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Abstract 

The current research of supporting and transmission system in flywheel energy storage system (FESS) focuses on the 
low consumption design. However, friction loss is a non-negligible factor in the high-speed but lightweight FESS 
energy and momentum storage with mechanical-type supporting system. In order to realize the support system 
without mechanical loss and to maximize the efficiency of the flywheel battery, a permanent magnet biased mag-
netic bearings (PMBMB) is applied to the FESS with the advantages of low loss, high critical speed, flexible control-
lability and compact structure. In this frame, the relevant research of three degrees of freedom (3-DOF) PMBMB for a 
new type FESS is carried out around the working principle, structural composition, coupling characteristics analysis, 
mathematical model, and structural design. In order to verify the performance of the 3-DOF PMBMB, the radial force 
mathematical model and the coupling determination equations of radial two DOF are calculated according to an 
equivalent magnetic circuit, and radial–axial coupling is analyzed through finite element analysis. Moreover, a control 
system is presented to solve the control problems in practical applications. The rotor returns to the balanced position 
in 0.05 s and maintains stable suspension. The displacement fluctuation is approximately 40 μm in the y direction and 
30 μm in the x direction. Test results indicate that the dynamic rotor of the proposed flywheel energy storage system 
with PMBMB has excellent characteristics, such as good start-of-suspension performance and stable suspension char-
acteristics. The proposed research provides the instruction to design and control a low loss support system for FESS.
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1  Introduction
The year 2015 was an extraordinary one for renewable 
energy, with the largest global capacity additions seen 
to date [1]. The year saw several developments includ-
ing a dramatic decline in global fossil fuel prices; a series 
of announcements regarding the lowest-ever prices 
for renewable power long-term contracts; a significant 
increase in attention to energy storage; and a historic cli-
mate agreement in Paris that brought together the global 
community. Renewables are now established around 
the world as mainstream sources of energy [2, 3]. Rapid 
growth, particularly in the power sector, is driven by sev-
eral factors, including the improving cost-competiveness 

of renewable technologies, dedicated policy initiatives, 
better access to financing, energy security and environ-
mental concerns, growing demand for energy in develop-
ing and emerging economies, and the need for access to 
modern energy [4]. However, the challenges still remain, 
particularly beyond the power sector. The development 
of renewable energy technologies can be used to relieve 
or solve the dependence on traditional energy sources. 
Before the renewable energy technologies are widely 
applied, it is necessary to develop the energy storage 
technology to improve energy efficiency especially in the 
fields of renewable energy, distributed power generation, 
electric vehicles, and so on.

Flywheel energy storage system (FESS) is an energy 
storage device [5] with long life, high energy storage den-
sity, and low rotational loss; thus, it is considered the 
most competitive and promising energy storage technol-
ogy and has received attention from scholars recently [6, 
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7]. FESS stores mechanical energy [8] that is converted 
into electrical energy in a manner analogous to that of 
electrochemical batteries [9] with chemical energy. The 
materials for the flywheel, the type of electrical machine, 
the type of bearings, and the confinement atmosphere 
determine the energy efficiency [10] (>85%) of flywheel-
based energy storage systems. A flywheel system stores 
mechanical energy that interchanges in the form of elec-
trical energy by means of an electrical machine/generator 
with a bidirectional power converter.

For fully integrated flywheel battery, compact structure, 
low scattering and high efficiency are the main consid-
eration of design objectives. Friction loss is a  non-neg-
ligible  factor in the high-speed but lightweight flywheel 
energy storage system (FESS) for energy and momentum 
storage with mechanical-type supporting system [11, 12]. 
In order to realize the support system without mechani-
cal loss [13, 14], to maximize the efficiency of the flywheel 
battery [15], permanent magnet biased magnetic bear-
ings (PMBMB) is applied to the FESS with the advantages 
of low loss, high critical speed [16], flexible controllabil-
ity and compact structure [17]. Compared with the active 
magnetic bearing, the heat loss is smaller, the structure is 
more compact, and the reliability is higher in FESS with 
the PMBMB supporting system [18, 19].

