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Abstract 
 

Magnetic bearing systems are commonly used for high speed rotor applications, having particular advantages in low 
pressure/vacuum environments. The benefits of using magnetic bearing systems are well documented in terms of 
low fiction and controllable stiffness and damping. In order to protect magnetic bearings in cases of power failure, 
intermittent faults and unexpected external disturbances, secondary back-up or touchdown bearings are usually 
included so that rotor/stator contact is prevented. If, for any reason, a rotor should make contact with a touchdown 
bearing, the ensuing rotor dynamic response will depend on operational parameters and any residual rotor unbalance 
distribution. The influence of unbalance force distributions on the contact rotor dynamics are demonstrated in this 
paper. Interactions between a rotor and touchdown bearings can cause relatively high contact forces that could be 
damaging in terms of direct mechanical stresses and through induced heat inputs when slip occurs. In order to 
alleviate the contact problem an actively controlled touchdown bearing system has been proposed to reduce contact 
forces and, where possible, recover rotor positional control and return it to a condition of contact-free levitation. 
Active touchdown bearing control may be applied together with magnetic bearing control and suggested strategies to 
encourage rotor contact-free levitation are assessed in this paper.  
 
 

1  Introduction 
 

The existence of unbalance force distributions together with changing operating conditions and external 
disturbances will require consideration of a magnetically levitated rotor making contact with one or more touchdown 
bearings. The issues associated with rotor/touchdown bearing contact have been studied by many researchers [1]. 
For the same rotor assembly, contact and non-contact rotor dynamics may co-exist. Within a bearing clearance, non-
linear dynamics associated with contact are reported in [2-4], while the rotor dynamics involving rub and bounce-
like motions have been presented in [5-9]. The main purpose of touchdown bearings is to keep a rotor strictly within 
the clearance circles of magnetic bearings, thereby protecting rotor and stator interfaces. A touchdown bearing is 
regarded as a sacrificial component. In the event of power loss, the rotor will drop onto the touchdown bearing 
without levitation control. Rotor drop tests to investigate this have been carried out by a number of researchers [10-
14]. High dynamic contact forces have been observed in [15-18]. The transient behavior of a rotor during contact has 
been identified by researchers in [19-21]. Other researches have investigated procedures to reduce contact forces, 
either using magnetic bearing control [22, 23], or touchdown bearing motion [24, 25] through electromagnetic 
actuation. Consideration of procedures to regain contact-free control of a functioning rotor/magnetic bearing system 
through piezoelectric actuation of an active touchdown bearing is reported in [26, 27]. 

A well-controlled rotor should never make contact with a touchdown bearing if the unbalance distribution is 
sufficiently low and rotor vibration amplitudes remain within clearance limits at all times. However, at certain 
speeds and unbalance conditions, the rotor may co-exist in stable orbits; one without contact and others involving 
persistent touchdown bearing interactions. An external disturbance could cause the transition from the contact-free 
orbit to a persistent contact case. In principle, another external disturbance could reverse the transition back to the 
contact-free orbit. This paper focuses on a control method that uses both the active magnetic and touchdown 
bearings to encourage a rotor back to a contact-free orbit condition. For a flexible rotor with an uncertain unbalance 
distribution, the rotor may make contact with more than one touchdown bearing. This paper will demonstrate the 
feasibility of using magnetic bearing control and active touchdown bearing control to bring the rotor contact-free 
operation, effectively by applying appropriate disturbances to the rotor.   
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2  Nomenclature 
 
퐁 =  transformation matrix  
cm, ct =  magnetic bearing, touchdown bearing clearance 
퐂 =  damping matrix 
퐞u =  unbalance eccentricity vector  
fm =  magnetic bearing force from opposing coil pairs 
ft =  touchdown bearing contact force 
퐟 =  force vector 
퐟t,t  = tangential contact force 
퐟t,n  =  normal contact force 
퐆 =  gyroscopic matrix 
km =  magnetic bearing force coefficient 
kme, cme =  magnetic bearing equivalent stiffness, damping 
kte, cte =  touchdown bearing equivalent stiffness, damping  
퐊 =  stiffness matrix  
푙t =  axial length of touchdown bearing 
m =  mass  
퐦u =  unbalance mass matrix 
퐌 =  mass matrix  
qm =  magnetic bearing radial clearance gap 
qr = rotor radial displacement 
qt =  touchdown bearing radial clearance gap 
퐪 =  rotor displacement vector 
r =  radius 
rdo, rdi =  rotor outer, inner radii 
 
