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Abstract

The active magnetic bearing (AMB) system is the core part of magnetically suspended flywheel energy storage
system (FESS) to suspend flywheel (FW) rotor at the equilibrium point, but the AMB system needs power supply
system to suspend FW rotor. The stable suspension of FW rotor cannot be guaranteed if the on-board power supply
system fails to work, so the unstable FW rotor causes fatal damage to magnetically suspended FESS. Therefore, an
off-board power supply system is designed to maintain the stable suspension of FW rotor when the on-board power
supply system fails to work. Simultaneously, the dynamic braking of FW rotor is realized by discharge of magnetically
suspended FESS, so dynamic displacements of FW rotor are kept at equilibrium status. Simulation and experiment are
conducted to verify that the off-board power supply system timely restores AMB system, and dynamic displacements

of FW rotor are timely returned to the equilibrium point.

Keywords—active magnetic bearing; magnetically suspended flywheel energy storage system; flywheel rotor; discharge;
dynamic displacements.
I. INTRODUCTION

The flywheel energy storage system (FESS) [1] is a complex electromechanical device for storing and
transferring mechanical energy to/from a flywheel (FW) rotor by an integrated motor/generator system [2, 3]. The
FESS storages the mechanical energy as a motor system through accelerating or maintaining high rotational speed, and
outputs the mechanical energy as a generator by decelerating the rotational speed. The FESS was used in the
uninterruptable power supply (UPS) system [4], the isolated hybrid grid in renewable energy system [5], the voltage
transmission system between offshore wind farm and onshore grid [6-8], the power system in land vehicle [9] and the
space power battery system [10] because the FESS has advantages of high cycle life, long operational life, high
round-trip efficiency, high power density and low environmental impact [11]. Furthermore, in order to improve the
energy storage capacity and the active vibration controllability of FESS, the active magnetic bearing (AMB) system is
applied in the FESS to suspend the FW rotor at the equilibrium position [12-14]. On the one hand, the friction between
stator part and rotor part of the FESS would be eliminated by suspending the FW rotor at the equilibrium location, so
the power loss caused by the mechanical friction could be reduced, and the rotational speed would be increased [15-17].
On the other hand, based on the displacement feedback of FW rotor, the vibration of FW rotor could be controlled
when it works at different rotational speeds by tuning the magnetic forces of AMB system [18-20].

In the magnetically suspended FESS, the AMB system is the most critical part to ensure the stable transformation
of FW rotor between the charge state and the discharge state. Therefore, the stability and security of AMB system are
the important elements for the magnetically suspended FESS during the operational status. However, the sudden power

failure of AMB system perhaps cause fatal damage to the magnetically suspended FESS [21, 22], especially when the
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FW rotor works at a high rotational speed. The collisions of main rotational spindle unit were investigated, and
collision damages of the developed spindle system under normal process conditions as well as in collision situations
were proved in various experiments [23]. Moreover, the rotor system was easily subjected to rapid increase of the
unbalance term, and then the high contact force between rotor part and stator part caused possible catastrophic failure
to the whole rotor system [24].

Therefore, the power compensation mechanism for AMB system should be applied in the magnetically suspended
FESS. In the meanwhile, the FESS could output the stable direct-current (DC) voltage in the discharge process [25-28],
so the discharge process of magnetically suspended FESS is a suitable and reliable option to provide the additional
power supply to AMB system in case of a sudden failure of the on-board power supply system. Moreover, the switch
time interval between the charge process and the discharge process of FESS is about micro second [29], so it could
satisfy the requirement on the fast response of discharge system.

In this article, the charge and discharge strategies of magnetically suspended FESS are investigated. As illustrated
in Fig. 1, when the on-board power supply system fails to work, the supplementary off-board power supply system of
AMB system based on the discharge of magnetically suspended FESS is designed to be an optional power supply
system for the AMB system. During the charge process of magnetically suspended FESS, the sliding mode control
(SMC) is designed to regulate the g-axis voltage of magnetically suspended FESS, and the voltage of AMB system is
timely measured by the voltage sensor and fed back to MCU on board. In case of failure of on-board power supply
system, the discharge process of magnetically suspended FESS could be realized by three-phase rectification
technology, and then the discharge voltage would be transformed into the off-board power supply by voltage
transformation technology. Therefore, the power compensation of AMB system could be successfully realized.

