

Abstract—With the advantages of high power density, high

efficiency and long life, high-speed flywheel energy storage
devices have been used in aerospace and transportation. Active
magnetic levitation bearing is a key component that affects the
performance of high-speed flywheel cells in terms of efficiency,
stability and lifetime. The core specification of the active
magnetic levitation bearing is the ability to control the flywheel
rotor position based on external excitation to levitate it at the
target position. Based on the principle of differential control,
this paper designs the electromagnetic force control scheme in
the vertical direction of the active magnetic bearing, and
deduces the functional relationship between the upper and
lower electromagnetic force and the position deviation. Then,
based on Maxwell's electromagnetism, a simplified
electromagnetic force model between the stator and rotor of
the active magnetic levitation bearing is established, the
control transfer function with current as input and
displacement as output is derived, and the control
characteristic equations are determined. Further, the PID
control parameters are adjusted according to the Rouse
criterion, and the ranges of the PID control parameters are
derived and determined to meet the stability control
requirements. Finally, the support characteristics and dynamic
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response characteristics of the active magnetic levitation
bearing are tested and analyzed. The results show that the
designed control strategy can ensure that the active magnetic
levitation bearing can levitate the flywheel rotor according to
the operational requirements when subjected to external step
and sinusoidal excitation. Under the step excitation, the rotor
first reaches the target position in 0.009 s and enters the steady
state in 0.057 s. Under the sinusoidal excitation, the overshoot
is controlled within 0.5 % and the time lag is controlled within
0.1 ms.
Index Terms—high-speed flywheel battery, active magnetic

levitation bearing, differential control, PID control

I. INTRODUCTION
igh-speed flywheel energy storage device uses the
increase and decrease of flywheel kinetic energy to

achieve energy replenishment and output, which is different
from chemical energy storage devices such as lithium
batteries and NiMH batteries, and is a physical energy
storage device [1-2]. Analyzed from the perspective of
energy input and output methods, the common high-speed
flywheel energy storage devices can be summarized as two
types: electric storage type and mechanical type, mainly
designed for power system power regulation, satellite
attitude control, vehicle driving or braking, etc [3-4]. Among
them, high energy storage and low self-consumption are the
key parameters to measure the performance of high-speed
flywheel devices, which need to be realized through the
design and control of high-speed and high-efficiency
flywheel rotor [5].
Due to the high rotor speed of the high-speed flywheel

energy storage device, the conventional mechanical bearings
will suffer from high friction loss and poor stability at high
speed [6]. Active magnetic levitation bearings use the
current magnetic effect to generate electromagnetic force,
which can achieve stable levitation of the high-speed
flywheel rotor in the target position and ensure the
high-speed work of the flywheel rotor, and the rotor support
parts have the characteristics of no contact, which can
realize the efficient and stable operation of the high-speed
flywheel rotor [7]. The design of active magnetic levitation
bearing includes the basic structure, excitation method and
control strategy. Among them, the basic structure and
excitation method are the key to ensure that the active
maglev meets the static levitation design index, and the
control strategy design is the key to ensure the dynamic and
stable operation of the active maglev bearing [8].
Currently, active maglev bearing control involves two

parts: maglev bearing dynamics modeling and control
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strategy design. To achieve high precision and stable control
of active maglev bearings, there are intelligent control
methods such as constant vector control, LQR control, and
neural network control [9-12]. Although such intelligent
control methods can solve the nonlinear control problem of
magnetic levitation bearings, they have the problem of
limited real-time performance for engineering applications.
To meet the requirements of engineering applications, this
paper designs an active magnetic levitation bearing control
strategy based on differential control and PID control, and
analyzes and verifies its support characteristics and dynamic
response characteristics.

II. ACTIVE MAGNETIC LEVITATION BEARING DIFFERENTIAL
CONTROL SCHEME DESIGN

As shown in Fig. 1, the active magnetic levitation bearing
designed in this research includes rotor, stator, coil winding,
controller, position sensor, and power amplifier parts. The
position sensor detects the rotor position in real time and
transmits the signal to the controller. By calculating the
deviation of the rotor position from the target position, the
controller outputs the control signal according to the set
control strategy. The control signal passes through the power
amplifier and regulates the control current in the coil
winding, thus changing the magnitude of electromagnetic
force to achieve stable suspension control of the rotor at the
target position. Since the designed active magnetic levitation
bearing only needs to control the vertical direction
displacement degrees of freedom, this paper uses a
differential control scheme to achieve the levitation control
of the magnetic levitation bearing in the vertical direction.