훺 =  rotational speed 
휃 =  rotational angle displacement 
푖0 =  bias current  
푖 =  magnetic bearing coil current 
휇 =  friction coefficient 
훿r =  rotor displacement relative to touchdown bearing 
휈 =  Poisson ratio 
퐸 =  Young’s modulus 
 
Subscripts  
푟 =  rotor 
푢 =  unbalance 
푚 =  magnetic bearing 
푡 =  touchdown bearing 
푑 =  disk 
푢푥,	푢푦 =  unbalance in x, y direction 
at =  actively controlled touchdown bearing 
 

3  System Description 
 
The rotor dynamics will be for an established test rig (Figure 1(a)). It consists of:  

(a) Two active magnetic bearings (AMBs), each formed by four coil pairs arranged orthogonally to each other. As 
shown in Figure 1(b), control axes are arranged at 45 degrees to the vertical to achieve the highest static 
vertical force capacity. Each AMB control axis has a force capacity of 500 N and a break frequency of 250 Hz. 

(b) Two touchdown bearings (TDBs) adjacent to and outboard of the magnetic bearings. Each TDB is a ball 
bearing type, which may pushed by four hydraulic pistons in control axes similar to those of the magnetic 
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bearings, as shown in Figure 1(c). The actuation force from each piston is provided by a piezoelectric stack 
actuator through a closed hydraulic line. Each piezoelectric actuator has a blocking force of 12,000 N and a 
bandwidth of 4,000 Hz. The active TDB bandwidth is reduced to 800 Hz due to the compressibility effect of 
the hydraulic fluid. 

(c) A rotor consisting of a shaft of length 800 mm, diameter 30 mm and made from stainless steel, on which are 
mounted three disks with balance holes at a radius of 35 mm. Rotor laminations are also mounted on the shaft.  

(d) An electric motor to drive the shaft though a flexible bellows coupling, up to 10,000 rpm.  

The layout of the test rig is shown in Figure 1(d). The AMBs are located inboard of the TDBs for better protection 
on the AMBs if the rotor is in its first flexural mode. Each AMB has a radial clearance of 0.8 mm, while each TDB 
has a radial clearance of 0.4 mm.  
 

 
(a) Test Rig 

 
 

                                  
(b) AMB                                                                   (c) TDB 

 
 
 
 
 

 
 
 
 
 
 
 

(d) Test rig arrangement 
 

Figure 1. Active magnetic bearing (AMB) and touchdown bearing (TDB) system  
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4  Model of the System 
  
The dynamics of the rotor assembly are expressed in finite element form according to [28]: 

 
퐌r퐪̈r + 훺퐆r퐪̇r +퐊r퐪r = 퐁u퐟u + 퐁m퐟m + 푩t풇t                                                            (1) 

 
where 퐪r is the vector of node translational and angular displacements,	퐌r ,	퐆r and	퐊r are the mass, gyroscopic and 
stiffness matrices of the rotor, respectively, 훺 is the rotor rotational speed, 퐟u ,	퐟m and 퐟t are the unbalance force, 
magnetic bearing force and touchdown bearing contact force vectors, respectively.퐁u,	퐁m and 퐁t are transformation 
matrices to distribute the local force vectors to the global coordinates in 퐪r .  

The unbalance force vector is 
 

 퐟u = [퐟푻 , 퐟푻 ]푻                                                                                  (2) 
 
where, for zero phasing, 

퐟ux = 퐦u퐞u(훺2 cos휃 + 훺̇ sin휃)	, 퐟uy = 퐦u퐞u(훺2 sin 휃 − 훺̇ cos휃)                                        (3) 
 
and 

 = ∫ 훺()푑                                                                            (4) 
 
Here, 퐦u is the unbalance mass vector, 퐞u is the unbalance mass radial offset vector. The rotor is not considered to 
undergo any rapid speed changes, hence 훺̇ will be very small compared to the 훺2 term. The unbalance force 
equation therefore reduces to the usual form of  
 

퐟ux = 퐦u퐞u훺2 cos 휃                                                                         (5) 
 

퐟uy = 퐦u퐞u훺2 sin 휃                                                                         (6) 
 
The non-linear AMB force in a control axis is expressed in the usual form involving opposing coil pairs:  
 

푓m = 푘m
( 0 )2

( m r)2
− ( 0 )2

( m r)2
		 							                                                              (7) 

 
where 푘m is the magnetic bearing force coefficient, which depends on the physical parameters of the magnetic 
bearing. Also, 푖0 and 푖 are the bias and electrical control currents, respectively, 푞m is the radial clearance or nominal 
air gap,  and 푞r is the rotor radial displacement from the center of the bearing.  

