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Abstract

:

The vibration performance is critical to the suspension control and the torque precision of the magnetically suspended momentum flywheel (MSMW). The translational and torsional vibration of the MSMW are investigated in this article, and the damping regulation method is proposed to improve the anti-vibration performance of the MSMW. Firstly, the modellings of the MSMW, including the dynamic models and the displacement coordinate, are developed, and the comprehensive damping characteristics of the MSMW are investigated. Moreover, the transfer functions of the translational and the torsional vibrations are established using the dimensionless model, and the relationship between the dynamic response and the stiffness/damping coefficient is studied. Furthermore, the numerical simulations of the dynamic response of the translational and torsional vibration are conducted. Finally, the experiments are designed to verify the vibration characteristics of the MSMW, and the dynamic displacements are measured to analyze the anti-vibration performance of the proposed damping regulation method. The results indicate that the displacement deflection of the translational vibration is reduced by 68.8%, and the angle deflection of the torsional vibration is mitigated by 71.2% by regulating the damping coefficient.
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1. Introduction


The reaction wheel, as a kind of the inertial actuator, is widely used in satellites and spacecraft to realize the attitude control [1,2]. The reaction moment could be outputted by regulating the rotating speed around the axial axis of the flywheel rotor in the reaction wheel, and the support precision of the flywheel rotor is thus a critical factor affecting the control precision of the reaction moment [3,4]. For the mechanical reaction wheel with the mechanical bearings, the support accuracy of the flywheel rotor could be easily disturbed by the external disturbance and the self-excited vibration [5,6]. Therefore, the magnetic suspension technique was tried to suspend the flywheel rotor in the reaction wheel, and the five degrees of freedom (DoF) position and displacements of the flywheel rotor are controlled by the active magnetic bearing (AMB) [7,8,9]. Compared to the normal reaction wheel using the mechanical bearing, the magnetically suspended momentum flywheel (MSMW) has advantages such as non-contact suspension, no lubrication system, and active controllability.



Moreover, the vibration characteristics of the 5-DoF MSMW system are the foundation of the vibration control of the flywheel rotor suspended by the magnetic forces [10,11], and the stiffness and damping coefficients could be regulated to suppress the vibration magnitudes of the 5-DoF MSMW system [12]. The resonant vibration performance of the nonlinear AMB-rotor system was studied in [13], and a combination control model, including the proportional-derivative control model, the integral resonant control model, and the positive position feedback control model, was used to suppress the resonant vibration of the nonlinear rotor. For the magnetically suspended flywheel (MSFW) used in the energy storage system [14], the dynamic behavior and the suspension stability of the flywheel rotor on five DoFs were analyzed. For the magnetically levitated turbo molecular pump [15], the static/dynamic unbalance vibration performances of the rotor part suspended by the magnetic forces were researched, and the displacement deflections caused by the synchronous vibration were measured and analyzed. In reference [16,17], the vibration performances of the great-weight flywheel rotor were investigated, and the simulation and experimental results verified that the translational magnitude of the flywheel rotor could be effectively mitigated by regulating the damping coefficient. In [18], Cole and Fakkaew studied the dynamic characteristics of a thin-walled rotor suspended by the magnetic forces, and the coupling level of the magnetically levitated rotor was minimized. However, the abovementioned publications only investigated the translational vibration characteristics of the magnetically levitated rotor system, so the characteristics of the torsional vibration around the radial axis were not explored.



Furthermore, the vibration suppressing methods, including the auxiliary control devices [19,20] and the control methods [21], were also proposed to suppress the vibration magnitude of the MSFW system. On the one hand, to suppress the harmonic vibration of the magnetically suspended rotor, the supplementary vibration control devices were designed to mitigate the vibration magnitude of the magnetically suspended rotor in [19,20], and the results indicated that the displacement deflections were reduced greatly. However, the supplementary vibration control devices need the additional space so that the structure becomes more complex. On the other hand, the control methods were also used to minimize the vibration response of the magnetically suspended rotor. The decoupling method was applied to the vibration reduction of the magnetically suspended rotor [22,23], and the vibration amplitude of the rotor part was reduced by 55% by measuring the dynamic displacements. In reference [24,25], the notch filter was designed to suppress the harmonic vibration of the AMB-rotor system, and the experiments were conducted on a Lorentz-force type magnetic bearing and a magnetically suspended rotor, respectively. The variable angle compensator was used to control the synchronous vibration of the magnetically suspended rigid rotor [26], and the experimental results showed that the dynamic displacement of the rigid rotor was reduced from 0.025 mm to 0.015 mm. In those control methods, most researchers tried to analyze and suppress translational vibration of the magnetically suspended rotor on three translational DoFs, and the torsional vibrations of the magnetically suspended rotor around the two torsional DoFs were not researched in detail.



Above all, the research on the magnetically suspended rotor was focused on the analysis and control of the translational vibration, but the torsional vibration of the flywheel rotor also disturbs the suspension precision and the moment precision of the MSMW system. Therefore, the vibration characteristics of a 5-DoF MSMW system are fully analyzed in this article, and the translational and torsional vibration of the flywheel rotor suspended by the magnetic forces are investigated. Moreover, the damping regulation method is proposed to mitigate the translational and torsional vibration of the MSMW.



In this article, the force characteristics and the displacement coordinate of the 5-DoF.



MSMW are studied in Section 2. The translational vibration model of the flywheel rotor is established in Section 3, and the torsional vibration model of the flywheel rotor is devel-oped in Section 4. Furthermore, in Section 5, the numerical simulation of the dynamic response of the translational and torsional vibrations is conducted. The experiments and measurements about the dynamic displacements of the 5-DoF MSMW are performed in Section 6. Finally, the conclusions about the vibration characteristics and the anti-vibration performance are summarized in Section 7.




