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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, includ-
ing 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. Further-
more, 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.

Keywords: magnetically suspended momentum wheel; comprehensive damping; anti-vibration
performance; damping regulation

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) [7-9]. 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,
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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.
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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 [B, —«], the B is the torsional angle of the flywheel rotor around the y-axis, and the « 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 (). The
torque arm of the axial 3-DoF AMB is /;, and the span distance of the axial displacement
sensor is ;.

upper 3-DOF axial AMB  upper protective bearing  2-DOF radial AMB

FW rotor

radial/axial sensor BLDCM

stator base

lower 3-DOF axial AMB  statorshaft  lower protective

(a) | - (b)

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.

2.2. Displacement and Force Coordinates of 5-DoF MSMW

The displacement terms of the flywheel rotor on five DoFs are controlled by the ax-
ial 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 mag-
netic 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 dis-
placements 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 [fiz1, fuz2, fuz3, fuza, f1z1, fiz2, fiz3, fiz4] could control
the axial displacement of the flywheel rotor in the z-axis. Moreover, the deflection torques
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T,= [Ty, Tﬁ] 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

{ sz:(fuz3_fuzl)'la+(f123_flzl)‘la (1)
Tﬁ = (fuz4 _fuZZ) A+ (flz4 —flzz) -1,

(b)

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.

(b)

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.

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

mrx = fx+ - fx*
myy = J;y+ — fy-
mez = ‘El(fuzi +flzi) ()
]x‘:’% + ]zQ/3 =Ty
JxB — J:Qa = Tg

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
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displacement sensors in the radial and axial axes, so the translational displacements of the
flywheel rotor on three DoFs could be expressed as

X =X4 —X—

y=yi—y- ©)
_ 21+2p+23+24

Z= g

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

= #22
ls
{ ﬁ — Z3 ;Zl (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 « 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

frx = kixix + kegx
fy = Kiyty +keyy &)
fz = kiziz +kezz

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.

reference stiffness/damping | |voltage to current|| | | current dynamic model| |  output
displacements| regulator amplifier stiffness of flywheel rotor] |displacements!

regulation model displacement stiffness |~—

dynamic model

displacement measurement |

Figure 4. The feedback model used in the displacement control of the 5-DoF MSMW.

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

Gpa(s) = Kp + Kps (6)

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

kw Tp—low value

Gw(s) = TwS+1

Guw (5) ~ ky (7)
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Based on (2), the dynamic model of the flywheel rotor with the magnetic force could
be written to
ki

Gp(s) = m

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) = input(s) _ _ Gpa(s)Gu(s)Gp(s)
output(s) 1 4 Gpa(s)Guw(s)Gp(s)ks )
_ kawki + KDkwkl‘S
- m,sz + Kpkwkikss + Kpkykiks — kd

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

Ca = Kpkukiks
{ K, = Kpkykiks — k4 (19
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

{ Cta = KDkwkikslsla (11)
Kta = (KPkwkiks - kd)lsla

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 z;, and the axial displacement of the flywheel rotor is defined as z,. For the radial
displacement of the 5-DoF MSMW, the radial displacement of the flywheel rotor is defined
as x, during the torsional state, and the torsional angle of the flywheel rotor is chosen as .
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 K; and C;. For the axial 3-DoF AMB unit, the translational
stiffness and damping coefficients are K,; and C;, respectively. The torsional stiffness and
damping coefficients unit are K, and C, separately.
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Figure 5. The force models of the 5-DoF MSMW on the shacking table. (a) The equivalent trans-
lational vibration model of the 5-DoF MSMW; (b) the equivalent torsional vibration model of the
5-DoF MSMW.