The contact force vector 퐟t includes the normal contact force 퐟t,n and the tangential force vector 퐟t,t	, which are 
related by   
 

퐟t,t=휇퐟t,n                                                                                                                           (8) 
 

where 휇 is the friction coefficient between the rotor and the TDB. The contact force calculation is made using a 
backward evaluation from a Hertzian contact model. Contact only occurs if the rotor relative radial displacement 훿r 
to the touchdown bearing exceeds the clearance gap of the touchdown bearing	푞t: 
 

훿r − 푞t ≥ 0                                                                                                                        (9) 
 
The amplitude of contact force 푓t at a single position is given by  
 

훿r − 푞t = t( )
t

+ 푙푛 t t

. 2 t
                                                            (10) 

 
where 휈 is the Poisson ratio, 퐸 is Young’s modulus and	푙t is the axial length of contact zone between the rotor and 
TDB. The contact force is calculated from Equation (10) using an inverse numerical method. 
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The TDBs are of ball bearing type, supported by four hydraulic pistons. The support material and ball bearings 
are considered to have stiffness and damping characteristics. The equation of motion of the system of TDBs is 
expressed as  
 

퐌t퐪̈t + 퐂t퐪̇t + 퐊t퐪t = 퐟at − 퐟t                                                                                             (11) 
 
where 퐪t is the TDB radial displacement vector, 퐌t , 퐂t and 퐊t are the mass, damping and stiffness matrices, and 퐟at  
is the effective controlled force vector arising from the piezoelectric actuators. If 퐟at = 0, the TDBs operate in a 
passive mode. The contact force	퐟t is considered with the negative sign in Equation (11) to reflect the fact that it acts 
in the opposite direction to rotor radial displacement.  
 

5  Simulation and Results  
 
The data in Table 1 were used in the simulation of the system. Firstly, the unbalance mass 푚u was considered to be 
added to Disk 1. Then the rotor rotational speed was slowly increased from 0 to 3,000 rad/s. The rotor radial 
displacements at TDB-A and TDB-B (Figure 1) were evaluated to identify the critical operating speed of the rotor 
assembly. In the calculation, the linearized AMB equivalent stiffness and damping coefficients were applied directly 
to the rotor. The same calculation was then repeated with two unbalance masses attached to Disk 1 and Disk 2, then 
again for unbalance masses on Disks 1, 2 and 3. Figures 2(a) and 2(b) show the slow run-up rotor radial 
displacement at TDBs A and B, respectively, assuming that no contact occurs. Several critical speeds are noted, the 
most obvious one is at around 840 rad/s, which corresponds to the first flexural mode of the rotor. The rigid body 
critical speed below the first flexural mode is well damped by the magnetic bearings. The critical speed at around 
2,200 rad/s corresponds with the second flexural mode, which is well above the motor operating speed of 10,000 
rpm. Figure 2 also shows that the critical speed at 2,200 rad/s is not obvious when three disks are unbalanced. The 
rotor radial displacement is its highest around the first flexible critical speed at both TDB positions. The rotor radial 
displacement would exceed the TDB clearance of 0.4 mm, hence the rotor assembly with three unbalanced disks at 
around operating speed of 840 rad/s will be the focus of further simulations. It could be argued that the maximum 
radial displacement is larger than the half of the magnetic bearing clearance hence it is not realistic to use equivalent 
linearized magnetic bearing stiffness and damping. Time domain simulation was therefore undertaken using the non-
linear magnetic bearing model of Equation (7) over speeds between 740 rad/s and 940 rad/s. The results matched 
well with those of Figure 2. 
 
 

Parameter Symbol Value 
Rotor assembly mass m 10 kg 
Rotor radius rr 15 mm 
Rotor disk mass  md 1.08 kg 
Rotor disk outer radius rdo 40 mm 
Rotor disk inner radius rdi 15 mm 
Unbalance mass mu variable 
Unbalance offset distance eu 35 mm 
Magnetic bearing clearance cm 0.8 mm 
Magnetic bearing force coefficient km 5.8 µNm2/A2 
Magnetic bearing equivalent stiffness kme 6x105 N/m 
Magnetic bearing equivalent damping cme 1760 Ns/m 
TDB clearance ct 0.4 mm 
TDB width lt 30 mm 
TDB radius rt 25 mm 
TDB equivalent stiffness kte 6x107 N/m 
TDB equivalent damping cte 2450 Ns/m 
Rotor/TDB coefficient of friction µ 0.15 