This article is organized as follows, the structure and principle of magnetically suspended FESS including
charge/discharge system, DC/DC converting module and AMB system are introduced in section II. The simulations
about the discharge/charge processes of magnetically suspended FESS are conducted in section III. The experiments
about the power compensation of magnetically suspended FESS are designed to verify the effectiveness of proposed

method in section IV. Finally, the conclusions are summarized.
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Fig. 1. The process of power compensation for AMB system in magnetically suspended FESS.




IL.STRUCTURE OF MAGNETICALLY SUSPENDED FESS
A. Charge/Discharge System

The magnetically suspended FESS shown in Fig. 2 includes a charge/discharge module of magnetically
suspended FESS and a control module of AMB system. The charge/discharge module of magnetically suspended
FESS in the blue block diagram contains a FW rotor, a three-phase driving unit and a main control unit (MCU). The
FW rotor could be used in an integrated motor/generator with different control models, and it outputs the DC voltage
through rectifying the back electromotive force (EMF) with the reference input DC voltage. The three-phase driving
unit includes a space vector (SV) switch table, a plus width modulation (PWM) generator and a three-phase invertor.
The SV switch table generates switch signal based on the a-axis and f-axis input currents. In addition, the control
scheme of MCU has two different control loops including a g-axis control loop and a d-axis control loop. For the g-axis
control loop, the proportional-integral (PI) controller generates the g-axis input current based on the voltage feedback
in the external control loop, and then the inner control loop generates the g-axis input voltage. For the d-axis control
loop, the PI controller realizes the closed-loop control based on the d-axis feedback current.
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Fig. 2. The scheme of whole charge/discharge mechanism.

The control module of AMB system in the green block diagram has an MCU, a driving unit and a measurement
unit. The MCU based on a digital signal processor (DSP) chip and a field-programmable gate array (FPGA) chip
generates the control signal to the driving unit of AMB system. The driving unit outputs the control current to drive the
AMB system which has two different modules. During the normal operation, the power supply is provided by the
on-board power supply system through the voltage transformer and the DC/DC convertor. However, in case of an
emergency such as the failure of on-board power supply, its power supply is provided by the discharge module of
magnetically suspended FESS. The measurement unit with eddy current displacement sensors could timely measure
the dynamic displacements of FW rotor in both axial and radial directions, and then fed back to the MCU through the
signal conditioning module.

The power energy of magnetically suspended FESS is stored as the form of mechanical energy, and it is
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where J, is the equatorial moment of inertia, and w is the rotational speed of FW rotor.

The discharged energy of magnetically suspended FESS is
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where w is initial rotational speed, w. is end rotational speed.

B. Discharge Principle of Magnetically Suspended FESS
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Fig. 3. The rectification process of magnetically suspended FESS.
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When the charge/discharge module of magnetically suspended FESS and the control module of AMB system both
work normally, the charge module is a motor system to regulate the rotational speed of FW rotor by regulating the
g-axis control current. If the on-board power supply system of AMB system fails to work, the FW rotor would be
worked as a generator to realize the discharge of magnetically suspended FESS.

There are two different operational states for the discharge process of magnetically suspended FESS. When the
discharge module works at the passive discharge state, the back EMF of magnetically suspended FESS could be
naturally rectified into DC voltage through diodes on three phases. The rectification principle is shown in Fig. 3, and
the red line is the current path during the rectification. In the rectification process, all insulated gate bipolar transistors
(IGBTs) on three phases are turned off, and the rectification of phase current is realized by controlling turn-on and
turn-off of diodes. Therefore, a complete period rectification process is accomplished as six stages with different
electrical angles of the FW rotor. For example, in the first stage as illustrated in Fig. 3(a), the voltage at a-joint is
highest and the voltage at b-joint is lowest, so diodes D1 and D4 are turned on. When the electrical angle of FW rotor
changes, the current path of rectification would change too.

When the discharge module of magnetically suspended FESS in Fig. 2 works at the active controllable discharge
state, the voltage sensors could measure the g-axis voltage, and then fed back to the MCU to generate g-axis control
current through the proportional-integral (PI) controller. In the meanwhile, the phase voltages and phase currents of

magnetically suspended FESS are measured to estimate the electrical angle of FW rotor through the SMC model.