The flywheel rotor in FESS is rotated by an electric 
machine operating as a motor at electric energy storage 
mode. In the case of a breakdown of electric current, the 
flywheel rotor rotated by its inertia under vacuum condi-
tions makes the electric machine operate as a generator 
[20]. As the core of an energy conversion unit, the type 
of motor/generator utilized for high-power FESS exerts a 
significant effect on the overall performance of an energy 
storage device [21]. Reliable, fail-safe, robust, compact, 
and low-cost electric motors are needed for FESS with 
high temperatures or extreme temperature variations. 
The bearingless switched reluctance motor (BSRM) [22, 
23] possesses these characteristics. Given that the struc-
ture of MB is similar to that of the stator of a switched 
reluctance motor (SRM), bearing-less technology is 
applied to SRM to fully enhance its high-speed perfor-
mance [24, 25]. BSRM can not only rotate but also real-
ize two DOF levitation [26, 27] by integrating a magnetic 
levitation winding into the motor stator. Conventional 
MB are a source of energy losses and require lubrication 
to relieve mechanical friction. High rotational speed of 
the flywheel rotor in motoring mode generally leads to 
large friction loss because of wearing. A solution  is to 
select a three DOF hybrid magnetic bearings (HMB) [28] 
with low suspension power consumption.

In this study, a permanent magnet biased MB 
(PMBMB) that is among the most recommended HMB 
for reducing cost and consumption is utilized as a three 

DOF MB that can produce a biased magnetic field with 
minimal winding. The rotor system is frequently sup-
ported by DC active magnetic bearings and a magnet-
ized permanent magnet. Power amplifiers (e.g., linear 
and switching power amplifiers) can drive a DC magnetic 
bearing. Thus, a five DOF levitation system can be real-
ized with PMBMB and BSRM. This study focuses on a 
theory of design and analysis for a three DOF PMBMB. 
First, the working principle of PMBMB is introduced, 
and a method of structural parameter design is proposed. 
Second, the radial force mathematical model and the 
coupling determination equations of radial two DOF are 
derived based on an equivalent magnetic circuit. Finally, 
radial–axial coupling is analyzed through finite element 
analysis, and the theoretical analyses are verified based 
on the experimental results of the test facility.

2 � New Type of FESS
One of the key technologies of FESS is its supporting 
technique, which can not only support the operation of 
the flywheel (making it operate stably) but also reduce 
the size of the flywheel rotor. At present, the types of sup-
porting parts are mechanical, superconducting MB, elec-
tromagnetic suspension, and permanent  MB support. 
Figure 1 shows a new type of FESS with the characteris-
tics of short axial length, compact structure, flexible con-
trol strategy, and minimal loss.

The new FESS mainly consists of a bearing-less motor, 
a three DOF PMBMB, and an auxiliary bearing. The 
bearing-less motor is a single-winding bearing-less fly-
wheel motor (SWBFM) [29] with the advantages of low 
loss, high specific power and fault-tolerant performance 
which is improved from the structure of BSRM.

Figure  2(a) shows the configuration of a three DOF 
PMBMB (the axial control coils are hidden in active 

Auxiliary bearing
Shaft

Flywheel

SWBFM

3-DOF PMBMB
Figure 1  Structure of the flywheel device



Page 3 of 10Yuan et al. Chin. J. Mech. Eng.            (2019) 32:3 

view), and its magnified view is shown in Figure  2(b) 
(axial and radial control coils are hidden in active view). 
The PMBMB consists of a radial stator with four poles, 

four radial control coils, a rotor laminator, an axial sta-
tor with two radial control coils, and an axial magnetized 
permanent magnet (PM).

If the rotor is suspended in an equilibrium position, 
only biased flux is generated by the PM circuits in MB. 
Once the rotor diverges from the equilibrium position, 
control flux is added to biased flux. Consequently, static 
biased and control fluxes are synthesized through addi-
tion and subtraction. The resultant force generated by the 
synthesized magnetic flux suspends the rotor in the equi-
librium position.

The operation principle of the radial force of the 3-DOF 
PMBMB is introduced in Figure 2(c). The φxm produced 
by radial control coils is the control magnetic flux in the 
x-direction, and φm is the bias magnetic flux produced by 
PM.

Given the symmetrical structure of PMBMB, φm is a 
constant in the positive and negative x-directions. If the 
rotor is pushed in the negative x-direction by an exter-
nal force, then the length of the air gap increases and 
φxm decreases in the positive x-direction. The length of 
the air gap decreases when φm increases in the negative 
x-direction. φm can be produced by radial control coils to 
strengthen the φm in the positive x-direction and balance 
the magnetic flux.