 
Table 1: System Parameters 
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(a) Rotor radial displacement at TDB-A                              (b) Rotor radial displacement at TDB-B 

 
Figure 2: Steady Rotor Response at TDB locations due to Unbalance Distributions with 푚   = 13.5 g 

 
It is predicted from Figure 2 that the rotor will make contact with a TDB with three unbalance masses of 13.5 g 

and offset by 35 mm between speeds of 740 rad/s and 940 rad/s. Time domain simulation was therefore undertaken 
with the TDBs included for contact force contributions. The results include rotor radial displacement and operating 
speed as shown in Figure 3. It shows the rotor starts to make contact with the TDBs as the speed increases. After 
initial bouncing contact the rotor makes continuous contact with TDB-A and enters a full rub condition. The contact 
continues up to 940 rad/s, beyond which the results of Figure 2 indicate no contact. Hence there could be two stable 
and co-existing orbits for the rotor at 940 rad/s. Due to some external disturbance, the rotor could enter the full rub 
contact mode from contact-free levitation or vice-versa. 

It would be beneficial to use AMB and/or TDB control to keep the rotor in contact-free levitation. The AMB 
control will now consider the standard balancing approach developed in [29, 30] to generate control forces to reduce 
the effective unbalance force, which is the driving the force of contact. The TDB motion control is achieved by 
using piezoelectric actuation; the demand is the position of the end of the TDB piston.  

The effectiveness of the AMB and TDB control is assessed in the steps: 
  

1. The contact-free rotor orbit was established with an unbalanced mass of 7.5 g mounted 35 mm from the 
center of all three disks. The maximum rotor orbit radius was 0.195 mm, which is within the radial 
clearance of 0.4 mm.   

2. A disturbance force of 600 N was applied to Disk 2 after 1.2 s, lasting for 0.1 s, which was at a sufficient 
level of impulse to induce rotor/TDB contact.   

3. Motion controls on the TDBs to try to recover the rotor to a contact-free levitation by setting them to move 
in the direction as the rotor at all times under the constraint of TDB radial displacement being limited to 0.1 
mm. Control of TDB motion could be initiated at any time.   

 
First, the TDB control was applied to both TDBs, simultaneously at 1.7 s. Figure 4(a) shows the disturbance 

force, while Figure 4(b) shows the rotor and TDB radial displacements. The rotor dynamics are the same at both 
TDB locations, which is due to the unbalance distribution symmetry. The rotor radial displacement moves from 
0.145 mm (no contact) to full rub at 0.43 mm. The TDB radial displacement moves from no motion to 0.03 mm 
radial displacement under passive contact forces. Figure 4(c)) shows that the contact force includes significant 
overshoot to 4,000 N before settling at around 1,600 N on both TDBs. When the active TDB motion is applied to 
both bearings at the same time, the rotor radial displacement moves to 0.53 mm and the TDB displacement move to 
1.3 mm though a transient phase. Figure 4(c) shows the contact force increases to 1,800 N from 1,500 N. The rotor 
is still in full rub contact with both TDBs. This motion control of the TDBs has increased the rotor and TDB contact 
displacement together with the contact forces. 
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(a) Rotor Operating Speed 

                                                  

           
(b) Radial Displacement at TDB-A                                         (c) Contact Force at TDB-A 

 

        
 

(d) Radial Displacement at TDB-B                                          (e) Contact Force at TDB-B 
 

Figure 3: Rotor Time Response Allowing for Rotor and TDB Contact with 푚   = 13.5 g  
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(a) Disturbance Force 

    
    

    
                     (b) Rotor and TDB Radial Displacement                                      (c) Contact Force  
 

Figure 4: Using Two Active TDBs at the Same Time to Free the Entrapped Rotor with 푚   = 7.5 g 
 
Secondly, motion control of TDBs A and B was applied at 1.7 s and 2 s, respectively. Figures 5(a) and 5(c) show the 
response of rotor and TDB radial displacement at TDBs A and B, respectively. Figures 5(b) and 5(d) show the 
contact forces at TDBs A and B, respectively. When the control motion is applied to touchdown bearing A at 1.7 s, 
the contact force reduces to zero in a relatively short time, and rotor contact is lost with TDB-A. However, the 
contact force between the rotor and TDB-B increases from 1,500 N to 1,600 N, implying heavier contact on TDB-B. 
At 2 s, the same control motion is applied to TDB-B, the contact force then decreases to zero; hence rotor contact 
ceases. Applying control on two TDBs at different times appears to be more effective in recovering the rotor to 
contact-free levitation, when moderate levels of unbalance force exists on the rotor.  
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(a) Radial Displacement at TDB-A                                      (b) Contact Force at TDB-A 

