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Abstract

Rotor-Active magnetic bearing (rotor-AMB) systems offer significant advantages in power consumption and are
increasingly being applied in turbomachinery. However, in such machinery, the impeller and the rotor are
commonly connected by bolted-joint. We observed once a certain pre-tightening torque is applied to the bolted
connection and the interface contact between the rotor and the impeller is formed, the bending mode vibration
will be excited when the rotor is levitated. The conventional active control method is limited in this vibration
suppression and it is essential to increase the damping at bending mode to inhibit vibration. This research presents
a novel passive control method to suppress this vibration by using the eddy current damping. Numerical
simulations were carried out based on the rotor-AMBs system model considering bolted-joint interface contact
model and analytical eddy-current damping model. Results obtained show that when decreasing the axial
clearance between permanent magnet and the impeller, the eddy-current damping is increased exponentially,
which will lead to the suppression of the bending mode response and reduce the vibration amplitude by 99.5%.

Keywords : Active Magnetic Bearing, Bolted-joint Assembly, Eddy Current Damping, Interface Contact,
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1. Introduction

Active magnetic bearings (AMBs) have been widely used in centrifugal gas compressors and other turbomachinery
applications (Schweitzer and Maslen, 2009). In these rotating machineries, several methods could be used to assemble
the different components and particularly bolted-joint. As an integrated part of some rotating machinery, an impeller is
often assembled by bolted joint in AMB suspended rotating machinery. The bolted-joint could generally be characterized
by its torque and its contact radius as shown in Fig. 1. We noticed that (Zhou et al., 2023), when the bolted-joint torque
is relatively small (there is contact pressure), a possible relative displacement is induced by the AMB levitating forces,
that could lead to the excitation of the structure and could introduce instability for modes that are on the limit of stability.
In our previous research (Zhou et al., 2024a), the vibration amplitude increases as the increase of bolted-joint torque and
contact radius, the cause of this vibration is the coupling between the bolted-joint interface contact and the AMB levitating
forces. The motivation of this paper is to reduce the influence of this vibration. Active control and passive control methods
have been proposed.

Based on the active-control characteristic, the active control methods can be divided into two ways: the gain
compensation and phase compensation (Schweitzer and Maslen, 2009). Firstly, gain compensation is a type of filter
designed to attenuate specific frequencies while allowing others to pass through, typically achieved by creating a resonant
circuit that cancels out unwanted frequency components. Han et al. (2021) designed the gain compensation and
successively suppressed the bending mode vibration caused by the bolted-joint, which was validated experimentally.
However, this gain compensation cannot be applied to the rotor with significant gyroscopic effect since the vibration
frequency would be varied greatly and nonlinearly as the increase of rotation speed. Aiming at this challenge, Zeng et al.
(2025) optimized the previous gain compensation and the center frequency of gain compensation was able to adjust
according to the rotation speed adaptively, which was based on the relationship between vibration frequency and rotation




speed obtained by numerical simulation. However, the simulation is not accurate enough, which will lead to the failure
of control. Secondly, phase compensation adjusts the phase of a signal to correct timing differences, improving system
stability or response characteristics. Wei et al. (2023) designed the phase compensation and adjusted its parameters to
reduce the vibration caused by bolted-joint interface contact in the magnetic suspended turbo molecular pump, but the
calculation of the phase needed is not given. To solve this difficulty, Zhou et al. (2024b) introduced the optimal phase
calculation method and suppressed the bending mode vibration caused by the bolted-joint, which was validated
experimentally. However, the operating range of the phase compensation was limited, which will increase high-frequency
gain of closed-loop and excite other unstable modes.

Since active method has limitations in the robustness, some passive methods have been designed to control this
vibration. In previous study, the contact stiffness at the interface was reduced by decreasing the preload torque and contact
radius. However, the adjusted preload torque and contact radius were too small to meet the assembly requirements for
bolted-joint connections in rotating machinery (Zhou et al., 2024a). Only changing the bolted-joint parameters was not
enough to suppress this vibration, extra damping should be introduced to the closed-loop system to improve stability.
Besides the internal damping provide by the controller (such as phase compensation), the external non-contact damping
such as eddy current damping, acoustic damping and piezoelectric damping were also effective in vibration reduction.
Considering the space occupancy and sensitivity to material of acoustic damping and piezoelectric damping (Zhu et al.,
2024, Park et al., 2011), We noticed that the eddy current damping is more suitable to passive vibration control in the
rotor-AMBs system.

