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Abstract: The flywheel energy storage system (FESS) of a mechanical bearing is utilized in electric
vehicles, railways, power grid frequency modulation, due to its high instantaneous power and
fast response. However, the lifetime of FESS is limited because of significant frictional losses in
mechanical bearings and challenges associated with passing the critical speed. To suppress the
unbalanced response of FESS at critical speed, a damping ring (DR) device is designed for a hybrid
supported FESS with mechanical bearing and axial active magnetic bearing (AMB). Initially, the
dynamic model of the FESS with DR is established using Lagrange’s equation. Moreover, the dynamic
parameters of the DR are obtained by experimental measurements using the method of free vibration
attenuation. Finally, the influence of the DR device on the critical speed and unbalanced response of
FESS is analyzed. The results show that the designed DR device can effectively reduce the critical
speed of FESS, and increase the first and second mode damping ratio. The critical speed is reduced
from 13,860 rpm to 5280 rpm. Compared with FESS of the mechanical bearing, the unbalanced
response amplitude of the FESS with DR is reduced by more than 87.8%, offering promising technical
support for the design of active and passive control systems in FESS.

Keywords: flywheel energy storage system; mechanical bearing; dynamic model; damping ring;
unbalanced response; critical speed

1. Introduction

The rapid development of electric vehicles has been facilitated by the implementation
of the dual-carbon strategy. However, conventional batteries encounter several challenges
as a result of the frequent braking and starting of electric vehicles in the city. To enhance
the lifetime of traditional batteries, a variety of new energy storage devices have gained
attention. Currently, the FESS has emerged as a focal point of research due to its charac-
teristics of high instantaneous power, fast response speed, and long lifetime [1-5]. The
bearing is the key component of the FESS, as it determines several vital characteristics
such as self-discharge, lifetime, maintenance intervals, and most importantly, cost [6]. In
FESS, the bearings mainly include mechanical bearings [7-9], permanent magnet bearings
(PMBs) [10,11], active magnetic bearings (AMBs) [12,13], and superconducting magnetic
bearings (SMBs) [14,15]. At present, mechanical bearings are utilized in FESS to better
address the complex vehicle conditions [7]. Nevertheless, mechanical bearings suffer from
high friction loss, low lifetime, and challenges in surpassing critical speeds [8].

To solve this problem, the current trend is to combine different types of bearings, and
active control combined with conventional bearing has a positive effect on rotor-bearing
systems [16,17]. By integrating AMBs with mechanical bearings, the axial pressure on the
latter is mitigated. This results in a reduction of bearing friction loss, leading to improved
charging efficiency and extended bearing lifetime [18,19]. In [20], the predominant portion
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of the bearing load spectrum is mitigated by utilizing elastic bearing supports and AMBs.
Simultaneously, the cost of on-board FESS is reduced and the lifetime is increased. Further-
more, FESS combining AMBs with mechanical bearings has been applied in companies [21].
While the friction loss of mechanical bearings is reduced by AMB, FESS will be more
complicated by the introduction of controllers.

In addition to utilizing AMB for enhancing the load-bearing capacity of mechanical
bearings and minimizing frictional losses, an alternative approach involves the incorpora-
tion of elastic support damping devices into mechanical bearings [22]. In [10,11], a radial
magnetic pendulum tuned mass damper is proposed for 100 kg class FESS. The experimen-
tal results demonstrate that the low-frequency whirling is successfully suppressed, and the
FESS runs smoothly within the working speed range. However, the configuration of this
damper is more intricate and will occupy a larger internal space. In [23], a cost-effective
passive device is developed to modify the overall stiffness and damping of the bearing
using an O-ring. Experimental comparisons are made between the effects of elastic and
rigid supports. Nonetheless, the range of the elastic support is limited, because of the low
stiffness and damping of the O-ring. In [24], the reduction in bearing load is achieved
through the utilization of small size REB with a cast silicone seat and passive magnetic
unloading, which has been demonstrated to significantly decrease self-discharge in FESS.
And the looser assembly is a characteristic of the elastomeric bearing housings. Compared
to squeeze film dampers, elastomeric bearing housings allow supercritical speed operation
due to their lower support stiffness, and are relatively simple and cheaper [25]. Further-
more, the system can be flexibly designed due to the use of elastomer structures, despite
the fact that O-rings may present a more economical option [6]. It is important to note that
most of the elastic support damping devices studied above have complex structures and
large installation volumes, and the damping value is not easily adjusted.

