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Abstract 

During touchdowns of active magnetic bearings (AMB), rotor will generate 

different trajectory on touchdown bearings (TDB). The full rub will cause violent 

collisions and damages to both parts. By modeling radial and axial contact between 

rotor and TDBs, the dynamic and thermodynamic touchdown model of a vertical rotor 

with internal TDBs were established. Numerical simulation showed that the orbit 

response of vertical rotor after touchdowns was forward whirl, which is divided into 

two states: dry-friction whirl and dry-friction whip. There’s a limit speed associated 

with the natural frequency that enables the rotor to convert from synchronous positive 

precession to sub-synchronous positive precession. The contact force and temperature 

of inner race has increased significantly when rotor entering the sub-synchronous 

forward precession. 
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1 Introduction 

Once the Active Magnetic Bearing (AMB) is powered off or overloaded, the rotor will fall and rub 

against the touchdown bearings (TDB). The function of TDB is to limit the maximum radial and axial 

displacement of the rotor, to avoid the collision and damage of the main parts of AMB. But in fact, 

TDB itself is a part that is prone to damage. A number of theoretical and experimental studies have 

found that severe damage often occurs on TDB, so fatigue failure isn’t the main cause of TDB failure. 

At present, there’s no effective life evaluation system for TDB, which has become a key factor 

restricting the development of AMB. (Schweitzer  Kuesnacht (Switzerland)] & 

Maslen  Charlottesville, VA (United States). Dept. Mechanical and Aerospace Engineering], 2009) 
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The initial states such as rotor imbalance (Hawkins et al., 2006), surface friction coefficient (Sun 

et al., 2004), material pairing (Zhu, 2010), and assembly error (Kärkkäinen et al., 2008), etc., will 

have a significant impact on the rotor dynamic behavior of the touchdown. In severe cases, the rotor 

and TDB will vibrate violently and cause damage to TDB. According to ISO 14839, three typical 

orbit responses (pendulum vibration, combined rub and bouncing, and full rub) can be detected in 

touchdown events. (ISO, 2012) Lyu Mindong established a touchdown trajectory response 

identification method for online monitoring and resuspension of the rotor touchdown. (Lyu et al., 

2018) In different touchdown trajectories, the whirl of the rotor (shown as full rub) was prone to 

significantly higher contact force and heat than other states, which is one of the main reasons for the 

failure of TDB. (Zhu et al., 2018) Zhao Yulan established a multi-degree-of-freedom rigid rotor drop 

model, based on the nonlinear Hertzian contact and collision theory, which can effectively simulate 

the movement, force and heating of the rotor touchdown. (Zhao et al., 2015) Helfert built an AMB-

rotor touchdown test bench, using a high-speed camera to capture the displacement, speed and 

acceleration of the rotor, inner ring, and rolling elements after the fall. (Helfert et al., 2006) 

In the study of rotor dynamic, ‘whirl’ generally refers to the orbital movement of the eccentric 

mass of the rotor around the axis, mainly for the contact between the flexible rotor and the stator. 

Literature (Jacquet-Richardet et al., 2013) provides a literature review on this topic. According to the 

direction of the frictional force, the rotor presents a backward whirl state during the contact. Wilkes (J. 

C. Wilkes et al., 2010) divides the contact form into the following two categories: 

• Dry-friction whirl. The rotor rolls on the surface of the stator without sliding, and the 

precession frequency is governed by the radius-to-clearance ratio at the contact position; 

• Dry-friction whip. The rotor continuously slides on the surface of the stator, and the 

precession frequency is governed by the combined natural frequency of the connected 

rotor-stator system. 

Although the touchdown of AMB rotor is similar to the traditional rotor rubbing, touchdown 

rubbing has characteristics such as mainly occurs in the inner ring of the bearing, rotatabel bearing 

support, and not distinguished rotor mode. Therefore, the touchdown dynamic behavior is very 

different from the traditional rotor rubbing.  

