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Abstract: This study introduces a flywheel rotor support structure for an active magnetic
suspension flywheel energy storage system. In this structure, there is an axial offset be-
tween the axial-bearing position and the mass-center of the flywheel rotor, which affects
the tilting rotation of the flywheel rotor and which causes the coupling between its tilting
rotation and radial motion. Therefore, the influence of the bearing position on the vibration
characteristics of the flywheel rotor is explored in this paper. The tilting rotation constraint
of the flywheel rotor by axial active magnetic bearing (AAMB) is analyzed, and the radial
active magnetic bearing (RAMB) is equivalently treated with dynamic stiffness and dy-
namic damping. Based on this, a dynamic model of the active magnetic suspension rigid
flywheel rotor, considering the position parameter of the axial bearing, is established. To
quantify the axial offset between the position of the AAMB and the mass-center of the
flywheel rotor, the axial-bearing position offset ratio γ is defined. The variation trend of
the vibration characteristics of flywheel rotor with γ is discussed, and its correctness is
validated through experiments. It is indicated that, with the increase of γ, the second-order
positive precession frequency of the flywheel rotor decreases obviously, and the influence
of the gyroscope torque gradually weakens. Meanwhile, its second-order critical speed ω2c

decreases significantly (when γ is 0.5, ω2c decreases by about 62%); ω2c corresponds to the
inclined mode, revealing that the offset ratio γ has a prominent influence on the critical
speed under this mode. In addition, as γ increases, the mass unbalance response amplitude
of the flywheel rotor under the speed of ω2c decreases significantly. The reasonable design
of the axial-bearing position parameter can effectively improve the operational stability of
the active magnetic suspension flywheel energy storage system.

Keywords: flywheel energy storage system; axial active magnetic bearing (AAMB); radial
magnetic bearing (RAMB); critical speed; mass imbalance response

1. Introduction
The flywheel energy storage system, as a new type of energy-storage device, has broad

application prospects in practical engineering fields, such as peak cutting and valley filling
in electricity, uninterrupted power supply systems, and vehicle energy recovery, because
of its advantages of high energy-storage density and energy-conversion efficiency, low
environmental pollution, and long service life [1–5].

The flywheel energy storage system is a complex electromechanical system, and its
development and design need to consider various performance requirements, such as
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operational stability, energy storage and release performance, and energy-loss characteris-
tics [6]. As a supporting component of the flywheel rotor, the performance characteristics
of bearings have a significant impact on the overall performance of the flywheel energy
storage system. The bearing system used for supporting the flywheel rotor mainly includes
the rolling bearing, fluid sliding bearing, permanent magnet bearing, active magnetic bear-
ing (AMB), and high-temperature superconducting magnetic suspension bearing [7–11].
Among them, the magnetic levitation bearing owns the advantages of having no friction
loss and a long service life; therefore, they are suitable as supporting components for
the flywheel rotor. Permanent magnet bearings have the advantages of a simple struc-
ture, high reliability, and low cost, but they need to be mixed with other bearings and
are commonly used as thrust bearings [12]. High-temperature superconducting magnetic
bearings can achieve stable suspension of the rotor without the need for a controller, but
a low-temperature environment needs to be created [13]. However, the active magnetic
bearing (AMB) has the characteristics of adjustable stiffness and damping. When used
AMB as the supporting component of the flywheel rotor, the active magnetic suspension
flywheel energy-storage system can effectively control the critical speed of the flywheel
rotor by adjusting the stiffness and damping of the AMB, keeping it away from the working
speed and ensuring the operation stability of the flywheel rotor, as well as better adapting
to various working environments.

The running stability of the active magnetic suspension flywheel energy storage
system is closely related to the vibration characteristics of the flywheel rotor. However,
the vibration characteristics of the flywheel rotor are directly related to the performance of
the AMB and its supporting structure parameters. Although the structural forms of the
AMB are diverse [14,15] and there are many control methods, such as PID control, self
disturbance rejection control, and adaptive control [16–19], the electromagnetic force of the
active magnetic bearing exhibits various nonlinear characteristics [20], and the flywheel
rotor is an energy storage component with a large moment of inertia, high working speed,
and obvious gyroscopic effect. This makes the design work of the AMB and the flywheel-
rotor support structure face great challenges.

Therefore, it is crucial to clarify the relationship between the vibration characteristics
of the flywheel rotor and the performance of the AMB and the support structure parameters
of the flywheel rotor, which has been investigated by numerous researchers in recent years.
Liu et al. [21] analyzed the influence of the control parameters and the position distri-
bution of the radial magnetic bearing on the vortex frequency of the flywheel rotor in a
600 Wh active magnetic suspension system based on the simplified rotor dynamics model.
Xiang et al. [22] analyzed the relationship among the vibration characteristics of the mag-
netic suspension rotor and the system parameters, as well as its tilt response under different
disturbances utilizing theoretical modeling and experimental methods. It indicated that
the support stiffness and damping of the magnetic suspension rotor could be changed by
adjusting the proportional and derivative coefficients of the control system, making its nat-
ural frequency move away from the operating frequency to avoid resonance. Subsequently,
they also conducted theoretical modeling and vibration analysis on the hybrid magnetic
suspension flywheel, exploring its vibration phenomena and the corresponding vibra-
tion balancing method caused by the residual unbalanced mass of the flywheel rotor [23].
Ren et al. [24,25] established a three-dimensional finite element model of the active magnetic
suspension flywheel rotor system using the FEA method, and obtained the modal shape
and critical speed of the flywheel rotor; furthermore, based on the mass-center theorem, a
dynamic model of this magnetic rigid flywheel rotor, considering the gyroscope effect and
mass imbalance, was acquired. The radial displacement of the flywheel rotor and the varia-
tion law of the electromagnetic force of the radial electromagnetic bearing at various speeds
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were calculated and analyzed using the state variable method. Combining the permanent
magnet thrust bearing with the radial active magnetic bearing can form a hybrid support
system, and the permanent magnet bearing can supplement the active magnetic bearing by
providing the bias magnetic flux and additional magnetic force, thus decreasing the energy
consumption of the active magnetic bearing. Nikolaj et al. [26] investigated the application
of permanent magnet thrust bearings in flywheel energy storage systems and proposed a
fast and effective method for the determination on force, stiffness, and damping. Moreover,
they also pointed out that the permanent magnet thrust bearing must have the lowest
possible radial negative stiffness to decrease the workload of the radial active magnetic
bearing. Tang et al. [27] established a model for calculating the stiffness of axial passive
magnetic bearings (PMB), and in the case of considering the radial coupling of axial PMB,
developed a calculation model of the stiffness and damping for electromagnetic bearings.
The relationship between the modal frequency of the rotor in the magnetic control torque
gyroscope and the stiffness and damping of the magnetic bearing was analyzed based on
the finite element method. Ji et al. [28] derived an accurate expression for the nonlinear
electromagnetic force of the active magnetic bearing and investigated the nonlinear re-
sponse of a rotor supported by an eight-pole AMB system utilizing the multi-scale method.
Furthermore, they explored the influences of the unbalanced eccentricity, as well as the
ratio and the derivative gain of the controller on the nonlinear response of this system.
Ali Kandil et al. [29]. studied the bifurcation behavior of the periodic motion in the 16-pole
AMB rotor system under different control parameters. The research results indicate that
under a constant stiffness coefficient, this system can exhibit one of three types of vibration
motion (periodic, quasi-periodic, and chaotic motions), which mainly depends on the
derivative gain coefficient. Li et al. [30] designed a 5-DOF AMB that can simultaneously
provide radial, axial, and inclined suspension for a high-strength steel energy-storage
flywheel without shaft and hub. Through theoretical and experimental analysis, it was
concluded that this electromagnetic bearing could achieve stable suspension of the flywheel
weighing 5510 kg with minimal current loss. Gao et al. [31] developed a magnetic-levitation
flywheel battery structure and investigated the beat vibration phenomenon of the rotor
when its rotation frequency was close to the natural frequency of the system by establishing
the corresponding vibration model. The results suggested that decreasing the beat vibration
could improve the rotation accuracy of the flywheel rotor and the control stability of the
system, as well as reducing the low-frequency interference. Li et al. [32,33] designed and
fabricated a 0.5 kW·h flywheel energy storage system, pointed out problems in the design,
manufacturing, and testing of the rigid flywheel rotor, conducted overspeed tests on the
designed flywheel rotor to verify its strength, and adopted a type of commercial AMB with
decentralized control to support this rotor, achieving its stable operation at a maximum
speed of 24,000 min−1.