In this paper, an elastic DR device is designed for mechanical bearing and axial
AMB hybrid support FESS. Due to the large volume and difficulty in adjusting dynamic
parameters of the elastic support device previously studied, this paper first designs a DR
device with a simple structure and easy installation and disassembly. While balancing
volume, it also ensures that the dynamic parameters are easy to adjust. Next, the author
designs the DR as a hollow structure, and provides elastic support between the inner and
outer rings of the DR through (-shaped structure. This structure can not only increase
damping by filling different materials, but also solve the problem of large unbalanced
response when the FESS exceeds the critical speed. Finally, the influence of DR on the
critical speed and unbalanced response of FESS was studied based on simulation models.

The chapters of this paper are organized as follows. In Section 2, the structure of FESS
and the DR is introduced, while the dynamic equation and the DR stiffness and damping
theory are derived. In Section 3, the DR is experimentally measured and the FESS with
DR is numerically analyzed. Including the natural frequency, modal, critical speed and
unbalance response, and the FESS with mechanical bearings was compared. In Section 4,
conclusions are derived from the analyzed results.

2. Design Theory of FESS with DR

First, the structure of FESS and the design principle of DR are introduced. Subse-
quently, the dynamic equation of FESS with DR is deduced. Finally, the experimental
measurement principle of stiffness and damping of DR is introduced.

2.1. Structure Introduction of FESS

The schematic diagram of the FESS with mechanical bearings and axial AMB is shown
in Figure 1. The following parts are included:
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Figure 1. Schematic of FESS structure.

(1) Flywheel rotor

The flywheel rotor is composed of shaft, hub, motor back-iron, magnet steel and
carbon fiber outer ring, motor rotor, magnetic bearing rotor, etc. The carbon fiber outer
rings are assembled with interference between them.

(2) Upper support structure

The upper support structure consists of an axial AMB and an upper damper from top
to bottom. The axial AMB utilizes permanent magnet biased hybrid magnetic bearings.
The upper damper is composed of a mechanical bearing and DR, which is used to reduce
the amplitude when the rotor passes the critical speed and to enhance the system stability.
The mechanical bearing comprises a pair of angular contact ball bearings.

(3) Lower support structure

The lower bearing structure is composed of a lower DR and a deep groove ball bearing.

(4) Others

The outer rotor structure is adopted in permanent magnet synchronous motors inte-
grated with FESS. A permanent magnet motor rotor is installed on the inner wall of the
flywheel rotor, which has the characteristics of high efficiency and high power density. The
rotor-bearing system of the FESS is placed in a vacuum chamber, and the cooling water
channel is equipped in the motor to reduce the power loss and heating of the FESS.

(5) Design principle of DR

The DR elastic support device is composed of a ring elastomer structure and a filler.
Multiple ()-shaped spokes are evenly distributed along the circumference between the
inner and outer rings of the elastomer structure. The damping values are adjusted by
introducing materials such as rubber to fill the spoke gap between the inner and outer rings.
The elastomer structure is utilized to primarily provide bearing support stiffness, while
the rubber filler contributes a minor portion of the overall stiffness. The two stiffnesses
are connected in parallel, and this design of elastic DR has both good elastic stiffness and
large damping. In detail, for the adjustment of the stiffness of the DR, it is mainly adjusted
by changing its own material and structure size. For example, aluminum alloy, stainless
steel and other materials are chosen, and changing the material can make the stiffness
change several times. In addition, the stiffness value can be changed by adjusting the
spoke size between the inner and outer rings of the DR. Changing the spoke size can adjust
the stiffness in a small range. In addition, when the stiffness of the DR is adjusted, the
influence on the damping is small, because the main damping of the DR comes from the
filling material. The damping adjustment of the DR is achieved mainly by filling different
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materials, such as neoprene rubber, metal rubber, plastic, wood and other materials. There
are also large differences in damping between different materials. In addition, the stiffness
value of these filling materials is tens of times different from that of the DR, so the stiffness
of the DR will not be greatly affected when the filling material is changed.