When the vertical rotor drops, it first collides and rubs with the axial end surface of the stationary 

TDB inner ring. The inner ring accelerates to the rotor speed in a short time. Then the rotor will 

continue colliding and rolling in the radial gap. Since there is no radial constraint, the rotor will 

always be in full rub state. The direction of the friction force indicates that the rotor will form forward 

whirl during vertical rotor drops. In a vertical rotor drop test, Caprio found that the forward whirl 

speed of the rotor monotonously increased with the rotor speed at a low rotation speed, but the whirl 

speed no longer increased when the speed was higher than 2000r/min. (Caprio et al., 2004) Wilkes  

verified this phenomenon through a numerical model in a subsequent study, and proved that the 

aforementioned dry-friction whirl and dry-friction whip states also occurred in the vertical rotor 

forward whirl. (J. Wilkes et al., 2014) There is a combined natural frequency between two state 

transitions. 

The current dry-friction whirl/whip research of vertical rotor touchdown still stays in the rotor 

trajectory, motion and related vibration frequency. Researchers generally pay more attention to the 

behavior of the rotor, and there is still a lack of related research on TDB. For the design of the AMB-

rotor system especially TDB, more parameterized, detailed and specific calculation are needed. 

Therefore, this research focuses on the establishment of system touchdown dynamics and 

thermodynamic models to quantify the force and temperature characteristics of TDB. By improving 

and supplementing the existing theoretical system, it provides parameter optimization for the overall 

structure of the preliminary designed protective bearing. In the future, we will also verify our model 

through experiments. 



2 Model 

2.1 AMB-rotor-TDB test system 

The AMB-rotor-TDB test system consists of a rotor, 2 groups of radial and 1 group of axial AMBs 

and 2 groups of TDBs (Figure 1). The upper TDB bears the axial and radial load of the rotor, and the 

lower TDB only bears the radial load of the rotor. See Table 1 for relevant structural parameters of the 

rotor and bearing system. Use hybrid ceramic ball bearings as TDB solution. At each side of the rotor, 

a pair of 71938AC angular contact ball bearings are installed, and they are installed face to face. The 

inner and outer rings of the bearing are made of GCr15(SAE 52100) bearing steel, and the rolling 

elements are made of Si3N4 ceramic balls. The mechanical and thermal parameters related to materials 

are shown in Table 2. 

 

 
Figure 1: Schematic diagram of AMB-rotor-TDB system. 

Rotor parameters Value TDB parameters Value 

Mass, kg 3000 Inner ring mass, kg 1.19 

Length, mm 3054 Outer ring mass, kg 1.52 

Momentum of Inertia, kg·m2 130 Inner ring diameter, mm 190 

Dynamic balance quality level G6.3 Outer ring diameter, mm 260 

Eccentricity, mm 0.02 Bearing width, mm 33 

Radial clearance, mm 0.3 Bearing internal COF 0.0018 

Axial clearance, mm 0.3 COF between rotor and 

inner ring 

0.15 

Table 1: AMB system parameters. (COF: Coefficient of friction) 



2.2 Dynamic model of rotor-TDB system 

When rotor dropped, considering the dynamic behavior of the upper TDB, the contact between 

rotor and TDB was divided into two parts: the axial end face and the radial inner face. Rotor first 

collided with the annular end surface of the inner ring. And then contacts and whirls in radial 

clearance. The contact and collision generated support force, friction force and friction torque. The 

system dynamics model of rotor-TDB and support base was shown in Figure 2. 

 

ℎ𝑏,𝑎, ℎ𝑏,𝑟 represented the axial and radial drop clearances between the rotor and TDB respectively. 

𝐾𝑏 , 𝐶𝑏 represented the stiffness and damping inside TDB. 𝐾𝑎 , 𝐶𝑎 represented the axial stiffness and 

damping between the outer ring of TDB and the support seat. 𝐾𝑟 , 𝐶𝑟 represented the radial stiffness 

and damping between the outer ring of TDB and the support seat. 

The contact force between the rotor and TDB was calculated using the Hunt-Crossly collision 

model (Hunt & Crossley, 1975), which can calculate the impact of touchdown accurately. The 

calculation formula is: 

𝐹 = {
𝐾𝛿𝑛(1 + 1.5𝜅𝛿̇), 𝛿 > 0

0           , 𝛿 ≤ 0
 

𝛿 was the amount of penetration between two contact surfaces. 𝑛 was the contact coefficient. The 

coefficient 𝜅 is distributed in the interval from 0.08 to 0.2. 𝐾 was the contact stiffness. 