However, the above investigation on the vibration characteristics of the flywheel rotor
mainly concentrates in the structure and performance of the AMB, and there is relatively
less research on the support structure of the flywheel rotor. The support structure of the
flywheel rotor plays a critical role in its vibration characteristics. This study introduces a
flywheel rotor support structure for an active magnetic suspension flywheel energy storage
system, but in this structure, the relationship between the axial-bearing position parameters
and the vibration characteristics of the flywheel rotor is still unclear. Consequently, this
paper focuses on analyzing the influence of the axial bearing supporting position on the
vibration characteristics of the flywheel rotor.

The outline of this article is organized as follows: Section 2 introduces a flywheel
rotor support structure for the active magnetic suspension flywheel energy storage system,
and analyzes the forces and motion constraints of the flywheel rotor in the structure;



Actuators 2025, 14, 290 4 of 21

Section 3 derives the expressions of equivalent dynamic stiffness and dynamic damping of
the RAMB, and establishes the dynamic mathematical model of the rigid flywheel rotor
considering the influence of the AAMB position on the motion constraint of the flywheel
rotor; Section 4 gives the solution for the characteristic frequency of the flywheel rotor
and discusses its variation of the precession frequency and critical speed with the axial-
bearing position; Section 5 explores the change rule of the mass unbalanced response of
the flywheel rotor with the position of the axial magnetic bearing; Section 6 introduces
the prototype of the active magnetic suspension flywheel energy storage system and the
corresponding experimental testing process, and compares the measured and calculated
results; and Section 7 gives the conclusion.

2. Description and Analysis of the Problem
The flywheel energy storage system is a kind of physical energy storage device that

utilizes a high-speed rotating flywheel rotor for energy storage. In this study, the flywheel
rotor support structure of the active magnetic suspension flywheel energy storage system
is shown in Figure 1a. In this figure, the shaft, flywheel, motor rotor, and radial and axial
active magnetic bearing rotors (RAMB rotor and AAMB rotor) are integrated together to
form a flywheel rotor, which is a rotating energy-storage component. Due to the limitations
of the flywheel rotor structure, there is a certain axial offset between the axial-bearing
position and the mass-center of the flywheel rotor. Moreover, the displacement sensor in
this figure is used to detect the position deviation information of the flywheel rotor and
provide it to the control system of the active magnetic bearing (the control system of AMB),
achieving suspension control of the flywheel rotor. Here, the PID controller is adopted,
which has the advantages of a simple structure and strong reliability.

AAMB

Upper RAMB

Flywheel

 Lower RAMB

Displacement 
sensor for upper 

RAMB

Displacement 
sensor for lower 

RAMB

Displacement 
sensor for AAMB

Motor  rotor

Shaft

 

M

O

me

f2

f1

Fe

Me

lere

lz

(a) (b) 

Figure 1. Support structure of the flywheel rotor and its force analysis diagram: (a) support structure
of the flywheel rotor; (b) the diagram of the force analysis for flywheel rotor.

As shown in Figure 1a, this axial magnetic bearing mainly controls the axial motion
of the flywheel rotor, but has no restriction on its radial movement. In addition, the
tilting rotation of the flywheel rotor will rotate around the geometric center of this axial
bearing. When the axial-bearing position coincides with the mass-center of the flywheel
rotor, the tilting moment of inertia of the flywheel rotor is called its equatorial moment of
inertia. When there is an axial displacement between the axial-bearing position and the
mass-center of the flywheel rotor, the tilting moment of inertia of the flywheel rotor can be
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calculated using the parallel-axis theorem according to its equatorial moment of inertia and
axial offset.

Figure 1b presents the force analysis diagram of the flywheel rotor. In the figure, point
O represents the position of the axial bearing and point M represents the mass-center of
the flywheel rotor. The distance lz between these two points is the axial offset between the
axial-bearing position and the mass-center of the flywheel rotor. The relationship between
the tilting moment of inertia Jdz of the flywheel rotor and the axial offset lz can be expressed as

Jdz = Jd + mlz2 (1)

where Jd represents the equatorial moment of inertia of the flywheel rotor, and m represents
the mass of the flywheel rotor.