2. Force Modelling of 5-DoF MSMW


2.1. System View of 5-DoF MSMW


The structure of the 5-DoF MSMW system is shown in Figure 1a. The axial 3-DoF AMB unit at the lower end and the upper end of the stator base could control the axial displacements of the flywheel rotor, and the resultant torques could control the deflection angles of the flywheel rotor around the two radial axes. The radial 2-DoF AMB unit could generate the magnetic forces to control the radial displacements of the flywheel rotor. Therefore, the 5-DoF active position control of the flywheel rotor is accomplished by the axial 3-DoF AMB unit and the radial 2-DoF AMB unit. Moreover, the protective bearings at the lower end and the upper end of the stator base could protect the flywheel rotor when the axial 3-DoF AMB unit and the radial 2-DoF AMB unit fail to provide the magnetic forces. The coreless brushless DC motor (BLDCM) could realize the speed regulation of the flywheel rotor around the axial principal axis. Furthermore, the displacement coordinate of the 5-DoF MSFW controlled by the axial 3-DoF AMB and the 2-DoF radial AMB is defined in Figure 1b. The translational displacements of the flywheel rotor on three DoFs are defined as [x, y, z]. The torsional angles of the flywheel rotor around two DoFs are defined as [β, −α], the β is the torsional angle of the flywheel rotor around the y-axis, and the α is the torsional angle of the flywheel rotor around the x-axis. For the 5-DoF displacements of the MSWM, there are coupling terms caused by the dynamic coupling and the gyroscopic effect, but the coupling effect among 5-DoF displacements is not considered and analyzed in this article. Moreover, the 1-DoF rotation of the flywheel rotor around the z-axis is controlled by the BLDCM, and the rotating speed of the flywheel rotor is defined as Ω. The torque arm of the axial 3-DoF AMB is la, and the span distance of the axial displacement sensor is ls.




2.2. Displacement and Force Coordinates of 5-DoF MSMW


The displacement terms of the flywheel rotor on five DoFs are controlled by the axial 3-DoF AMB and the radial 2-DoF AMB. As shown in Figure 2a, the EM windings at the negative and positive directions of the x-axis and the y-axis could generate the magnetic forces to realize the difference control of the flywheel rotor. Thus, for the 2-DoF suspension of the flywheel rotor along the radial directions, the attractive magnetic forces fr = [fy+, fy−, fx+, fx−] generated by the radial 2-DoF AMB could control the radial displacements of the flywheel rotor along the y-axis and the x-axis.



In Figure 3a, the eight EM windings at the upper and lower ends of the stator base could generate the magnetic force to control the axial suspension of the flywheel rotor. Moreover, in Figure 3b, the EM windings at the lower and upper ends of the stator base could also generate the deflection torques to control the torsion of the flywheel rotor around the radial axes. For the one DoF axial suspension of the flywheel rotor, the resultant attractive force of the magnetic forces [fuz1, fuz2, fuz3, fuz4, flz1, flz2, flz3, flz4] could control the axial displacement of the flywheel rotor in the z-axis. Moreover, the deflection torques Ta= [Tα, Tβ] are generated to control the torsions of the flywheel rotor around the y-axis and the x-axis, so the deflection torques could be expressed as


   {       T α  =  (   f  u z 3   −  f  u z 1    )  ⋅  l a  +  (   f  l z 3   −  f  l z 1    )  ⋅  l a         T β  =  (   f  u z 4   −  f  u z 2    )  ⋅  l a  +  (   f  l z 4   −  f  l z 2    )  ⋅  l a         



(1)







Based on the suspension model and the torsional model shown in Figure 2a and Figure 3c, the dynamic models of the flywheel rotor with the magnetic forces are written into


   {       m r   x ¨  =  f  x +   −  f  x −          m r   y ¨  =  f  y +   −  f  y −          m r   z ¨  =   ∑  i = 1  4    (   f  u z i   +  f  l z i    )           J x   α ¨  +  J z  Ω  β ˙  =  T α         J x   β ¨  −  J z  Ω  α ˙  =  T β         



(2)







Therefore, the attractive magnetic forces of the axial 3-DoF AMB and the radial 2-DoF AMB could be regulated to realize the stable suspension and the vibration suppression of the 5-DoF MSMW when the disturbance forces and torques are imposed on it.



Furthermore, according to the displacement coordinate of the 5-DoF MSMW in Figure 1b, the displacement terms could be obtained by the differential signals of the displacement sensors in the radial and axial axes, so the translational displacements of the flywheel rotor on three DoFs could be expressed as


   {      x =  x +  −  x −        y =  y +  −  y −        z =    z 1  +  z 2  +  z 3  +  z 4   4         



(3)







The torsional angles of the flywheel rotor on two DoFs could be written into


   {      α =    z 4  −  z 2     l s          β =    z 3  −  z 1     l s           



(4)







Thus, the displacement terms of the 5-DoF MSMW could be obtained by the axial and radial displacement sensors, and the axial displacement z and the torsional angle α are measured and analyzed to investigate the vibration characteristics of the 5-DoF MSMW in following simulations and experiments.




2.3. Translational Stiffness and Damping Characteristics of 5-DoF MSMW


The attractive magnetic forces generated by the axial 3-DoF AMB and the radial 2-DoF AMB could be approximately expressed as the linear functions about the displacement term and the control current, and there are


   {       f x  =  k  i x    i x  +  k  c k   x        f y  =  k  i y    i y  +  k  c y   y        f z  =  k  i z    i z  +  k  c z   z        



(5)







Because the flywheel rotor suspended by the axial 3-DoF AMB and the radial 2-DoF AMB is not a self-stabilizing system, the displacement feedback model in Figure 4 is designed to realize the stable suspension control of the 5-DoF MSMW. The reference displacements are chosen as the system input of the feedback control model, and then the errors between the reference displacements and the outputted displacements are used as the input of the stiffness/damping regulator to generate the control voltages. Furthermore, the control voltages are converted to the control currents of the electromagnetic windings by the power amplification units. Finally, based on the dynamic models of the 5-DoF MSMW and the feedback control loop, the suspension displacements of the rotor could be actively controlled. The bandwidth of the AMB is 10 kHz, and the damping regulation based on the feedback control causes a little influence on the bandwidth of the AMB.