2.2. Dynamics Modeling of FESS

According to rotordynamics, the effect of DR is evaluated by the modal damping ratio
of FESS with DR. Consequently, the free vibration of FESS is analyzed in this section. The
dynamic model of FESS is shown in Figure 2, and the following assumptions are made to
simplify the FESS model:

(1) The flywheel rotor is completely centered vertically at rest, and the effect of gravity
on the shaft is not considered.

(2) The influence of the motor magnetic field on the flywheel rotor is ignored.

(3) Only the effect of radial vibration is considered, and the vibration is linear, because
the radial motion of the rotor is much smaller than the axial vibration.

(4) The DR is simplified as a linear mass—spring damping system.

Based on the above assumptions, the kinetic energy T, potential energy U, and con-
sumed energy Z of FESS are calculated, according to Lagrange’s equation.

10 o1 A PSSP S
T = Smp(3 +92) + 5TpQUQ +2ap) + 5] (@ + B2) + Sma (8 +97) + Sma( +97) (1)

2 2 2
N N T Y N D 1, 2 5
u= §k1 (x1 +y1) + §k4(x4 +yy) + §k2(x5 +y5) + +§k3(x6 + ¥s) 2)
1 ) . 1 . .
Z= ECl(x% +99) + 564(9@% +93) 3)
Where, Xc = 7)(2—5'7(3/ Yo = ]/72‘5]/3, N = 7)621—33(3, ﬁ = 7]/21_3‘1/3, X5 = Xp — X1 + 711(3(21;)(3), X =

X3 — X4 — W, similarly for the y-direction.

Substituting Equations (1)—(3) into Lagrange’s equation, Equation (4), of the second
kind with dissipative force:

d oT, oT oU 0dZ
ai'ag) " Tag "o @
The final equation is deduced in matrix form as:
Mi+ Cr —iQHi+Kr =0 )
my 0 0 0 cgc 00 O 8 2; Olp 8
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—ko(3/124+11/13) — k3(13/15 + 1 /15) kol2/12 4+ ks(L+13/15 + 21 /15) —k3(1+1/13) |
k3l /13 —k3(1+12/13) k3 + kg
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Figure 2. Simplified model of FESS rotor-bearing system.
Equation (5) is written in state-space form:
AF+BF =0 (6)
LT _|C—=iOH M _|IK 0
wherer-L,l,A—[ M 0},B—[0 —M}
The solution of Equation (6) is set to # = Re®':
. Or
Sk = =0k +iwg, {p = — @)

W

in which R is the eigenvector, s is the eigenvalue, & is the modal damping, wy is the
eigenfrequency, and  is the modal damping ratio. Let r = Re*’, then:

= R
=4 ®
The mode of FESS is represented by R. Only the forward whirling mode is analyzed,
since the backward whirling mode is always stable. R represents the derivative of the mode.
The natural frequencies and modes of the free response of the flywheel energy storage
system with damping ring are solved through the above derivation.
The flywheel rotor is inevitably unbalanced. If the residual unbalance at the top
and bottom of the flywheel are U; and Uy, respectively, the steady state forced vibration
equation of the system is obtained as [11]:

M7 + Ci — iQH7# + Kr = Q ©)

where Q = UQ%/ U =1[0 U; U, 0].The solution of the equation is:
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r = rel (10)

Substituting Equation (10) into Equation (9) yields:

A = UQ? (11)

where A = MO?7 + (jOQH + C)jQF + KQ.
Once the dynamic parameters of the vibration system are determined, the steady state
unbalance response is calculated from Equation (11).

