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Abstract

A flywheel energy storage system (FESS) is a device that employs a high-speed rotating
flywheel for energy storage, where the motor is a core component enabling the energy
conversion. Since the motor rotor is integrated onto the flywheel rotor (FR), when the
FESS operates, the vortex motion of the FR causes misalignment between the motor rotor
and stator, and the resulting unbalanced magnetic pull (UMP) will induce changes in the
vibration characteristics of the FR. This paper presents a permanent magnet synchronous
motor (PMSM) designed for a FESS and analyzes the variation pattern of the UMP induced
by rotor eccentricity in this motor utilizing the finite element method. Furthermore, the
UMP is equivalently modeled using the motor stiffness, and a dynamic model of an
active magnetically suspended rigid flywheel rotor that considers the UMP in the motor
is established. In this study, the motor position offset ratio 8 is defined to quantify the
axial distance between the motor position and the FR mass center. This paper analyzes the
variation law of the vibration characteristics of the FR with the magnitudes of the UMP and
the motor position offset ratio  using numerical calculations. Finally, the correctness of the
calculated results is verified using experimental testing. This investigation demonstrates
that the value of UMP fluctuates as the rotor’s rotation angle increases, while its average
value exhibits a linear increasing trend with the growth in rotor eccentricity. As UMP and
B increase, the first- and second-order critical speeds of FR exhibit a clear decreasing trend.
Meanwhile, variations in these two factors also exert different influences on the vibration
amplitude induced by the mass imbalance response of the FR. Therefore, when designing
an active magnetically levitated flywheel energy storage system, the influence of motor
parameters on the vibration characteristics of FR should be taken into consideration.

Keywords: flywheel rotor (FR); permanent magnet synchronous motor (PMSM);
unbalanced magnetic pull (UMP); flywheel energy storage system (FESS); critical speed;
mass imbalance response

1. Introduction

A flywheel energy storage system (FESS) is an innovative physical energy storage
device that employs a high-speed rotating flywheel to store energy and realizes the conver-
sion between electrical energy and kinetic energy through a motor. It boasts the strengths
of a large energy storage capacity density, high charging and discharging capacity, fast
response speed, environmental friendliness, and long working life. In addition, it offers
excellent practical engineering application value [1-3].
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Motor design is a crucial task for the development of a FESS. Based on the applica-
tion requirements of the FESS, the motor should be capable of both electric and power
generation modes and possess high power, fast response speed, and high reliability. The
motors commonly applied in flywheel energy storage systems include permanent magnet
synchronous motors (PMSMs), induction motors (IMs), and switched reluctance motors
(SRMs) [4-6]. In FESSs, the motor rotor is often integrated into the flywheel rotor shafting.
When the flywheel rotor rotates, shafting vortex occurs in the motor rotor. This causes
misalignment between the rotor and stator of the motor. The electromagnetic interaction
between the motor rotor and stator not only generates torque but also produces a radial
attractive force. When the rotor is concentric with the stator, this radial attractive force is
balanced. However, when the rotor and stator are in a non-concentric state, unbalanced
magnetic pull (UMP) will be generated [7-9]. During the operation of the FESS, the motor
rotor is inevitably subjected to the action of UMP, which will further affect the vibration
properties of the FR [10,11]. Therefore, when designing the motor for FESSs, it is necessary
to investigate its operating performance and also consider the influence of UMP on the
vibration characteristics of the FR. In recent years, many scholars have conducted extensive
research on the design of flywheel energy storage system motors, the UMP in motors, and
the vibration properties of motor rotors.

Numerous investigations on the performance of motors in FESSs have been reported.
Liu et al. [12] achieved an improvement in the performance and a reduction in the loss of
an outer rotor ironless brushless DC motor by optimizing its magnetic poles and wind-
ings. Sun et al. [13-15] proposed a cup-shaped winding permanent magnet synchronous
motor (PMSM) applied to a large-capacity FESS that could effectively decrease the axial
height of flywheel and achieve an increase in the efficiency as well as a reduction in power
consumption of the FESS. Wang et al. [16] optimized the rotor structure of the permanent
magnet synchronous motor in a FESS, achieving a reduction in harmonic current and tem-
perature on the rotor, effectively avoiding irreversible demagnetization of the permanent
magnet. Chen et al. [17] designed a composite rotor of a PMSM with high speed for an
200 kW /20,000 rpm uninterruptible power supply flywheel energy storage system. This
composite rotor could suppress eddy current losses in rotor and solve the heat dissipation
problem. Li et al. [18] conducted multi-objective optimization on the structural parameters
of the high-speed surface-mounted permanent magnet synchronous motor (SMPSM) in a
magnetically suspended flywheel energy storage system, thereby improving the efficiency
of the SMPSM and reducing its weight and torque ripple. Jiang et al. [19] designed a dual
three-phase stator winding structure and auxiliary teeth for the PMSM used in FESSs,
ensuring the motor’s fault tolerant operation under a series of winding open circuit faults,
effectively reducing the current during winding short circuits, and thus improving the
operational stability of motor.