In detail, considering the proportional-derivative model is used to regulate the stiffness/damping coefficients, it could be expressed as


   G  p d    ( s )  =  K p  +  K D  s  



(6)







For the power amplification unit of realizing the conversion between the control voltage and the control current, it could be designed as


   G w   ( s )  =    k w     τ w  s + 1    →   τ w  → l o w   v a l u e    G w   ( s )  ≈  k w   



(7)







Based on (2), the dynamic model of the flywheel rotor with the magnetic force could be written to


   G p   ( s )  =    k i     m r  s −  k d     



(8)







In addition, the displacement sensitivity of the eddy-current sensor is defined as ks. The closed-loop transfer function from the reference displacement to the outputted displacement could be written to


    G  ( s )  =   i n p u t  ( s )    o u t p u t  ( s )    =    G  p d    ( s )   G w   ( s )   G p   ( s )    1 +  G  p d    ( s )   G w   ( s )   G p   ( s )   k s        =    K p   k w   k i  +  K D   k w   k i  s    m r   s 2  +  K D   k w   k i   k s  s +  K P   k w   k i   k s  −  k d       



(9)







Furthermore, the equivalent damping and stiffness coefficients of the axial 3-DoF AMB and the radial 2-DoF AMB could be obtained as follows


   {     C a  =  K D   k w   k i   k s       K a  =  K P   k w   k i   k s  −  k d       



(10)







Therefore, based on the closed-loop feedback control and the stiffness/damping regulator, the magnetic forces generated by the axial 3-DoF AMB and the radial 2-DoF AMB could be controlled to realize the stable suspension and the active vibration suppression of the flywheel rotor on five DoFs. In detail, based on Equation (10), the comprehensive damping and stiffness could be regulated, and then the dynamic response could be tuned, too, based on Equation (10).




2.4. Torsional Stiffness and Damping Characteristics of 5-DoF MSMW


The deflection torques generated by the axial 3-DoF AMB unit could be used to control the torsion motions of the flywheel rotor around the radial axis, and the torsional stiffness and damping characteristics could be also obtained to regulate the deflection torques in (1).



Similarly, the equivalent damping and stiffness coefficients of the deflection torques could be, respectively, expressed as


   {     C  t a   =  K D   k w   k i   k s   l s   l a       K  t a   =  (   K P   k w   k i   k s  −  k d   )   l s   l a       



(11)







So, the comprehensive damping and stiffness coefficients of the axial 3-DoF AMB unit could also be regulated to improve the anti-vibration performance of the 5-DoF MSMW.





3. Translational Vibration Modelling of 5-DoF MSMW


3.1. Translational Vibration Model of 5-DoF MSMW


During the operation process of the 5-DoF MSMW, by regulating the rotating speed of the momentum wheel, the vibration displacement of the momentum wheel could affect the stability of the 5-DoF MSMW, and the vibration model should be established. The equivalent vibration models of the 5-DoF MSMW are shown in Figure 5 when it is mounted on the shacking table. In detail, the equivalent translational vibration is illustrated in Figure 5a, and the equivalent torsional vibration model is shown in Figure 5b. For the axial displacement of the 5-DoF MSMW, the axial displacement of the stator base is defended as zs, and the axial displacement of the flywheel rotor is defined as zr. For the radial displacement of the 5-DoF MSMW, the radial displacement of the flywheel rotor is defined as xr during the torsional state, and the torsional angle of the flywheel rotor is chosen as β. For the stiffness and damping coefficients of the whole system, the stiffness and damping parameters of the connection joint between the stator base of the 5-DoF MSMW and the shacking table are defined as Kj and Cj. For the axial 3-DoF AMB unit, the translational stiffness and damping coefficients are Ka and Ca, respectively. The torsional stiffness and damping coefficients unit are Kta and Cat, separately.



For the translation vibration of the 5-DoF MSMW shown in Figure 5a, the dynamic models in the axial direction could be expressed as


       m s    z ¨  s  +  K j   z s  +  C j    z ˙  s  −  K a    z s  −  z r   −  C a     z ˙  s  −   z ˙  r   =  f s         m r    z ¨  r  +  K a    z s  −  z r   +  C a     z ˙  s  −   z ˙  r   = 0      



(12)




where ms is the mass of the stator base, and mr is the mass of the flywheel rotor. fs is the excitation force acting on the stator base, and it is usually expressed as    f s  =  F 0  sin ω t  .



Furthermore, Equation (12) could be rewritten into


   {    −  m s   ω 2   Z s  +  K j   Z s  +  C j  j ω  Z s  −  K a   (   Z s  −  Z r   )  −  C a  j ω  (   Z s  −  Z r   )  =  F 0      −  m r   ω 2   Z r  +  K a   (   Z s  −  Z r   )  +  C a  j ω  (   Z s  −  Z r   )  = 0      



(13)




where Zr and Zs are both the complex numbers indicating the displacement variations.



By bring the displacement terms with Zr and Zs together, there are


   {     (  −  m s   ω 2  +  K j  +  C j  j ω −  K a  −  C a  j ω  )   Z s  −  (   K a  +  C a  j ω  )   Z r  =  F 0       (  −  m r   ω 2  −  K a  −  C a  j ω  )   Z r  +  (   K a  +  C a  j ω  )   Z s  = 0      



(14)







For the displacement term Zr of the FW rotor, we get the following function


   {     (  −  m s   ω 2  +  K j  +  C j  j ω −  K a  −  C a  j ω  )   Z s  −  (   K a  +  C a  j ω  )   Z r  =  F 0       (   K a  +  C a  j ω  )   Z s  +  (  −  m r   ω 2  −  K a  −  C a  j ω  )   Z r  = 0      



(15)







The dynamic displacements of the FW rotor and then stator in the 5-DoF MSMW could be solved as follows:


   {     Z r  =   −  F 0   (   K a  +  C a  j ω  )     (  −  m s   ω 2  +  K j  +  C j  j ω −  K a  −  C a  j ω  )   (  −  m r   ω 2  −  K a  −  C a  j ω  )  +    (   K a  +  C a  j ω  )   2         Z s  =    F 0   (  −  m r   ω 2  −  K a  −  C a  j ω  )     (  −  m s   ω 2  +  K j  +  C j  j ω −  K a  −  C a  j ω  )   (  −  m r   ω 2  −  K a  −  C a  j ω  )  +    (   K a  +  C a  j ω  )   2         



