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Abstract: Magnetic bearings are system capable of supporting rotors in absence of mechanical contact. In the last decade an alternative for 

obtaining stable passive magnets levitation has been searched, leading to the development of electrodynamic bearings (EDB). The stabilization 
of the rotor is the biggest challenge to the application of electrodynamic bearings, since EDBs are inherently unstable. Recent researches have 
been done to stabilize the rotor shaft system on EDB to optimize the desired output. In the present work, a two degree of freedom model for 
the Jeffcott rotor shaft system on EDB has been generated, where a new strategy for the stabilization of EDBs is presented and non-rotating 
damping and stiffness elements are introduced between the stator and the outer casing of the bearing. The essential role played by these 
elements in ensuring a stable operating range to the rotor is studied by means of Routh criteria and from the different stability conditions, 
minimum stabilizing speed has been evaluated. Behavior of various parameters of stator-casing interaction has been observed with rotational 
speed. Results are compared with the literature to validate the model.  
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 1. Introduction 

Magnetic bearings provide contact-less support for rotating 
machines. The subject of magnetic suspension for high speed rotors 
has attracted the interest of researchers for many decades. In the last 
few years there has been a relatively strong interest on the research 
dedicated to electrodynamic bearings. Magnetic bearings that exploit 
Lorentz forces are called electrodynamic bearings. They usually 
exploit Lorentz forces obtained from the dynamics of rotor. Rotor 
shaft system on electrodynamic bearings provide stable levitation 
only when the rotational speed is above a threshold value. This opens 
the stability issues of EDBs at low speed.  First interest on passive 
suspension can be found in the work of Basore [1]. He presented a 
detailed study of passive suspensions for high speed flywheels. A 
large quantity of information about the design of flywheels is 
introduced and a passive suspension scheme had been proposed. In 
the proposed suspension scheme the main levitation force is being 
provided by the reluctance bearings.  The dynamic behavior of a rotor 
on electrodynamic bearings can be studied using a Jeffcott rotor 
model for its simplicity reasons. In [2], Tonoli et al. provided new 
techniques for stabilization of electrodynamic bearing. In the paper, 
two methods namely stator-casing damping and rotor-casing 
damping are discussed.   

Lembke studied induction bearings for turbomolecular pumps [3], 
[4]. Different configurations of homopolar bearings have been 
investigated through finite element modelling. Most analyses 

performed by him were for off-centered shaft rotating at constant 
speed. Similar studies were performed by Murakami and Satoh in [5]. 
In [6] and [7] Filatov and Maslen presented theoretical and 
experimental developments about a flywheel for energy storage 
applications. A discussion on the influence of the electrical 
parameters of the rotating conductor on the stability was initiated. In 
[8], Filatov presented a finite element analysis performed on another 
flywheel. In the work, he characterized the electrodynamic bearings 
in quasi-static conditions and the parameters needed to ensure 
stability were also quantified. In the developments presented by 
Sandtner and Bleuler in [9], [10], test rigs were built to control the 
axial vibrations of the rotor for the evaluation of efficiency of various 
configurations of the electrodynamic bearings. The design had been 
based on the force-to-angular-speed characteristic developed at a 
fixed eccentricity. Although this characteristic describes the behavior 
of the bearing in quasi-static condition, yet it is not suitable to model 
the force generated in dynamic conditions.   

Various researches are recently being done to optimize EDBs by using 
non rotating viscous damping. In [11], [14], the dynamic behavior of 
eddy current dampers and couplers are modelled. Tonoli and Amati 
[14] used Faraday's law in the modelling for the computation of the 
eddy current; the torque is then computed from the Lorentz force 
acting on the conductors. The electromechanical model is valid under 
general conditions and can be interfaced to the model of a 
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mechanical structure to describe the coupled behavior. In [15], Tonoli 
and Amati studied the modelling of an electrodynamic bearing. The 
model takes into account the R-L dynamics of the eddy current on 
which EDB are based, making it valid for both quasi-static and 
dynamic analysis. In the quasi-static case, the model is used to obtain 
the force generated by an off-centered shaft rotating at a fixed speed 
in a constant magnetic field. The model is then used to analyze the 
dynamic stability of a Jeffcott rotor supported by an electrodynamic 
bearing. The essential role played by non-rotating damping in 
ensuring a stable operating range to the rotor has been investigated.   

In the present paper, the stability analysis of a Jeffcott rotor shaft 
system on an electrodynamic bearing is presented. To this end, a two 
degree of freedom rotor (2 dof) model is used for studying the 

stability of the rotor shaft cylindrical motion. Initially, the model of 
rotor and EDB are described and the dynamic matrix of the complete 
system is obtained. The stabilizing elements are introduced between 
the stator and the casing of the electrodynamic bearing. This model is 
then used to study the stability of the rotor on EDBs by means of 
Routh’s criterion. The Routh criterion provides the different stability 
conditions, from which the minimum stabilizing speed of the rotor 
has been evaluated. The behaviors of various parameters for the 
support of the stator-casing interaction of an electrodynamic bearing 
viz; non-rotating stiffness, non-rotating damping and electric pole of 
an electrodynamic bearing has been observed with respect to rotor 
speed and various conclusions have been drawn.   