During research on the vibration characteristics of the rotor, the bearing parameters,
the frame support system, and the foundation excitation have important effects on the
vibration characteristics of the rotor [20,21]. In addition, the unbalanced magnetic pull
force of the motor has an important impact on the vibration characteristics of the rotor.
Li et al. [22] proposed an analytical calculation model for the eccentricity air gap magnetic
flux density in the slotted permanent magnet motor rotor that could quickly and accurately
determine the corresponding magnetic field and unbalanced magnetic pull force under
the condition of rotor eccentricity. Song et al. [23] adopted a FEM to study the UMP
distribution of a motor rotor under different eccentricity conditions. The investigation
revealed that the distributions of unbalanced magnetic pull force under static, dynamic,
and mixed eccentricities were strip shaped, concentric and circular, and eccentric tooth
shaped, respectively Zhang et al. [24] investigated the dynamic characteristics of the energy
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storage flywheel rotor when there was initial static eccentricity in the induction motor
rotor. The study suggested that the static eccentricity would change the displacement
waveform of the rotor as well as the shape and position of the axis trajectory. Furthermore,
the frequency components related to the stator rotating magnetic field appeared in the rotor
vibration spectrum, and new resonance peaks appeared in the acceleration response of
the rotor. Xu et al. [25] proposed an air gap length model considering static and dynamic
eccentricity and determined the UMP solution method. Subsequently, they established a
rotor dynamics model considering this UMP; they also studied the vibration responses
of the rotor under large and small relative eccentricity conditions. Liu et al. [26] reported
a rotor system dynamics model considering the mass eccentricity, position eccentricity,
angular eccentricity, as well as transverse electromagnetic torque of PMSM rotor, and
these researchers also studied the vibration response of the motor rotor. The research
indicated that various eccentricities of the motor rotor, unbalanced magnetic pull force,
and lateral electromagnetic torque would cause the radial and inclined vibration coupling
of the motor rotor. Hao et al. [27] built a dynamic model of the electric spindle system
and investigated the influence of factors such as internal motor parameters, rotor static
eccentricity, and bearing parameters on the dynamic characteristics of the spindle rotor. It
demonstrated that the variation in the static eccentricity of the rotor caused the amplitude
curve to exhibit complex nonlinear phenomena. Dai et al. [28] researched the nonlinear
dynamical characteristics of the PMSM rotor, revealing the affect patterns of the UMP and
mass eccentricity excitation on rotor vibration properties. Michon et al. [29] conducted a
study on the UMP of the rotor and stator in a large permanent magnet motor and the impact
of this force on the bearing’s load and lifespan. The results showed that the UMP had a
pronounced effect on the lifespan of bearing. Feng et al. [30] proposed a semi-analytical
method to describe the UMP force of a tilted eccentric rotor and its electromagnetic torque,
established a rotor dynamics model for the spindle bearing unit, and also explored its
dynamic displacement eccentric vibration response. The results demonstrated that the
coupling effect of the UMP, mass unbalance force, as well as bearing force had a significant
impact on the spindle bearing system.

Currently, although researchers have conducted relevant studies on the unbalanced
magnetic pull (UMP) of motors in FESSs and the impact of this force on rotor vibration
characteristics, there are relatively few investigations into the impact of motor UMP on
the vibration characteristics of the FR in active magnetic-suspended flywheel energy stor-
age systems. Therefore, this article first analyzes the characteristics of the UMP induced
by rotor eccentricity in motor and then explores the effect of UMP in the motor on vi-
bration characteristics of the rotor in an active magnetically levitated flywheel energy
storage system.

The layout of this article is arranged as follows: Part 2 introduces the permanent
magnet synchronous motor structure employed in the FESS and analyzes the variation
rules of the unbalanced magnetic pull (UMP) under various rotor eccentricities in the motor
using the finite element method. Furthermore, the unbalanced magnetic pull force (UMP)
is equivalently treated. Part 3 constructs the dynamic model of an active magnetically
suspended rigid flywheel rotor considering the UMP in the motor. Part 4 analyzes the
influence of the UMP on the critical speed and mass imbalance response of the FR. Part 5
introduces the experimental platform and the test procedure and compares the theoretical
values with measured data. Part 6 presents the conclusions of this paper.
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2. Analysis of Unbalanced Magnetic Pull Force Caused by Rotor
Eccentricity in a Permanent Magnet Synchronous Motor

2.1. Problem Description and Analysis

Permanent magnet synchronous motors (PMSMs) exhibit the strengths of fast response
and high efficiency, and these motors are highly suitable as an energy conversion component
for FESSs. Figure 1 displays the diagram of the radial cross-section structure for the PMSM
studied in this work. The stator of this motor is a six-slot structure, and the stator winding
adopts a three-phase winding form with a star connection. The permanent magnet rotor of
this motor is composed of four-pole permanent magnet patches, and a stainless steel sheath
is employed to secure the strength of the rotor structure. The permanent magnet patches
are radially magnetized rubidium iron boron permanent magnets. The magnetic poles on
the outer diameter surface of each permanent magnet patch are shown in Figure 1, where
N represents the positive pole and S represents the negative pole. In addition, when there
is a radial eccentricity rq between the rotor center O4 and the stator center O, the gap width
between the motor rotor and stator will exhibit an uneven distribution. A magnetic circuit
is formed between the rotor and the stator of the motor, and the magnetic flux density in
this circuit is related to the width of the air gap. On the side with a smaller gap width
(in the positive direction of r4), the magnetic field density in the air gap is higher, which
results in a greater attraction between the motor stator and the rotor; conversely, on the
side with a larger gap width (in the opposite direction of r4), the attraction between the
motor stator and the rotor is smaller. Therefore, when the motor rotor has an eccentricity
74, an unbalanced magnetic pull force F4 in the same direction as r4 will be generated in
the motor. The basic structural parameters for this motor are presented in Table 1.

Rotor

Permanent magnet
patche

Stainless steel
sheath

Winding

Stator

Figure 1. Planar structure diagram of this permanent magnet synchronous motor.

Table 1. Basic structure parameters of this PMSM.

Parameters Values
Inner/outer radius of rotor 25 mm/33.5 mm
Inner/outer radius of the permanent magnet 33.5 mm/38.5 mm
Inner/outer radius of stator 42 mm/80 mm
Axial dimensions of motor 82 mm
Remanent magnetic strength of the permanent magnet 117 T
The coercivity resistance of the permanent magnet 880 kA/m

During operation of the FESS, the flywheel rotor (FR) will generate vortex due to the
effect of the unbalanced mass. This causes the motor rotor integrated on the flywheel rotor
to produce radial displacement, thereby generating unbalanced magnetic pull (UMP). This
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will directly affect the vibration characteristics of the FR. In this paper, the flywheel rotor is
supported by electromagnetic bearings, which have lower support stiffness compared to
rolling bearings and sliding bearings. The impact of the UMP on the vibration characteris-
tics of the FR will be more prominent, thus it is necessary to explore the influence of this
UMP in the motor on the vibration characteristics of the active magnetically suspended
flywheel rotor.

This work first uses the finite element method (FEM) to analyze the variation rules
of the UMP rotor eccentricity and, on this basis, establishes a dynamic model of an active
magnetically levitated flywheel rotor considering the UMP. Then, the influence rules of the
magnitude and position of UMP in the motor on the vibration properties of FR are analyzed.