The friction of the system was calculated using the Coulomb friction model, as shown in Figure 3. 

The formula for calculating the radial friction force was 𝐹𝑡 = 𝜇𝐹𝑟. For the friction of the end surface, 

the force and torque were obtained by integrating the contact surface. Establish the coordinate system 

𝑂𝑖𝑗 according to the relative position of the rotor and the inner ring, then the relative speed between 

the inner ring and the rotor at point A in Figure 3 can be expressed by the following formula: 

Material parameters Bearing steel 

GCr15 

Ceramic ball 

Si3N4 

Rotor 

Carbon steel 

Elastic Modulus, GPa 219 310 210 

Poisson's ratio 0.3 0.269 0.31 

Thermal conductivity, W/(m·K) 40 3.5 50 

Specific heat capacity, J/(kg·K) 450 800 480 

Table 2: Material mechanics and thermal performance parameters. 

Figure 2: Rotor-TDB-support base system model. 



𝑣𝐴,𝑟𝑏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗(𝑟, 𝜑) = [𝜌̇ + (𝜃𝑟̇ − 𝜃𝑏̇)𝑟 sin 𝜑]𝑖 + [(𝛼̇ − 𝜃𝑟̇)𝜌 − (𝜃𝑟̇ − 𝜃𝑏̇)𝑟 cos 𝜑]𝑗  

𝜃𝑟̇ , 𝜃𝑏̇ represented the rotation speed of the rotor and TDB; 𝛼̇ represented the rotation speed of the 

geometric center of the rotor around the fixed coordinate system 𝑂𝑥𝑦, that was, the whirl speed; 𝜌 

represented the distance between the geometric center of the rotor and the origin of the coordinate. 

 

Approximately, the axial load can be regarded as uniformly distributed on the inner ring. Use 𝑃𝑎 to 

represent the contact pressure of the end surface. The friction force on the entire surface can be 

calculated in two directions with the following formula: 

𝐹𝑎,𝑖 = −𝑃𝑎𝜇𝑓 ∙ ∫ ∫
[𝜌̇ + (𝜃𝑟̇ − 𝜃𝑏̇)𝑟 sin𝜑]𝑖 

{[𝜌̇ + (𝜃𝑟̇ − 𝜃𝑏̇)𝑟 sin𝜑]
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The axial friction torque can also be obtained as: 

𝑇𝑎 =
2𝐹𝑎𝜇𝑓(𝑅2

3 − 𝑅1
3)

3(𝑅2
2 − 𝑅1

2)
 

𝑅1, 𝑅2 represented the inner and outer radius of the end face of the bearing inner ring. 

According to the Lagrange equation, the dynamic equations of the rotor drop in three directions 

during contact are established as follows: 

𝑚𝑟 [𝑥𝑟̈ − 𝑒 sin(𝜃𝑟) 𝜃𝑟̈ − 𝑒 cos(𝜃𝑟) 𝜃𝑟̇
2
] = −𝐹𝑟 cos 𝛼 − 𝐹𝑡 sin 𝛼 

𝑚𝑟 [𝑦𝑟̈ + 𝑒 cos(𝜃𝑟) 𝜃𝑟̈ − 𝑒 sin(𝜃𝑟) 𝜃𝑟̇
2
] = −𝐹𝑟 sin 𝛼 + 𝐹𝑡 cos𝛼 

𝑚𝑟 𝑧̈ = −𝑚𝑟𝑔 + 𝐹𝑎,𝑧 

𝑚𝑟𝑒[− sin(𝜃𝑟) 𝑥𝑟̈ + cos(𝜃𝑟) 𝑦𝑟̈] + (𝑚𝑟𝑒
2 + 𝐽𝑟)𝜃𝑟̈ = 𝐹𝑟𝑒 sin(𝛼 − 𝜃𝑟) − 𝐹𝑡𝑒 cos(𝛼 − 𝜃𝑟) 

