radial displacement aligns with the peak of magnetic pressure at an eccentricity e 
= h₀ [3,4]. The connection between eccentricity and the air gaps h₀ and h₁ is given by the equation h₁ 
= h₀ – e·cos𝛳 [4].  
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Fig. 2. Stacked ring magnet misalignment between N-S-S-N 
between plate 1 and plate 2 

 
Eq. (1) is then integrated over r = (r2 - r1) / 2 and angle 𝛳 to obtain the repulsive force (Fm) on 

PMB rotor, where Pm = F/2𝜆r, and M1 and M2 are periodic functions represented by Fourier series 
representations for infinite sum of m ∈ {1,2,3,…∞} and n ∈ {1,2,3,….∞}. By decomposing the function 
into a weighted sum on [−λ/2, λ/2], Eq. (2) calculates the magnetic pressure (Pm) between the outer 
and inner rings. 
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2.2 Material and Instrument 

 
An axially magnetised N35 neodymium magnet features a residual magnetism (Br) of 117,000 

gauss (G), a coercive force of 10.8 kOe, and an energy product of 33 MGOe. The 304 stainless steel 
cartridge includes a rotating shaft sleeve and adjustment plates that separate the stator from the 
rotating rings. The shaft is built of Ø64 mm round-rolled non-metallic steel forgings complying to 
marine-grade standards (DIN 1.4401, X5CrNiMo17-12-2, 316S16, Z6CND17.11, SUS316, and 2347) to 
withstand bending moments and torque. Furthermore, the FAG SAV 890 split Plummer block thrust 
bearing housing is made of two pieces of cast iron and is designed for mounting on a through-shaft. 
It uses NTN7210B angular contact ball bearings. As a general guideline, these bearings should be 
replaced when their clearance reaches 140% to 150% of the manufacturer’s maximum initial 
specified clearance, which is 0.4 mm. Figure 3 shows a 600 x 400-mm aluminium base skid with a 10-
mm thickness. Different axial displacements (ΔL0, ΔLA, ΔLB, ΔLC, ΔLD, ΔLE, ΔLF, ΔLG, and ΔLH) will lead 
to varied stress distributions in the stacked ring PMB. Casio DQD-80J thermometer can detect the 
temperature with ± 1°C accuracy. The measurement of Air Gap (h1) and alignments was conducted 
using the Insize Digital Caliper 1108-200, which provides a measuring range of 0–200 mm with an 
accuracy of ±0.03 mm, as well as the Mitutoyo 500-501-10 with an accuracy of 0.05 mm. Shaft 
parallelism and bearing alignment assessments utilised the Shane digital dial indicator 5307 (range: 
0–12.7 mm, accuracy: ±0.03 mm) and the Mitutoyo dial gauge 513-401-10E (resolution: 0.001 mm, 
accuracy: ±0.003 mm).  
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NN SS

Plate 2

51 32 4 6
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Fig. 3. The overhung rig consists of PMB set, thrust bearing and a 
rigid shaft 

 
3. Result   
3.1 Analytical simulation results 

 
The model is compared with the research conducted by Zhang et al. [9] which employed virtual 

work with superposition for PMB. MATLAB is utilised to simulate various ring thickness-wavelength 
ratios (d/l) of N35. Figure 4 shows that the virtual work model had an average of 0.29904, a standard 
deviation of 0.06112, and a standard error of the mean (SEM) of 0.0231. In comparison, the magnetic 
scalar potential had an average of 0.29884, a standard deviation of 0.06134, and an SEM of 0.0231. 
The data suggest that there is no statistically significant difference between Virtual Work and this 
research model (based on overlapping SEM error bars, n=6 per group).  
 

 

 
Fig. 4. Error bar for Virtual Work Model and Magnetic Scalar 
Potential 
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PMB air gap characteristics were mathematically modelled using experimental axial displacement 
data for ∆L = 0.008 to 1.57, with structural parameters in Figure 5. An increased axial displacement 
will increase the PMB’s ring thickness-wavelength ratio (d/l). Zhang et al. [9] explained that as the 
air gap narrows, magnetic pressure rises, resulting in stronger magnetic induction, greater load 
capacity, and a more compact PMB structure. The peak magnetic pressure (PmD) reaches 0.3480 MPa 
when h1 is 0.90427 mm, while the minimum magnetic pressure (PmH) is 0.2965 MPa at h1 of 0.00524 
mm.  

 
 

 
Fig. 5. Air gap and magnetic pressure model draws from the 
experimental data 

 
3.2 Overall experimental result 

 
The initial axial distance of ∆L0 = 0.008 mm is set by the thrust bearing with maximum h1 = 1.342 

mm and l = 9.992 mm. The maximum axial displacement is then increased to ∆LH = 1.57 mm, resulting 
in h1 = 0 mm and l = 8.43 mm. Figure 5 shows that data in group 1 (∆L0 to ∆LD) stayed stable and 
followed a linear trend, but in group 2 (∆LE to ∆LH), linearity decreased.  