(16)







The vibration transfer functions of the stator base and the flywheel rotor in the axial direction could be written into


   {     G  z s    ( s )  =    Z s   ( s )     f s   ( s )    =    m r   s 2  +  C a  s +  K a     [   m s   s 2  +  (   C a  −  C j   )  s +  (   K a  −  K j   )   ]   (   m r   s 2  +  C a  s +  K a   )  −    (   C a  s +  K a   )   2         G  z r    ( s )  =    Z r   ( s )     f s   ( s )    =    C a  s +  K a     [   m s   s 2  +  (   C a  −  C j   )  s +  (   K a  −  K j   )   ]   (   m r   s 2  +  C a  s +  K a   )  −    (   C a  s +  K a   )   2         



(17)







Moreover, the frequency response function of the stator base is expressed as


   G  z s    (  j ω  )  =    λ  z r  2   (  1 −  λ  z r  2  + 2 j  ξ  z r    λ  z r    )     λ  z r  2   (  1 −  λ  z r  2  + 2 j  ξ  z r    λ  z r    )   (  1 −  λ  z s  2  + 2 j  ξ  z s    λ  z s    )  −  ν m   λ  z s  2     (  1 + 2 j  ξ  z r    λ  z r    )   2     



(18)







The frequency response function of the flywheel rotor could be written to


   G  z r    (  j ω  )  =    λ  z r  2   (  1 + 2 j  ξ  z r    λ  z r    )     λ  z r  2   (  1 −  λ  z r  2  + 2 j  ξ  z r    λ  z r    )   (  1 −  λ  z s  2  + 2 j  ξ  z s    λ  z s    )  −  ν m   λ  z s  2     (  1 + 2 j  ξ  z r    λ  z r    )   2     



(19)




where the natural vibration frequency of the stator base is    ω  z s   =      K a  −  K j     m s       , and the natural vibration frequency of the flywheel rotor is    ω  z r   =      K a     m r       . The frequency ratios of the stator base and the flywheel rotor are    λ  z s   =    ω z     ω  z s       and    λ  z r   =    ω z     ω  z r      , respectively. The equivalent damping coefficients of the stator base and the flywheel rotor are    ξ  z s   =    C a  −  C j    2  m s   ω  z s       and    ξ  z r   =    C a    2  m r   ω  z r      . The mass ratio between the stator base and flywheel rotor is    ν m  =    m r     m  s      .



Given that mass ratio νm is a constant value, by simplifying the transfer functions of the translational vibration models, (18) and (19) could be further written to


   {     G  z s    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  =    E  z s    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  + j  F  z s    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )     A z   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  + j  B z   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )         G  z r    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  =    E  z r    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  + j  F  z r    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )     A z   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  + j  B z   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )         



(20)




where the system coefficients are


   {     A z   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  =  λ  z r  2   (  1 −  λ  z r  2   )   (  1 −  λ  z s  2   )  − 4  ξ  z r    ξ  z s    λ  z r  3   λ  z s   −  v m   λ  z s  2   (  1 − 4  ξ  z r  2   λ  z r  2   )       B z   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  = 2  ξ  z r    λ  z r  3   (  1 −  λ  z s  2   )  + 2  ξ  z s    λ  z s    λ  z r  2   (  1 −  λ  z s  2   )  − 4  v m   ξ  z r    λ  z r    λ  z s  2       E  z s    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  =  λ  z r    (  1 −  λ  z r  2   )       F  z s    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  = 2  ξ  z r    λ  z r  3       E  z r    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  =  λ  z r  2       F  z r    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  = 2  ξ  z r    λ  z r  3       



(21)







Finally, the vibration magnitudes of the stator base and the flywheel rotor are


   {     |   G  z s    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )   |  =      E  z s  2   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  +  F  z s  2   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )         A z 2   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  +  B z 2   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )           |   G  z r    (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )   |  =      E  z r  2   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  +  F  z r  2   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )         A z 2   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )  +  B z 2   (   λ  z s   ,    λ  z r   ,    ξ  z s   ,    ξ  z r    )           



(22)







Therefore, the vibration amplitudes of the stator base and the flywheel rotor in the axial direction could be evaluated by the above Equations.




3.2. Translational Vibration Model of 5-DoF MSMW with Active Controllable Stiffness and Damping


For the 5-DoF MSMW system, the stiffness and the damping coefficients could be regulated by tuning the control current of the axial 3-DoF AMB. When the damping coefficient of the axial AMB is tuned to a low value, the axial 3-DoF AMB could be considered as a pure mass suspension model, and comprehensive damping could be expressed as


   ξ  z s   =    C a  −  C j    2  m s   ω  z s      →   C a  → 0    ξ  z s 1   =   −  C j    2  m s   ω  z s      



(23)







Thus, the vibration models of the flywheel rotor could be regarded as a pure mass term mounted on the stator base. Equations (18) and (19) could be simplified into


   G  z s 1   =    λ  z r  2   (  1 −  λ  z r  2  + 2 j  ξ  z r    λ  z r    )     λ  z r  2   (  1 −  λ  z r  2  + 2 j  ξ  z r    λ  z r    )   (  1 −  λ  z s  2  + 2 j  ξ  z s 1    λ  z s    )  −  ν m   λ  z s  2     (  1 + 2 j  ξ  z r    λ  z r    )   2     



(24)






   G  z r 1   =    λ r 2   (  1 + 2 j  ξ r   λ r   )     λ r 2   (  1 −  λ r 2  + 2 j  ξ r   λ r   )   (  1 −  λ s 2  + 2 j  ξ  s 1    λ s   )  −  ν m   λ s 2     (  1 + 2 j  ξ r   λ r   )   2     



(25)







When the stiffness coefficients of the axial 3-DoF AMB are tuned to a low term, the natural frequency decided by the comprehensive stiffness could be expressed as


   ω  z s   =      K a  −  K j     m s       →   K a  → 0    ω  z s 2   =     −  K j     m s      ⇒  {     λ  z s 2   =    ω z     ω  z s 2          ξ  z s 2   =    C a  −  C j    2  m s   ω  z s 2          