2.3. Method of Free Vibration Attenuation

The stiffness and damping analysis of the DR is based on the method of free vibration
attenuation. And then the single degree of freedom vibration with damping is deduced.
The equation of motion for a one-dimensional vibration is given [26].

mz+cz+kz=0 (12)
where m is mass, ¢ is damping coefficient, and k is stiffness. The form of a standard
second-order equation is written as:

7+ 20wnz + w,%z =0 (13)

where wj, is the undamped natural frequency, then:

k = mw? (14)

¢ =2mlwy (15)

The damping ratio ¢ and the undamped natural frequency wj, are calculated from the
waveform curves in the time domain.
The free vibration of a damped single-degree-of-freedom system can be represented by
Equation (16).

x = Ae " sin(wyt + ) (16)

This is a vibration that attenuates exponentially with an attenuation coefficient o,

where A is the amplitude, w; is damped natural frequency, « is phase angle. The ratio of
two adjacent amplitudes is a constant called the reduction factor 7.

Xipn Xip

The natural logarithm of # is called the logarithmic reduction factor J, where X; is the
i-th amplitude peak, T; is damped natural period.
1, X

0=—In
n Xi+n

=0Ty (18)

For the case of small damping, 1 > ¢ > 0, the frequency of the decaying vibration is
the damping natural angular frequency w;, and the damped natural period Tj is:

2 27T _ T,

Wi w/1- 10
21

Tav/1-02

Substituting Equation (19) into Equation (18) yields:

T; =

(19)

wy =

(20)
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o
¢= Va2 + 52
Combining Equation (14), Equation (15), Equation (20) and Equation (21), the stiffness
k and damping ¢ can be deduced as:

(21)

2 2
k=T TO 22)
Td
2mé
_ 2
= 3

3. Analysis of Dynamic Characteristics

The FESS of mechanical bearing and axial AMB hybrid support and the DR developed
in our laboratory are shown in Figures 3 and 4. The exterior of FESS consists of an exhaust
valve, ring, vacuum shell, base, and power line. Internally, there is a flywheel rotor and
motor system. The outer ring diameter of the flywheel rotor is 390 mm. And the main
shaft diameter of the flywheel rotor is 42 mm. The DR consists of inner and outer rings and
()-shaped spokes. The inner diameter of the DR is 42 mm and the outer diameter is 72 mm.
The main structural and dynamic parameters are listed in Table 1.

Exhaust valve

Ring

- Vacuum shell

Power line

Figure 3. FESS.
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Figure 4. Unfilled DR.
Table 1. Structure and dynamic parameters of FESS.
Item Value Item Value Item Value Item Value
my (kg) 41.34 my (kg) 0.198 my (kg) 0.117 J (kg - rn2) 0.566
Jp (kg - m?) 0.835 I1 (m) 0.06 I (m) 0.052 I3 (m) 0.19
ko (N/m) 6.96 x 107 k3 (N/m) 3.48 x 107 - - - -

3.1. Materials and Methods

The stiffness and damping coefficient of the DR will be given experimentally in the
next section. A parameter measurement device for DR is illustrated in Figure 5, which
mainly includes the shaft, mechanical bearing, DR, support end cap, bearing retaining ring,
test mount, eddy current displacement sensor, axial tile. The experimental measurement
steps of DR are shown in Figure 6, which mainly includes the preliminary work and
experimental steps. In the preliminary work, the power supply should be set. The voltage
is set to plus or minus 5 V, and the current is set to 0.1 A. Next, the sampling frequency of
the eddy current displacement sensor is set to 5000 Hz. Then, check and ensure that the data
of the 8 sampling channels are normal. Finally, the sensitivity of eddy current displacement
sensor is calculated and measured several times. Next is the experimental step. Each time,
the force hammer is struck on the shaft, and then the data are collected by the eddy current
displacement sensor. In the course of the experiment, a number of experiments were
carried out according to the rotation of the damping ring 90° each time, and a variety of
hammer heads (metal hammer, plastic hammer) were replaced. The data in the experiment
process can be observed in real time on the monitor, and finally, the data are processed
in MATLAB-R2022a. This paper is based on the method of free vibration attenuation to
perform post-processing on the measured data. And the damping and stiffness of the DR
are mainly fitted through Equation (16). Finally, the results of the analysis of multiple sets
of experimental data were averaged.
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Figure 5. Cross-section of the DR measuring device.
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Figure 6. Experimental procedure of DR.