 
          

       
(c) Radial Displacement at TDB-B                                       (d) Contact Force at TDB-B 

 
Figure 5: Using Two Active Touchdown Bearings Motion at Different Times to Free the Entrapped Rotor  

with 푚   = 7.5 g 
 

The TDB control method was reassessed with higher unbalance masses. The unbalance mass was increased to 
10 g on all three disks, then the active motion control was applied to TDB-A at 1.7 s, the results as shown in Figure 
6. The contact force decreases over a relatively short time to zero, implying loss of contact on TDB-A. However, the 
contact force on TDB-B increases to 1,800 N, and full rub contact continues on TDB-B. Afterwards, the same 
control motion applied to TDB-B results in a higher contact force of 2,100 N. The rotor radial displacement at TDB-
B increases to 0.54 mm from 0.43 mm. With the increase in TDB-B motion, it is not possible to bring the rotor to a 
contact-free condition by using TDB motion control alone.  

In order to free the rotor from contact at TDB-B, it is proposed to use AMB force to reduce the effect of 
unbalance force from Disks 2 and 3. The unbalance force on Disk 1 is not considered; hence the synchronous 
magnetic bearing force may increase the displacement of the rotor at TDB-A. To assess the control method, two 
more steps are added to the previous simulation steps: 

  
4. Synchronous AMB forces are applied at 1.8 s to reduce the unbalance force influence from Disks 2 and 3.  
5. Synchronous AMB forces are then removed after 2.2 s.  

 
The same steps as the previous simulation are followed; the entrapped rotor at TDB-A is released by applying 
control  motion  onto the  TDB-A at 1.7 s.  When  the  synchronous  forces from the  AMBs are applied,  Figure 7(d)  
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(a) Radial Displacement at TDB-A                                         (b) Contact Force at TDB-A 

 

 
(c) Radial Displacement at TDB-B                                         (d) Contact Force at TDB-B 

 
Figure 6: Using Two Active TDB Motions at Different Times to Free the Entrapped Rotor with Increased Unbalance 

Masses (푚  = 10 g) 
 
shows the contact forces on TDB-B reduce to 1,500 N from 1,800 N. Figures 7(a) and 7(c) show the rotor 
displacement at TDB-B also reduces slightly, while the rotor displacement at TDB-A increases to 0.295 mm. When 
the control motion of TDB-B is applied at 2 s, Figure 7(d) shows the contact forces to decrease to zero, compared 
with the increase in contact force in Figure 6(d). Figure 7(c) shows how the synchronous AMB forces and the 
controlled motion of TDB-B influence the rotor motion. The synchronous AMB force has little impact on the rotor 
displacement at TDB-B, while the following controlled TDB motion is capable of returning the rotor to contact-free 
levitation despite the initial increase in displacement. When the synchronous forces from the AMBs are withdrawn, 
the rotor displacement returns to the level before the initial disturbance force was applied. 
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(a) Radial Displacement at TDB-A                                      (b) Contact Force at TDB-A 

 

   
(c) Radial Displacement at TDB-B                                          (d) Contact Force at TDB-B  

 
Figure 7: Using AMB Control and Two Active TDB Motions at Different Time to Free the Entrapped Rotor with 

Increased Unbalance Masses  (푚  = 10 g) 
 

6  Conclusions 
 
This paper has considered the issues associated with an AMB supported flexible unbalanced rotor making contact 
with TDBs. It has been demonstrated that, for certain levels of unbalance and running speeds, the rotor may co-exist 
in either a normal contact-free orbit within the clearance circle, or in a persistent condition involving rub or bounce-
like contact with one or more TDB. The rotor may undergo the transition from the contact-free orbit to the contact 
condition if a transient external disturbance is applied to the system. In principle, the reverse transition is possible 
under another disturbance. 
 The manner in which a disturbance could be applied to the rotor to encourage it back to the contact-free orbit 
was then investigated. This is possible using the available control forces from the AMBs and/or by using any active 
features incorporated into the TDBs. In this paper, a TDB system under piezoelectric actuation was considered. The 
rotor dynamics under TDB contact are complex and non-linear, which makes definitive control strategies difficult to 
specify. For certain unbalance distributions, active TDB motion alone may be sufficient. However, at the same 
running speed, a higher level of unbalance may require active TDB control in tandem with active AMB synchronous 
control. It may also be beneficial to sequence the control of the active TDBs with appropriate time delays to move to 
a contact-free orbit. 
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