Fig. 2 Closed-loop differential control scheme for magnetic levitation
bearings

As shown in Fig. 2, the designed differential control
scheme is shown. In the vertical Y-direction, there are
electromagnets consisting of a pair of poles on the top and
bottom of the rotor, and the electromagnetic force in the
Y-direction is generated to make the rotor upward and the
electromagnetic force to make the rotor downward,
respectively, and the two electromagnetic forces work
together to control the rotor motion in this direction. When
the spindle together with the magnetically levitated bearing

rotor is excited by external vibration, the rotor leaves the
equilibrium position and produces a displacement offsetΔy
in the vertical direction, and the air gap values between the
upper and lower poles of the stator and the rotor become
(y0 + Δy) and (y0 − Δy), and the bias current in the coil
winding is superimposed on the control current and becomes
(I0 + iy) and (I0 − iy) . The change in current causes the
electromagnetic force generated by the corresponding
solenoid to change, and the combined force changes to
eventually return the rotor to the ideal equilibrium position.
According to the simplified mechanical model of

magnetic levitation bearing, ignoring the effects of leakage
and hysteresis, the electromagnetic force of the upper and
lower pole electromagnets of the stator can be deduced.
Among them, in the Y direction, the magnitude of the
electromagnetic force generated by the upper electromagnet
is as follows.
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In the Y direction, the magnitude of the electromagnetic
force generated by the electromagnet below is as follows.
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Without considering external disturbing forces, the
combined force on the rotor in the vertical Y direction is as
follows.
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Where, �0 is the vacuum permeability, � is the number of

turns of the coil winding, �0 is the stator pole area, � is half

of the stator pole angle, Δ� is the displacement offset, y0 is

the value of the air gap between the pole and the rotor, iy is
the control current, and I0 is the fundamental bias current.

III. DERIVATION OF CONTROL CHARACTERISTIC
EQUATIONS

Based on Maxwell’s electromagnetism equation, the
simplified electromagnetic force between the stator and
rotor of the magnetic levitation bearing can be deduced as
follows.
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Fig. 1 Basic components and control principle of active magnetic bearings

Where, �s is the magnetic circuit length of the magnetic
levitation bearing stator, �r is the magnetic circuit length of
the magnetic levitation bearing rotor, x is the air gap value, i
is the control current, μs is the magnetic permeability of the
magnetic levitation bearing stator, �r is the magnetic
permeability of the magnetic levitation bearing rotor, μ0
vacuum permeability, and B0 is the magnetic induction
strength.
Considering the silicon steel material used for the stator

and rotor of the maglev bearing, whose permeability is much
higher than the vacuum permeability, �s ≫ �0 and �r ≫ �0,
the following approximate derivation can be made.
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At this point, the magnetic induction strength can be
expressed as follows.
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In turn, the electromagnetic force between the stator and
rotor of the simplified magnetic levitation bearing can be
deduced.
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A Taylor expansion of the combined electromagnetic
force on the rotor yields the force displacement function as
follows.

i xF k i k x  (9)

In the above equation,
2
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 is the current

stiffness coefficient of the magnetic levitation bearing;
2 2
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32x
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x


 is the displacement stiffness coefficient of

the magnetic levitation bearing.
Laplace transform is performed to obtain the transfer

function with current as input I(s) and displacement X(s) as

output for a single degree of freedom in a magnetically
levitated bearing as follows.
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The analysis shows that the characteristic equation of the
controlled object has two poles and is located on the positive
and negative real axes of the complex plane, which is an
unstable second-order object and requires the addition of a
closed-loop control link to eliminate the instability of the
system. For this reason, the current control method based on
PID closed-loop is used in this paper. Based on the basic
theory of PID, the transfer function of the PID controller can
then be deduced as follows.
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The power amplifier plays the role of signal amplification,
often using voltage-current type power amplifier. The
control scheme adds a hysteresis link to simulate the transfer
function of a voltage-current power amplifier.
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Where, Aa is the amplification coefficient of the power
amplifier; Ta is the hysteresis coefficient of the power
amplifier.
Displacement sensors mostly use eddy current

displacement sensors, which convert the distance between
the eddy current probe coil and the measured metal body
into electrical parameters such as the equivalent inductance,
equivalent impedance and quality factor of the coil, which
are converted into voltage signals by the preamplifier in to
achieve the measurement of displacement. In the feedback
link of the magnetic levitation bearing system, the hysteresis
link is added to simulate the transfer function of the eddy
current displacement sensor.
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Where, As is the amplification coefficient of the
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displacement sensor; Ts is the hysteresis coefficient of the
displacement sensor.
The current signal comes from the control signal

amplified by the controller, the power amplifier and the
displacement transducer, which in turn allows the derivation
of the transfer function.