(26)







Furthermore, the vibration equations could be expressed to


   G  z s 2   =    λ  z r  2   (  1 −  λ  z r  2  + 2 j  ξ  z r    λ  z r    )     λ  z r  2   (  1 −  λ  z r  2  + 2 j  ξ  z r    λ  z r    )   (  1 −  λ  z s 2  2  + 2 j  ξ  z s 2    λ  z s 2    )  −  ν m   λ  z s 2  2     (  1 + 2 j  ξ  z r    λ  z r    )   2     



(27)






   G  z r 2   =    λ  z r  2   (  1 + 2 j  ξ  z r    λ  z r    )     λ  z r  2   (  1 −  λ  z r  2  + 2 j  ξ  z r    λ  z r    )   (  1 −  λ  z s 2  2  + 2 j  ξ  z s 2    λ  z s 2    )  −  ν m   λ  z s 2  2     (  1 + 2 j  ξ  z r    λ  z r    )   2     



(28)







Therefore, in this case, the natural vibration frequency is decreased when the stiffness coefficient of the axial 3-DoF AMB is tuned to a low value, and the suspension model of the axial 3-DoF AMB could be simplified to a pure damper system.





4. Torsional Vibration Modelling of 5-DoF MSMW


4.1. Torsional Vibration Model of 5-DoF MSMW


As shown in Figure 5b, the disturbances acting on the flywheel rotor could also lead to the torsional vibration along the radial axes. The disturbance forces on the flywheel rotor could be transferred to the disturbance torques Ts, and the torsional angle of the flywheel rotor around the x-axis is β. For the deflection torque generated by the axial 3-DoF AMB to control the torsional motion of the flywheel rotor, the stiffness coefficient could be defined as Kta, and the damping coefficient is Cta. For the connection joint between the 5-DoF MSMW and the shacking table, the torsional stiffness coefficient is Ktj, and the torsional damping coefficient is Ctj. Therefore, the torsional vibration models of the flywheel rotor and the stator base could be written to


       J s    α ¨  s  =  T s  +  K  j t    α s  +  C  j t     α ˙  s  −  K  a t     α s  −  α r   −  C  a t      α ˙  s  −   α ˙  r          J r    α ¨  r  =  K  a t     α s  −  α r   +  C  a t      α ˙  s  −   α ˙  r        



(29)







The transfer functions of the torsional vibrations are expressed as


   {     G  α s    ( s )  =    α s   ( s )     T s   ( s )    =    J r   s 2  +  C  a t   s +  K  a t      [   J s   s 2  +  (   C  a t   −  C  j t    )  s +  (   K  a t   −  K  j t    )   ]   (   J r   s 2  +  C  a t   s +  K  a t    )  −    (   C  a t   s +  K  a t    )   2         G  α r    ( s )  =    α r   ( s )     T s   ( s )    =    C  a t   s +  K  a t      [   J s   s 2  +  (   C  a t   −  C  j t    )  s +  (   K  a t   −  K  j t    )   ]   (   J r   s 2  +  C  a t   s +  K  a t    )  −    (   C  a t   s +  K  a t    )   2         



(30)







The dimensionless transfer functions of the torsional vibrations could be furthermore written to


   {     G  α s    (  j ω  )  =    λ  α r  2   (  1 −  λ  α r  2  + 2 j  ξ  α r    λ  α r    )     λ  α r  2   (  1 −  λ  α r  2  + 2 j  ξ  α r    λ  α r    )   (  1 −  λ  α s  2  + 2 j  ξ  α s    λ  α s    )  −  ν J   λ  α s  2     (  1 + 2 j  ξ  α r    λ  α r    )   2         G  α r    (  j ω  )  =    λ  α r  2   (  1 + 2 j  ξ  α r    λ  α r    )     λ  α r  2   (  1 −  λ  α r  2  + 2 j  ξ  α r    λ  α r    )   (  1 −  λ  α s  2  + 2 j  ξ  α s    λ  α s    )  −  ν J   λ  α s  2     (  1 + 2 j  ξ  α r    λ  α r    )   2         



(31)




where the natural frequency of the stator base’s torsional vibration is    ω  a s   =      K at  −  K jt     J s       , and the natural frequency of the flywheel rotor’s torsional vibration is    ω  a r   =      K at     J r       . The torsional frequency ratios of the stator base and the flywheel rotor between the rotating frequency are    λ  a s   =    ω a     ω  a s       and    λ  a r   =    ω a     ω  a r      , respectively. The equivalent damping coefficients of the torsional vibration are    ξ  a s   =    C at  −  C jt    2  J s   ω  a s       and    ξ  a r   =    C at    2  J ar   ω  a r      . The moment of inertial ratio between the stator base and the flywheel rotor is    ν J  =    J r     J  s      .



Given the moment of inertial ratio νj is a fixed value, the torsional functions in (31) could be further simplified to


   {     G  α s    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  =    E  α s    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  + j  F  α s    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )     A α   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  + j  B α   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )         G  α r    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  =    E  α r    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  + j  F  z r    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )     A α   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  + j  B α   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )         



(32)




where the system coefficients of the torsional vibration are


   {     A α   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  =  λ  α r  2   (  1 −  λ  α r  2   )   (  1 −  λ  α s  2   )  − 4  ξ  α r    ξ  α s    λ  α r  3   λ  α s   −  v J   λ  α s  2   (  1 − 4  ξ  α r  2   λ  α r  2   )       B α   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  = 2  ξ  α r    λ  α r  3   (  1 −  λ  α s  2   )  + 2  ξ  α s    λ  α s    λ  α r  2   (  1 −  λ  α s  2   )  − 4  v J   ξ  α r    λ  α r    λ  α s  2       E  α s    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  =  λ  α r    (  1 −  λ  α r  2   )       F  α s    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  = 2  ξ  α r    λ  α r  3       E  α r    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  =  λ  α r  2       F  α r    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  = 2  ξ  α r    λ  α r  3       



(33)







Finally, the response magnitudes of the torsional vibration are


   {     |   G  α s    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )   |  =      E  α s  2   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  +  F  α s  2   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )         A α 2   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  +  B α 2   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )           |   G  α r    (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )   |  =      E  α r  2   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  +  F  α r  2   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )         A α 2   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )  +  B α 2   (   λ  α s   ,    λ  α r   ,    ξ  α s   ,    ξ  α r    )           



(34)







Therefore, the torsional vibrations of the stator base and the flywheel rotor around the radial axes could be evaluated by the above equations, and the response magnitude could be regulated by tuning the damping coefficients.