According to the symmetric structure of PMBMB, φm 
is a constant in x positive and x negative directions. If 
the rotor lamination moves toward the x negative direc-
tion because of a external force acting on it, φm would 
decrease in the x positive direction because of the 
increased length of air gap. Similarly, φm increases in the 
x negative direction. φxm can be produced by radial con-
trol coils to strengthen the φm in the x positive direction 
to balance the magnetic flux in the x negative direction.

3 � Parameter Design of PMBMB
A method for the parameter design of PMBMB was 
developed. The design goal is that the maximum value 
of axial levitation force is 200 N, whereas the maximum 
value of radial levitation force is 100 N. The inside diam-
eter of the rotor lamination is 37 mm, the outer diameter 
is 49 mm, and the axial  length is 18 mm. The structure 
of the rotor lamination is shown in Figure 3, where ri is 
the inside diameter, rj is the outer diameter, and l is the 
axial length. Sz is defined as the sectional area of the axial 
magnetic pole, and Sxy is defined as the sectional area of 
the radial magnetic pole (ri, rj, and l are regarded as given 
variables).

3.1 � Calculation of Equivalent Magnetic Circuit for PMBMB
The equivalent magnetic circuit of PMBMB is shown 
in Figure  4. Gz1 and Gz2 are defined as the magnetic 
conductance of the axial air gap, Nz is defined as the 

Rotor lamination

Radial control coils

Annular permanent magnet

 Radial  stator

Axial stator
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c

Configuration of a three DOF PMBMB

 Annular permanent magnet Radial stator

Axial stator
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Magnified view of a three DOF PMBMB
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y

Schematic of radial force
Figure 2  Schematics of a three DOF PMBMB
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number of the axial control coils, and iz is defined as 
the current of the axial control coils. Gx1, Gx2, Gy1, and 
Gy2 are defined as the magnetic conductance of the 
radial air gap, and Nxy is defined as the number of radial 
control coils. ix and iy are the current of the radial con-
trol coils. φs is the leakage magnetic flux, and Gs is the 
leakage magnetic conductance. Fm is the magnetomo-
tive force produced by PM. The relationship among Gx1, 
Gx2, Gy1, Gy2, Gz1, and Gz2 can be expressed as follows:

 
In a balanced position, gz is defined as the axial length 

of the air gap, and gxy is defined as the radial length of 
the air gap. x and y are the values of displacement in the 
radial direction, and z is the value of displacement in 
the axial direction. Thus, magnetic conductance can be 
written as follows:

(1)











Gx = Gx1 + Gx2 ,
Gy = Gy1 + Gy2 ,
Gz = Gz1 + Gz2 ,
Gg = Gx + Gy + Gz .

The magnetic flux can be obtained as

Fx is defined as the levitation force in the x direction, 
Fy is levitation force in the y direction, and Fz is levitation 
force in the z direction (axial direction). Thus, Fx, Fy, and 
Fz can be expressed as

When the rotor lamination is at the balanced posi-
tion, the magnetic induction intensity on one side of the 
PMBMB should be increased to the maximum value, 
defined as Bs, to produce the maximum value of levitation 
force. Correspondingly, the magnetic induction intensity 
on the other side of the PMBMB should be decreased to 
zero. In this study, the value of Bs is 1.2 T. Thus, the maxi-
mum value of levitation force can be derived as

(2)















Gx1 =
µ0Sxy
gxy−x , Gy1 =

µ0Sxy
gxy−y ,

Gx2 =
µ0Sxy
gxy+x , Gz1 =

µ0Sz
gz−z ,

Gy2 =
µ0Sxy
gxy+y , Gz2 =

µ0Sz
gz+z .

(3)

φx1 = [FmGz − Nziz(Gz1 − Gz2)− Nxyiy(Gy2−

Gy1)− Nxyix(Gz + 2Gx2 + Gy)]/[Gg/Gx1],

(4)

φx2 = [FmGz − Nziz(Gz1 − Gz2)− Nxyiy(Gy2−

Gy1)+ Nxyix(Gz + 2Gx1 + Gy)]/[Gg/Gx2],

(5)

φy1 = [FmGz − Nziz(Gz1 − Gz2)− Nxyix(Gx2−

Gx1)− Nxyiy(Gz + 2Gy2 + Gx)]/[Gg/Gy1],

(6)

φy2 = [FmGz − Nziz(Gz1 − Gz2)− Nxyix(Gx2−

Gx1)+ Nxyiy(Gz + 2Gy1 + Gx)]/[Gg/Gy2],

(7)

φz1 = [Fm(Gx + Gy)− Nziz(Gx + 2Gz2 + Gy)+

Nxyix(Gx2 − Gx1)− Nxyiy(Gy2 − Gy1)]/[Gg/Gz1] ,

(8)

φz2 = [Nziz(Gx + 2Gz1 + Gy)− Nxyiy(Gy2 − Gy1)

+Fm(Gx + Gy)+ Nxyix(Gx2 − Gx1)]/[Gg/Gz2].