2.3 Thermodynamic model of rotor-TDB system 

During the drop process of the rotor, the main heat sources considered come from three aspects: 

viscous friction torque, spin friction torque and contact load friction torque. Palmgren derives the 

friction torque inside the rolling bearing, and Harris further derives the spin torque of the rolling 

element relative to the inner ring and the outer ring. (Harris & Barnsby, 1998)The contact friction 

Figure 3: Model of friction force between rotor and TDB. 



torque can be directly calculated by the mechanical model. The total frictional heat generated by the 

final fall can be expressed as: 

𝐻𝑡𝑜𝑡𝑎𝑙 = ∑(𝐻𝑖,𝑒
𝑗

+ 𝐻𝑟
𝑗
+ 𝐻𝑎

𝑗
) 

𝐻𝑖,𝑒 was the friction heat generated by the rolling element with the inner and outer rings. 𝐻𝑟  was 

the friction heat generated by the radial contact surface of the rotor and TDB. 𝐻𝑎 was the friction heat 

generated by the axial end surface of the rotor and the upper TDB; the angle mark j indicated each 

pair of bearings. 

Based on the theory of heat transfer, a one-dimensional heat transfer network model was 

established by calculating the heat transfer impedance of each component during the touchdown 

process of the rotor, considering the heat conduction and heat convection of the system (Figure 4). 

The heat transfer between the temperature nodes was expressed by the first-order differential equation 

as follows: 

𝑚𝐶𝑝Δ𝑇 = Δ𝑄 

𝑚 represented the mass, 𝐶𝑝  represented the specific heat capacity, Δ𝑇  represented the temperature 

difference between the two temperature nodes. And 𝑄 represented the heat flux, R represented the 

thermal resistance of each part. 

 

Furthermore, each component of TDB will expand as the temperature rises. Considering the 

thermal expansion of the inner and outer rings and rolling elements, the thermally induced load inside 

TDB is: 

Figure 4: Schematic diagram of the heat transfer network of the rotor-TDB system. 



𝐹𝑡ℎ = 𝐾[𝜀𝑏 + 0.5(𝜀𝑖 − 𝜀𝑒) cos 𝛼0]
3/2 

Among them, 𝜀𝑏 , 𝜀𝑖, 𝜀𝑒  respectively represented the expansion of the protective bearing rolling 

element, inner ring and outer ring. 𝛼0 represented the initial contact angle. 

3 Result 

The model of the rotor-TDB system was established above, then the numerical simulation 

calculation was carried out. According to the speed target designing the test bench, two typical 

calculation examples were simulated. The initial speed was set to 3000 r/min and 6000 r/min. 

Suppose that the rotor lost AMB support and started to fall freely on the set speed at time 0. Figure 5 

shows the operating conditions of the rotor touchdown event at an initial speed of 3000r/min within 1s, 

including axial displacement and contact force, radial touchdown trajectory, radial contact force, rotor 

and bearing speed, temperature of various parts, and temperature ascent rate of the inner ring. 

 

Numerical simulation results showed that, in the axial direction, the rotor reached a stable support 

state after several collisions and rebounds (Figure 5(a)). The maximum axial contact force occurred at 

the first collision (Figure 5(b)). The trajectory in the radial direction (Figure 5(c)) showed that the 

rotor entered a forward whirl state after several collisions, making an approximate circular motion. 

The radial contact force curve (Figure 5(d)) showed that the collision force was small in the first few 

collisions, then continued to rise after the rotor enters the forward whirl, finally fluctuated in a fixed 

interval. Figure 5(e) showed the change curve of the rotation speed of the rotor, the inner ring and the 

rotor whirl. It can be seen that during the initial axial contact between the rotor and inner ring, the 

Figure 5: Numerical simulation results of rotor touchdown at 3000 r/min: (a) Rotor axial 

displacement; (b) Axial contact force of inner ring; (c) Rotor radial trajectory; (d) Radial contact 

force of inner ring; (e) Rotation speed; (f) System temperature change. 



inner ring quickly accelerated to near the rotor speed and maintained a constant speed. The whirl 

speed of the rotor rose relatively slowly. It rose to the rotor speed as the rotor entered a forward whirl, 

and oscillated within a certain range. At this time, the rotor and the inner ring of TDB enter the 

synchronous positive precession state. Figure 5(f) showed the temperature changes of the various 

components of the system. The inner ring had a significant temperature increase during the first 

contact due to the rapid acceleration and collision friction in the axial direction. The temperature of 

other parts increased with time. The temperature rise of the rotor is not obvious due to its large mass. 