( ) ( ) ( ) ( ) ( )s c aI s G s G s G s X s (14)

In summary, the complete transfer function of the active
magnetic levitation axis can be finally derived.
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At this point, in order to pursue the system response speed,
to ensure the selection of the controller proportional and
differential coefficients, do not introduce the integral
coefficient, the transfer function can be simplified as
follows.
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Further, the transfer function is simplified in order to
facilitate the observation of the relationship between the
control parameters and the displacement variables.
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In the above equation, there are as follows.
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IV. CONTROL PARAMETER ADJUSTMENT

According to the Rouse criterion, when the control system
has stability, there exist positive real roots of its
corresponding characteristic equation lying on the complex
plane, i.e., all coefficients of the corresponding
characteristic equation of the system are positive.
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Further, Rouse tables can be constructed.

s5 b5 b3 b1
s4 b4 b2 b0
s3 A1 A2 0
s2 B1 B2 0
s1 C1 0 0
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According to the system stability requirements, all
parameters in the first column of the Rouse table have
positive values, then
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In summary, the range of values of the differential
coefficient Kd can be obtained.
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Similarly, the range of values of the scale factor Kp can be
obtained.
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Finally, the range of controller parameters can be
determined to meet the stability control requirements. After
selecting the appropriate proportional parameters as well as
the differential parameters in the range of values, a
differential link is added to eliminate the hysteresis error
according to the actual control effect.
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V. PERFORMANCE TESTING AND ANALYSIS

A. Support characteristics analysis
The support characteristics of a magnetic levitation

bearing are not only related to its own structure, but also to
the control parameters of its controller. The support
characteristics of the magnetic levitation bearing are
analyzed based on the PID controller. Define the transfer
function with the corresponding perturbation excitation as
input and the rotor displacement as output for the
generalized flexibility when the maglev bearing is disturbed
as follows.
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Amplitude and frequency characteristics of the

generalized flexibility.
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Phase frequency characteristics of the generalized

flexibility is as follows.
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By calculating the variation of the generalized flexibility
of the maglev bearing in the frequency domain, the influence
of the PID controller control parameters on the support
characteristics of the maglev bearing can be analyzed.
(1) Analysis of the influence of proportional parameters

on the support characteristics
Keeping the integral and differential parameters of the

controller unchanged, different scaling parameters were set
to observe the effect on the support characteristics. Fig. 3
shows the frequency domain response curves of the
magnetic levitation bearing PID controller under the unit
step response function with different proportional

parameters, including the amplitude-frequency
characteristic curve and the phase-frequency characteristic
curve. For the maglev bearing PID controller, when the
proportional parameter increases, the overall phase
frequency curve tends to be flat, while the resonant
frequency remains unchanged, the controller bandwidth is
kept constant, and the phase lag at the resonant frequency is
zero.

(a) Amplitude and frequency characteristics curve

(b) Phase frequency characteristic curve
Fig. 3 Frequency domain characteristics of magnetic bearings under step
response for changes in proportional parameters

(2) Analysis of the influence of differential parameters on
the support characteristics
Keeping the integral and proportional parameters of the

controller unchanged, different differential parameters were
set to observe the effect on the support characteristics. Fig. 4
shows the frequency domain response curves of the
magnetic levitation bearing PID controller under the unit
step response function with different differential parameters,
including the amplitude-frequency characteristic curve and
the phase-frequency characteristic curve. For the magnetic
levitation bearing PID controller, the effect of the
differential parameter change is mainly in the high
frequency band of the amplitude-frequency characteristic
curve. When the differential parameter increases, the
frequency domain response amplitude remains unchanged
and the resonant frequency tends to be in the low frequency
band, accordingly, the controller bandwidth becomes
narrower and the response speed decreases.

(a)Amplitude and frequency characteristics curve
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(b)Phase frequency characteristic curve
Fig. 4 Frequency domain characteristics of magnetically levitated bearings
under step response for changes in differential parameters

(3) Analysis of the influence of integral parameters on the
support characteristics
Keeping the proportional and differential parameters of

the controller unchanged, different integral parameters were
set to observe the effect on the support characteristics. Fig. 5
shows the frequency domain response curves of the
magnetic levitation bearing PID controller under the unit
step response function with different integration parameters,
including the amplitude-frequency characteristic curve and
the phase-frequency characteristic curve. For the magnetic
levitation bearing PID controller, when the integration
parameter increases, there is a significant decrease in the
frequency domain response amplitude in the low frequency
band, the transition time decreases, and the
amplitude-frequency characteristic curve expands to the low
frequency band. In the high frequency band, the variation of
the integration parameter has almost no effect on the
amplitude-frequency characteristic curve and the
phase-frequency characteristic curve.