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

{ mszs + Kjzs + Cjzs — Ka(zs — zr) — Cq (zs — 2r) = fs

. . . 12
myZy + Ko(zs — 2) + Ca(2s —2,) =0 (12)

where m1; is the mass of the stator base, and m;, is the mass of the flywheel rotor. f; is the

excitation force acting on the stator base, and it is usually expressed as f; = Fy sin wt.
Furthermore, Equation (12) could be rewritten into

—msw?Zs + KiZs + CjjwZs — Ki(Zs — Zy) — Cujw(Zs — Zy) = Fy (13)

—myw?Zy + Ko(Zs — Zy) + Cajw(Zs — Zy) = 0

where Z, and Z; are both the complex numbers indicating the displacement variations.
By bring the displacement terms with Z, and Z; together, there are

(—msw? 4+ Kj 4 Cjjw — Ky — Cajw) Zs — (Ka + Cajw) Zy = Fy (14)
(—myw? — Ky — Cajw) Zy + (Ko + Cajw) Zs = 0

For the displacement term Z, of the FW rotor, we get the following function
(—=msw? + Kj + Cjjw — Ky — Cajw) Zs — (Ko + Cajw) Zr = Fy (15)
(Ka + Cojw) Zs + (—myw? — Ky — Cajw) Zy = 0

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

7, = —Fy(Ka+Chjw)
r= 7 R Y 7 —
( msw?+K;+Cjjw—K, Ca]w)( myw?—Ky—Cyjw)~+(Ka+Cajw) 16
7 — Fo(fmrwszafcajw) ( )
s =

(—msw?+K;+Cjjw—Ko—Cajw ) (—myw? —Kg—Cojew) +(Ko+Cajw)”

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

Gus(s) = 28 = mys? 4 Cas +Kq
s fs(s) [mssz+(Cu—C]~)s+(K,,—Kj)](mrsz+Cas+Ka)—(Cas+Ka)2 17
Gr(s) = Zi(s) _ Cas+K, (17)
AT fe(s) T [mssz+(cufcj)s+(1<ﬂ71<j)](mr52+Cas+Ku)7(Cus+Ka)2
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Moreover, the frequency response function of the stator base is expressed as
, A2 (1= A2, +2j&,A
Gs(jw) = — Y o s ) . ——  (1®
AZp (L= A% 4 2jGerAar) (1 — Afs + 2jC2sAzs) — VmAZs(1+ 2j82rAzr)
The frequency response function of the flywheel rotor could be written to
AZ (14284
Gar (j) = 0+ 2wt (19)

A%}’(]‘ - )\%r + szZTAZV)(l - )\%s + zjgzs/\zs) - Um)\%s(l + 2j§ZTAZT’)2

K,,K

where the natural vibration frequency of the stator base is w,s = , and the natural

vibration frequency of the flywheel rotor is w,, = r% The frequency ratios of the stator
base and the flywheel rotor are A,s = ﬁ and A, = ﬁ , respectively. The equivalent damp-

Ca
2mywzy

Ca—
ing coefficients of the stator base and the flywheel rotor are (5 = T L and &, =
The mass ratio between the stator base and flywheel rotor is v, = 3r.

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

)\ZS/ )\ZTI gZG éZi’ +]FZT(/\ZS/ AZV gZS 627)
/\ZS/ )\ZV/ gZG éZV +]BZ()\Z€ )\ZV gZS/ éll’)

EZS()\ZSW )\ZTI gZS éZV)Jr]FZb(/\ZS )LZ" ga CZV)
st (/\zs/ Azrr gzs/ Czr) T Ay(Azs, Azr, Cas, Car) Bz (Azs, Az, Czs, Car) (20)
Gzr(/\zs/ Az, é(zs/ gzr) = E”E ;

where the system coefficients are

Ar(Azs, Azr, Casy Ear) = A2, (1 —A2) (1= A2) — 4o EsAd A ns — 0mAZ (1 — 4¢2A2)
Bz()\zs/ )Lzr/ gzs/ gzr) - 2(:27 (1 - Ags) + 2§zsAzs/\§r (1 - )\gs) - 4Um‘:zr)Lzr)\§s
EZS(AZS/ /\'ZVI gZSI gZV)
ZSrs /\ZVI gZSI gzr) - ngY)LZY
) =
)=

Az (1=22) (21)

EZ}' )LZS/ /\ZT/ C:.(zs/ gzr
FZT(AZS/ /\ZV/ ézs/ CZV - ZCZV zr

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

2 2
G )\ , A , , — \/Ezs(/\zs/ )\zrz gz& éZV)+PZS()\Z§ )\zr éZSr ézr)
| ZS( ZS zr gZS 6Z7)| \/A%()\zs/ /\ZV/ éZS/ gzr)+Bz(/\ /\Zi’/ gzs gzr) (22)
|Gzr()\zs/ )\zr/ ‘:zs/ Czr)| — \/EEV(AZS' Azr, Gzs, gzr)+sz()Lz> Azr, Gzs, Gar)
\/A%()‘Z:w Azrs Casr Car)+B2(Azs, Azr, Ezs) Car)