4.2. Torsional Vibration Model of 5-DoF MSMW with Active Controllable Stiffness and Damping


For the torsional vibration of the 5-DoF MSMW, the stiffness and the damping coefficients could be regulated by tuning the control current of the axial 3-DoF AMB unit. When the damping coefficient of the axial 3-DoF AMB unit is tuned to a low value, the comprehensive damping of the axial 3-DoF AMB unit could be expressed as


   ξ  α s   =    C  a t   −  C  j t     2  J s   ω  α s      →   C  a t   → 0    ξ  α s 1   =   −  C  j t     2  J s   ω  α s      



(35)







Thus, the torsional vibration models of the flywheel rotor could be regarded as a pure mass block mounted on the stator base and the shock machine. The dynamic equations of the torsional vibration could be further written to


   {     G  α s 1   =    λ  α r  2   (  1 −  λ  α r  2  + 2 j  ξ  α r    λ  α r    )     λ  α r  2   (  1 −  λ  α r  2  + 2 j  ξ  α r    λ  α r    )   (  1 −  λ  α s  2  + 2 j  ξ  α s 1    λ  α s    )  −  ν J   λ  α s  2     (  1 + 2 j  ξ  α r    λ  α r    )   2         G  α r 1   =    λ  α r  2   (  1 + 2 j  ξ  α r    λ  α r    )     λ  α r  2   (  1 −  λ  α r  2  + 2 j  ξ  α r    λ  α r    )   (  1 −  λ  α s  2  + 2 j  ξ  α s 1    λ  α s    )  −  ν J   λ  α s  2     (  1 + 2 j  ξ  α r    λ  α r    )   2         



(36)







When the stiffness coefficients of the axial 3-DoF AMB unit is tuned to a low value, and the natural frequency of the torsional vibration is


   ω  α s   =      K  a t   −  K  j t      J s       →   K  a t   → 0    ω  α s 2   =     −  K  j t      J s      ⇒  {     λ  α s 2   =    ω α     ω  α s 2          ξ  α s 2   =    C  a t   −  C  t j     2  J s   ω  α s 2          



(37)







Furthermore, the transfer equations of the torsional vibration could be expressed to


   {     G  α s 2   =    λ  α r  2   (  1 −  λ  α r  2  + 2 j  ξ  α r    λ  α r    )     λ  α r  2   (  1 −  λ  α r  2  + 2 j  ξ  α r    λ  α r    )   (  1 −  λ  α s 2  2  + 2 j  ξ  α s 2    λ  α s 2    )  −  ν J   λ  α s 2  2     (  1 + 2 j  ξ  α r    λ  α r    )   2         G  α r 2   =    λ  α r  2   (  1 + 2 j  ξ  α r    λ  α r    )     λ  α r  2   (  1 −  λ  α r  2  + 2 j  ξ  α r    λ  α r    )   (  1 −  λ  α s 2  2  + 2 j  ξ  α s 2    λ  α s 2    )  −  ν J   λ  α s 2  2     (  1 + 2 j  ξ  α r    λ  α r    )   2         



(38)







The natural frequency of the torsional vibration is decreased when the stiffness coefficient of the axial 3-DoF AMB unit is tuned to a low term, and the torsional model could be simplified to a pure damper system.





5. Numerical Simulation


In order to verify the vibration characteristics and the analysis results of the 5-DoF MSMW in the above sections, the simulations are conducted to analyze the translational and torsional vibrations of the 5-DoF MSMW. The response magnitude of the transfer function is used to the evaluate the vibration characteristics of the translation and torsion. The parameters of the 5-DoF MSMW are shown in Table 1, and the corresponding stiffness and damping coefficients of the axial 3-DoF AMB unit and the radial 2-DoF AMB unit used in the simulation are introduced in the following sections.



5.1. Translational Vibration of 5-DoF MSMW


Firstly, based on the analysis results in Section 4, the vibration characteristics of the 5-DoF MSMW along the axial direction are simulated and analyzed. When the stiffness coefficient of the axial 3-DoF AMB unit is defined as Ka = 500, the response magnitudes of the translational vibration with different damping coefficients are plotted in Figure 6a. In detail, as shown by the red line, the maximum magnitude of the translational vibration is about 26.08 dB at the frequency 87.25 Hz when the damping coefficient is Ca = 0.04. When the damping coefficient is increased to Ca = 0.10, the maximum magnitude of the translational vibration is reduced to 9.34 dB. Therefore, the damping coefficient of the axial 3-DoF AMB unit could suppress the response magnitude of the translational vibration. Moreover, when the damping coefficient of the axial 3-DoF AMB unit is chosen as the fixed value Ca = 0.06, the response magnitudes of the translational vibration at different stiffness coefficients are shown in Figure 6b. The response magnitude is marked by the red line when the stiffness coefficient is Ka = 200, and the maximum response magnitude is 18.31 dB when the response frequency is at 86.5 Hz. The maximum value of the response magnitude is about 24 dB at 84.5 Hz when the stiffness coefficient is increased to Ka = 800. According to the response curves, the variation of the stiffness coefficient causes little influence on the response magnitude, but it could change the natural response frequency of the translational vibration.