3.2. Stiffness and Damping Experiment of DR

The experimental platform of DR is shown in Figure 7, which contains power supply,
shielded I/O connector module, monitor, measurement device of DR, eddy current dis-
placement sensor, computer. The experimental data of DR were fitted and calculated; the
fitting curve is shown in Figure 8, and the statistical results are shown in Table 2. According
to Table 2, the fitting coefficients R of the data of 6 groups are above 0.96, and the maximum
SSE is 20; the fitting effect is indicated very well. The maximum and minimum values
of data of each set were deleted separately and then averaged. The average damping
coefficient c was 1.66 x 10% N's/m, the average damping ratio { was 0.118, and the average
stiffness k was 7.29 x 10° N/m. The values of the experimental results of the DR are given
in Table 3, and these data will be utilized for the simulation analysis later.
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Figure 8. Curve fitting of free decay data.
Table 2. Experimental fitting data of rubber-filled DR.
Number SSE * R+ o wy c (N - s/m) k (N/m) 7
1 15.97 0.9673 246.9 2143 1655 7.7975 x 100 0.1152
2 12.63 0.9672 240.6 1974 1612 6.6265 x 100 0.1219
3 8.436 0.9743 237.4 2113 1591 7.5758 x 100 0.1124
4 11.01 0.9657 264 2122 1769 7.662 x 10° 0.1244
5 12.23 0.9686 279.5 2082 1837 7.3944 x 100 0.1342
6 20.74 0.979 224 2017 1501 6.9011 x 100 0.1111

* sum of squared fitting errors; close to 0 indicates an excellent fit to the data, but beware of overfitting. + squared
value of the correlation coefficient between the measured data and the inferred data; approaching 1 is better.
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Table 3. The experimental results of the dynamic parameters of DR.

Item Value Item Value
ki (N/m) 7.29 x 100 c; (N -'s/m) 1.66 x 103
ks (N/m) 7.29 x 10° cg (N -s/m) 1.66 x 103

3.3. Dynamics of the Rotor—Bearing System

The working speed of FESS designed in this laboratory is 12,000 rpm. FESS with
mechanical bearings and FESS with DR are analyzed, and the natural frequencies are
shown in Table 4. Obviously, the natural frequency of FESS with DR is comparatively lower
than that of mechanical bearings, and the natural frequency at 12,000 rpm is slightly higher
than that at 0 rpm. The modal shapes of FESS with DR at 0 and 12,000 rpm are presented
in Figure 9 and Figure 10, respectively. The first four modal shapes in the figure are rotor
translational, conic, upper localized bending, and lower localized bending, respectively.
The variation of the first four modes’ modal damping ratios with the damping coefficient
¢ are shown in Figure 11. All the modal damping ratios except the third order show an
increasing trend, with the increase in the damping coefficient c;. The fourth-order modal
damping ratio is most affected by the damping coefficient c;. The modal damping ratios,
with the exception of the fourth order, exhibit a rising trend as the damping coefficient c4
increases. The third-order modal damping ratio is most affected by the damping coefficient
c4. And this result also agrees with the mode shapes. The DR designed in this paper is
mainly to increase the modal damping ratio of the first and second order of the system.
However, the damping ratio of the third and fourth modes of the system also increases,
which is also favorable. As shown in Figure 9, for the FESS, the third mode is a local
mode dominated by the lower mechanical bearing vibration, and the FESS has almost no
vibration. And the damping coefficient c4 increases the damping ratio of the third mode
of the FESS. In other words, the damping coefficient c4 increases the damping ratio at the
lower mechanical bearing. Similarly, the damping coefficient c1 increases the damping
ratio at the upper mechanical bearing. This also indicates that DR has a clear effect on the
damping of mechanical bearings. Since the actual motion of the FESS is the superposition
of all modes, although the third and fourth modes are difficult to excite within 200 Hz,
they still exist in the actual motion. In summary, the introduction of the DR can increase
the modal damping ratio of the first and second order of the FESS, and help to reduce the
vibration at the mechanical bearing during operation, and improve the service life of the
mechanical bearing.

Table 4. Natural frequency at different rotational speeds for FESS.