Through the Clark transform and the Park transform, the phase currents I, and [, are transformed into the d-axis
feedback current /; rand the g-axis feedback current 7, ..

Furthermore, the d-axis control voltage U; and the g-axis control voltage U, could be generated through the PI
controllers. Through the inverse Park transform, the d-axis control voltage U, and the g-axis control voltage U, are
converted into the a-axis control voltage U, and the S-axis control voltage Up, so the corresponding PWM control
signals are generated through the SV switch table terms 7,, 7, and T.. Finally, the PWM signal could control the
turn-on and turn-off of the transistors to realize the controllable rectification of diodes on three phases.

In the feedback loop of discharge module, the g-axis and d-axis feedback currents are

{Id/ =1,-co80, +1;-sin0, 3
I, ,=-1,-sin0 +1,-cos0,
where 6;is the electrical angle of FW rotor, and it is estimated based on the SMC model without measuring the phase
voltage.

Based on the inverse Park transform, the phase voltages in the control loop are expressed as following

U,=U,-cos0, U, -sin0, A
Uy,=-U,-sinf,+U, -cosO, @
From the SMC model of electrical angle, we have
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where R is the phase resistance, L; is the phase inductance, k. is the back EMF coefficient, e, and es are the back EMF,
w is the rotational speed of the FW rotor.

When the FW rotor works at the rated rotational speed, so

do _

0 6
" (6)
The back EMF are
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So the SMC model in (5) could be rewritten into
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where / is the feedback coefficient, z, and zs are the saturation functions of SMC model.

The switch functions of SMC model are
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where £ is the control parameter of SMC model, the control functions of SMC model are

Z,,=
T (s+w,)
where . is the cutting frequency of low-pass filter. The dynamic functions of SMC observer are
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Furthermore, there are

Finally, the electrical angle of FW rotor is
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For the control loop of g-axis voltage, the error between reference input voltage U, , and output voltage Ve is

eqiu = qur - Vdc

(16)



Applying the PI controller, the g-axis control current is

1
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Furthermore, the error between the control current and the feedback current is
€ i :Iq,r_lq,f (18)
Finally, the g-axis control voltage U, is
1
Uq :eq i.(kqi p+kqi i_j (19)
- - - s
Similarly, the d-axis control voltage Uy is
1
U,=e, ; '(kdi p +kdi i_J (20)
- - -8

where e; =14 ~1; . Substituting (19) and (20) into (4), the active rectification of three-phase convertor is realized.

For passive discharge of magnetically suspended FESS, the output DC voltage is
V,=2-¢,~1414-k, o @1

C. Converting Module of Output DC Voltage

| charge

Fig. 4. The Buck-Boost DC/DC convertor, (a) scheme of convertor, (b) turn-on model of transistor, (c) turn-off model of transistor.

The output DC voltage of magnetically suspended FESS is Vg, and the final off-board power supply voltage Vo
for AMB system is transformed by the Buck-Boost DC/DC convertor as shown in Fig. 4(a). Q is the transistor, Ry is its
equivalent on-resistance, Vp is its on-voltage. D is the diode, Rp is its on-resistance, Vp is its on-voltage. L is the
inductance, R; is its equivalent resistance. C is the output capacitance, and Rc is its equivalent resistance. R is the load
resistance. The current loop of DC/DC convertor is shown in Fig. 4(b) when the transistor Q is turned on, the left loop
in green dotted square is the charge loop of input inductance L, and the right loop in blue dotted square is the discharge
loop of capacitance C. If the rotational speed of FW rotor is low, the transistor Q is turned off, the DC/DC convertor is
then transferred into another loop plotted in Fig. 4(c) with the conducted diode, and then the inductance discharges for
load resistance.

Given conditions that Vp=0 and Rg=Rc=R;=0, when the transistor Q is turned on in Fig. 4(b), and the conduction
time At,,=D-T, where D is the duty ratio and 7 is period time. The circuit function in Fig. 4(b) is
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When the transistor Q is turned off in Fig. 4(c), and the turn-off time A¢,;=(1-D)*7, so the circuit function is

L dl + Ve
dt

=0=L-Ai, =V,,-(1-D)-T (23)

Combing (22) and (23), there is
V.

0

ut = Vae - D (24)

Therefore, the voltage converting of DC/DC convertor could be realized by tuning the duty ratio of transistor’s
control signal. Similarly, the power supply voltage for AMB system is
Vi =Vou * N, (25)
where N, is the voltage transformer ratio.