5.2. Torsional Vibration of 5-DoF MSMW


According to the analysis results in Section 3.1, the torsional vibration of the 5-DoF MSMW around the radial axis is simulated and analyzed. For the connection joint in the simulation, the torsional stiffness coefficient is defined as Kjt = 58, and the torsional damping coefficient is chosen as Cjt = 0.025. For the flywheel rotor, the response curves of the torsional vibration are plotted in Figure 7 when the stiffness coefficient and the damping coefficient of the axial 3-DoF AMB unit are chosen as different values. As shown in Figure 7a, the stiffness coefficient of the axial 3-DoF AMB unit is defined as Kat = 5, and the vibration magnitude of the torsional vibration is −33.52 dB at the 475 Hz when the damping coefficient is chosen as Cat = 0.4. The vibration magnitude of the torsional vibration is reduced to 41.1 dB when the damping coefficient is increased to Cat = 1.0. Thus, the response magnitude of the torsional vibration could be mitigated by the damping coefficient of the axial 3-DoF AMB unit. The frequency of the torsional vibration could also be regulated by the stiffness coefficient, and the resonant vibration of the torsion could be avoidable. As illustrated in Figure 7b, the vibration magnitude of the torsional vibration is 8.58 dB when the stiffness coefficient is defined as Kat = 4, and it is changed to 26.9 dB when the stiffness coefficient is increased to 32. Therefore, for the torsional vibration of the 5-DoF MSMW, the damping coefficient of the axial 3-DoF AMB unit could effectively control the vibration magnitude, and then the stiffness coefficient could change the natural frequency of the torsional vibration.





6. Experimental Validation


6.1. Vibration Measurement System of 5-DoF MSMW


To evaluate the vibration performances of the 5-DoF MSMW, the experiments are conducted on the shock table in Figure 8. For the translational vibration measurement in Figure 8a, the 5-DoF MSMW is located on the shock table. The excitation forces generated by the shock machine are imposed on the 5-DoF MSMW and the connection joint in the z-axis. For the torsional vibration measurement, the 5-DoF MSMW is mounted on the connection joint, and the torsional disturbances outputted by the shock machine are imposed on the 5-DoF MSMW around the x-axis. Moreover, the displacement sensors mounted on the stator part of the 5-DoF MSMW could detect the dynamic displacements of the flywheel rotor in radial and axial directions. Those displacement signals are also fed back to the control system of the axial 3-DoF AMB units, and then the magnetic forces along the axial and radial directions could be regulated to suppress the vibration disturbance. In the meantime, the accelerators mounted on the shock table could also measure the dynamic vibration signals of the 5-DoF MSMW suffering the disturbances of the shock machine. The other important parameters are listed in Table 1. For the 5-DoF MSMW, the mass is 12.5 kg, the equatorial moment of inertia is 0.29 kgm2, and the polar moment of inertia 0.15 kgm2. For the axial 3-DoF AMB unit, the current stiffness is 128 N/A, and the displacement stiffness is −132.7 N/mm. For the radial 2-DoF AMB unit, the current stiffness is 132.26 N/A, and the displacement stiffness is −352 N/mm.



In the experiment, the 5-DoF MSMW is located on the shock table along the z-axis, and then the impulse and random disturbances generated by the shock table could be imposed on the MSMW. In order to make the momentum wheel stably suspended at the equilibrium position, the stiffness and damping coefficients could be regulated to generate the magnetic forces according to Equations (10) and (11), and then the disturbance imposed on the MSMW could be actively suppressed.




6.2. Translational Vibration Experiment of 5-DoF MSMW


For the translational vibration of the 5-DoF MSMW, the vibration characteristics along the radial axes are similar to the vibrations along the axial axis, so the vibration characteristics of the MSMW along the axial axis is chosen as the example in the experiment. In the translational vibration experiment of 5-DoF MSMW in Figure 8a, the impulse disturbance, the harmonic disturbance, and the random disturbance in Table 2 generated by the shock table are respectively imposed on the 5-DoF MSMW. When the impulse disturbance with 10 N is imposed on the 5-DoF MSMW along the axial direction, the axial displacement curves of the 5-DoF MSMW using different damping coefficient of the 3-DoF axial AMB unit are plotted in Figure 9a. As marked by the blue line, the displacement deflection in the axial direction is −0.45 μm when the damping coefficient of the axial AMB unit is Ca = 0.06. The displacement deflection plotted by the red line is reduced to −0.14 μm when the damping coefficient is increased to Ca = 0.10. Moreover, the random disturbance is imposed on the 5-DoF MSMW along the axial direction, and the displacement curves of the flywheel rotor are plotted in Figure 9b. The root mean square (RMS) value is used to evaluate the axial displacement of the flywheel rotor. As plotted by the green line, the RMS is 0.063 μm when the damping coefficient is Ca = 0.06. The RMS of axial displacement is mitigated to 0.015 μm when the damping coefficient is increased to Ca = 0.10.



Meanwhile, the axial displacements of the flywheel rotor at different excitation frequencies are plotted in Figure 10 when the sine-swept vibration source (in T) is imposed on the 5-DoF MSMW along the axial direction. The maximum displacement deflection of the axial vibration occurs at the 85 Hz, and the displacement deflection of the flywheel rotor in the axial direction is mitigated by the damping coefficient. The maximum deflection of the axial displacement (shown by the green line) is 0.54 μm when the damping coefficient is Ca = 0.06. When the damping coefficient is increased to 0.10, the maximum deflection of the axial displacement shown by the red line is 0.06 μm.



Therefore, based on the displacement measurement of the 5-DoF MSMW along the axial direction, the increase in the damping coefficient could effectively control the vibration magnitude of the 5-DoF MSMW.




6.3. Torsional Vibration Experiment of 5-DoF MSMW


As illustrated in Figure 8b, the torsion measurements of the 5-DoF MSMW suffering the different types of disturbances conducted as well as the torsional angle of the flywheel rotor could be obtained by measuring the axial displacements around the radial axes. Firstly, the torsional angles of the flywheel rotor suffering the impulse disturbance are plotted in Figure 11a. The torsional angle of the flywheel rotor is −0.80° shown by the green line when the torsional damping is Cat = 0.6 and it is reduced to −0.23°, shown by the red line when the torsional damping is increased to Cat = 1.0. In addition, the torsional angles of the flywheel rotor suffering the random disturbance are illustrated in Figure 11b, the root mean square (RMS) value of the torsional angle is 0.060° with the torsional damping Cat = 0.6, and then the RMS value of the flywheel rotor’s torsional angle is reduced to 0.032° when the torsional damping is increased to Cat = 1.0.