2. Stability analysis of electrodynamic bearing 

 2.1. Equivalent mechanical model for quasistatic 
analysis  

As taken from ref [15],   
𝜖𝑏𝑒𝑚𝑓 = 𝑉 = 𝐾𝑚𝑋, 𝐹 = 𝐾𝑚 .𝐼   

 Where ẋ = relative velocity between the actuators coil and the 
constant magnetic field, V= velocity, ε bemf = back emf force, i = 
current, F = force (N) 
The transfer function for input velocity to output force can be 
obtained as  

𝐹 𝑠 =  
𝐾𝑚

2

𝑅
 . 𝑥/  

1

1+
𝑠

𝜔𝑟𝑙

   

It is equivalent as for a purely mechanical system made of a linear 
spring and a viscous damper in series. The stiffness and damping 
coefficients k and c of this mechanical analogue are as follows 

𝐾 =
𝐾𝑚

2

𝐿
, 𝐶 =

𝐾𝑚
2

𝑅
  

Hence, electrical model has been modelled into an equivalent 
mechanical model. 

𝐹𝑧 =   
𝐾

1+ 
𝜔𝑟𝑙
Ω

 
2 𝑧0 − 𝑗  

𝑐Ω

1+ 
𝜔𝑟𝑙
Ω

 
2 𝑧0 = 𝐹𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 + 𝐹𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎 𝑟   

2.2 Stability of Jeffcott rotor on electrodynamic bearing  

The stabilization of the rotor constitutes the biggest challenge for the 
design and application of electrodynamic bearings in real world 
industrial applications. The dynamic behavior of a rotor on 
electrodynamic bearings can be studied using a Jeffcott rotor model. 
The equation of motion that rules its dynamics, written in complex 
coordinates, is 
𝑀𝑧 + 𝐶𝑛𝑧 + 𝐾𝑛𝑧 + 𝐹𝑧 = 0                                                                    (1)  
Where, 𝑧 = 𝑥 + 𝑖𝑦 & 𝐹𝑧   is the force generated by the EDB 
Thus, equation becomes, 
𝑀 𝑥 + 𝑖𝑦 + 𝐶𝑛 𝑥 + 𝑦 + 𝐾𝑛 𝑥 + 𝑖𝑦 + 𝐹𝑧 = 0                             (2)  

Where 𝐹𝑧 =
𝑘Ω Ω−𝑗𝜔𝑟𝑙  𝑧

 𝜔𝑟𝑙
2 +Ω2 

2                                                                          (3) 

Separating the real and imaginary part, 

𝑀𝑥 + 𝐶𝑛𝑥 + 𝑘𝜔2𝑥/(𝜔𝑟𝑙
2 + Ω2) + 𝑘Ω𝜔𝑟𝑙𝑌/(𝜔𝑟𝑙

2 + Ω2 = 0         (4)   
𝑀𝑦 + 𝐶𝑛𝑦 + 𝑘𝑛𝑦 + 𝑘Ω2𝑦/(𝜔𝑟𝑙

2 + Ω2) + 𝑘Ω𝜔𝑟𝑙𝑥/(𝜔𝑟𝑙
2 + Ω2 =

0         (5)  
On taking Laplace and simplifying, the characteristics equation 
becomes s4 

𝑠4 + 𝑎𝑠3 + 𝑏𝑠2 + 𝑎𝑠2 + 𝑎2𝑠2 + 𝑎𝑏𝑠 + 𝑏𝑠2 + 𝑏2 + 𝑑2 = 0  

To find the stabilizing speeds, Routh criteria can be used. On applying 
Routh criterion, Routh’s array becomes 

 

The next step is to obtain the various conditions for the stabilizing 
speed of the electrodynamic bearing. From these conditions, 
minimum speed is obtained at which the electrodynamic bearing 
becomes stable. Further, the behavior of different parameters with 
respect to the speed of the rotor is also observed.  

2.3 Conditions of stability 

 

3. Estimation of minimum stabilizing speed   

3.1 Analytical estimation  

It can be seen from above four conditions that condition 1 is always 
satisfied for any positive value of M, Kn and Cn . And, all the terms in 
condition 2 and condition 4 are quadratic. Therefore, these 
conditions will always be positive and hence satisfied. From condition 
3, it is noticed that a part of this equation is negative. Hence, the 
equation in condition 3 must be checked for the stability of the 
system.   
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It is observed that above equation is basically a quadratic 
equation in Ω2 of the form 𝐴𝑥2 + 𝐵𝑥 + 𝑐 on comparing, it is 
obtained 

 

Using the Filatov’s data from [15], we have 

 

We kept on iterating and tried to find out the value of Cn at which 
the stability speed becomes minimum. On doing successive 
iterations, it is found that the roots of the above quadratic equation 
are positive for the value of Cn < 2000 N-s/m. Hence, the value of Cn 
at which the stability speed will be minimum comes out to be Cn = 
1927 N-s/m. Thus for Cn = 1927 N-s/m, the minimum speed at which 
the electrodynamic bearing will become stable is 5325 rpm. 