After the rotor enters the equilibrium state, the rate of temperature change was also balanced. 

Change the initial drop speed to 6000 r/min for touchdown simulation. The partial results obtained 

were shown in Figure 6. It can be seen from this calculation that the whirl radius of the rotor 

trajectory increased (Figure 6(c)). The radial contact force was increased by 159.5% compared to 

3000 r/min (Figure 6(d)). The whirl speed of the rotor did not rise to the rotor speed, but stabilized at 

about 400 rad/s (Figure 6(e)). The temperature of each part has a significant increase compared to the 

low speed (Figure 6(f)). 

 

In order to study the relationship between the whirl speed and the rotor speed of vertical magnetic 

suspension rotor, a waterfall plot of the whirl speed distribution changing with the initial dropping 

speed was made, as shown in Figure 7. The X-axis represented the whirl speed, and the Y-axis 

represented the rotor rotation speed of the initial drop. When the rotor speed was lower than the limit 

speed (4000 r/min), the rotor forward whirl speed was equal to the rotor speed. The rotor and the inner 

ring underwent synchronous positive precession. At this time, the radial contact appeared as dry-

friction whirl. When the rotor speed increased to 4000r/min or more, the rotor forward whirl speed 

became lower than the rotor speed. As the rotor speed increased, the difference between the rotor 

speed and the whirl speed increased. The rotor and the inner ring underwent sub-synchronous positive 

Figure 6: Numerical simulation results of rotor touchdown at 6000 r/min: (a) Rotor axial 

displacement; (b) Axial contact force of inner ring; (c) Rotor radial trajectory; (d) Radial contact 

force of inner ring; (e) Rotation speed; (f) System temperature change. 



precession. At this time, the form of radial contact was dry-friction whip. There was continuous 

sliding friction, causing more significant energy conversion and heating processes in the system. 

 

The above phenomenon was basically consistent with the rotor touchdown whirl phenomenon 

pointed out in the literature [14]. But it’s worth noting that, literature [14] proposed that when the 

rotor speed exceeded the limit speed ω, the rotor whirl speed was equal to the limit speed ω. And our 

model observed that when the rotor speed exceeded the limit speed ω, the whirl speed was still 

increasing as the rotor speed increased. The differential speed between the rotor speed and the whirl 

speed also increased. 

 

Figure 8(a) plotted the change curve of the maximum radial contact force with the rotor speed 

when touchdown happened. It can be found that the maximum contact force increased monotonously 

with the increase of the speed. In addition, it’s observed that around 6000 r/min, that is, when the 

increase in the whirl speed stopped, the contact force had a sudden increase. This was due to the rotor 

Figure 7: Waterfall plot of the rotor whirl speed at the upper TDB. 

Figure 8: Change curve of (a) maximum radial contact force and (b) temperature rise rate. 



form conversion of the synchronous positive precession to the sub-synchronous positive precession. 

The result was a significant increase in contact force and friction force. Figure 8(b) showed the 

change curve of the temperature rise rate of the inner ring with the speed, after the rotor entered the 

oscillation balance. It can also be found that the temperature rise rate increased with the rise of the 

speed. And after the rotor enters the sub-synchronous positive precession, the temperature rise slope 

increased obviously. 

The above phenomenon can be summarized when the vertical rotor dropped on TDB, first axial 

collision was the most violent at the initial stage of the rotor drop. Its collision force was the largest. 

The radial collision force increased continuously until it enters the forward whirl. The forward whirl 

was divided into two states: dry-friction whirl and dry-friction whip. The two are distinguished by the 

rotor speed. At low speeds, it’s dry-friction whirl, and at high speeds, dry-friction whip occurred. 

Monitoring the parameters can find that the latter brought greater radial contact force and more severe 

temperature rise to the rotor, both of which will have a significant impact on the stability and 

reliability of TDB, and then affect the life of TDB. 