(a)Amplitude and frequency characteristics curve

(b)Phase frequency characteristic curve
Fig. 5 Frequency domain characteristics of magnetically levitated bearings
in step response with varying integral parameters

B. Dynamic Response Characterization
The tested active maglev bearing prototype test system is

shown in Fig. 6. The test system mainly includes an air
compression device, a high-pressure storage tank, a pressure
regulating device, a magnetic levitation bearing and its
controller. The compressed air is fed into the high pressure
storage tank through the air compression device, and the
compressed air is introduced into the annular air channel at
the end of the magnetic levitation rotor through the pressure
regulating device. The rotor speed is controlled by
controlling the pressure and flow rate of the compressed air
to simulate the high speed operation of the flywheel rotor.

Fig. 6 Magnetic levitation bearing test prototype

The dynamic response of the bearing displacement and
the control current variation characteristics of the maglev
bearing under step and sinusoidal excitation are given in Fig.
7 and Fig. 8. The step signal and the sinusoidal periodic
signal are applied to the controller as excitation to produce
an offset of 0.1 mm according to the starting position of the
magnetically levitated bearing rotor. From the step response
results, it can be seen that the designed control strategy can
realize the control of rotor undulation through the magnetic
levitation bearing and can stabilize at 0.1 mm according to
the required position signal, which achieves the requirement
of stable levitation at the target position. Overall, the
displacement overshoot is controlled within 0.14 mm, which
satisfies the magnetic levitation bearing breath pitch
requirement. The time for the rotor to reach the target
position for the first time is 0.009 s, and the time to enter the
steady state is 0.057 s, which meets the design requirements.
From the sinusoidal response results, it can be seen that the
displacement signal curve of the rotor output can effectively
follow the control target requirements by applying a
sinusoidal excitation of 12.5 Hz to the target. The overshoot
is controlled within 0.5 % and the time lag is controlled
within 0.1 ms.

VI. CONCLUSION
To ensure the efficient, safe and stable operation of the

high-speed flywheel energy storage device, for the active
magnetic levitation bearing, the differential control model of
the flywheel rotor in the vertical direction is established in
this paper. Then, combined with PID control theory, the
control transfer function and characteristic equations of the
current input and displacement output of the magnetic
levitation bearing are derived, and the PID control
parameters are rectified according to the Rouse criterion.
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(a) Step excitation response (b) Sine excitation response
Fig. 7 Dynamic response characteristics of magnetically levitated bearings under step and sinusoidal excitation

(a) Step excitation response (b) Sine excitation response
Fig. 8 Characteristics of magnetic levitation bearing control current variation under step and sinusoidal excitation

Finally, the relationship between the support characteristics
of the maglev bearing and the PID control parameters is
analyzed, and the dynamic response characteristics of the
maglev shaft are tested. The following conclusions were
obtained：
(1) When the scaling parameter increases, the phase

frequency curve tends to flatten out, while the resonant
frequency remains constant, the bandwidth remains the
same, and the phase lag at the resonant frequency is zero.
The effect of differential parameter variation is mainly
manifested in the high frequency band of the
amplitude-frequency characteristic curve. When the
differential parameter increases, the frequency domain
response amplitude remains the same, the resonant
frequency tends to the low frequency band, the controller
bandwidth becomes narrower, and the response speed
decreases. When the integral parameter increases, the
frequency response amplitude in the low frequency band
decreases significantly, the transition time decreases, and the
amplitude-frequency characteristic curve expands to the low
frequency band. In the high frequency band, the variation of
the integration parameter has almost no effect on the
amplitude-frequency characteristic curve and the
phase-frequency characteristic curve.
(2) Under the step excitation, the rotor first reaches the

target position in 0.009 s and enters the steady state in 0.057
s. Under the sinusoidal excitation, the overshoot is
controlled within 0.5 % and the time lag is controlled within
0.1 ms. The designed control strategy can ensure that the
active magnetic levitation bearing can achieve the levitation
control of the flywheel rotor according to the operation
requirements when it is affected by the external step and
sinusoidal excitation.
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