4. Results  

The minimum stabilising speed for the rotor shaft system on 
electrodynamic bearing has been obtained analytically. To simulate 
these results, codes have been generated in MATLAB for the novel 
model. The same data that have been taken for the analytical analysis 
has been choosen for the different elements of EDB and the values of 
non-rotating damping and nonrotating stiffness is taken accordingly. 
The rotational speed that bring stability has been plotted with 
respect to non-rotating damping (Cn), electrodynamic pole of the 
EDB (ωrl) and nonrotating stiffness (Kn) to identify the behaviour of 
rotor shaft system supported on electrodynamic bearing. 

4.1 Validation of the model  

Plots showing variation of rotational stabilizing speed vs non-rotating 
damping for different values of electrodynamic pole of the EDB has 
been generated as shown in figure 1. The nonrotating damping 
coefficient, Cn  has been varied from 500 N-s/m to 2500 N-s/m ,  
keeping the electric pole frequency parameter constant for three 
different values i.e ωrl  = 1k/c , ωrl= 2k/c , ωrl= 3k/c.   

 

   Figure -1: Speed Vs Cn for different values of ωrl 

From the figure 1, it can be observed that as the values of Cn 
increase, the stabilizing rotational speed Ω of the EDB decreases. We 
can also see that with the increase in electric pole ωrl, the rotational 
speed of stabilization also increases. From the above graph, it can be 
noticed that at the values of Cn = 1927 N-s/m and ωrl = 605 rad/s , 
the minimum stabilizing speed, Ω = 5325 rpm, which matches the 
results from the literature [15], hence validating our analytical 
results. In figure 2, plots shows variation of rotational stabilizing 
speed vs electric pole frequency for different values of non-rotating 
damping of the bearing. These curves have been drawn for different 
values of electric pole frequency, ωrl , keeping the non-rotating 
damping parameter, Cn  , as constant for the same values as in the 
previous graph, i.e. varied from 500 N-s/m to 2500 N-s/m.   

 

   Figure - 2: Speed Vs wrl for different values of Cn 

The stabilizing speed increases with increase in the values of ωrl, 
similar to the result, found in fig. 1.  And, it can also be seen that the 
minimum stabilizing speed Ω decreases with the increase in Cn , 
verifying again the results found in fig. 1. Again, from the above 
graph, it is noticed that at the values of Cn = 1927 N-s/m  and  ωrl  = 
605 rad/s, the minimum stabilizing speed, Ω = 5325 rpm, which 
matches the results from the literature [15], again validating our 
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analytical results.  And, plots generated below in fig. 3 show the 
variation of stabilizing speed, Ω with non-rotating stiffness, Kn and 
keeping the non-rotating damping parameter, Cn , as constant for the 
same values as in the previous graph, i.e. varied from 500 N-s/m to 
2500 N-s/m.   

Figure - 3: Rotational speed Ω, Vs Non-rotating stiffness, Kn for different values 
of Cn 

From the above figure, it is quite clear that rotational speeds, Ω 
remain almost constant or rather increases very slightly with the 
increase in non-rotating stiffness, Kn . Only a single plot shows an 
increasing trend of stabilization speed Ω, that too for a very low value 
of damping coefficient Cn = 500 N-s/m. Moreover, this low value of 
Cn is hardly significant because EDBs are inherently unstable. Thus, it 
can be concluded that non-rotating stiffness do not have much effect 
on the stabilizing speeds. And, it can also be noticed from the above 
figure that minimum stabilizing speed Ω decreases with the increase 
in Cn , verifying the previous results. Further, we have again drawn 
the plots shown in fig. 3 on an enhanced scale in the fig. 4, to notice 
broadly the effect of non-rotating stiffness, Kn on the EDB. 

 
Figure - 4: Rotational speed Ω, Vs Non-rotating stiffness, Kn for different values 
of Cn 

Here, again in figure 4, the results obtained were same as the 
previous one. So, it can be firmly concluded that non-rotating 

stiffness, Kn is not playing a significant role. And, this might be the 
reason Amati et al. [15] had not taken into account the stiffness 
parameter, Kn in their stabilisation model (rotor-casing damping) of 
electrodynamic bearings.   

5. Conclusion  

To stabilise the rotor shaft system on EDBs, a novel idea of providing 
viscoelastic damping between the stator and casing of the 
electrodynamic bearing is presented and on the basis of this concept, 
a new model of an EDB has been developed. To validate the model 
for the quasistatic characterization of a bearing, data from Tonoli’s 
paper on modelling of EDB have been used. The comparison of our 
results with the literature are identical and quite convincing, thus 
validating our results.  However, stability issues still exist. Hence, for 
low speed applications, these bearing requires some kind of run-up 
bearing. 
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