(9)



















Fx =
φ2
x1−φ2

x2
2µ0Sxy

,

Fy =
φ2
y1−φ2

y2

2µ0Sxy
,

Fz =
φ2
z1−φ2

z2
2µ0Sz

.

ir
jr

l

Figure 3  Rotor lamination of PMBMB
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The results of Eq. (10) are Sz = 350 mm2 and Sxy = 175 
mm2.

3.2 � Design of Radial and Axial Poles
The design goal is as follows: the duty ratio of radial poles is 
0.5, defined as f; the number of radial poles is 4; the length 
of air gap is 0.5 mm; and the maximum value of radial levi-
tation force is 100 N. bp, hp, and l1 are the width, length, and 
height of the radial pole, respectively. tp corresponds to the 
arc length. The relationship of structure size is expressed as

Thus,

where the value of φ1 is 0.9 and the value of φ2 is 0.6.
From Figure 5, the structure parameters can be derived 

as R1 = 22.5 mm, R2 = 20 mm, d1 =  d3 = 4 mm, and d2 = 2 
mm.

3.3 � Parameter Design of PM
For an annular PM that is radially  magnetized, Dp is the 
inside diameter, Tp (3 mm) is the magnetization thickness, 
and Lp is the axial length. When hp is derived, Dp is also 
derived. Bp and Hp are the parameters of the working point 
according to the B–H curve. The relationship between Bp 
and Hp can be expressed as

where μp is the magnetic permeability and μp = Br/H. Br 
is the residual flux density.

where Sp is the cross-sectional area of PM. Thus, the 
value of Lp is 8 mm. The number of windings can be writ-
ten as follows:

(10)















2Fxym =
B2s Sz
2µ0

,

Fzm =
B2s Sz
2µ0

,

Fxym =
B2s Sxy
2µ0

.

(11)

{

f =
ntp

2π(rj+g1)
,

bp = 2(r + g1) sin
tp

2(r+g1)
.

(12)

{

bp = 2(r + g1) sin
f π
n ,

Sxy = ϕ1bpl1, hp =
2Sxy
bpϕ2

,

(13)Bp = −µpHp + Br,

(14)







HpTp =
2B0g0
µ0

, B0 =
Bs
2 ,

Sp =
φm
Bp

, Lp =
Sp

π(D1p+
Tp
2 )

,

Hence, the value of Nxy and Nz is 120, and the rated 
current is 4 A.

3.4 � Finite Element Analysis of PMBMB
The finite element model of PMBMB was analyzed with 
Ansoft. The magnetic flux density distribution of the 
radial stator and rotor is shown in Figure 6.

The magnetic flux density distribution when the rotor is 
at the balanced position and the value of i is zero is shown 
in Figure  6(a). The bias magnetic field line produced by 
PM is a closed loop in radial poles, RL, and air gap. The 
magnetic flux density distribution in the x and y direc-
tions is symmetrical. Thus, the resultant force is zero.

The magnetic flux density distribution when the rotor 
is at the balanced position and the value of i is maximum 
(4 A) is shown in Figure 6(b). The radial levitation force 
in x positive (108 N) and y negative directions (− 110 N) 
can be produced without magnetic circuit saturation. The 
value of Fx is 108 N, the value of Fy is − 110 N, and the 
value of Fz is 204 N, which meet the design requirements.

4 � Coupling Analysis of PMBMB
The analysis of PMBMB focused on radial two-DOF cou-
pling and radial–axial coupling.

4.1 � Numerical Analysis for Radial Two‑DOF Coupling
The air gap reluctance is less than the circular PM reluc-
tance, and the control magnet flux produced by radial coil 
does not pass through the PM and the magnetic circuit of 

(15)Ni =
B0g0

µ0
.

1R
2R

1d

2d

3d

Figure 5  Structure of the axial stator
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magnetic flux leakage. The equivalent magnetic circuit of 
the radial control magnetic field is shown in Figure 7. The 
i1 and i2 are the current of radial coils.