Considering that the effect of mass imbalance has no impact on the critical speed
discussed in this article, this paper mainly explores the influence rule of axial-bearing
position on the mass imbalance response of the flywheel rotor. Therefore, in the process
of dynamic modeling on the flywheel rotor, this paper adopts the unbalanced mass to
describe the mass imbalance phenomenon of the flywheel rotor, as shown in Figure 1b. In
this figure, f 1 and f 2 represent the electromagnetic forces of the upper and lower radial
active magnetic bearings, which exert constraints on the radial motion of the flywheel rotor;
me is the unbalanced mass. As the flywheel rotor rotates, the unbalanced force Fe and
unbalanced moment Me generated by this unbalanced mass me will cause the vibration of
the flywheel rotor. The calculation formulas for Fe and Me can be expressed as{

Fe = mereω2 = Ueω2(t)
Me = mereleω2 = Ueleω2(t)

(2)

where Ue = mere, re is the radius of the unbalanced mass; le is the distance from the
unbalanced mass to the mass-center of the flywheel rotor; and ω(t) is the angular speed
of the flywheel rotor, which is a function of time t. Here, the unbalanced force Fe and the
unbalanced moment Me are variables that vary with a change of angular speed.

According to the above analysis, the existence of the axial offset lz between the axial-
bearing position and the mass-center of the flywheel rotor will cause a change in the tilting
moment of inertia of the flywheel rotor, thereby altering its natural vibration characteristics.
The unbalanced mass on the flywheel rotor is a crucial factor causing the vibration of
the flywheel rotor, and the mass imbalance response is an important parameter for its
vibration analysis.

In addition, the coupling phenomenon between the tilting rotation and radial motion of
the flywheel rotor caused by the axial offset lz will be stated during the model establishment.
Considering that when the flywheel rotor tilts and rotates, the gravitational moment
generated by its centroid is much smaller than the moment generated by the radial bearing,
this gravitational moment was ignored in the model establishment.

3. Theoretical Modeling
This study first equivalently treats the electromagnetic force of RAMB, and then, based

on the motion constraints of the axial magnetic bearing on the flywheel rotor, establishes
the dynamic model of the active magnetic suspension rigid flywheel rotor considering the
position of this axial bearing.
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3.1. Equivalent Dynamic Stiffness and Damping of the Electromagnetic Force of Radial Active
Magnetic Bearing
3.1.1. Linearization of the Electromagnetic Force of Radial Active Magnetic Bearing

For the octupole radial active magnetic bearing with differential control, the elec-
tromagnetic forces in the x and the y directions are independent of each other without
considering the coupling of these two directions, and their calculation methods are the
same. According to references [28,31], in the x direction, the calculation formula for the
resultant force of the nonlinear electromagnetic force acting on the AMB rotor can be
expressed as

FX =
µ0N2S

4

[(
I0 − ix)2

(x0 − x)2 −
(

I0 + ix)2

(x0 + x)2

]
cosα (3)

where µ0 is the vacuum magnetic permeability (µ0 = 4π × 10−7); N is the number of coil
turns in a pair of magnetic poles; S is the cross-sectional area of magnetic pole; α is half of
the angle between the two magnetic poles (α = 22.5◦); x0 is the standard air gap on one side
of the AMB; x is the offset of the AMB rotor in the x direction; I0 is the bias current; and ix
represents the control current.

Since the displacement x of the active magnetic bearing rotor is relatively small com-
pared to the gap x0 between the rotor and stator, the linearization treatment on this non-
linear electromagnetic force was conducted here [22]. Performing Taylor series expansion
on Equation (3) and omitting its higher-order quantities above the second order, the expres-
sion for the linear electromagnetic force can be obtained:

FX = kxx + kiix (4)

where kx =
µ0 N2SI2

0
x3

0
cos α and ki = − µ0 N2SI0

x2
0

cosα are the stiffness coefficients of displace-

ment and the current for the electromagnetic force.

3.1.2. Calculation of the Equivalent Dynamic Stiffness and Damping of Radial Active
Magnetic Bearing

The control principle of the AMB using the PID controller is presented in Figure 2. In
this figure, Gc(s) is the transfer function of the inexact differential PID controller, Ga(s) is
the transfer function of the power amplifier, and Gs(s) is the displacement transfer function.
The expression for these transfer functions can be stated as

Gc(s) = Kp + Ki
s + Kds

1+Tds
Ga(s) = Ka

1+Tas
Gs(s) = Ks

1+Tss

(5)

where Ka and Ks are the coefficients of the power amplifier and displacement sensor;
Ta, Ts and Td are the time constants of the power amplifier, displacement sensor, and
differential element; Kp is the scale coefficient; Kd is the differential coefficient; and Ki is the
integral coefficient.

+

+

+

2
x

1
ms k−

( )Q s

( )X s0( ) 0X s =
cG aG

sG

ik

Figure 2. Control principle of PID for AMB.
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When the input interference force q(t) acts on the RAMB rotor, it will cause the output
of displacement x(t), and its transfer function is

X(s)
Q(s)

=

(
ms2 − kx)−1

1− Gs(s)Gc(s)Ga(s)ki(ms2 − kx)−1 =
1

ms2 − kx − Gs(s)Gc(s)Ga(s)ki
(6)

Let s = jω, and the frequency response equation can be obtained as

−mω2X(jω)− kxX(jω)− kiGs(jω)Gc(jω)Ga(jω)X(jω) = Q(jω) (7)

The support characteristic of the RAMB is similar to that of the spring. The frequency
response function of the mass-spring-damping system with a single degree of freedom can
be expressed as

−mω2X(jω) + kX(jω) + jcωX(jω) = Q(jω) (8)

where k and c are the stiffness and damping coefficients of the spring, respectively.
Comparing Equations (7) and (8), the stiffness coefficient ke and damping coefficient

ce of the AMB can be obtained as follows:{
ke = −kiRe[Gs(jω)Gc(jω)Ga(jω)]− kx

ce = −ki Im[Gs(jω)Gc(jω)Ga(jω)]/ω
(9)

where Re and Im represent the real and imaginary parts of Gs(jω)Gc(jω)Ga(jω), respectively;
ω is the angular frequency of the flywheel rotor.

Substituting Equation (5) into Equation (9), the expressions for ke and ce can be derived
as follows: ke = Ae

[
(1− TsTaω2)(Kp + KdTdω2

1+Td
2ω2 ) + ω(Ts + Ta)(−Ki

ω + Kdω

1+Td
2ω2 )

]
− kx

ce = Be

[
(1− TsTaω2)(−Ki

ω + Kdω

1+Td
2ω2 )−ω(Ts + Ta)(Kp + KdTdω2

1+Td
2ω2 )

] (10)

where Ae = − kiKsKa

(1+Ts
2ω2)(1+Ta

2ω2)
; Be = − kiKsKa

ω(1+Ts
2ω2)(1+Ta

2ω2)
.

From Equation (10), it can be seen that the values of ke and ce change with the vibration
angular frequency ω, so they are also called the equivalent dynamic stiffness and equivalent
dynamic damping of the RAMB, respectively.