2.2. Analysis of Unbalanced Magnetic Pull Force in the Motor Based on the Finite Element Method

During the calculation of the magnetic field of the PMSM, it is assumed that the rotor
axis of the motor is parallel to its stator axis, and the end effects are ignored. The magnetic
field of the PMSM (as shown in Figure 1) is solved using the two-dimensional FEM, and
the resulting magnetic field cloud map is presented in Figure 2. Figure 2a demonstrates the
magnetic flux line distribution for this PMSM, from which it can be seen that no leakage
phenomenon appears. Figure 2b exhibits the corresponding magnetic flux cloud map, from
which it can be noticed that the maximum magnetic flux appears at the boundary between
each permanent magnet on the rotor. The magnetic field distribution for this permanent
magnet synchronous motor is reasonable, indicating that the structure design of this motor

is reasonable.
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Figure 2. Magnetic field distribution diagram of the PMSM: (a) Magnetic field line distribution;

(b) magnetic flux distribution cloud map.

According to the radial magnetic flux density in the air gap between the rotor and
stator of the motor, the radial force acting on the motor rotor, namely the unbalanced
magnetic pull (UMP), can be obtained. Set the eccentricity of the motor rotor to 0.1 mm
and 0.2 mm, respectively. Under these different eccentricity conditions, set the maximum
amplitude of the motor winding current to 0 A, 50 A, and 100 A, respectively. Then, the
variation curves of the motor UMP with the rotor rotation angle are obtained, as presented
in Figure 3a.

As can be observed in Figure 3a, when the rotor eccentricity rq is 0.1 mm and 0.2 mm,
the UMP of motor fluctuates around 22.5 N and 45 N, respectively. That is, the motor
UMP exhibits fluctuating changes with the increase in the rotor rotation angle. Thus, the
magnitude of the UMP is mainly affected by the rotor eccentricity r4. When the winding
current I, is 50 A and rq is 0.1 and 0.2 mm, respectively, the ratios of the fluctuation

https://doi.org/10.3390/act15080425


https://doi.org/10.3390/act15080425

Actuators 2026, 15, 425

6 0f 20

UMP(N)
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amplitudes of UMP to their average values both are about 5%. When I, is 100 A and rg4
is 0.1 and 0.2 mm, respectively, this ratio is about 10%. This means that the ratio of the
fluctuation amplitude of the UMP to its average value is related to the winding current I .
The larger I, is, the higher this ratio will be. When I, is small, the discrepancy between the
fluctuation amplitude of the UMP and its average value is relatively small. Therefore, when
the winding current of stator is small, the average value of the motor’s UMP that varies
with the rotation angle of rotor can be utilized to evaluate the unbalanced magnetic pull
force in the motor. The motor studied in this work belongs to the case where the winding
current is relatively small; thus, the variation in its UMP with the eccentricity of the motor
rotor can be obtained, as illustrated in Figure 3b.
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Figure 3. The variation curve of the UMP of motor rotor: (a) The variation in UMP with the rotation
angle of the rotor; (b) the variation in UMP with rotor offset.

Usually, the unilateral air gap of the radial magnetic bearing is small; in this study, it is
set at 0.3 mm. Therefore, the range of the rotor eccentricity r4 is determined to be 0-0.3 mm.
Figure 3b demonstrates the values of the UMP under different r4 as well as the curve (red
line) obtained by performing linear fitting on the values of UMP. Additionally, the linear
fitting expression is given in this figure. In addition, its fitting parameter R-Square (COD)
is 0.99979, which is close to 1, indicating a good linear fit. From this figure, it can be found
that the UMP of motor has a linear increasing trend as the rotor eccentricity increases,
which has a good consistency with the fitted straight line. Therefore, the UMP of motor can
be linearized, and it can be equivalent to the product of the motor stiffness and eccentricity.
Since the constant term of the fitting line expression shown in Figure 3b is very small, this
constant term can be omitted.
By rounding the slope of the fitting line, the unbalanced magnetic pull force UMP of
motor can be written as follows:
Fqg =kqrq 1)

where k4 is motor stiffness. Based on the linear fitting expression given in Figure 3b, the
stiffness parameter kq of the PMSM introduced in this paper is 2.2105 x 10° N/m.

The smaller the amplitude of the stator winding current is, the closer the unbalanced
magnetic pull force of the motor at each rotor angle is to its average value, that is, the
smaller the error between the motor stiffness and the motor UMP. Therefore, when the
current of the motor stator winding is smaller, the usability of the motor stiffness obtained
in this paper is better. This paper uses the motor stiffness k4 to measure the magnitude of
the UMP of motor and, based on this, conducts the dynamic modeling of the flywheel rotor.
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3. Dynamic Model Considering the Unbalanced Magnetic Pull Force
of Motor

As the rotational speed increases, the flywheel rotor (FR) will transition from a rigid
mode to an elastic mode. The supporting stiffness of the magnetic levitation bearing is
relatively lower compared to other types of bearings. In addition, electromagnetic bearing
is suitable for achieving suspension and control of rigid rotor, and the rotational inertia and
mass of the FR are both relatively large. Usually, the FR in an active magnetic levitation
flywheel energy storage system is designed as a rigid rotor (that is, the FR is in a rigid mode
within the design speed). Therefore, during the process of conducting dynamic modeling,
the flywheel rotor is assumed to be a rigid rotor.

In the active magnetically levitated flywheel energy storage system, the axial move-
ment of the FR is constrained by the axial bearing, and when the FR tilts, it will rotate
around the center of the axial bearing rotor. Therefore, a fixed coordinate system O-xyz is
built with the geometric center O of the axial bearing rotor under the initial equilibrium
position of FR as the origin. The corresponding force analysis diagram of the FR obtained
is given in Figure 4. This figure presents the force distribution of the FR and its relevant
structural parameters. Here, O is the geometric center of the axial bearing rotor; M denotes
the mass center of the FR without considering the unbalanced mass; Oy is the geometric
center of motor rotor; [, and I, denote the distances for the upper and lower radial bearings
relative to the FR mass center, respectively; I, and /4 are the distances of the axial bearing
and motor relative to FR mass center, respectively; w denotes the angular velocity of FR
(rad/s); and 6, 0y and My,, My, represent the rotation angle and torque of FR with respect
to the y- and x-axis, respectively. Additionally, considering that the tilt rotation angle 6 of
FR is relatively minor in magnitude, let sinf ~ 6, cosf ~ 1.