In the magnetic levitation system, eddy-current damping is utilized to suppress vibrations and improve dynamic
response, particularly in high-precision applications such as micro-manipulation, space mechanisms, and energy
harvesting devices (Jin et al., 2017). The integration of eddy-current damping with magnetic springs to create compact,
oil-free, and reliable suspension systems eliminated the need for external power or complex controllers (Diez-Jimenez et
al., 2021). Additionally, advancements in modeling and experimental validation have enabled precise control of damping
characteristics by optimizing parameters such as conductor plate dimensions, material properties, and magnetic field
configurations (Mehrtash and Khamesee, 2013). These developments highlight the versatility of eddy-current damping
in addressing challenges related to vibration control and system stability, making it a promising solution for next-
generation magnetic technologies (Elbuken et al., 2006).

In summary, to suppress the vibration induced by bolted-joint in the rotor-AMBs system based on eddy-current
damping, the modelling of rotor-AMBs system considering eddy-current damping is essential and the influences of this
damping on closed-loop system stability should be investigated.

2. Description of the system studied

The system is constituted with a steel shaft of 1.004 m length and 46 mm of diameter for a total weight of 10.35 kg
(Fig. 1). It is supported by two identical AMBs powered in differential driving mode, with 8 poles and the action lines
are positioned in the configuration load between axes. The bias current is 1.7 A and 0.25 mm for the air gap. Each AMB
is supplied with a touch down bearings (TDBs) with 0.125 mm air gap, and two non-colocalized eddy current sensors.
The AMBs are designed to generate a maximum dynamic force of 412 N. The exciter AMB located in the middle was
not activated in this work and did not generate force. For the needs of this study, a bolted-joint aluminum disk (its size is
fixed, thickness is 4 mm, radius is 45 mm, contact radius R, is 7 mm) is assembled at the non-drive end and the bolted-
joint torque M, is adjusted in this work. Since the study is carried out only during levitation, the rotation is not taken
account into this study.

A PID (proportional-integral-derivative) controller is designed to stabilize the rotor-AMBs system (sampling

Fig. 1 Rotor-AMBs system with permanent magnet and bolted-joint disk.
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In order to assess the influence of eddy-current damping on vibration suppression, the ring permanent magnet (PM)
is arranged near the bolted-joint disk and axially aligned with the rotor (its size is fixed, thickness is 15 mm, outer radius
Rap 18 55 mm, inner radius Ry is 37.5 mm). The axial clearance J,, between PM and disk is adjusted in this work.

3. Modelling of rotor-AMBs system considering bolted-joint assembly and eddy-current damping

The modelling approach of the eddy-current damping force will be presented first, then the rotor-AMBs system
model considering bolted-joint assembly will be described.
3.1 Eddy-current damping force model

When the aluminum disk moves through a non-uniform electromagnetic field, a vortex electric field is induced within
the material (Fig. 2). This field drives charge carriers to form closed-loop eddy currents due to the conductive continuity
of the metal. According to Lenz's law, the induced currents generate opposing magnetic fields that resist the relative
motion causing them. This resistance manifests as a damping force (Mehrtash and Khamesee, 2013).

In order to investigate the influence of eddy-current damping force on rotor AMBs system and optimize the structural
parameter of permanent magnet, the analytical model of eddy-current damping is established based on Maxwell’s
equation and Faraday’s law. There are some assumptions in the deduction of eddy-current damping force:

1)  The high-frequency skin effect is ignored and the disk could be considered as a thin sheet where current density is
assumed to be nearly uniform across the entire thickness of the conductor;

2)  The PM material is homogeneous and rigidly magnetized;

3)  Only the lateral vibration is considered, the axial and inclination vibrations of the disk are ignored.