Item 1 2 3 4
REB * (0 rpm) 211.57 Hz 344.91 Hz 15,285 Hz 28,658 Hz
REB (12,000 rpm) 22991 Hz 506.48 Hz 15,285 Hz 28,658 Hz
REB+DR T (0 rpm) 87.14 Hz 113.37 Hz 2808 Hz 3082 Hz
REB + DR (12,000 rpm) 87.56 Hz 331.76 Hz 2808 Hz 3083 Hz

* FESS with mechanical bearings. + FESS with mechanical bearings and DR.
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Figure 9. Modal shapes of FESS with DR at 0 rpm: (a) first modal, (b) second modal, (c) third modal,

(d) fourth modal.

(d)

Figure 10. Modal shapes of FESS with DR at 12,000 rpm: (a) first modal, (b) second modal, (c) third

modal, (d) fourth modal.
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Figure 11. Variation of 1st- to 4th-order modal damping ratio with damping coefficients: (a) c1, (b) c4.
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3.4. Critical Speed

Critical speed is one of the most significant parameters of FESS. The working speed ()
of the rigid rotor is generally required to meet () < 0.75 ()3, and flexible rotors are usually
required to meet 1.4 (; < Q) < 0.7 () [27]. )1 and ), are the first- and second-order
critical speeds, respectively. The Campbell diagrams of the FESS with DR and mechanical
bearing are shown in Figure 12. Only the forward whirling is shown, because the backward
whirling is stable. The forward whirling is represented by “+”. As shown in Figure 12, the
critical speed of the mechanical bearing FESS is 13,860 rpm, which is close to the working
speed and does not meet the above requirements. The critical speed of FESS with DR is
5280 rpm, which meets the requirement of working speed. Therefore, the FESS with DR
device can run smoothly under the working speed.

10°
10% :
_10°: et
3 —
SRR //
3 —Q
102 ] F1+ 1
1 _--F2+
10" ¢ F3+ ]
..... F,+
‘ 10° ‘ ‘
400 600 0 200 400 600
Q (1/s) Q2 (1/s)
(a) (b)

Figure 12. Campbell diagram of the FESS: (a) REB + DR, (b) REB.

3.5. Unbalanced Response

The unbalanced response of FESS is analyzed; the unbalanced mass parameters should
be given first. According to the previous unbalance measurements of the flywheel, the un-
balance at the upper end face of the flywheel is about 1 x 107> kg m£0°, and the unbalance
at the lower end face of the flywheel is about 1 x 107> kg mZ0°. The variation of unbalance
response with stiffness at the upper bearing and the upper end face of the flywheel is
presented in Figure 13, where the stiffness varies in the range of 5 x 10°~5 x 107 N/m.
As shown in Figure 13, the critical speed of FESS increases gradually with the increase
in stiffness. The unbalanced response regularly increases first and then decreases, but
the overall trend increases. Figure 14 shows the variation of the unbalance response with
damping at the upper bearing and the upper end face of the flywheel, where the damping
varies in the range of 1~5000 N-s/m. As shown in Figure 14, the critical speed of the FESS
rarely changes but the unbalance response decreases gradually with the increase in the
damping. In addition, the overall amplitude at the upper end face of the flywheel is a bit
larger than that at the upper bearing, both with the change of stiffness and damping. This
demonstrates that the stiffness and damping changes have a greater effect on the amplitude
at the upper end face of the flywheel.
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Figure 14. Variation of unbalanced response with damping: (a) upper bearing, (b) upper end face of flywheel.

3.6. Comparison with FESS of Mechanical Bearings

In order to further illustrate the effectiveness of the DR, the unbalanced response of
the mechanical bearing FESS and the FESS with DR is compared. A comparison of the
unbalanced response of the bearings and the end faces of the flywheel is given in Figure 15.
As shown in Figure 15, the unbalance response of the mechanical bearing has a maximum
of 51.4 pm and a minimum of 28.7 um. And the unbalance response of the FESS with
DR is 4.2 ym at maximum and 3.5 pm at minimum. The unbalanced amplitude of the
FESS with DR is significantly reduced; the maximum reduction is 93.11% at the lower
bearing and the minimum reduction is 87.8% at the upper bearing. It can be seen that the
unbalance response can be effectively suppressed by introducing the DR device into the

FESS of mechanical bearings.
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Figure 15. Comparison of unbalanced response: (a) upper bearing, (b) upper flywheel end face,
(c) lower flywheel end face, (d) lower bearing.