ZA

U
8

Faxu

F, ayu

-
-
hd

»

4 by

Figure 4. Diagram of force analysis of the flywheel rotor.

As demonstrated in Figure 4, the flywheel rotor is subjected to the support forces (Faxu,
Fayu, Faxi, F ayl) from the radial magnetic bearing, the mass unbalance force Fp,, the radial
bearing support moments (Max, May), and the mass unbalance moments (M, Mmy). In
addition, the rotational vortex of the FR will cause radial movement of the center O4 of
motor rotor, which leads to an uneven air gap and magnetic field distribution between the
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Cq =

stator and rotor. This causes an unbalanced radial force on the motor rotor (namely, the
unbalanced magnetic pull force F3) and unbalanced magnetic pulling force torque (Mg,
Mgy), which will directly affect the vibration characteristics of the flywheel rotor.

The supporting force F, exerted by the radial active magnetic suspension bearing on
the flywheel rotor can be expressed using equivalent dynamic stiffness k, and damping
ca. Here, the parameters of k, and ¢, for the active magnetic suspension bearing with PID
controller can be stated as follows [31]:

a =

7kiKSI<a 2 KyTqw? K,
(14+T%w?) (14 To*w?) [(1 = TeTow?) (Kp + 14:1Td2a:u2) +o(To+To) (¢ 1+waw2)] — kx @)
—k;KsKy K Kqw Kde(U
w(1+Ts?w?) (1+ Ta2w?) [< TsTa(U )( 1+ T42 wZ) (Ts + Ta)(Kp + 1+Td2w2)]

where k; and ky denote the stiffness coefficients of the current and displacement of the
electromagnetic force, respectively; Ky, Kj, and Ky denote the proportionality coefficient,
integral coefficient, and differential coefficient, respectively; K is displacement sensor
coefficient; K, is the power amplifier coefficient; T, Ta, and T4 denote the time constants of
the displacement sensor, power amplifier, and differential unit, respectively; and w denotes
the angular frequency of FR (rad/s).

Then, the forces exerted by the radial magnetic bearing on FR in x and y directions
(Fax and Fay), as well as the moments generated by the radial magnetic bearing mounted
on FR relative to the y- and x-axes (Max and May), can be stated as follows:

Fax = *kau‘xu(t) — Cau'jfu(t> —k al” X]( ) — Cal xl(t)

Fay = —kau-yu(t) — cauyy (t) — karyi(t) — cayy (t) 3)
Max = *la'(kau'xu(t) + Cau- xu( )) + Iy ( al’ xl( )
)

May = —la+(Kauyu(t) + cauyy (1)) + o (ka1 (¢

Cal'xl(t))
ca'¥(t))

T3

where xy(t) and yy(t) denote the position of the upper radial bearing rotor, which can be
written as xy(t) = x(t) + (la — 12)-0x(t) and yu(t) = y(t) + (la — 1)-0y(t), respectively; x(t)
and y)(t) denote the position of the lower radial bearing rotor, which can be written as
xi(t) = x(t) — (b + 12)-0x(t) and y1(t) = y(t) — (I, + 12)-0y(t), respectively; kay and cay are the
equivalent stiffness and damping of the upper radial bearing; k,; and c,) are the equivalent
stiffness and damping of the lower radial bearing; and x(t) and y(t) denote the position of
axial bearing rotor.

According to the expression of the motor unbalance magnetic pull force shown in
Equation (1), the unbalanced magnetic pull (UMP) force acting on flywheel rotor in the
directions of x and y (Fgx and Fqy), as well as the torque generated by the UMP on FR
relative to the y- and x-axes (M4x and Mgy), can be respectively stated as follows:

Fax = kg (x(t) — (I + 1q)-0x(t)

) — )
Fay = ka-(y(t) — (I +1q) -6y (1)) (4)

where k4 represents the motor stiffness, and /4 represents the distance between the motor
and FR mass center.

In addition, due to the presence of the unbalanced mass on flywheel rotor, a mass
imbalance force will be generated during its rotation, and the magnitude of this force varies
proportionally with the square of rotating speed. The mass imbalance force (Fmx and Fy)
acting on FR along the x and y directions, as well as the torque (Mmx, Mmy) generated by
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E
+ F

H

this mass imbalance force around the y- and x-axes on the flywheel rotor, can be expressed

as follows:
Fux = Uy (at 4 wp)? cos(0.5at2 + wot + ag)

Fuy = Uy (at + wp)? sin(0.5a12 + wot + ap)
My = — Uyl (at + wp)* cos(0.5a1% + wot + ap)
My = —Unlm(at + wp)? sin(0.5a12 + wot + ap)

)

where Uy, represents the mass imbalance quantity; I, denotes the axial spacing between
the unbalanced mass and FR mass center M; and &, wy, and a are the initial rotation angle,
initial angular velocity, and angular acceleration of the FR, respectively.

Based on Newtonian vector mechanics and the theorem of angular momentum and
by combining Equations (2)—(5), the dynamic mathematical model of the active magnetic
levitation rigid flywheel rotor considering the unbalanced magnetic pull (UMP) of the
motor can be acquired as follows:

0 A C x(t)
—mly y(#) N A C y(t)
Ox(t) B D Jolat+wo)® | | 6x(t)
Ja+ml? || by(r) B —Jplat+wo)? D By (t) ©
x(t) U ((at + w)? cos(0.5a2 + wyt + ap))
G y(t) | U ((at 4 wp)? sin(0.5at2 + wyt + a))
Ox(t) | | —Unlm((at + wp)? cos(0.5at2 + wot + ag))
H || 6() —UnIm ((at + wp)? sin(0.5at2 + wot + ag))

where A = cau + ca1; B = caula — callp; C = Cau(la - lz) - Cal(lb + lz)}

D= Caula(la - lz) + Callb(lb + lz); E = kau + ka1 — kq; F = kaula — kalp + kgla;

G =kaulla —I) —ka(lp +1,) + kq(lg +1,); and H = kaula(la — 1) + kalp (b, + 1) —
ka(lg +12)lg.