Furthermore, through different DC/DC converter modules, the output voltage could be transformed into the
control voltages of AMB control system including the power voltage of AMB windings (+28V), the power voltage of
displacement sensor (+12V) and power voltage of DSP/FPGA chip (+5V).

D. Modeling of AMB Winding
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Fig. 6. The structure and prototype of radial AMB.
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Fig. 7. The control diagram of AMB system.
The structure of magnetically suspended FESS is shown in Fig. 5(a), and it consists of a suspension system, a
permanent magnet synchronous motor (PMSM) and a sensor system. The suspension system has two pairs of radial
AMBs, two pairs of axial AMB and two pairs of back-up ball bearing. The radial AMB controls the radial motion of
FW rotor, and the axial AMB located at above-side and below-side of the FW rotor controls the axial suspension. The
back-up ball bearings at top-end and bottom-end secure the stability of FW rotor when the AMB system fails to work
or switches off. The PMSM is the drive unit to control the rotation of FW rotor around the axial principal axis. The
displacement sensors mounted on the stator part measure radial and axial displacement deflections of FW rotor.
As illustrated in Fig. 5(b), the magnetic forces at top-end and bottom-end hold the FW rotor to work at the radial
equilibrium position. The axial magnetic forces generated by the axial AMB hold the FW rotor to suspend at the axial

equilibrium position. Considering the gravity of FW rotor, the equations of translation along three axes are

md, = f,
md, = f, (26)
mdz = fz —mg

where d, and d, are the radial displacements along x and y axis, respectively, and d- is the axial displacement. f;, f, and
- are the magnetic forces along x, y and z axis, respectively.

The windings of AMB system are driven by the control current. The magnetic force is generated to suspend the
FW rotor at the equilibrium point. The structure of radial AMB is shown in Fig. 6. The eight windings are separated
into four pairs of control windings, and windings in x+ and x- directions are in series connection. The FW rotor is
located at inner gap of radial AMB with a controllable airgap to avoid any contact between rotor and stator.
Consequently, the magnetic forces along two radial directions (x axis and y axis) control motions of FW rotor.

The magnetic force is assumed to be a linear function of control current and control displacement [30] as

following
Jtzmb :ki.i+kd d (27)
where k; is the current stiffness, and 4 is the displacement stiffness, and
s I, +i 1,1i=0
kIZiZZ amh.—zz amb._z
0Oi (do +d) d,|d=0 )
& s (1, +i) I}]i=0
kd == _Zkamb . —3 R amb _}
od (do + d) dyj|d=0

where kunp=N1104/4 is the electromagnetic coefficient, N is the turn’s number of winding, 4 is the cross-sectional area

of magnet pole, and y is the permeability coefficient.



The control diagram of radial AMB in x axis is shown in Fig. 7. k, is the amplification coefficient, &; is the

sensitivity of the eddy current displacement sensor. Based on the displacement feedback, the control current is
i, =(Kp+Kps)kk,-d, (29)
Substituting (29) into (27), the magnetic force is rewritten as
o= (koK pk ks + kg, )-d, + kK pk k- d, (30)
Considering the decoupling among motions in radial and axial directions, the control model of the AMB system in

axial direction can be realized too.
III. SIMULATION

A. Charge/Discharge of Magnetically Suspended FESS
The storage power curve of magnetically suspended FESS is plotted in Fig. 8. The blue line is the rotational speed

curve of FW rotor, and the red line is the energy storage curve of magnetically suspended FESS, it shows that the
storage power varies with the rotational speed. The working status of magnetically suspended FESS could be divided
into the charge state and the discharge state. The charge state is realized by accelerating the rotational speed of FW
rotor, and the rated storage power is 0.5Kwh with the rotational speed 600rad/s. For the discharge state, the rotational
speed of FW rotor is decelerated to the reference value according to defined output power. Referring to different

discharge orders, the discharge process is controllable and separated into different stages.
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Fig. 8. The storage power curve of magnetically suspended FESS.