Referring to Fig. 3, two coordinate systems are introduced to facilitate analysis: x, y, z Cartesian system fixed with

respect to the immovable PM stator and x’, y', z’ Cartesian system attached to the center of the disk.
y'say
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Moving disk”

. PM stator
Ring magnet

Fig. 2 Schematic of the generation of eddy current. Fig. 3 Kinematic layout for the lateral vibration.

The eddy-current damping force is simplified as a linear force with respect to the velocity, ignoring the influence of
high-frequency skin effect. The eddy-current damping force F.. can be expressed as,

Fec = CC’L‘ ! (_vd) (1)
where C.. is the eddy-current damping coefficient, v, is the velocity vector of the disk. The C.. is essential for the

calculation of damping force. Firstly, the circumferential current density K's and radial current density K’ should be
determined. The governing equation can be expressed as,

o(r'-K', '
1{ (r 9)_az<,l:_o_h_VraBz ®
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rl
where o is the electrical conductivity of the conductor, /4 is the thickness of the disk, v, is the velocity of disk in the radial

projection, B. is the magnetic field strength (which is related to d,,). Since eddy current is confined to the disk, the
boundary condition could be written as Eq. (3) and R, is the outer radius of the disk.

K'.(R,,0)=0 3)

By solving Eq. (2) based on Eq. (3), the distributions of K’y and K", are shown in Fig. 4.
By calculating the vector (K') of K’y and K", the eddy-current coefficient C,. can be obtained as,
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where s is the region of the disk.
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Fig. 4 The values of current density (disk moves along the x direction).

To validate the accuracy of eddy-current damping, the eddy-current damping simulation is carried out based on the
COMSOL software. The comparison of analytical results and COMSOL simulation results is shown in Fig. 5.
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Fig. 5 The comparison of Ce. based on analytical model and COMSOL simulation model.

As shown in Fig. 5, the analytical results and COMSOL simulation results are in good agreement. Thus, the accuracy

of the analytical eddy-current damping model is validated. And the C.. increases exponentially as the decease of axial
clearance dy.

3.2 Rotor-AMBs model considering bolted-joint assembly

The interface contact in the rotor is modelled as a uniformly distributed stiffness over the contact interface as shown
in Fig. 6(a), where the disk and the rotor are joined together by bolted-joint assembly. The spring unit connects any point
A on the rotor contact interface and its corresponding point B on the disk contact interface. The stiffness of the massless

spring unit is referred to as contact stiffness, which can be subdivided into the normal contact stiffness kz, and tangential
contact stiffness k.

The directions of &, and ky, are perpendicular and parallel to the contact interface, respectively. The values of normal
(tangential) contact stiffness k», (k») under different torques and contact radii have been calculated based on the

microscopic contact model and experimental identification in our previous research (Zhou et al., 2024).
Spring Unit

Disk Interface Contact Rotor

(a) Dynamic model of interface contact (b) Diagram of coordinate transformation
Fig. 6 Schematic diagram of the interface contact model formed by bolted-joint.

There is relative deformation between the contact interfaces when the rotor vibrates. The energy generated by the

spring deformation is calculated to study the influence of interface contact. As shown in Fig. 6(b), floating coordinates
0i~x3y3z3 and o0j-x3y3z3 are established by taking the contact interface centers node i and node j as the coordinate origin
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and coordinate transformation in order to obtain the relative deformations of the spring unit in X, Y, Z directions.
The total energy generated by the spring unit is obtained by summing up the unit spring energy Au as Eq. (5).

Ub=ﬂ (ky - A + K, Ay2+k,m-Azz)dH
(5)
Ky ﬂ dH[ Ax, + Ay, | ﬂ Y’Aay? +X*AB, |dH

where Ax=xg-xa, Ay=yB-ya, Az=zp-za, H denotes the contact area of bolted-joint interface contact. The force vector Fj.
generated by the interface can be obtained by calculating the partial derivative of the energy U, with respect to the
variable Ax; (Axi=xi- x;), Ay (Ayi=yi- yj), Aoy (Aai=ai- o), APy (ABi=Pi- ).

oU, | 0Ax, F, _k’".[ HdH'Axii _Kb (‘Inqj)'Axi- ]
F = an/aAyij _ Fby _ kb’.UHdH.AyU _ (q”qj) Ayu
"|ou ke | Bk [y aH Ay || K, (404,) Ad ©)
oU, | 0AB, | | Fyy k[ dH-A8, Kby (g4, )-AB,
L H _ -

= diag| Kb, Kb, Kb, Kb, |-[diag(-1) diag(l):l'];qr:KbTeq,_

where the value of K, Ky, K, Ky are all related to ¢; and ¢;, T, is the transfer matrix of node i and j, ¢, is the rotor
displacement vector. The details about the bolted-joint rotor-AMBs model can be seen in the previous research [Zhou et
al., 2024a].