Furthermore, J4 is the equatorial moment of inertia of the flywheel rotor, and J, is the
polar moment of inertia of the flywheel rotor.

The dynamic model as shown in Equation (6) is appropriate for solving the vibration
characteristic parameters of the FR under the rigid body mode. This paper utilizes this
dynamic model to analyze the influence rule of the UMP on the vibration characteristics of
the active magnetic levitation rigid flywheel rotor.

4. The Influence of Unbalanced Magnetic Pull Force of Motor on the
Dynamic Characteristics of Active Magnetic Suspension Flywheel Rotor

The magnitude of the motor unbalanced magnetic pull (UMP) and its acting location
will affect the force state of the flywheel rotor (FR), thereby altering the vibration properties
of the active magnetically levitated flywheel rotor. The critical speed and mass imbalance
response are important manifestations of the vibration characteristics of flywheel rotor.
Therefore, this section explores the effect of the magnitude of motor UMP and its acting
location on the critical speed and mass imbalance response of FR employing the numerical
computation method.

4.1. Numerical Solution and Analysis of the Vibration Characteristic Parameters of FR

The structural and physical parameters for the FR are presented in Table 2. Addition-
ally, the parameters for radial active magnetic bearing are listed in Table 3. Substitute these
parameters into the dynamics model as shown in Equation (6), and solve this model using
the fourth-order Runge-Kutta numerical method. Here, the motor stiffness kq represents
the magnitude of the UMP in motor, and the motor position /4 (namely, the axial distance
between the motor and FR mass center) represents the location where the UMP acts. By
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adjusting the parameters of kg and l4, the variation curve of the vibration amplitude of
FR with speed can be obtained based on different UMP values and their acting positions.
Here, the initial angular velocity wg = 0.1 rad /s and angular acceleration a = 3 rad /s? are
determined in the solving process.

Table 2. Structural and physical parameters of FR.

Parameters Values
Mass of FR (m) 56 kg
Imbalance of FR (Uy,) 8.9152 x 1072 kg'm
Polar rotational inertia of FR (J;) 0.93 kg-m?
Equatorial rotational inertia of FR (J4) 1.14 kg'm2

Distance between the upper radial bearing and
FR mass center (I,)
Distance between the axial bearing and FR mass center () 0.145 m
Axial distance between the unbalanced mass and

0.282m

FR mass center (I,) 0.08 m
Distance between the lower radial bearing and 0273
273 m
FR mass center (I,)
Table 3. Parameters of the radial active magnetic bearing.
Parameters Values
Current stiffness coefficient of electromagnetic force (k;) —252.8 N/A
Displacement stiffness coefficient of electromagnetic force (k) 2.1 x 10° N/m
Power amplifier coefficient (Kj) 05A/V
Displacement sensor coefficient (Ks) 10,000 V/m
Time constant of power amplifier (T,) 1x1074
Time constant of displacement sensor (T’) 1x10°*
Time constant of differential element (Ty) 1x107*
Proportionality coefficient (K}) 2.05
Integral coefficient (Kj) 5x 107°
Differential coefficient (Ky) 5x 1074

When the stiffness kg of the motor and its position /gy are 0 N/m and 0 m,
2.5 x 10° N/m and 0 m, and 2.5 x 10° N/m and 0.2 m, separately, the obtained curves of
the FR’s vibration amplitude versus the speed at the radial bearing positions are presented
in Figure 5a,b. Figure 5a exhibits the amplitude curves of the FR at the position of its
upper radial bearing, and Figure 5b demonstrates the amplitude curves at the lower radial
bearing position.

From Figure 5a,b, it can be found that as the speed increases, there are two peaks
in the amplitude curves of FR under its upper and lower radial bearing positions. The
speeds at these two peak points stand for the first- and second-order critical speeds w.
and wy. of FR. As the motor is placed at the FR mass center (namely, /4 = 0 m), compared
with the case where kg = 0 N/m, when the motor stiffness kq is 2.5 x 10° N/m, the wi
significantly decreases, and the vibration amplitude of FR at its radial bearing position
significantly decreases under wj.. However, there is no significant change in wy. and its
vibration amplitude under this speed. This indicates that the existence of motor stiffness
(that is, the UMP in motor) has an obvious impact on the first critical speed wj. and that
the vibration amplitude corresponds to this speed.
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Figure 5. Under different motor stiffness k4 and position 4, the variation curves of the flywheel
rotor’s vibration amplitude versus speed at the positions of radial bearing are presented: (a) Ampli-
tude curves under the upper radial bearing position; (b) amplitude curves under the lower radial

bearing position.

In addition, under the condition that the motor stiffness k4 is 2.5 x 10° N/m, compared
to [q = 0, when the motor position /4 is 0.2 m, the w1, and wy. of FR both decrease, and wy,
exhibits a more obvious decreasing trend. Furthermore, below the first critical speed wj,,
the corresponding vibration amplitude at the upper radial bearing significantly decreases,
while that at the lower radial bearing significantly increases. Below the wy,, the vibration
amplitudes of FR at the upper and lower radial bearings both obviously decrease. This
demonstrates that the motor position /3, which is the location where the UMP acts, has an
obvious effect on critical speed of the FR and its vibration amplitude.

In addition, based on the displacement parameters (x, ) and tilt angle parameters (6x,
fy) of the FR, the vibration modes (namely, the motion trajectory of the axis of FR) of the
active magnetically levitated flywheel rotor at its first- and second-order critical speeds
w1 and wy can be obtained, as shown in Figure 6a,b. In this figure, the black straight line
represents the axis of the FR, the red curve shows the motion trajectory of the FR at its
upper radial bearing, the yellow curve denotes the motion trajectory at the mass center of
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FR, the green curve indicates the motion trajectory of FR at the position of motor, and the
blue curve represents the motion trajectory of FR at its lower radial bearing.

motion trajectory at the
upper radial bearing

axis of the FR

motion trajectory at
the FR mass center

T motion trajectory at
k i the motor —_—
p motion trajectory at the
lower radial bearing

(a) (b)

Figure 6. The vibration mode of FR: (a) Vibration mode at the first-order critical speed; (b) vibration

mode at the second-order critical speed.