Moreover, the radial displacements of the flywheel rotor at 2000 rpm are measured to analyze the vibration characteristics of the s5-DoF MSMW with different damping coefficients, and the radial displacements and the power spectrum diagram are plotted in Figure 11. The maximum deflection value of the radial displacement is 0.12 μm when the torsional damping is chosen as Cat = 0.6. The maximum deflection of the radial displacement is mitigated to 0.05 μm at the damping coefficient Cat = 1.0. In addition, as shown in Figure 12b, the power spectrum density of the radial displacement is also reduced by increasing the damping coefficients.



Thus, the torsion experiments of the 5-DoF MSMW verify that the damping coefficient of the axial 3-DoF AMB unit may control the torsional vibration of the flywheel rotor.





7. Conclusions


The suspension stability and position precision of the 5-DoF MSMW are important to guarantee the output precision of the reaction torque, so the vibration characteristics and the anti-vibration ability of the 5-DoF MSMW are investigated in this article. In the theoretical analysis about the vibration characteristics of the 5-DoF MSMW, the vibration models of the 5-DoF MSMW including the translation and the torsion are developed, and the response functions indicate that the vibration magnitude could be mitigated by regulating the comprehensive damping coefficients. Moreover, the simulations and experiments are conducted to analyze the vibration characteristics of the 5-DoF MSMW. The simulation results show that the vibration magnitudes of the translation and torsion are suppressed by increasing the comprehensive damping coefficient. The experimental results present that the displacement deflection in the axial direction is reduced by 68.8% and the torsional angle around the radial axis could be mitigated by 71.2% by increasing the damping coefficient.



To further regulate the translational and torsional displacements of the MSMW, the optimization methods about the stiffness and damping coefficients could be considered in future work. Moreover, the stability control of the 5-DoF MSMW could be investigated considering the gyro effect at high rotating speed.
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Figure 1. The system view of the 5-DoF MSFW. (a) The main components of the 5-DoF MSMW; (b) the displacement terms of the 5-DoF MSMW. 
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Figure 2. The structure and force models of the 2−DoF radial AMB. (a) The top view of the 2−DoF radial AMB; (b) the force distributions of the 2−DoF radial AMB. 






Figure 2. The structure and force models of the 2−DoF radial AMB. (a) The top view of the 2−DoF radial AMB; (b) the force distributions of the 2−DoF radial AMB.



[image: Actuators 12 00152 g002]







[image: Actuators 12 00152 g003 550] 





Figure 3. The structure and force models of the 3-DoF axial AMB. (a) The upper end of the 3-DoF axial AMB; (b) the force distributions of the 3-DoF axial AMB; (c) the force distributions of the 3-DoF axial AMB. 
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Figure 4. The feedback model used in the displacement control of the 5-DoF MSMW. 
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Figure 5. The force models of the 5-DoF MSMW on the shacking table. (a) The equivalent translational vibration model of the 5-DoF MSMW; (b) the equivalent torsional vibration model of the 5-DoF MSMW. 
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Figure 6. The translational vibration of the flywheel rotor along the axial direction. (a) The translational vibration amplitudes of the flywheel rotor with different damping coefficients; (b) the translational vibration amplitudes of the flywheel rotor with different stiffness coefficients. 
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Figure 7. The torsional vibration of the flywheel rotor along the axial direction. (a) The torsional vibration amplitudes of the flywheel rotor with different damping coefficients. (b) The torsional vibration amplitudes of the flywheel rotor with different stiffness coefficients. 
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Figure 8. The vibration experimental systems of the 5-DoF MSMW. (a) The translational vibration system of the 5-DoF MSMW. (b) The torsional vibration system of the 5-DoF MSMW. 
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Figure 9. The translational displacements of the 5−DoF MSMW with different types of disturbances. (a) The axial translational displacements of the flywheel rotor suffering the impulse disturbance with different damping coefficients. (b) The axial translational displacements of the flywheel rotor suffering the random disturbance with different damping coefficients. 
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Figure 10. The translational displacements of the 5-DoF MSMW at different excitation frequencies. 
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Figure 11. The torsional angles of the 5−DoF MSMW with different types of disturbances. (a) The torsional angles of the flywheel rotor suffering the impulse disturbance with different damping coefficients; (b) The torsional angles of the flywheel rotor suffering the random disturbance with different damping coefficients. 
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Figure 12. The vibration characteristics of the 5−DoF MSMW when the rotating speed is 2000 rpm. (a) The radial displacement of the flywheel rotor at 2000 rpm. (b) The power spectrum density of the radial displacement at 2000 rpm. 






Figure 12. The vibration characteristics of the 5−DoF MSMW when the rotating speed is 2000 rpm. (a) The radial displacement of the flywheel rotor at 2000 rpm. (b) The power spectrum density of the radial displacement at 2000 rpm.



[image: Actuators 12 00152 g012]







[image: Table] 





Table 1. The system parameters of the 5-DoF MSMW.
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	Symbol
	Quantity
	Value





	mr
	Mass of flywheel rotor
	4.2 kg



	ms
	Mass of stator base
	12 kg



	Je
	Equatorial moment of inertia
	0.02865 kgm2



	Jp
	Polar moment of inertia
	0.01508 kgm2



	kix
	Current stiffness of radial AMB unit
	132.26 N/A



	kdx
	Displacement stiffness of radial AMB unit
	−352 N/mm



	kiz
	Current stiffness of axial AMB unit
	128 N/A



	kdz
	Displacement stiffness of axial AMB unit
	−132.7 N/mm



	ks
	Displacement sensitivity of eddy-current sensor
	4 V/mm



	kw
	Amplification coefficient of power system
	3.6 A/V



	Kj
	Translational stiffness coefficient of connection joint
	600



	Cj
	Translational damping coefficient of connection joint
	0.02



	Kjt
	Torsional stiffness coefficient of connection joint
	58



	Cjt
	Torsional damping coefficient of connection joint
	0.025
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Table 2. The sine−swept vibration source.
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	Frequency
	Vibration Amplitude
	Speed
	Imposing Axis





	10–20 Hz
	10 mm
	2 octave/min
	z-axis



	20–100 Hz
	16 g
	2 octave/min
	z-axis
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