B. DC Current and Voltage of Discharge Process
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Fig. 9. The output DC voltage of magnetically suspended FESS.
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The output DC voltage of magnetically suspended FESS is controllable according to the reference input voltage
of rectifier, and the output DC voltage curve with three stages is shown in Fig. 9. In stage 1, the output DC voltage is
regulated to the stable reference voltage with set point 560V. The output DC voltage is tuned into 670V at stage 2 with
a sudden jump at the setting DC voltage. The output DC voltage is further tuned to the set point with 840V in stage 3.
Finally, the output DC voltage drops to the stable reference value at 560V. At this instant, the d-axis and g-axis currents
are illustrated in Fig. 10 during the regulation process of output DC voltage. For the d-axis current shown by blue line
in Fig. 10(a) and (b), there is obvious jump when the output DC voltage changes to the set point value. For the g-axis

current plotted by red line in Fig. 10(c) and (d), there is jump value too when the output DC voltage varies.
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Fig. 10. The d-axis and g-axis currents of magnetically suspended FESS with variation of output DC voltage, (a) the d-axis current during whole
process, (b) the d-axis current in detail, (c) the g-axis current during whole process, (d) the g-axis current in detail.
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Fig. 11. The output DC current and voltage of magnetically suspended FESS.
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Fig. 12. The d-axis and g-axis currents of magnetically suspended FESS with variation of load resistance, (a) the d-axis current during whole
process, (b) the d-axis current in detail, (c) the g-axis current during whole process, (d) the g-axis current in detail.

Moreover, the stable output DC voltage and variation curves of DC current are plotted in Fig. 11. In the discharge
process of magnetically suspended FESS, the output DC voltage is always kept at the constant amplitude 560V even
the load resistance varies. The response curve of output DC current changing with the variation of load resistance is
shown by the red dash line. At stage 1, the load reluctance is about 6.3Q, and the DC current is 89A. At stage 3, the DC
current decreases to 44A when the load resistance increases to 12.5€2. At this case, the d-axis and g-axis currents of
magnetically suspended FESS with the variation of DC load are plotted in Fig. 12. The d-axis and g-axis currents keep
at a stable amplitude because the output DC voltage keeps at the invariable amplitude during the discharge process of
magnetically suspended FESS.

IV. EXPERIMENT

A. Experimental Setup
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Fig. 13. The whole experimental setup of magnetically suspended FESS.

The whole magnetically suspended FESS in Fig. 13 includes a FESS, an AMB system, a charge/discharge system
and an MCU system. The FESS has a PMSM, a rigid FW rotor and a vacuum pump. The PMSM regulates the
rotational speed of FW rotor for the charge/discharge process of magnetically suspended FESS, and the vacuum pump
could reduce the wind drag of FW rotor at high rotational speed. The charge/discharge module is consisted of six

IGBTs, six rectification diodes and a voltage converting system. The IGBTs and rectification diodes form into the
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three-phase inverting/rectifying system to realize the charge/discharge of magnetically suspended FESS. The AMB
system has four pairs of AMBs, two pairs of AMBs at up-end and low-end are the radial AMB system to control the
radial motion and tilting of FW rotor. Two pairs of axial AMBs at up-side and low-side of FW rotor control the axial
motion. The MCU system has a DSP/FPGA control board, a NI data acquisition (DAQ) board, a sensor system, and an
industrial PC (IPC). The DSP/FPGA control board runs the program of control method, the DAQ board collects system
signals such as the dynamic displacements of FW rotor, the rotational speed, the vacuum degree, the phase current of
PMSM and the output DC voltage. Above all, the detail parameters of AMB system are listed in TABLE I, and the

series number of experimental setups are listed in TABLE II.

TABLE 1. PARAMETERS OF AMB SYSTEM

Symbol Quantity Value

kai axial current stiffness 470 N/A

kaa axial displacement stiffness -1700 N/mm
ki radial current stiffness 620 N/A

kya radial displacement stiffness -2800 N/mm
k sensitivity of displacement sensor 3.3 V/mm

ka amplification coefficient 0.2A/V

K, proportional coefficient 5.4

Ky derivative coefficient 12.8

Je equatorial moment of inertia 1.459kgm?

TABLE II. PARAMETERS OF CHARGE/DISCHARGE SYSTEM

Setup Series

DAQ Board NI PCI 6355

DSp TMS320F28335

FPGA Altera EPF10K30RC208
FW Rotor 150K g with 35CrMnSiA

Density 8000kgm®

Poisson ratio 0.3

Elastic modulus 195GPa
Power Supply Tektronix Keithley T2231A-30-3
PMSM Self-designed with 300Kw/5000rpm
Oscilloscope Keysight 2000 X-Series
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B. Energy Storage of Magnetically Suspended FESS
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Fig. 14. The energy storage of magnetically suspended FESS.