As indicated in Figure 6a, the FR exhibits a translational vibration mode below the
critical speed wi.. Under this vibration mode, the critical speed of FR is closely related to
the radial support force. However, the existence of motor UMP (namely, the motor stiffness
kq) will directly change the radial support force of the FR, thereby exerting a significant
influence on wy.. In addition, Figure 6b shows that the FR presents a conical vibration
mode at the critical speed wy.. Below this vibration mode, the critical speed of the FR is
closely related to the supporting moment, while the changes of the UMP in motor and its
acting position will directly affect the supporting moment on the flywheel rotor, thereby
significantly influencing wp,.

In addition, under the translational vibration mode (this corresponds to the first-order
critical speed), the variation in the magnitude of UMP and its acting location will alter the
radial displacement and tilt angle of the FR; as these two factors increase, the vibration
amplitudes at the positions of the upper and lower radial bearings exhibit the same or
opposite tendencies. Under the conical vibration mode (this corresponds to the second-
order critical speed), the change in the UMP will alter the inclination angle of the FR. At
this time, as the inclination angle increases, the vibration amplitudes at the positions of the
upper and lower radial bearings present the same trends.

4.2. The Influence of Motor Unbalanced Magnetic Pull Force on the Critical Rotation Speed of the
Active Magnetic Suspension Flywheel Rotor

From the above analysis in Section 4.1, it can be concluded that the presence of the mo-
tor UMP will affect the vibration characteristics of the active magnetic suspension flywheel
rotor. Critical speed is one of the significant features of rotor vibration. Hence, this section
primarily explores the influence rules of the magnitude of motor UMP (characterized
by motor stiffness kq) and its acting position (characterized by motor position I3) on the
first- and second-order critical speeds (w1, and wy.) of the active magnetic suspension
flywheel rotor.

In order to quantify the position of the motor on the flywheel rotor shaft system, the
parameter of the motor position offset ratio j is defined. Its definition is as follows:

p=1d 7)
b

where /4 represents the distance between the motor and the mass center of FR, and , is the
distance from the lower radial bearing to the mass center of FR. For the flywheel energy
storage system studied in this paper, the motor is located between the mass center of FR
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and the lower radial bearing. The range of parameter § is between 0 and 1, and the larger
the B is, the greater the distance from the motor to the mass center of FR.

Under different motor position offset ratios 3, the curves showing the variation in
critical speed as motor stiffness kq are presented in Figure 7. Here, Figure 7a,b demonstrate
the curves of critical speeds wi. and wy. versus kg when the § is 0, 0.177, 0.355, 0.532,
and 0.709.
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£1000 1 £2100 1
el o
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(@) (b)

Figure 7. Curves of the critical speed of FR with kg and B: (a) Variation curves of the first-order
critical speed; (b) variation curves of the second-order critical speed.

As presented in Figure 7a, the changes in motor stiffness kg and its position offset ratio
B both have an obvious effect on the critical speed w1, of FR. With the increase in kq and
B, the wi. presents a declining tendency. It indicates that the rise of the UMP reduces the
first critical speed of FR. In addition, as the axial distance [ from the position of motor to
the FR’s mass center increases, the wi. also decreases. This is mainly because the direction
of the UMP is opposite to that of the radial bearing support force. Specifically, compared
to the stiffness of the radial bearing, the motor stiffness is a negative stiffness. The radial
support stiffness of the FR will decrease as the motor stiffness increases. Moreover, at the
critical speed wj, the FR exhibits a translational mode (as shown in Figure 6a), and the
critical speed under this vibration mode decreases with the decrease in its radial support
stiffness. Thus, as the magnitude of the UMP increases, the first critical speed presents a
decreasing trend. In addition, as the axial distance from the motor position and the FR mass
center increases, the UMP torque acting on the FR increases, which leads to an increase in
the inclined rotation angle of the FR. Due to the coupling between the radial motion and
inclined rotation of the FR, w1, demonstrates a decreasing trend with the increase in /4. In
the case where B is 0, 0.355, and 0.709 and when k4 = 2.5 X 10° N/m, the reduction in wi¢
is 13.7%, 14.6%, and 17.5%, respectively; when kg =5 X 10° N/m, wi. decreases by 30%,
34%, and 49%, respectively. From this, it can be seen that the influence of motor stiffness kq
on the critical speed w;. is greater than that of the motor position offset ratio § on wj..

Figure 7b shows that the changes in the motor stiffness k4 and its position offset ratio
B both have a significant effect on the second critical speed wy.. When = 0, the variation
in k4 has no clear influence on wj,.. However, when B # 0, wy. decreases as both kq and
B increase. This indicates that when the axial spacing l; is 0, the increase in the motor’s
UMP produces no distinct impact on the second critical speed; however, as [ and UMP
increase, the wy. decreases. This is because the FR exhibits a conical vibration mode under
the wy, as shown in Figure 6b. In this mode, the critical speed for FR primarily depends on
its supporting moment. When the axial spacing I4 is 0, the variation in the UMP shows no
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significant impact on the supporting moment. However, this supporting moment decreases
as I3 and UMP increase. This results in a reduction in the wy.. When kg = 2.5 x 10° N/m
and B is 0.355 and 0.709, the corresponding critical speed wy. declines by 1.4% and 5.9%,
respectively; furthermore, when kq =5 X 10° N/m, and B is 0.355 and 0.709, wy. decreases
by 2.6% and 10%, respectively. Thus, it can be seen that the effect of the motor stiffness
k4 on the second critical speed wy, is smaller than that of the motor position offset ratio
on wye.

From the above analysis, it can be concluded that the UMP in the motor and its acting
position will significantly reduce the critical speed of the FR. In addition, the variation in
the UMP exerts a more prominent impact on the first critical speed, while the change in its
acting position produces a more distinct influence on the second critical speed. Therefore,
during the process of an active magnetically levitated flywheel energy storage system
design, in order to accurately determine the critical speed of the FR and its operating speed
range, the effect of the UMP on the critical speed should be taken into account.