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 reg-
ulated 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

Ca —C; Ca0 30z -G
2MsWss 1= 2Mszs

Czs =

(23)
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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

— )‘gr(l - /\%r + zjgerzr)
)\%r(l - /\%r + ngzr)\ZT)(l - )‘gs + 2j‘:zsl/\zs) - Vm/\%s(l + ZjCZ,,/\Z,,)Z

(24)

stl

_ ML+ 280)
/\3(1 - )VZ' + zjé’r/\r)(l - )‘g' + zjéslAs) - Vm/\g(l + 2]'(;‘,)\,)2

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

/KIZ_K'KHO —K; /\252:(3)2,
Wzs = o A Wzs2 = o ! . CTEC]' (26)
5 § 6252 T 2mswzs

Furthermore, the vibration equations could be expressed to

(25)

Gzrl

/\gr (1 B Agr + 2j€27/\27)

= A . . (27)
/\%r(l - )\%r + 2]‘:21’/\21’) (1 - )\352 + 2](;’252)\252) - Vm)\gsz(l + 2]Czr)\zr)2

stZ

_ AZ (1 +2j2rAer)
/\%r(l - )‘%r + zjéerzr) (1 - )\gsz + 2]";(252)\252) - Vm)\gsz(l + 2].gzr)\zr)z

(28)

Ger

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 T, and the torsional angle of the flywheel
rotor around the x-axis is B. 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 Kj;, and the damping coefficient is Cy,. For the connection joint between the 5-DoF
MSMW and the shacking table, the torsional stiffness coefficient is Ky, and the torsional
damping coefficient is Cy;. Therefore, the torsional vibration models of the flywheel rotor
and the stator base could be written to

{ Jsts = Ts + Kjtlxs + Cjtds — Kat(as — ay) — Cyt (D‘s - lxr) (29)
Jrar = Kat(lxs - ar) + Cat (“s - ar)
The transfer functions of the torsional vibrations are expressed as
Gas(s) = as(s) _ Jrs?4+Cars+Kat
as 7o)~ [Jo+(Car—Ct )5+ (Kat—K;t )] (Jr2+Cars+Kar)— (Cars+Kar ) (30)
Gar(s) = ar(s) _ Cats+Kat
o TS(S) USS2+(Catfcj‘t)S#*(Kat*K]'t)] (]VSZ+CH[S+KM)7(CatS+K,,t)2

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

G (](U) _ A§7(1*A§r+2]'§m/\w)

© Adr (1A% +2jGarAar ) (17A§s*2f€as/\“5)7V1Agcs(l+2]'f:w)\w)2 (31)
G (](U) — )lgr(1+2]‘§ar/\ar)

ar Az%r (1*/\§cr+2j§ar/\ar) (1*/\%5 +2j€as/\as) 7V]A§(s (1+2j§ucr)\vcr)2
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. . .. Ko —K;
where the natural frequency of the stator base’s torsional vibration is wgs = %,

and the natural frequency of the flywheel rotor’s torsional vibration is w,r = K’” . The

torsional frequency ratios of the stator base and the flywheel rotor between the rotatmg
frequency are Ay = ;’—; and Ag = 22, respectively. The equivalent damping coefficients

. . . C Cit . . .
of the torsional vibration are ;s = Zals o Land &, = 2]%} . The moment of inertial ratio

between the stator base and the flywheel rotor is v; =
Given the moment of inertial ratio v; is a fixed Value, the torsional functions in (31)
could be further simplified to

_ Eocs()\lxsf Aar, gm ga7)+]FA§ (/\D(Sr Aar, gcvs éar)