The energy storage curve of magnetically suspended FESS is illustrated in Fig. 14, the blue dash line is the
regulation curve of rotational speed, and the red solid line is the energy storage curve of magnetically suspended FESS.
In the charge stage, the energy storage increases with the rotational speed of FW rotor. The energy storage arrives at the
saturation state (0.7Kwh) in the charge reduction stage when the rotational speed is at the rated value. In the discharge
process, the energy storage quickly drops to the setting value with deceleration of rational speed. So, the magnetically
suspended FESS can realize the fast transfer between charge process and discharge process, and then it could restore

the power supply of the AMB system by stably outputting DC voltage in the discharge process.

C. Charge/Discharge of Magnetically Suspended FESS
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Fig. 15. (a) the g-axis voltage of magnetically suspended FESS, (b) The g-axis current of magnetically suspended FESS.

In the charge process of magnetically suspended FESS, the input g-axis voltage is increased to accelerate the
rotational speed of FW rotor, but the g-axis voltage is the output DC voltage in the discharge process by decelerating
the rotational speed of FW rotor. The relationship between the rotational speed and the g-axis voltage is shown in Fig.
15(a). There are three stages including the charge stage, the charge reduction stage (balanced stage) and the discharge
stage. The power storage of magnetically suspended FESS increases with the rotational speed of FW rotor in the charge
stage, and the g-axis voltage remains at a stable value. When the rotational speed of FW rotor approaches to the rated
value, the charge stage is changed to the charge reduction stage. In the discharge stage, the rotational speed of FW rotor
is decelerated to another rated value, and the magnetically suspended FESS outputs stable DC voltage. In addition, the

g-axis current in the charge/discharge process is plotted in Fig. 15(b). In the charge stage, the g-axis current is
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augmented to accelerate the rotational speed of FW rotor so that the energy storage of magnetically suspended FESS
increases. When the rotational speed of FW rotor approaches to the rated value, the charge stage is finished and transits
to the charge reduction stage, and the rotational speed the FW rotor remains at the rated value. In the discharge stage,
the g-axis current will be decreased to zero, so the rotational speed of FW rotor decelerates to another rated value.

D. Control of AMB System
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Fig. 16. The Static and dynamic suspension of FW rotor, (a) static suspension in x axis, (b) static suspension in y axis, (c) static suspension in z axis.

The AMB system is used to suspend the FW rotor at the equilibrium point in order to eliminate the friction
between the rotor part and the stator part. The dynamic displacements of FW rotor are measured by eddy current
displacement sensors in radial and axial directions. As illustrated in Fig. 16(a), (b) and (c), displacement terms d, d,
and d- both equal to zero when the FW rotor is stably suspended at the radial and axial equilibrium positions. Therefore,
the experimental result indicates that the AMB system could suspend the FW rotor at the equilibrium point in air and
eliminate the friction between the stator part and the rotor part.

E. Displacement Deflection of FW Rotor
In the charge/discharge process of magnetically suspended FESS, the dynamic displacements of FW rotor are

plotted in Fig. 17. At the beginning of charge process, the radial displacement deflection of FW rotor is 0.12mm in Fig.
17(a) and (b), and the axial displacement deflection is 0.015mm in Fig. 17(c). When the rotational speed of FW rotor
approaches to the rated value, the dynamic displacement of FW rotor approaches to the balanced status, so the
displacement deflection of FW rotor is about zero. In the discharge process of magnetically suspended FESS, there is
obvious oscillation of radial displacement. The maximum obviation of radial displacement increases to 0.18mm, but

the axial displacement deflection keeps at 0.015mm.
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Fig. 17. The dynamic displacements of FW rotor in the charge/discharge process of magnetically suspended FESS, (a) dynamic displacement in x
axis, (a) dynamic displacement in y axis, (a) dynamic displacement in z axis.
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F. Power Compensation for AMB System
0.2 . : .
0.1
€ €
E o £
x >
T T
-0.1
power off—>
0.2
0 0.1 0.2 03 04 05
Ys)
(a)
0.2
0.1
€ €
E o £
- o
0.1t
-0.2 ‘ . ,
0.2 -0.1 0 0.1 0.2
dx(mm)
(©)

power offj
0.2 0

04

0.1 3 05
t(s)
(b)
l«>10.03s
power off-7 »
0.1 0.2 03 04 05
(s)
(d)

Fig. 18. The dynamic displacements of FW rotor with the power compensation of magnetically suspended FESS, (a) dynamic displacement in x axis,
(b) dynamic displacement in y axis, (a) axis orbit, (a) dynamic displacement in z axis.