4.3. The Influence Rule of the Unbalanced Magnetic Pull Force of the Motor on the Mass Imbalance
Response of the Active Magnetic Levitation Flywheel Rotor

The mass imbalance response is a vital manifestation of the operational stability of
the flywheel rotor (FR), while the existence of the motor’s UMP will change the force
state of the FR, thereby affecting the mass imbalance response. As shown in the vibration
amplitude curves illustrated in Figure 5 of Section 4.1, the presence of the UMP produces a
significant effect on the vibration amplitude under critical speed. However, after the second
critical speed, this vibration amplitude does not change significantly with the alteration in
the motor stiffness k4 and the motor position /4. Therefore, this part mainly discusses the
change rules of the mass imbalance response for the FR under critical speed along with
the variation in the UMP. Here, the motor position offset ratio B is adopted to quantify the
axial position of this motor mounted on the FR, and 8 =14/1}.

Under different B values at critical speeds, the calculated curves for vibration ampli-
tude of FR at positions of its radial bearings versus k4 are presented in Figure 8a,b. Among
them, under the critical speed w1, when B is 0, 0.354, and 0.709, separately, the curves for
the vibration amplitude (AL, A[€) at the upper and lower radial bearing positions versus
k4 are displayed in Figure 8a; meanwhile, under the critical speed wy, the corresponding
curves for vibration amplitude (A%, A¥) are presented in Figure 8b.

Figure 8a reveals that the variations in motor stiffness k4 and its position offset ratio
B both have a significant impact on the vibration amplitude for FR at the positions of its
radial bearing below the first critical speed wj.. The vibration amplitude A for FR at its
upper radial bearing position decreases as kq and p increase. However, the trend of its
vibration amplitude A[° at the lower radial bearing position with kg is related to B. As
B increases, the variation trend in A{ with k4 changes from gradually decreasing to first
increasing and then decreasing. This indicates that as the UMP and the axial distance /4
increase, the vibration amplitude at its upper radial bearing position decreases; however,
its vibration amplitude at the lower radial bearing position shows different variation trends
with the increase in I3 as the UMP changes. When /4 is small, the amplitude maintains a
decreasing trend. However, as /4 increases, this evolves into a trend of first increasing and
then decreasing. This is mainly because as the UMP and its axial distance [4 increase, the
w1 decreases. This will lead to a significant reduction in its mass imbalance force at the
speed of wy, thereby causing a decrease in the vibration amplitude (AL and A{°) under
the position of the radial bearings. However, the increase in UMP and /4 will lead to a
reduction in the radial support force imposed on FR, which will cause an increase in AL
and A{°. Additionally, the variation in the motor position will affect the support torque of
FR. This will change the tilt angle of the FR; thus, the variation in the vibration amplitude
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at the upper and lower radial bearing positions exhibits different trends. The variation
pattern of the vibration amplitude at the position of radial bearings is a manifestation under
the combined effects of various factors. Among them, in the case where § is 0, 0.355, and
0.709 and when k4 = 2.5 x 10° N/m, Allf decreases by 13.7%, 24.5%, and 33.1% respectively,
and Al shows decreases of 14% and 2.6% as well as an increase of 7.4%, respectively.
When kg =5 x 10° N/m, Allf decreases by 30.1%, 49.8%, and 82%, respectively, and the
corresponding Al° presents a decrease of 30.4%, 18.8%, and 29.9%, respectively. From this,
it can be seen that both the motor stiffness kg and its position offset ratio 8 have a distinct
effect on the vibration amplitudes Al¢ and Al°.
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Figure 8. Under the critical speed, the FR’s vibration amplitude curves at the positions of its upper
and lower radial bearings along with k4 and B: (a) Amplitude curves below the wy; (b) amplitude
curves below the wy.

In addition, as presented in Figure 8b, when = 0, the change in motor stiffness kg4
has no clear effect on the vibration amplitudes (A% and Alzc) under the position of the
upper and lower radial bearings below the critical speed wy.. However, when 8 # 0, both
A2¢ and Al2C decrease with the increase in k4 and B, and their decreasing trends become
more obvious as 8 increases. This means that when the axial spacing /4 is 0, the increase
in the motor’s UMP has no significant effect on the vibration amplitudes (A% and A%) at
the radial bearing positions below the speed of wj; however, both A% and A?° decrease
with the increase in I3 and UMP. This is noted because when l4 is 0, the change in UMP
has no obvious effect on the supporting moment of FR and its second critical speed wj,.
However, as UMP and /4 increase, the wy, of the FR declines, causing a reduction in the
mass imbalance moment acting on the FR under the speed wj.. This leads to a decrease in
the vibration amplitude at the position of the radial bearings under the speed wy.. Although
as the UMP and /4 increase, the supporting moment of the FR decreases, which will lead
to a rise in FR vibration amplitude. The reduction in vibration amplitude caused by the
decrease in the mass unbalance moment at the speed wj. is more significant. Therefore,
below the critical speed wj,, the vibration amplitudes of FR under its upper and lower
radial bearing positions exhibit a decreasing trend. In the case where § is 0.355 and 0.709
and when kg = 2.5 x 10° N/m, A% decreases by 12.4% and 25.2%, respectively, and Alzc
decreases by 18.6% and 33.8%, respectively. When kq = 5 x 10° N/m, A% decreases by
23.6% and 64.3%, respectively, and A decreases by 33.1% and 71%, respectively. Thus, it
can be seen that both the kq and  produce an obvious effect on the vibration amplitudes
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AZ and A%, and the impact of these two factors on vibration amplitude at the lower radial
bearing position is greater than that at the upper radial bearing position.

The above analysis reveals that the magnitude of the UMP and its acting location
produce a significant impact on the vibration amplitude induced by the mass imbalance
response of the FR under the critical speed. Reasonable motor parameter design can reduce
the vibration amplitude of FR under its radial bearing positions at the critical speed, which
helps the flywheel rotor to stably cross the critical speed range. However, the existence of
UMP in the motor will reduce the overall support stiffness of the FR. When the flywheel
energy storage system is subjected to external excitation, the running reliability of the
active magnetically levitated flywheel rotor will be affected to some extent. Therefore, in
the process of investigating the operational stability of the active magnetically levitated
flywheel rotor under external excitation, the influence of the UMP in the motor should
be considered.