3.2. Dynamic Mathematical Model of Rigid Flywheel Rotor Considering the Position of Axial
Active Magnetic Bearing

Assuming the flywheel rotor is a rigid rotor, the axial movement of the axial bearing
rotor is not considered (that is, the axial motion of the flywheel rotor is completely restricted
by the axial bearing). The mechanical relationship among the flywheel rotor and its
supporting structure is described in Figure 3. In this figure, a fixed coordinate system o-xyz
is established by taking the center O of the axial bearing rotor of the flywheel rotor in the
static equilibrium state as the origin, using the equivalent dynamic stiffness (ke1, ke2) and
dynamic damping (ce1, ce2) to represent the radial support force of the upper and lower
radial active magnetic bearings acting on the flywheel rotor.

Furthermore, in Figure 3, M represents the mass-center of the flywheel rotor under
ideal conditions (without considering unbalanced mass); l1 and l2 represent the distances
from the upper and lower radial bearings to the mass-center of the flywheel rotor; lz is the
distance between the axial bearing and the mass-center of the flywheel rotor; θx and θy

are the inclination angles of the flywheel rotor around the x and y axes, and Mxz and Myz

are the resultant moments of the radial bearing on the flywheel rotor around the y and x
axes, respectively.
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Figure 3. The mechanical relationship between the flywheel rotor and its supporting structure:
(a) the diagram of its overall force analysis; (b) the diagram of its force analysis in x-direction.

Due to the axial movement of the axial bearing rotor being constrained, the flywheel
rotor will rotate around the center of this axial bearing rotor when it tilts. Considering that
the inclination rotation angle θ of the flywheel rotor is small, sin θ ≈ θ and cos θ ≈ 1 can be
given. Thus, the relationship between the positions (x1, y1), (x2, y2) of the upper and lower
radial bearing rotors, the mass-center (xM, yM) of the flywheel rotor, and the position (x, y)
of the axial bearing can be expressed as

x1 = x + (l1 − lz) · θx

x2 = x− (l2 + lz) · θx

y1 = y + (l1 − lz) · θy

y2 = y− (l2 + lz) · θy

xM = x− lz · θx

yM = y− lz · θy

(11)

Analyzing Equation (11), it can be seen that if lz 6= 0, then the values of (xM, yM) will
be affected by (θx, θy), which indicates that when there exists an offset among the axial
magnetic bearing and the mass-center of the flywheel rotor, and there will be a coupling
effect between the radial motion of the flywheel rotor and its tilting rotation.

According to the principles of vector mechanics, angular momentum theorem, and
gyroscopic moment theorem, combined with Equation (1), the differential equations of
motion for the active magnetic suspension flywheel rotor can be expressed as

m
..
xM(t) = Fx + Fex

m
..
yM(t) = Fy + Fey

(Jd + mlz2)
..
θx(t) = Mxz − Jpω

.
θy(t) + Mex

(Jd + mlz2)
..
θy(t) = Myz + Jpω

.
θx(t) + Mey

(12)

where Fx and Fy are the resultant forces of the upper and lower radial magnetic bearings
on the flywheel rotor in the x and y directions; Fex, Fey and Mex, Mey are the unbalanced
forces and moments generated by the unbalanced mass of the flywheel rotor in the x and y
directions and around the y- and x-axes, respectively. Jd is the equatorial moment of inertia
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of the flywheel rotor; −Jpω
.
θy(t) and Jpω

.
θx(t) are the gyroscopic moments produced by

the flywheel rotor around the x- and y-axes, respectively.
According to the expression of equivalent stiffness and damping for the radial active

magnetic bearing as well as Equation (11), parameters Fx and Fy in the equation system (12)
can be expressed as{

Fx = −ke1 · x1(t)− ce1 ·
.
x1(t)− ke2 · x2(t)− ce2 ·

.
x2(t)

Fy = −ke1 · y1(t)− ce1 ·
.
y1(t)− ke2 · y2(t)− ce2 ·

.
y2(t)

(13)

The axial active magnetic bearing constrains the axial motion of the flywheel rotor
and its inclination rotation center, but it has no force constraint on its radial motion. The
flywheel rotor rotates at an incline only when it is subjected to an unbalanced torque around
its mass-center. Thus, for the moment generated by the supporting force of the upper and
lower radial magnetic bearings, its force arms are l1 and l2, respectively (as presented in
Figure 3a), and the parameters of Mxz and Myz in the Equation (12) can be expressed as{

Mxz = −l1 · (ke1 · x1(t) + ce1 ·
.
x1(t)) + l2 · (ke2 · x2(t) + ce2 ·

.
x2(t))

Myz = −l1 · (ke1 · y1(t) + ce1 ·
.
y1(t)) + l2 · (ke2 · y2(t) + ce2 ·

.
y2(t))

(14)

In addition, according to Equation (2), parameters Fex, Fey, Mex, and Mey in Equation (12)
can be expressed as

Fex = Ue(at + ω0)
2 cos(0.5at2 + ω0t + α0)

Fey = Ue(at + ω0)
2 sin(0.5at2 + ω0t + α0)

Mex = −Uele(at + ω0)
2 cos(0.5at2 + ω0t + α0)

Mey = −Uele(at + ω0)
2 sin(0.5at2 + ω0t + α0)

(15)

where α0 is the initial angle; ω0 is the initial angular velocity; and a is the angular acceleration.
Combining Equation (11) with Equation (15), the dynamic mathematical model of

the active magnetic suspension rigid flywheel rotor considering the position of the axial
bearing can be obtained as follows:

m −mlz
m −mlz

Jd + mlz2

Jd + mlz2




..
x(t)
..
y(t)
..
θx(t)..
θy(t)

+


A C

A C
B D Jp(at + ω0)

B −Jp(at + ω0) D




.
x(t)
.
y(t)
.
θx(t).
θy(t)



+


E G

E G
F H

F H




x(t)
y(t)
θx(t)
θy(t)

 =


Ue((at + ω0)

2 cos(0.5at2 + ω0t + α0))

Ue((at + ω0)
2 sin(0.5at2 + ω0t + α0))

−Uele((at + ω0)
2 cos(0.5at2 + ω0t + α0))

−Uele((at + ω0)
2 sin(0.5at2 + ω0t + α0))


(16)

where A = ce1 + ce2; B = ce1l1 − ce2l2; C = ce1(l1 − lz)− ce2(l2 + lz);
D = ce1l1(l1 − lz) + ce2l2(l2 + lz); E = ke1 + ke2;F = ke1l1 − ke2l2; and
G = ke1(l1 − lz)− ke2(l2 + lz); H = ke1l1(l1 − lz) + ke2l2(l2 + lz).