The model of rotor-AMBs system considering interface contact consists of four parts as shown in Fig. 7: the contact
stiffness model, the bolted-joint model, the rotor-AMBs model and the eddy-current damping force model. The effect of
bolted-joint interface contact and eddy-current damping is modelled as the contact force F». and damping force F,. acted
on the rotor-AMBs model, respectively. The bolted-joint contact stiffness applied in bolted-joint model is calculated
under different torque M} and contact radius R, based on the microscopic contact model, which has been established in
the previous work together with the rotor-AMBs model.
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Clearance (),,, | |
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| Control system Reference voltage r Noise qs ' I
| ¥ . |
| a e B
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Fig. 7 Schematic of the rotor-AMBs system considering bolted-joint interface contact and eddy-current damping.

Finite element method is used. The shaft is modeled with 63 Bernoulli-Euler beam elements with two nodes and four
degree of freedom (DOF) per node. Two radial translations and two associated rotations. The axial DOF is not considered
in this study. The general equation of motion is obtained by applying Lagrange equation. Based on Eq. (1) and Eq. (6),
the eddy-current force vector F.. and contact force vector Fj. is then added.

MR‘.I.r + CRq.r + KRqr T FAMB + ncTFbc + TecTF'ec = TaT (khTaqr + kiia ) + ];)CTFbc + TecTCec];cq.r (7)

where Mz, Cr and Ky are the mass, damping and stiffness matrices of the system, respectively. The force vectors Fams
represents the electromagnetic force by the AMBs A and B in the X and Y directions, 7}, is the transfer matrix of the AMB
nodes, T} is the transfer matrix of node 7, T.. is the transfer matrix of node j. & (k;) is the displacement (current) stiffness
of the AMB. i, is the control current of the AMB, which can be determined by,
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i = A(S)C(S)[I’S —S(s)qS] =M-(KP +&+ﬁj(rs ~kaq,) (8)

s+2nf, s T,s+l1

where S(s), A(s) and C(s) are the transfer functions of the sensor, the amplifier and the controller, respectively, g is the
displacement vector detected by sensors in the X and Y directions, £; is the gain of sensor, £, is the gain of power amplifier,
f- is the cut-off frequency, Kp, K; and Kp respectively represent the proportional gain, the integral gain, the derivative
gain, Tp is the derivative time constant to prevent magnifying the error signal by the controller in the high frequency
ranges, and r; is the reference voltage.

The state space model of the rotor-AMBs system considering the bolted-joint interface contact and eddy-current
damping can be expressed as Eq. (9) by taking x=[q, q'r]T.

xx = Axxs + Bsia + Bchbc + BecFec
qs = Csxs

AS _ ; 0256>;256 1256>:2156 ;BS :|: Ozs(ixl4 T:|; )
MR (khT:z Ta _KR) _MR CR kiMR Ta
O X O X
S PcU Pl R

where x; is the state vector, 7y is the transfer matrix of the sensor nodes. Fawmg is divided to negative stiffness part and
control current part.

4. Results

Based on the rotor-AMBs model considering bolted-joint assembly and eddy-current damping, the dynamic analysis
and stability analysis are carried out to investigate the influence of eddy-current damping on the vibration caused by
bolted-joint assembly.

4.1 Dynamic analysis

Firstly, the free-free bending mode frequencies of the bolted-joint rotor (M, = 3 N'm, R, = 7 mm) are calculated
based on the this model to identify which mode was affected by the bolted-joint assembly, and the results are given as:
1** bending mode frequency is 92.08 Hz, 2" bending mode frequency is 257.81 Hz, 3" bending mode frequency is 519.72
Hz, 4" bending mode frequency is 818.80 Hz, 5" bending mode frequency is 1081.28 Hz.