5. Experiment
5.1. Experimental Setup

The experimental testing platform and its components are given in Figure 9. Figure 9a
demonstrates the prototype of the active magnetically levitated flywheel energy storage
system. The stator and controller of motor in this prototype are respectively shown in
Figure 9b,c. The flywheel rotor adopts a vertical support structure, and both its radial and
axial supports are equipped with active magnetic suspension bearings. Among them, the
motor is the permanent magnet synchronous motor (PMSM) studied in this work, and it is
driven and controlled by a frequency converter. This motor is located between the flywheel
and the lower radial electromagnetic bearing, and the distance /4 between it and the mass
center of FR is 0.111 m.

Figure 9. Experimental test platform: (a) Prototype of vertical active magnetically levitated flywheel
energy storage system; (b) motor stator; (c) motor controller.

During the experimental testing process, the voltage signals from the eddy current
displacement sensor of the radial active magnetically levitated bearing are collected using
the PXI data acquisition system (sampling frequency is 3000 Hz). Converting the gathered
signals based on the transformation relation between the voltage and displacement of
the displacement sensor, the vibration amplitude signals of FR under the position of
its radial bearings can be acquired. By conducting frequency domain analysis on these
vibration signals, the vibration amplitude of FR at different speeds can be obtained; thus,
the corresponding experimental vibration amplitude curve of the FR can be obtained.
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5.2. Analysis of Theoretical and Experimental Test Results
The vibration amplitudes (Aj, A}) of FR under the position of its upper and lower
radial bearings obtained from the experimental tests are shown in Figure 10 as the red
curve. The theoretical calculation results of the amplitude values (Af,, A{) of FR without
considering the UMP are shown in Figure 10 as the blue curve. Moreover, when considering
the UMP in the motor, the corresponding theoretical results for the amplitudes (Ad, Af)
of FR under its upper and lower radial bearing positions are exhibited in Figure 10 as the
pink curve.
5 -5
6.0 L1 . : 6010 . .
t
_Au AI
50+t P 50F 4
- —_ 4
g | _ g
< 4.0 < 40+t Ale .
< <
£ 3.0 £
= 30r . _a 3.0+ -
g g
< 20} . < 20l i
1.0} . 1.0 4
0.0 . L 0.0 1 L 1
0 4000 6000 8000 0 2000 4000 6000 8000
Speed(rpm) Speed(rpm)
(a) (b)

Figure 10. Theoretical calculation and experimental test results of the FR vibration amplitude under
the position of its radial bearings: (a) Vibration amplitude at the position of the upper bearing;
(b) vibration amplitude at the position of the lower bearing.

Figure 10 shows that the experimental as well as theoretical calculation vibration
amplitude curves for FR under its radial bearing positions have a certain deviation in
numerical values, but their overall trend of change has a good consistency. Among them,
the measured results for the FR'’s first- and second-order critical rotational speeds are
1165 and 2155 rpm, respectively. When the UMP is not considered, the corresponding
theoretical results are 1278 and 2238 rpm, respectively. These values are slightly larger than
the experimental ones, and the relative deviations among them and the testing results are
9.7% and 3.8%, respectively. When considering the UMP of the motor, the corresponding
theoretical results are 1115 and 2202 rpm, respectively, and the relative errors between them
and the experimental results are 4.3% and 2.2%, respectively. In addition, in theoretical
calculations, when considering the UMD, the first-order critical speed decreased by 163 rpm,
while the second-order critical speed decreased by 36 rpm, indicating a significant difference
in the changes between these two critical speeds. This is mainly because the factors affecting
the first and second critical speeds are different. Among them, the first critical speed is
closely related to the mass of the FR and its radial support force, while the second critical
speed is related to its equatorial moment of inertia and support torque.

From this, it can be evident that when considering the UMP in the motor, the relative
error among their calculated and tested results is smaller. Furthermore, when taking into
account the UMD, the calculated vibration amplitudes are more closer to their experimental
results. This verifies the correctness of the theoretical model established in this paper and
the validity of the conclusions obtained from this investigation. In addition, there are some
deviations between the theoretical model and the experimental system that ignore the
three-dimensional effects of the magnetic field in motor and the stiffness of the foundation
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frame. This will lead to some errors, and in future research, the theoretical model can be
further improved to reduce errors.

6. Conclusions

This paper primarily investigated the influence of the motor UMP on the vibration
characteristics of the FR in an active magnetically suspended flywheel energy storage
system. The variation rules for the UMP caused by rotor eccentricity in a permanent magnet
synchronous motor (PMSM) adapted to FESS were analyzed using the finite element
method. On this basis, a dynamic model of the magnetically suspended rigid flywheel
rotor taking into account the UMP was constructed, and the impact of the magnitude of
this motor UMP and its acting location on the vibration properties of FR was explored.
Furthermore, the correctness of the theoretical results was verified using experiments. The
conclusions obtained from this investigation were as follows:

1. The unbalanced magnetic pull (UMP) in the PMSM increased as the rotor eccentricity
increased. The magnitude of this UMP fluctuated with the increase in the rotor
rotation angle; however, this fluctuation amplitude was relatively small compared to
the value of the motor UMP. Overall, the UMP presented a linear increase trend with
the increase in rotor eccentricity.

2. The first- and second-order critical rotational speeds of the active magnetic suspension
flywheel rotor both decreased as the motor UMP and its axial position offset ratio 5
increased. When the motor stiffness kq was 2.5 x 10° N/m and the offset ratios  were
0.354 and 0.709, the first critical speed decreased by 14.6% and 17.5%, respectively,
and the second critical speed decreased by 1.4% and 4.8%, respectively. Moreover,
the size of the motor UMP and its acting location also had a significant effect on the
vibration amplitude induced by the mass imbalance response of the FR.

3. When considering the UMP in the motor, the calculated results for the vibration
characteristics of the active magnetic suspension flywheel rotor were more similar
to the measured ones, which validated the correctness of the established theoretical
model and the conclusions obtained in this paper. During the analysis of the rotor
vibration characteristics of an active magnetically suspended flywheel energy storage
system, the impact of the motor UMP should be taken into account.
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