4. Influence of the Axial Active Magnetic Bearing Position on the
Characteristic Frequency and Critical Speed of Flywheel Rotor
4.1. Solution and Analysis of the Characteristic Frequency of Flywheel Rotor

Since the unbalanced force does not affect the characteristic frequency (the inherent
characteristic) of the flywheel rotor and the equivalent dynamic damping of the active
magnetic bearing is small, Equation (16) is simplified by making Fex, Fey, Mex, Mey, ce1, ce2

equal to 0, and making a, α0 equal to 0, to solve and analyze the characteristic frequency of
the flywheel rotor under undamped free vibration.
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By simplifying Equation (16) as described above, the solution of this equation can be
set as {

x = A1 cos(pt + β), θx = A2 cos(pt + β)

y = A1 sin(pt + β), θy = A2 sin(pt + β)
(17)

By substituting Equation (17) into the simplified Equation (16) and organizing it, the
following equation can be obtained:{

((ke1 + ke2)−mp2)A1 + (mlz p2 + (ke1(l1 − lz)− ke2(l2 + lz)))A2 = 0
(ke1l1 − ke2l2)A1 + (Jp pω0 − (Jd + mlz2)p2 + ke1l1(l1 − lz) + ke2l2(l2 + lz)))A2 = 0

(18)

By eliminating parameters A1 and A2 in Equation (18), the following characteristic
equation can be obtained:

f (p) = ((ke1 + ke2)−mp2)(Jp pω0 − (Jd + mlz2)p2 + (ke1l1(l1 − lz) + ke2l2(l2 + lz)))
− (mlz p2 + (ke1(l1 − lz)− ke2(l2 + lz)))(ke1l1 − ke2l2) = 0

(19)

Solving the characteristic equation shown in Equation (19), the characteristic frequency
of the flywheel rotor can be obtained. This is a fourth-order equation that can be solved to
obtain the four characteristic frequencies of the flywheel rotor. If the characteristic frequency
is a positive number, it represents the positive-precession frequency; if the characteristic
frequency is a negative number, it demonstrates the anti-precession frequency, and its
absolute value represents the magnitude of the anti-precession frequency.

Tables 1 and 2 provide the relevant parameters of the flywheel rotor and the radial
active magnetic bearing, respectively. By substituting these parameters into Equation (19),
and setting different position offsets lz of the axial bearing and initial angular velocities ω0,
the characteristic frequency variation curve of the flywheel rotor under different position
offsets as speed can be obtained.

Table 1. Structural and physical parameters of the flywheel rotor.

Parameter Value

Mass (m) 56 kg
Moment of inertia (Jp) 0.93 kg·m2

Equatorial moment of inertia (Jd) 1.14 kg·m2

Distance from the upper radial magnetic bearing to
the mass-center of the flywheel rotor (l1) 0.282 m

Distance from the lower radial magnetic bearing to
the mass-center of the flywheel rotor (l2) 0.273 m

When the position offset lz of the axial active magnetic bearing is 0, 0.04, 0.08, 0.12,
0.16, and 0.2 m, respectively, the variation curves of the characteristic frequency (first-
and second-order positive-precession frequencies; first- and second-order anti-precession
frequencies) of the flywheel rotor with its rotation speed are as presented in Figure 4. In
addition, the auxiliary line in this figure represents a line with the same value of char-
acteristic frequency and rotation-speed frequency, used to determine the critical speed
of the flywheel rotor; the rotation speed at the intersection of each auxiliary line and the
precession frequency curve represents the critical speed of the flywheel rotor.

By analyzing Figure 4a,c, it can be seen that the change of the axial-bearing position
has little effect on the first-order precession frequency of the flywheel rotor. As the axial-
bearing position offset lz increases, the variation curve of the first-order positive precession
frequency presents a slight downward trend overall, while its first-order anti-precession
frequency curve slightly shifts upward overall. The intersection points between the aux-
iliary line and the first-order precession frequency curves in Figure 4a,c are close to each
other, which means that the variation in the axial-bearing position has no clear influence
on the first-order precession critical speed of the flywheel rotor.
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Moreover, it can be seen from Figure 4b,d that the second-order precession frequency curve
of the flywheel rotor changes obviously with the variation of the axial-bearing position offset
lz. As lz increases, the second-order positive precession frequency curve of the flywheel rotor
moves downward, that is, the second-order positive precession frequency of the flywheel rotor
decreases with the increase of lz. Its second-order anti-precession frequency curve shows a
significant change with the variation of lz in the lower speed range; as the ration speed increases,
the second-order anti-precession frequency curves under different lz tend to approach each other.
Among them, in the speed range of 0–5000 rpm, the second-order anti-precession frequency
curve of the flywheel rotor moves upward with the increase of axial-bearing position offset
lz, namely, its second-order anti-precession frequency decreases accordingly.

What is more, by observing Figure 4b,d, it can be seen that as the axial-bearing
position offset lz increases, the variation range of the second-order precession frequency of
the flywheel rotor with speed decreases. This indicates that the influence of gyro torque
on the second-order precession frequency of the flywheel rotor gradually weakens with
the increase of axial-bearing position offset lz. Correspondingly, as shown in Figure 4b,d,
the rotation speed at the intersection point between the auxiliary line and the second-order
precession frequency curve decreases with the increase of lz, which means that as the
axial-bearing position offset lz increases, the second-order critical precession speed of the
flywheel rotor decreases.

Table 2. Parameters of the radial active magnetic bearing.

Type Parameter Value

Structure and physical
parameters

Cross-sectional area of magnetic pole (S) 784 mm2

The turns for a pair of magnetic poles (N) 100
Unilateral standard air gap (x0) 0.3 mm

Control parameters

Bias current (I0) 2.5 A
Coefficient of power amplifier (Ka) 0.5 A/V

Coefficient of displacement sensor (Ks) 10,000 V/m
Time constant of power amplifier (Ta) 1 × 10−4

Time constant of displacement sensor (Ts) 1 × 10−4

The time constant of the derivative
element (Td) 1 × 10−4

Proportional coefficient (Kp) 2.05
Integral coefficient (Ki) 5 × 10−5

Differential coefficient (Kd) 5 × 10−4

4.2. The Variation Rule of the Critical Speed of Flywheel Rotor with the Offset Ratio of
Axial-Bearing Position

According to the variation curve of the characteristic frequency of the flywheel rotor
with speed, the critical speeds of each order of the flywheel rotor can be obtained. From
the characteristic frequency curves shown in Figure 4 in Section 4.1, four critical speeds
can be acquired, which are the first- and second-order positive precession critical speeds
and the first- and second-order anti-precession critical speeds. Among them, the first-
and second-order positive precession critical speeds of the flywheel rotor are referred to
as the first- and second-order critical speeds, which are also the actual critical speeds in
practical engineering.