In previous study (Zhou et al., 2024), the influences of bolted-joint torque M and contact radius R, on rotor responses
and system stability have been investigated: when no bolted-joint applied, all roots of the system are stable, and that what
is observed experimentally. On the other hand, when applying the bolted-joint, it can be noticed that the roots for the first
two bending modes still stable for different values of Mj and R,, but the roots for the 3", 4" and 5" modes move toward
unstable locus as the increase of M, and R,. However, the amplitude of the 3 and 5" mode is too small to influence the
stability of the system, the instability of 4th bending mode is induced and the rotor vibrates at the 4™ bending mode
frequincy. The increase of the bolted-joint torque and the contact radius will both increase the vibration amplitude.
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Fig. 8 Comparison of dynamic responses in simulation (different axial clearance).
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In this study, appropriate control parameters should be tuned to ensure stable levitation of the rotor without interface
contact and these parameters will be kept the same during different simulation phases to exclude the influence of the
controller. The displacement responses in time and frequency domain in X direction for both AMBs under different axial
clearance are presented in Fig. 8 for the value of M, (3 N-m) and R, (7 mm). The vibration amplitude of the 4" bending
mode is dampened as the decrease of axial clearance d,, (the increase of eddy-current damping coefficient C,.).

4.2 Stability analysis and stable region

The root locus analysis is applied to study how the bolted-joint assembly and eddy-current damping force influence
the stability of rotor-AMBs system. Based on Eq.(1) and Eq.(6), the eddy-current damping force can be expressed as
Fe=Ce'(—1)Tec g, the contact force can be expressed as Fy=Ky Teq,. The control current can be expressed as
i~=Hyq~=H T q,. Consequently, the state space in Eq. (9) can be transformed as.

0;564256 Tseass
A, = -1 T T T -1 T (10)
M (KTT, - Ky + kT HT, +T, K1) -M,(C,+T,'C,T,)

The closed-loop system eigenvalues 4 can be calculated as: det (AI—A,) = 0.

As A is dependent on the bolted-joint torque, the contact radius and the axial clearance, therefore, different
eigenvalues will result for the different combination of the bolted-joint parameters and eddy current parameters.

In the situation that M} is 3 N'm and R, is 7 mm, decreasing the axial clearance J,, from 3 mm to 0.1 mm, the root
locus of the closed-loop system is shown in Fig. 9. As d,, decreases, the characteristic roots of the first five bending modes
move towards the negative direction of the real axis. To sum up, the decreasing of ,, can increase the closed-loop stability
of the 4" bending mode and have no unstable influence on other modes, which leads to vibration reduction of the 4"
bending mode.
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Fig. 9 Root locus of the closed-loop system for different Fig. 10 Stable region as a function of bolted-joint

axial clearances (0.1~3 mm). parameters under different axial clearances.

Stemming from the root locus analysis, variables d,,, M, and R, influence system stability. For further design
optimization aiming at decreasing the influence of the bolted-joint interface contact, stable region (the region below the
curves) can be obtained to guide the safe operation (Fig. 10). The stable parameter combinations of bolted-joint torque
My, and contact radius R, under different axial clearance 6, are specified based on the real parts of the 4™ bending mode
roots.

5. Conclusions

Numerical investigations are carried out to evaluate the effect of eddy-current damping on the stability of a bolted-
joint rotor-AMBs system. The results obtained show that by decreasing the axial clearance between permanent magnet
and the aluminum disk, the eddy-current damping is increased exponentially. The vibration amplitude in the 4™ bending
mode is suppressed due to the increase in eddy-current damping, which leads to the improvement of system stability.
When the axial clearance is 0.5 mm, the vibration amplitude can be decrease by almost 99.5% in both directions. The
unstable zones are identified as a function of the torque, contact radius and the axial clearance. The influencing parameters
were pointed out, and their effects on the system dynamic behavior was studied. The stable parameter combinations are
specified to guide the safe operation and this model will be used to conduct further investigations on the optimal design
of the eddy-current damping. Experimental validation is undertaken and some of the results obtained could be presented
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during the conference.
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