GIXS(AOCSI /\Ixr’ CDLS/ 60{1’) - (/\ns )\txrr éaw gar)+]Ba (/\M/ )\arr (:a:,r ém) (32)
G ()\ /\ 5 g ) — Ear()\txar Aar, é‘as/ éar)Jr]Fzr (/\D(Sr Aar, st, (;(ar)
ar ASs FIOTs SRS Ghr Ag (/\D(Sr Aar, Cas, gar)+]Ba (/\as; Aars Gas, (:m)

where the system coefficients of the torsional vibration are

Ax(Aas, Aars Casy Car) = M( =A%) (1= A%s) — 4Car8asAiiAas — AL (1 — 463,A%,)
th ()\IXS/ /\Oﬂ’/ grxs/ ézxr) = thxr ( %zs) + zézxs)\as/\%r (1 - Ais) - 4U]§zxr)\rxr/\3¢s
Eus (Azxs/ At Cﬂ(S/ gzxr) 2
nSs /\IJW'/ 60{5/ ngT‘) - 260(7‘/\%7
)\DCS/ /\Dﬂ’l C(JCSI gﬂﬁ’)
nSrs /\061’1 CU(S/ gtxr) - 260(7'/\

A(X?’ ( /\ar) (33)

Finally, the response magnitudes of the torsional vibration are

)LlXSr /\D(rr 6&5/ C(X?’)J’_FD%S (/\D’S/ )\DH/I ngSr éar)
/\D(S/ )\l’(rr éasr §H7)+B§()\IXSI /\IXVV éﬂ'S/ [:ar) (34)
Aﬂ(Sr /\{X}’r éﬂ’SI §H7)+Fv%r (/\A'S/ /\D(V! gﬂ(Sr éﬁ()’)
/\RS/ )\00’! éﬂ(S/ CNV‘>+B§()\WSI )LDU’! éDLS/ g{”’)

2
|Glxs()\as/ Aurs Gas, ‘:M’)| = \\//’f:é

EZ,
|Gtxr(/\a5r Azxr/ gas/ Car)| = \\//Aﬁ

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 co-
efficients 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

Cat = Cjt cy—0 —Cijt

2]swys st 2]swys (35

gas =

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 o /\3,(17)%,4»2]'@&7)\,1,)
A N (N2 Aar ) (1= N+ 2f8ast M) — 0y AR (14 2Car Aar ) (36)
A2, (14-2jE 4 A
Gurl = ir(1428arAar)
A N (1=A2 4278w Aar ) (1= A3 +278us1 Aus )~V A2s (14278ur Aur)?

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

| Kat — K; - 2= o
jt Kat—0 ]t “S w,
Wys = S Wy = C:;sEC,‘j (37)
]S ]S 5“52 2[swys2
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Furthermore, the transfer equations of the torsional vibration could be expressed to

/\gr (l 7A§r+2]'gm)\lxr)

Gasz =
Ay (142j&ar Aar)

/\gr (1 _/\gr""zjéar)\ar) (1 _)%52""2]'(:0(52)‘%52) _V])lisz (1+2jf:tr;'/\ar)2

GarZ =

/\z%r (17/\gcr+2j€ar/\ar ) (1 *)\isz +2j8usaAas2 ) 71/])\

(1+2f§ar/\ocr)z

(38)

The natural frequency of the torsional vibration is decreased when the stiffness coeffi-

cient 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.

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

Symbol Quantity Value
my Mass of flywheel rotor 42kg
My Mass of stator base 12 kg
Je Equatorial moment of inertia 0.02865 kgm2
Jp Polar moment of inertia 0.01508 kgm?
ki Current stiffness of radial AMB unit 13226 N/A
kg Displacement stiffness of radial AMB unit —352 N/mm
ki, Current stiffness of axial AMB unit 128 N/A
ki, Displacement stiffness of axial AMB unit —132.7 N/mm
ks Displacement sensitivity of eddy-current sensor 4V/mm
kuw Amplification coefficient of power system 3.6 A/V
K; Translational stiffness coefficient of connection joint 600
G Translational damping coefficient of connection joint 0.02
Kjt Torsional stiffness coefficient of connection joint 58
G Torsional damping coefficient of connection joint 0.025

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 K, = 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 C, = 0.04.
When the damping coefficient is increased to C; = 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 C, = 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 K,; = 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 K; = 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.