Actuators 2025, 14, 290 12 of 21

(a) (b) 

(c) (d) 

0 3000 6000 9000 12,000 15,000
0

50

100

150

200

250

F
re

q
u

en
cy

 (
H

z)

Speed (rpm)

 lz=0 m  lz=0.04m

 lz=0.08m  lz=0.12m

 lz=0.16m  lz=0.2m

 Auxiliary line

1259.0 1259.2

20.984

20.986

20.988

 Speed (rpm)

 F
re

q
u
en

cy
 (

H
z)

0 3000 6000 9000 12,000 15,000
0

50

100

150

200

250

F
re

q
u

en
cy

 (
H

z)

Speed (rpm)

 lz=0 m  lz=0.04m

 lz=0.08m  lz=0.12m

 lz=0.16m  lz=0.2m

 Auxiliary line

0 3000 6000 9000 12,000 15,000
-250

-200

-150

-100

-50

0

-

-

-

-

-

-

-

-

-

F
re

q
u

en
cy

 (
H

z)

Speed (rpm)

 lz=0 m  lz=0.04m

 lz=0.08m  lz=0.12m

 lz=0.16m  lz=0.2m

 Auxiliary line

1258 1259
-20.99

-20.98

-20.97

-20.96

 Speed (rpm)

 F
re

q
u
en

cy
 (

H
z)

0 3000 6000 9000 12,000 15,000
-250

-200

-150

-100

-50

0

-

-

-

-

-

-

-

F
re

q
u
en

cy
 (

H
z)

Speed (rpm)

 lz=0 m  lz=0.04m

 lz=0.08m  lz=0.12m

 lz=0.16m  lz=0.2m

 Auxiliary line

1000 1500 2000

-30

-20

 Speed (rpm)

 F
re

q
u
en

cy
 (

H
z)

Figure 4. The variation curve of the characteristic frequency of flywheel rotor with its rotation speed un-
der different offsets lz: (a) first-order positive-precession frequency; (b) second-order positive-precession
frequency; (c) first-order anti-precession frequency; (d) second-order anti-precession frequency.

This section will explore the variation rule of the first-order critical speed ω1c and the
second-order critical speed ω2c of the flywheel rotor with the position of the axial bearing.
Here, the axial-bearing position offset ratio γ is utilized to characterize the relative position
between the axial active magnetic bearing and the mass-center of the flywheel rotor. The
definition of this position offset ratio γ is

γ =
lz
l1

(20)

where lz represents the distance between the axial magnetic bearing and the mass-center
of the flywheel rotor (namely, the position offset of the axial bearing); l1 represents the
distance between the radial magnetic bearing on the side where the axial bearing is located
and the mass-center of the flywheel rotor.

Figure 5 demonstrates the calculation results of the first-order critical speed ω1c and
the second-order critical speed ω2c of the flywheel rotor under different axial-bearing
position offset ratios γ.
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Figure 5. The variation curves of the first- and second-order critical speeds of the flywheel rotor with
the offset ratio γ.

By observing Figure 5, it can be seen that variation of the axial-bearing position offset
ratio γ has no obvious effect on the first-order critical speed of the flywheel rotor, but has a
significant impact on its second-order critical speed. As the axial-bearing position offset
ratio γ increases, the first-order critical speed ω1c of the flywheel rotor changes slightly,
while its second-order critical speed ω2c clearly decreases; when this offset ratio γ is 0.25
and 0.5, its second-order critical speed decreases by about 36% and 62%, respectively. With
the increase of the offset ratio γ, the tilting moment of inertia of the flywheel rotor increases.
And the increase of this moment of inertia reduces the critical speed of the flywheel rotor
under the conical vibration mode. From the perspective that the second-order precession
frequency of the flywheel rotor is affected by the gyroscopic torque, the second-order
critical speed corresponds to the conical vibration shape. Therefore, as the offset ratio γ in-
creases, the second-order critical speed of the flywheel rotor shows a prominent decreasing
trend. Moreover, with the increase of the offset ratio γ, the increasing effect of gyroscopic
torque on the second-order precession frequency of the flywheel rotor is weakened, which
is also a factor causing the decrease of its second-order critical speed. It can be known
from the above analysis that the second-order critical speed can be significantly reduced
by increasing the distance between the axial-bearing position and the mass-center of the
flywheel rotor. Therefore, through the rational design of the position of the axial active
magnetic bearing, the second-order critical speed of the flywheel rotor can be controlled
effectively, making it move away from the working speed range and improving the run-
ning stability of the active magnetic suspension flywheel energy storage system during
the operation.

5. Influence of the Axial-Bearing Position on the Mass Unbalance
Response of Flywheel Rotor
5.1. Solution and Analysis of the Mass Unbalance Response for Flywheel Rotor

The mass unbalance response is an important property for the flywheel rotor vibration.
Therefore, this section mainly discusses the influence of the axial-bearing position on the
mass unbalance response of the flywheel rotor. We set the unbalance Ue of the flywheel
rotor as 8.9152 × 10−5 kg·m, the axial distance le from the unbalanced mass to the mass-
center of the flywheel rotor as 0.08 m, the angular acceleration a as 3 rad/s2, and the
maximum rotation speed of the flywheel rotor as 15,000 rpm. Using the fourth-order
Runge–Kutta method to numerically solve Equation (16), the amplitude curves of the
flywheel rotor at its upper and lower radial magnetic bearings could be obtained under
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different position offsets lz, and then the influence of the variation of axial-bearing position
on the mass unbalance response of the flywheel rotor was analyzed.

When the position offset lz of the axial magnetic bearing, respectively, was 0, 0.04, 0.08,
0.12, 0.16, and 0.2 m, the variation curves of the vibration amplitude of the flywheel rotor
at the position of its upper and lower radial magnetic bearings are as displayed in Figure 6
(The values of the curves in this figure are in the x direction, and the vibration amplitude of
the flywheel rotor at the radial magnetic bearing is the same in both the x and y directions).
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Figure 6. Amplitude curve of the flywheel rotor at the radial magnetic bearing under different
position offsets lz: (a) the amplitude curve of flywheel rotor at the upper radial magnetic bearing;
(b) the amplitude curve of flywheel rotor at the lower radial magnetic bearing.