 
3.3 Magnetic Pressure vs. Air Gap 

 
In Figure 5, from ∆L0 to ∆LD (group 1), the ring thickness-to-wavelength ratio (d/λ) increased by 

5.71% as a result of a 5.4% decrease in λ. Magnetic pressure increased by 0.29% (800 Pa), while h1 
decreased linearly by 43.20%, primarily due to the rise in magnetic pressure. For ∆LE to ∆LH (group 
2), the ring thickness-wavelength ratio (d/l) increased from 9.60% to 15.70%, and l decreased 
similarly. In contrast to group 1, magnetic pressure decreased by as much as 14.55% (51,500 Pa), and 
h1 ranged from 80.2% to 134.20%, highlighting instability due to magnetic moment loss when it 
exceeds 9.6%. It should be noted that, according to Baker and other sources [12, 21, 22], the ideal 
size of PMB used in most designs is at a ring thickness-to-wavelength ratio (d/λ) of 1. However, the 
maximum magnetic pressure can be achieved at a ring thickness-to-wavelength ratio (d/λ) of 1.06, 
which allows for a 6% increase in ring thickness compared to the wavelength.  
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3.4 Stiffness vs. Air Gap 
 
The ∆L0 to ∆LD (group 1) PMB exhibits high stiffness, attributed to the substantial magnetic 

moment under load conditions. The h1 measurements remain stable within this range until 
demonstrating a 28.05% decrease from their initial value. In contrast, for ∆LE to ∆LH (group 2), the h1 
data show instability, and PMB stiffness decreases to values below 41,283.29 N/m. As depicted in 
Figure 6, a reaction force of 43.365 N at the PMB corresponds to an axial displacement of 0.0011 m 
for ∆LD, increasing to 0.0025 m for ∆LF. It appears that greater stiffness in the material leads to more 
predictable and consistent experimental observations.  

 

 
Fig. 6. Magnetic Pressure (Pm) for air gaps-wavelength ratio 
(h1/𝜆) 

 
3.5 Experimental vs Analytical Simulation 

 
Figure 7 compares air gap verification across nine experimental and analytical simulations per 

group with statistical analysis. In group 1, experimental (average = 1.154, SD = 0.1719, SEM = 0.03601) 
and analytical results (average = 1.1386, SD = 0.18007, SEM = 0.0360) showed no significant 
difference (overlapping SEM, n = 5). In group 2, experimental (average = 0.2663, SD = 0.2731, SEM = 
0.06827) and analytical results (average = 0.16, SD = 0.2576, SEM = 0.0644) differed significantly 
(SEM, n = 4), mainly due to spring stiffness. 
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Fig. 7. Error bar group 1 and 2 for analytical simulation and 
experimental  
 

4. Conclusion   
  
This study offers a thorough evaluation and advancement of magnetic bearing technology. It 

draws upon numerous references and places particular emphasis on refining previous models by 
integrating axial displacement to optimise design. Results from experiments and analytical 
simulations confirmed that each axial displacement consistently leads to a sixfold reduction in 
magnetic wavelength, demonstrating a linear correlation with the reduction of magnetic pressure 
(Pm), stiffness and air gap length (h1). Furthermore, the analysis revealed that increasing the ring 
thickness-wavelength ratio (d/l) above 1 will result in a 0.3% increase in magnetic pressure (Pm). 
Conversely, the reverse effect to the ring thickness-wavelength ratio (d/l) below 1 will enhance the 
axial displacement threshold. The experimental results indicate that the stable region’s axial 
displacement reaches a peak of 0.54 mm with a ring thickness-to-wavelength ratio (d/λ) of 1.06, an 
air gap of 0.91 mm, and a maximum magnetic pressure of 0.3480 MPa. At a PMB stiffness of 
41,283.29 N/m, the permissible axial displacement surpasses the typical thrust tolerance for ball 
bearings at a value of 0.4 mm. The research concludes that axial stiffness in PMB can be achieved by 
reducing the ring thickness-wavelength ratio (d/l) to be below 1. The PMB stable axial displacement 
region surpasses conventional ball bearings, which will potentially reduce the need for extra support 
and active controllers. 

 
Potential areas for future research include: 

1. investigating the allowable axial load for 7210B angular contact ball bearings under 
dynamic conditions, focusing on temperature and deflection when paired with PMB, and 

2. examining ways to increase axial stiffness by reducing the ring thickness-to-wavelength 
ratio (d/λ) below 1 in 7210B angular contact ball bearings. 
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