In the experiment of power compensation mechanism of magnetically suspended FESS, the displacement

deflection of FW rotor is used to evaluate the stability status of magnetically suspended FESS. The protective gap of

back-up bearing at up-end and low-end is defined as 0.5mm. If the displacement deflection of FW rotor exceeds the

protective gap, then the magnetically suspended FESS is at unstable state. The unstable state possibly causes fatal

damage to the magnetically suspended FESS. On the other hand, when the displacement deflection of FW rotor is

always smaller than the protective gap, the magnetically suspended FESS is maintained at the stable status. In addition,

the sudden power failure of AMB system is simulated by switching off the on-board power supply system in the

experiment, and the power supply of AMB system is switched from the on-board power supply system to the off-board

power supply system through the discharge of magnetically suspended FSSS. Simultaneously, the FW rotor would be

quickly braked off by outputting the storage energy in the discharge process.
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g. 19. The dynamic displacements of FW rotor in discharge of magnetically suspended FESS for power compensation, (a) dynamic displacement
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The dynamic displacements of FW rotor are plotted in Fig. 18 when the rotational speed is 2500rpm. The dynamic
displacements of the FW rotor abruptly deflect from the equilibrium point to the unstable location when the on-board
power supply system of the AMB system is powered off at 7=0.3s. For dynamic displacements of the FW rotor along
radial direction in Fig. 18(a) and (b), the stable amplitude is 0. 1mm, and displacement deflection is quite small because
of the self-center effect of the high-speed FW rotor. For dynamic displacement in axial direction in Fig. 18(d), the
displacement deflection is zero when the FW rotor is stably suspended at the axial equilibrium point, and the
displacement deflection is 0.3mm when the on-board power supply system of the axial AMB is turned off. With the
discharge process of magnetically suspended FESS, the on-board power supply system of AMB system is switched
into the off-board power supply system so that the FW rotor is forced back to the axial equilibrium point, and the
restore time interval is about 0.03s.

Moreover, the dynamic displacements of FW rotor in discharge of magnetically suspended FESS for power
compensation are shown in Fig. 19. The speed of FW rotor is deaccelerated to zero due to the fast discharge. During the
deacceleration process of FW rotor, the dynamic displacements have deflection from the equilibrium positions in radial
and axial directions, but the deflection values are still restrained in the safe ranges with the magnetic forces of AMB
system. Furthermore, the dynamic displacements of FW rotor would be stay at the static values when the speed
approaches to zero. Therefore, the protection mechanism of AMB system is realized through the power compensation
and the fast deacceleration of magnetically suspended FESS.

Above all, the discharge process of magnetically suspended FESS could timely restore the power failure of the
AMB system, and then bring the FW rotor back to the equilibrium point.

V. CONCLUSION AND DISCUSSION

The charge/discharge processes of magnetically suspended FESS are investigated, and the power compensation
mechanism of AMB system is successfully realized when the off-board power supply system is provided by the
discharge of magnetically suspended FESS. The energy storage of magnetically suspended FESS increases with the
rotational speed of the FW rotor, and the discharge process of magnetically suspended FESS is controllable based on
the reference DC voltage. More importantly, the power supply system of AMB system is timely substituted by the
discharge power of the magnetically suspended FESS if the on-board power supply system fails to work. The proposed
backup power system of AMB system can keep the FW rotor working at the equilibrium position so that the damage
caused by collision between unstable rotor at high rotational speed and stator can be avoidable.

The power compensation of AMB system is realized by timely discharge of magnetically suspended FESS.
However, the switch from the off-board power supply provided by discharge of magnetically suspended FESS to the
on-board power supply is not investigated, and it is important to the reliability of power compensation module in this
manuscript, so this part of research will be conducted in future.
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