As can be seen from Figure 6a,b, within the speed range studied in this paper, the
vibration amplitude curves under the different axial bearing offsets lz exhibit two peaks.
The speeds corresponding to these peaks represent the first-order critical speed ω1c and
the second-order critical speed ω2c of the flywheel rotor, respectively, and their values are
consistent with the results obtained using the characteristic frequency curve in Section 4.2.
In addition, analysis of Figure 6a,b shows that the vibration amplitude curve of the flywheel
rotor at its upper and lower radial bearing positions has a similar variation law with the
change of axial bearing offset lz. The change of this offset lz has no obvious effect on the
first-order critical speed of the flywheel rotor and its vibration amplitude at this speed,
while this has a significant effect on its second-order critical speed and vibration amplitude.
As the axial-bearing position offset lz increases, the second-order critical speed ω2c of
the flywheel rotor and its vibration amplitude at this speed exhibit a decreasing trend;
meanwhile, in the higher speed range (6000–15,000 rpm), the vibration amplitude of the
flywheel rotor decreases with the increase of lz.

Furthermore, according to the displacement parameters (x, y) and inclination parame-
ters (θx, θy) of the flywheel rotor in the numerical solution of the mass unbalance response,
the vibration shape of the flywheel rotor (namely, the trajectory of the flywheel rotor axis)
under its first- and second-order critical speeds can be obtained, as presented in Figure 7.

It can be seen from Figure 7a,b that the flywheel rotor exhibits a translational vibration
shape at its first-order critical speed, while it corresponds to a conical vibration mode at
its second-order critical speed. The motion characteristics of the flywheel rotor under the
translational vibration mode are mainly related to its mass m, supporting force Fx and
Fy of the radial bearing as well as the unbalanced force Fe generated by the unbalanced
mass of the flywheel rotor, while the motion characteristics of the flywheel rotor under the
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conical vibration mode are mostly affected by its tilting moment of inertia Jo, the supporting
moments Mxz and Myz of the radial bearing, and the unbalance moment Me. The variation
of the axial-bearing position mainly causes the significant changes in the tilting moment
of inertia of the flywheel rotor and the supporting moment of the radial bearing; thus the
change of the position of the axial active magnetic bearing has a prominent impact on the
second-order critical speed of the flywheel rotor and its vibration amplitude at that speed.

 
(a) (b) 

Figure 7. The vibration shape of flywheel rotor under its first- and second-order critical speeds:
(a) first-order vibration shape; (b) second-order vibration shape.

5.2. The Variation Rule of the Mass Unbalance Response of Flywheel Rotor with the Position Offset
Ratio of Axial Active Magnetic Bearing

This section further explores the variation rule of the mass unbalance response am-
plitude of the flywheel rotor with the position of the axial active magnetic bearing under
different speeds. Here, the axial-bearing position offset ratio γ is utilized to characterize
the relative position between the axial active magnetic bearing and the mass-center of the
flywheel rotor. The definition of this offset ratio γ is presented in Equation (20).

Under the first-order critical speed ω1c and second-order critical speed ω2c, the varia-
tion curves of the mass unbalance response amplitude of the flywheel rotor at its upper and
lower radial active magnetic bearing positions with the offset ratio γ are as demonstrated
in Figure 8. In this paper, the vibration amplitude curves at the positions of the upper and
lower radial bearings under the first-order critical speed ω1c are denoted as A1c

u and A1c
l ;

correspondingly, the vibration amplitude curves under the second-order critical speed ω2c

are denoted as A2c
u and A2c

l .
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Figure 8. The variation curve of the vibration amplitude of the flywheel rotor at its radial bearing
with the offset ratio γ under the first- and second-order critical speeds.

Analyzing Figure 8 shows that the variation of the axial-bearing position offset ratio γ

has no clear influence on the vibration amplitude A1c
u and A1c

l , while it has a significant
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influence on A2c
u and A2c

l . As the position offset ratio γ increases, the vibration amplitude
A2c

u and A2c
l of the flywheel rotor at its upper and lower radial bearing under the second-

order critical speed decreases obviously. When the offset ratio γ is 0.25 and 0.5, the
vibration amplitude decreases by about 40% and 65%, respectively. The flywheel rotor
corresponds to a conical vibration mode under the second-order critical speed, where
the vibration amplitude of the flywheel rotor at the upper and lower radial bearings is
positively correlated with its inclination rotation angle. The tilting moment of inertia of the
flywheel rotor increases with the increase of the position offset ratio γ of the axial bearing.
The increase of this moment of inertia reduces the inclination rotation angle response of the
flywheel rotor, thereby reducing the response amplitude of the flywheel rotor at its radial
bearings. As this offset ratio γ increases, the second-order critical speed of the flywheel
rotor decreases continuously, which results in the mass imbalance force at the second-order
critical speed decreasing. This is also an important factor for the decrease in the unbalance
response of the flywheel rotor under the second-order critical speed. Moreover, from the
relative change trend between A2c

u and A2c
l shown in this figure, it can be seen that as the

offset ratio γ increases, A2c
l gradually approaches A2c

u , and when γ is greater than about 0.6,
A2c

l is higher than A2c
u . This indicates that the change of the axial-bearing position offset

ratio γ not only affects the vibration amplitude of the flywheel rotor at its upper and lower
radial bearings, but also affects the relative magnitude between them.

In addition, Figure 9 presents the variation curves of the vibration amplitude of the
flywheel rotor at its upper and lower radial bearing positions with γ under the speeds of
6000 rpm, 9000 rpm, 12,000 rpm, and 15,000 rpm, which is denoted as A6000

u and A6000
l ,A9000

u
and A9000

l , A12000
u and A12000

l , and A15000
u and A15000

l , respectively.

 
(a) (b) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

1

2

3

4

5

6

7

8

9 ×10 -5-

Am
pl

itu
de

 (m
)

 γ

 A6000
u

 A6000
l

 A9000
u

 A9000
l

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.5

1.0

1.5

2.0 ×10 -5-

Am
pl

itu
de

 (m
)

 γ

 A12000
u

 A12000
l

 A15000
u

 A15000
l

Figure 9. Under different speeds, the variation curves of the vibration amplitude of flywheel rotor at
its radial bearing with the offset ratio γ: (a) vibration amplitude curves under the speeds of 6000 rpm
and 9000 rpm; (b) vibration amplitude curves under the speeds of 12,000 rpm and 15,000 rpm.

By observing Figure 9a,b, it can be seen that when the rotation speed is 6000 rpm,
9000 rpm, 12,000 rpm, and 15,000 rpm, the variation of the axial-bearing position offset
ratio γ has a prominent impact on the vibration amplitude of the flywheel rotor at its
radial bearing positions. With the increase of the offset ratio γ, the vibration amplitudes
A6000

l , A9000
l , A12000

l , and A15000
l of the flywheel rotor at its lower radial bearing position

under different speeds all change gradually with a decreasing trend. This trend is more
obvious when the offset ratio γ increases from 0 to 0.3, and gradually becomes stable
when it is greater than 0.3. The vibration amplitudes A6000

u , A9000
u , A12000

u , and A15000
u of the

flywheel rotor at its upper radial bearing decrease rapidly with the increase of the offset
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ratio γ, and then increase slightly. When γ is about 0.5, the vibration amplitude begins to
increase slightly.