4. Discussion

In this paper, the problem of high friction loss and difficulty in passing the critical
speed of the FESS with mechanical bearings was studied. The results indicate that the
DR device designed in this paper can effectively reduce the critical speed of the FESS of
mechanical bearings. And it has a good suppression effect on the unbalanced response
of the FESS with mechanical bearings when passing through the critical speed. The DR
device designed in this paper mainly includes the following advantages. Firstly, the DR
device has a smaller volume with an outer diameter of 72 mm, which greatly reduces the
space occupation compared to previous studies on tuned mass dampers [10,11], further
simplifying the structure of the FESS. In addition, compared with previous studies on elastic
support devices and O-rings [23,24], the stiffness of the DR can be accurately adjusted
through structural materials and ()-shaped spokes between the inner and outer rings, and
the range of stiffness adjustment has been expanded. At the same time, the damping of the
DR can be adjusted by filling different materials, which can easily and quickly change the
damping of the FESS. This also adds advantages to the engineering application of FESS
with mechanical bearings.

Certainly, DR also has some drawbacks. Firstly, the stiffness and damping adjustment
range of the DR are limited. Because the stiffness of the DR mainly depends on the
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material properties, the stiffness range of different materials will directly affect the stiffness
adjustment of the DR. Similarly, since the damping of the DR is adjusted by filling different
materials, the damping of the filling material will directly affect the damping characteristics
of the DR. In addition, the DR does not have a good suppression effect on the gyroscopic
effect in the FESS, which requires the use of AMB for adjustment.

The active and passive vibration control will be investigated after the dynamic analysis
of the FESS with DR. In this way, the advantages of the passive control of the DR and the
AMB can be combined to further improve the stability of the magnetic suspension FESS. In
general, the DR device designed in this paper can reduce the friction loss of the FESS of the
mechanical bearing and improve the service life of the mechanical bearing. In addition, it
is very helpful to improve the working speed of the FESS of the mechanical bearing, which
also lays a foundation for improving the energy storage of the FESS of the mechanical
bearing in engineering application.

5. Conclusions

In this paper, the dynamic characteristics of FESS with hybrid support and DR are
studied. The dynamic model of FESS of the four degree of freedom is established, and
the parameters of the DR are obtained experimentally, and the natural frequency, modal
shapes, critical speed, and unbalanced response of the system are calculated. The main
conclusions are as follows:

(1) The damping ratio of the first- and second-order modes of FESS is effectively
increased by the DR. The vibration at the mechanical bearing can be primarily mitigated
when the critical speed is exceeded, the system instability caused by partial damage is
avoided, and the lifetime of the mechanical bearing is increased.

(2) The critical speed of the FESS system is significantly reduced by the DR, and
the FESS system can operate well under the working speed. Compared with FESS of a
mechanical bearing, the critical speed is reduced from 13,860 rpm to 5280 rpm.

(3) Compared to the FESS of a mechanical bearing, the unbalanced response amplitude
of the FESS with DR is reduced by more than 87.8%.

(4) The designed DR device has a simple structure and is easy to install and dismantle,
and the foundation has been laid for the subsequent design of a FESS active—passive
control system.
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my Mass of the flywheel rotor
my Mass of the upper damping ring after filling
my Mass of the lower damping ring after filling
k1 Stiffness of upper damping ring
ko Stiffness of the upper mechanical bearing
k3 Stiffness of the lower mechanical bearing
kg Stiffness of lower damping ring
c1 Damping coefficient of upper damping ring
C4 Damping coefficient of lower damping ring
Ip Polar moment inertia of the flywheel rotor
] Diameter moment inertia of the flywheel rotor
I Length from upper mechanical bearing to upper end of flywheel
I Length from lower mechanical bearing to lower end of flywheel
I3 Length between the upper and lower ends of the flywheel
(@) Rotating speed of the rotor
w Modal frequency or exciting frequency
x Vibration in the direction of x-axis
y Vibration in the direction of y-axis
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