According to the  loop and node equations, the mag-
netic flux is as follows:

In extreme cases, the eccentric displacement of the 
rotor is approximately 1/10 of the air gap length:

where Gxy is the magnetic conductance of the radial air 
gap in the balanced position. The coupling determination 
equations of radial two DOFs are

According to Eq. (18), the magnetic flux of the air gap 
in the x direction produced by the control coil of the y 
direction is approximately 1/20 of the magnetic flux pro-
duced by the control coil of the x direction. Similarly, the 
magnetic flux of the air gap in the y direction produced 
by the control coil of the x direction is approximately 
1/20 of the magnetic flux produced by the control coil of 
the y direction. Thus, the mutual coupling of magnetic 
flux in the radial two DOFs (x and y directions) can be 
ignored.

4.2 � Finite Element Analysis of Radial–Axial Coupling
The relationship of radial–axial coupling is present in 
Figure  8. The relationship among radial control current 
ix, displacement in the z direction, and radial levitation 
force Fx is shown in Figure 8(a). The rotor is at the bal-
anced position in x and y directions, and the value of 
control current in x and y directions is zero. Figure 8(a) 
indicates that when the axial displacement in the z direc-
tion fluctuates within [− 0.2 mm, 0.2 mm], almost no 
influence is exerted on Fx because of the axial displace-
ment. However, the edge area  is nonlinear. Accordingly, 
the current stiffness coefficient is not the same in the lev-
itating stage and at the balanced position.

The relationship among radial control current iz, dis-
placement in the x direction, and radial levitation force 
Fx is shown in Figure  8(b). The rotor is at the balanced 
position in z and y directions, and the value of control 

(16)



































φ1 =
Ni1(G2+2G3+G4)+Ni2(−G4+G2)

1+
G2
G1

+
G3
G1

+
G4
G1

,

φ2 =
Ni1(G1−G3)+Ni2(2G4+G1+G3)

1+
G1
G2

+
G3
G2

+
G4
G2

,

φ3 =
Ni1(2G1+G2+G4)+Ni2(G4−G2)

1+
G1
G3

+
G2
G3

+
G4
G3

,

φ4 =
Ni1(G3−G1)+Ni2(2G2+G1+2G2)

1+
G1
G4

+
G2
G4

+
G3
G4

.

(17)
{

G1 = G2 = 11Gxy/10,

G3 = G4 = 11Gxy/10,

(18)











φ1 = 0.96Ni1Gxy − 0.046Ni2Gxy,
φ2 = 0.96Ni2Gxy − 0.046Ni1Gxy,
φ3 = 1.1Ni1Gxy + 0.06Ni2Gxy,
φ4 = 0.06Ni1Gxy + 1.1Ni2Gxy.

Figure 6  Magnetic flux density distribution of the radial stator and 
rotor lamination
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Figure 7  Equivalent magnetic circuit of radial control magnetic field
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current in x and y directions is zero. Figure  8(b) shows 
that (1) when radial displacement in the x direction fluc-
tuates within [− 0.2 mm, 0.2 mm], almost no influence is 
exerted on Fx because of the control current in z direc-
tion; (2) when radial displacement in the x direction fluc-
tuates within [− 0.3 mm, − 0.2 mm] and [0.2 mm, 0.3 
mm], nonlinear areas appear according to the magnetic 
saturation with a small length of air gap. Comparison of 

Figures 8(a) and 10(b) indicates that control current has 
more influence on radial levitation force than the dis-
placement of displacement in the z direction.

Figure  8(c) shows that (1) when  radial displacement 
in the x direction fluctuates within [− 0.2 mm, 0.2 mm], 
the graph tilts at a certain angle with the x–y plane. The 
radial levitation force is thus proportional to radial dis-
placement, and axial displacement has minimal influence 
on radial levitation force; (2) when radial displacement in 
the x direction fluctuates within [−  0.3 mm, − 0.2 mm] 
and [0.2 mm, 0.3 mm], the  corresponding area  appears 
nonlinear, which indicates that coupling occurs between 
axial and radial control in the rotor-floating stage.