From the above analysis, it can be concluded that the variation of the axial active
magnetic bearing position has no clear influence on the mass unbalance response ampli-
tude of the flywheel rotor under its first-order critical speed, but its effect on that under
the second-order critical speed, as well as at higher speed, is significant. Therefore, the
appropriate position of the axial active magnetic bearing can effectively control the vi-
bration amplitude of the flywheel rotor and can improve the operational stability of the
active magnetic suspension flywheel energy storage system. Furthermore, as the position
of the axial bearing varies, the relative magnitude between the vibration amplitude of the
flywheel rotor at its upper and lower radial bearings also changes, that is, the appropriate
position of the axial active magnetic bearing can also reduce the difference among the
vibration amplitude of the flywheel rotor at its upper and lower radial active magnetic
bearings, ensuring the force balance of the upper and lower radial active magnetic bearings.

6. Experiment
6.1. The Process of Experiment

The prototype platform of the vertical magnetic suspension flywheel energy storage
system is as demonstrated in Figure 10a. Therein, the structure of the flywheel rotor is
shown in Figure 10b. In this prototype, the distance between the axial active magnetic
bearing and the mass-center of flywheel rotor is 0.145 m, and its other structural and
control parameters are as listed in Tables 1 and 2. In addition, the detection of the rotor
displacement parameters of the radial and axial active magnetic bearings was conducted
using eddy current displacement sensors (with a linear range of 2 mm and a resolution of
0.1 µm), and the relative position of this sensor is as shown in Figure 1a.

PC Control system of AMB

Motor

 

Upper RAMB 
rotor 

Lower RAMB 
rotor 

 AAMB

Flywheel

(a) (b) 

Figure 10. The experimental testing platform: (a) prototype of the vertical magnetic suspension
flywheel energy storage system; (b) the structure of the flywheel rotor.

In Figure 10, the abbreviation AMB represents the active magnetic bearing, AAMB rep-
resents the axial active magnetic bearing, and RAMB represents the radial active magnetic
bearing. As shown in this figure, during the experimental testing process, first the active
magnetic bearing control system and power supply were turned on to make the flywheel
rotor stably suspended. Then, the motor was turned on to accelerate the flywheel rotor. In
LabView, NI-DAQmax was adopted to control the data acquisition card (NI-PXI6259), and
the sampling frequency was set to 3000 Hz to detect the voltage signal of the eddy current
displacement sensor in the radial active magnetic bearing. Finally, by transforming the
collected signal through the conversion relationship between voltage and displacement in
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this displacement sensor, the vibration amplitude of the flywheel rotor at the positions of
the upper and lower radial active magnetic bearings was obtained.

6.2. Analysis of Experimental Results

During the speed increase from 0 to 7800 rpm, the measured vibration amplitude Ae
u

and Ae
l for the flywheel rotor at its upper and lower radial active magnetic bearings, and

the calculated results At
u and At

l were as shown in Figure 11a,b. Here, the distance from
the axial active magnetic bearing to the mass-center of flywheel rotor is 0.145 m.
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Figure 11. The measured and calculated vibration amplitude curves of flywheel rotor at its upper
and lower radial active magnetic bearings: (a) the upper radial active magnetic bearing; (b) the lower
radial active magnetic bearing.

By analyzing the data curves in Figure 11, it can be seen that the measured and
calculated amplitude curves of the flywheel rotor at the upper and lower radial active
magnetic bearings presents good consistency in terms of the overall variation trend, but
there is a certain deviation in the numerical values. Among them, the experimental results
of the first- and second-order critical speed of the flywheel rotor are about 1165 rpm and
2155 rpm, respectively, and their theoretical values are 1278 rpm and 2238 rpm. The relative
errors between the experimental and theoretical values are 9.7% and 3.8%, respectively.
In addition, by analyzing Figure 11a,b, it can be seen that the relative error between the
measured and calculated results of the vibration amplitude is relatively clear. This is
mainly due to the existence of some deviations between the experimental testing system
and the ideal system, which will lead to some errors among the measured and calculated
amplitude curves. In addition, the presence of interference signals in the eddy current
displacement sensor can also cause some deviations in the vibration amplitude. According
to the above analysis between the experimental and theoretical results, although there are
some deviations in numerical value among them, their overall variation trend has good
agreement, proving the validity of the results calculated from the mathematical model
established in this work, and thus demonstrating the correctness of the conclusions drawn
in this paper.
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7. Conclusions
This study introduced an active magnetic suspension flywheel rotor support structure

suitable for the flywheel energy storage system. In this paper, a dynamic mathematical
model of the magnetic suspension rigid flywheel rotor, considering the position parameter
of the axial bearing, was established, and the influence of the position parameter of the axial
active magnetic bearing on the vibration characteristics of the flywheel rotor in this structure
was analyzed. Finally, the correctness of the results obtained from the mathematical model
established in this paper was validated through experiments. The concluded results were
as follows:

The variation of the position parameter of the axial active magnetic bearing had no
obvious effect on the first-order precession frequency of the flywheel rotor, but this had
a prominent impact on its second-order precession frequency. As the position offset of
this axial bearing increased, the second-order precession frequency of the flywheel rotor
decreased significantly, and the influence of the gyroscope torque gradually weakened;

With the increase of the position offset ratio γ of axial bearing, the first-order crit-
ical speed of the flywheel rotor changed slightly, while its second-order critical speed
decreased obviously. When this offset ratio γ was 0.25 and 0.5, its second-order critical
speed was reduced by about 36% and 62%, respectively. Through the rational design of
the axial-bearing position, the second-order critical speed of the flywheel rotor could be
effectively reduced, making it move away from the working speed range and improving
the operational stability of the active magnetic suspension flywheel energy storage system
during the working process;

The change in the axial active magnetic bearing position had no clear influence on the
mass unbalance response amplitude of the flywheel rotor under its first-order critical speed,
but its effect on this under the higher speed was notable. As the position offset ratio γ of this
axial bearing increased, the mass unbalance response amplitude of flywheel rotor under
the second-order critical speed clearly decreased. At the higher speeds, the mass unbalance
response amplitude decreased significantly at first and then became stable. By designing
the position of the axial active magnetic bearing reasonably, the mass unbalance response
amplitude of the flywheel rotor could be reduced effectively and the operational stability
of the active magnetic suspension flywheel energy storage system could be improved.
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