4 Discussion on the behavior of rotor whirl 

In order to explain the dry-friction whirl and whip phenomena found in the rotor touchdown 

experiment by Caprio [13] and Wilkes [14], the difference in dynamic behavior between the two is 

derived from a theoretical perspective. When the inner ring is stationary at the beginning of the rotor 

drop, the axial touchdown will produce a large friction torque. Since the rotor mass is much larger 

than the bearing mass, the inner ring will quickly accelerate to the rotor speed (𝜃𝑟̇ ≈ 𝜃𝑏̇). For radial 

contact, the tangential velocity at point P (in Figure 3) on the rotor and bearing can be expressed by 

the following formula: 

𝑉𝑟 = 𝜌 ∙ 𝛼̇ + 𝑅𝑟 ∙ 𝜃𝑟̇

𝑉𝑏 = 𝑅1 ∙ 𝜃𝑏̇

 

Among them, 𝑅𝑟 represents the rotor radius and 𝑅1 represents the inner radius of the bearing inner 

ring, 𝑅1 = 𝑅𝑟 + ℎ𝑏,𝑟 . When the rotor is in contact with the inner ring, there is 𝜌 = ℎ𝑏,𝑟. Therefore, 

𝑉𝑟 < 𝑉𝑏  in the initial stage of the fall, and the friction force direction is forward, relative to the 

direction of rotation. The rotor has a trend of forward whirl. The rotor is driven by the tangential 

friction 𝐹𝑡, which causes the whirl speed 𝛼̇ to increase continuously. Until 𝛼̇ = 𝜃𝑟̇ = 𝜃𝑏̇, there’s 𝑉𝑟 =
𝑉𝑏. At this time, the tangential friction force 𝐹𝑡 at point P is 0, rotor and inner ring contact with dry-

friction whirl. And the entire system reaches a balanced state. 

However, as mentioned in literature [14], There is a limit rotation speed 𝜔 for the acceleration of 

𝛼̇. When 𝜃𝑟̇ is less than the limit speed 𝜔, 𝛼̇ will take 𝜃𝑟̇ as the equilibrium speed. When 𝜃𝑟̇ is greater 

than 𝜔, 𝛼̇  will use 𝜔 as the balance speed. At this time, the system will increase the penetration 𝜌 

between the rotor and inner ring to achieve balance, which will lead to an increase in contact force. 

Then, according to different contact behaviors, the motion form of the rotor and the inner ring is 

defined as synchronous positive precession and sub-synchronous positive precession. The former 

corresponds to the dry-frictional whirl between the rotor and inner ring, indicated that the rotor speed 

𝜃𝑟̇ is equal to the whirl speed 𝛼̇. The latter corresponds to dry-friction whip, which means 𝛼̇ < 𝜃𝑟̇. 

5 Conclusion 

When the magnetic suspension rotor falls, it will have severe impact and rubbing on TDB. In this 

paper, a dynamic analysis of the vertical rotor touchdown process was carried out. By modeling the 



contact of the axial end face, the inner ring radial direction and the rolling elements, a three-

dimensional numerical simulation model of the dynamics and thermodynamics of the vertical rotor 

touchdown was established. 

The movement mode of the vertical rotor after touchdown event was forward whirl. Under 

different working conditions, it can be divided into two states: dry-friction whirl and dry-friction whip. 

The former is synchronous positive precession, and the latter is sub-synchronous positive precession. 

There is a limit speed 𝜔. When the rotor speed is lower than the limit speed, it falls into synchronous 

positive precession, the balance whirl speed is equal to the rotor speed. And when the rotor speed is 

higher than the limit speed, the rotor falls into sub-synchronous positive precession, the balance whirl 

speed is equal to the limit speed. The contact force and temperature between the rotor and TDB 

increased significantly since entering the sub-synchronous positive precession. 

In the follow-up research, we will focus on the reasons for the sub-synchronous positive 

precession of the system, and investigate the influence of various parameters on the limiting speed 

that causes the whirl state to change. We are carrying out a drop test. In the future, the reliability of 

the rotor-TDB touchdown will be quantitatively evaluated from the perspective of system design. 
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