The relationship among radial control current ix, eccen-
tricity in the x-direction, and radial levitation force Fx is 
exhibited in Figure 9. The rotor is at the balanced posi-
tion in the z- and y-directions, and the value of control 
current in the z- and y-directions is zero. When the radial 
eccentricity in the x-direction fluctuates at [− 0.2 mm, 
0.2 mm], the graph tilts at a certain angle along the x-y 
plane. The relationship between radial eccentricity x, 
and radial levitation force Fx is exhibited in Figure  4(a). 
When  the radial eccentricity in the x-direction fluctu-
ates at [− 0.2 mm, 0.2 mm], the radial levitation force is 
Fx proportional to x. When the radial eccentricity in the 
x-direction fluctuates at [− 0.2 mm, − 0.4 mm] and at 
[0.2 mm, 0.4 mm], the relationship between x, and Fx is 
nonlinear. The relationship between radial control cur-
rent ix, and radial levitation force Fx is exhibited in Fig-
ure 4(b). When the radial eccentricity in the x-direction 
fluctuates at [− 2 A, 2 A], the radial levitation force is Fx 
proportional to radial control current ix. When the radial 
eccentricity in the x-direction fluctuates at [− 4 A, − 2A] 
and at [2 A, 4 A], the relationship between ix, and Fx is 
nonlinear.

5 � Experiments for Floating and Displacement
The block diagram of the control system for the three-
DOF PMBMB is presented in Figure  10. The control 
system for the three-DOF PMBMB includes an exter-
nal displacement closed-looped control and an internal 
current closed-looped control. The differential forward 
proportional-integral-derivative (PID) control method 
is adopted in the displacement closed-looped control. A 
comparison method of hysteretic current is adopted in 
the current closed-looped control.

The feedback signals of x, y, and z positions, which are 
processed in an interface circuit board, can be obtained 
when the rotor is displaced from the balanced position by 
external disturbance. The position deviation signals (i.e., 
the difference between the balanced position reference 
signals and the position feedback signals) are then sent 
to the PID controllers. The PID controllers transform the 
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deviation signals into force signals (Fx, Fy, and Fz) that are 
outputted to the force-current transformation modules. 
The current reference signals (ix

*, iy,* and iz
*) are obtained 

from the force-current transformation modules. The 

excitation currents (ix, iy, and iz) to the radial and axial 
control coils can be obtained through the switching 
power amplifiers. Through this process, the control cur-
rents are adjusted by the control system with a negative 
position and current feedbacks to readjust the flux dis-
tribution. In addition, the rotor can be suspended in the 
ideal balanced position. If the rotor is suspended in the 
balanced position (i.e., x*= 0, y*= 0, and z*= 0), the output 
of the PID controllers will be zero because the displace-
ment deviation is zero (i.e., the exciting current will also 
be zero), and the rotor can be suspended by the PM.

A PID controller with a differential restriction link and 
integral separation is applied in the control system. The 
transfer function of this controller is obtained as follows:

where Kp is the proportionality coefficient, Ti is the inte-
gral action time constant, Td is the derivative action time 
constant, τ is the differential gain coefficient, e is the 
difference between the equilibrium position reference 
signals and the position feedback signals, and c is the 
threshold value.

In this study, the experimental system of PMBMB was 
designed according to the specification shown in Table 1 
to achieve stable suspension. The experimental wave-
forms are shown in Figure 11. 

Figure  11(a) shows the floating waveform of displace-
ment in the x direction. The rotor remains at the station-
ary position (0.2 mm, 0.25 mm) before floating to the 
balanced position. After conducting the control coil, the 
rotor returns to the balanced position in 0.05 s and main-
tains stable suspension.

Figure  11(b) shows the displacement waveforms at 
n = 1200 r/min in x and y directions. When the rotor is in 
the stable suspension stage, the unilateral displacement 
fluctuation in the y direction is approximately 40 μm, 
which is 8% of the length of the air gap; the unilateral dis-
placement fluctuation in the x direction is approximately 
30 μm, which is also 8% of the length of the air gap. The 
displacement fluctuation is significantly less than the 
length of the air gap. The PMBMB designed in this study 
therefore has excellent properties.

6 � Conclusions
In order to realize the support system without mechani-
cal loss and to maximize the efficiency of the flywheel 
battery, a PMBMB is applied to the new FESS with the 
advantages of low loss, high critical speed, flexible con-
trollability and compact structure. The research is focus 
on the design and analysis of the PMBMB.
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(1)	 The parameter design method of PMBMB is 
obtained and verified by the finite element analysis.

(2)	 A control system design of a three-DOF PMBMB 
is designed according to the numerical analysis and 
finite element analysis of radial–axial coupling. The 

theory results show that the coupling near the equi-
librium position can be ignored.

(3)	 The performance experiments show that the 
designed PMBMB has excellent properties of float-
ing and stable suspension.
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