Actuators 2023, 12,152 12 of 17

ey
o

() c . C ( m ¥ '

- C, =0.04 - C, =0.06 . E .

e o i — K, =100 — K, = 200
E b C, =008 - C,=0.10 E 0 . K. —400 - K. =80
. 20 S -0}
= 407 o =]
-*é .20 g 80|
&0 -80 40 50
] .60 Y]
E 120 .80 .90..,100 E -140

107! 10° 10’ 102 10° 10° 102 10°

frequency (Hz) frequency (Hz)
(a) (b)

Figure 6. The translational vibration of the flywheel rotor along the axial direction. (a) The trans-
lational vibration amplitudes of the flywheel rotor with different damping coefficients; (b) the
translational vibration amplitudes of the flywheel rotor with different stiffness coefficients.

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 Cj; = 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 C,; = 0.4. The vibration magnitude of the torsional
vibration is reduced to 41.1 dB when the damping coefficient is increased to Cy; = 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 K;; = 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.

() 0 () Kiy=4 —K,=8
-~ K = -~ Ky =
«Co =04 = Cp =06 — Ky =16 — Ky = 32]
S Oy =08 = Cy=10 = o tat
] -30 ]
‘g -100 '%
= 40 =
: 5
2o} -50 <
g 00 400 500 . 600 . = ‘
107 10° 10° 102 10° 104 102 10°
frequency (Hz) frequency (Hz)

(@) (b)

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.

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
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S-DoF MSMW

connecting plate

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 sulffering 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 kgm?, and the polar moment of inertia 0.15 kgm?. 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.

shock machine

5-DoF MSMW shock machine
o S =l

shock table connecting plate shock table
(a) (b)

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.

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 characteris-
tics 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 pm when the damping coefficient of the axial AMB unit is
C, = 0.06. The displacement deflection plotted by the red line is reduced to —0.14 um when
the damping coefficient is increased to C, = 0.10. Moreover, the random disturbance is
imposed on the 5-DoF MSMW along the axial direction, and the displacement curves of
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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 um when the damping coefficient is C, = 0.06. The RMS of axial displacement is
mitigated to 0.015 um when the damping coefficient is increased to C; = 0.10.

Table 2. The sine—swept vibration source.

Frequency Vibration Amplitude Speed Imposing Axis
1020 Hz 10 mm 2 octave/min z-axis
20-100 Hz l6g 2 octave/min z-axis

o
)

—~ K, =500,C, =0.10
- K, =500,C, = 0.08
~ K, =500,C, = 0.06

? 5
At &

o

- K, =500,C, = 0.10

axial displacement (pum)
)
N

axial displacement (pum)
o

04 -0.45) —~ K, = 500,C, = 0.08 | 0.2
o e = 500,C0 = 008 random disturbance
06 04 '
° ° 10 15 0 50 100
time (s) time (s)
@ (b)

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.

Meanwhile, the axial displacements of the flywheel rotor at different excitation fre-
quencies 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 um when the damping coefficient is

2 = 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 pum.

=038 . .
= ~ K, = 500,C, = 0.10
= ~ K, = 500,C, = 0.08 0.54 ]
590 _ Kk, - 500, C, = 0.06
=
g 0.4f —
Z 0.22
- 021 1
& 0.06
% 0
0 50 100 150

frequency (Hz)

Figure 10. The translational displacements of the 5-DoF MSMW at different excitation frequencies.
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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 C;; = 0.6 and it is reduced to —0.23°, shown by the red line
when the torsional damping is increased to Cy = 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 C;; = 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 C = 1.0.

’5'53 05 EB 021 Ku =5,Cy = 1.0
\"9 \"9 0.1~ Eu=5, Cy =0.8
g N . g —~— K4 =5,Cy =06
& -0.23 | ¢ 20
E -0.58 = 01
T -05 - Ky =5,Cy =10 =
S Koy =5,Cy =038 e
= -0.80 1 ’u;‘ , Cat = 0.2 N
Z 1 - | Ha=50a=08 = o = random disturbance )
0 5 10 15 20 o 50 100
time (s) time (s)
(@) (b)
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.

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 um when
the torsional damping is chosen as Cy = 0.6. The maximum deflection of the radial
displacement is mitigated to 0.05 um at the damping coefficient C;; = 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.

G} < 0.1
= Q ~Kuy=50Cy=10
= ?) I Ky =5,Cy =08
% é ‘\“ o~ Ky =5,Ch = 0.6
% Gy |
T - ° }
= )
<
=0 0.1 0.2 03 0.4 05 0 50 100 150
time (s) frequency (Hz)
(@) (b)

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.
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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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