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A Novel Power Failure Compensation Control
Method for Active Magnetic Bearings Used

in High-Speed Permanent Magnet Motor
Gang Liu and Kun Mao

Abstract—Active magnetic bearings (AMBs) have been proved
superior to conventional bearings in many ways. However, the
AMB system will lose magnetic force if the power fails which may
cause fatal damage to the rotor and the backup bearings. In or-
der to improve the reliability of the AMB system, a power failure
compensation control (PFCC) method is proposed in this paper.
A novel hardware composition of PFCC is designed to cooperate
with the motor drives using either pulse-width modulation (PWM)
or pulse-amplitude modulation techniques. Once the power fails,
the motor works as a generator and the back electromotive force
(back EMF) is rectified by the antiparallel diodes of the inverter.
Meanwhile, a buck converter is utilized to convert the voltage from
dc-link of the inverter to the supply voltage for the AMB system.
When the motor speed is too low to supply high back EMF for the
buck converter, the switches of the inverter are used to boost the
dc-link voltage with the motor windings. Furthermore, a hybrid
controller combining sliding mode control with PID algorithm is
introduced to improve the transient response of the buck converter.
Several experimental results confirm the feasibility and effective-
ness of the proposed method.

Index Terms—Active magnetic bearing (AMB), buck converter,
high-speed permanent magnet (PM) motor, power failure compen-
sation control (PFCC), sliding mode control (SMC).

I. INTRODUCTION

W ITH the fast development of the active magnetic bearing
(AMB) technology, more and more high-speed perma-

nent magnet (PM) motors equipped with the AMB systems have
been used in industrial applications such as inertia momentum
wheel [1], [2], control moment gyroscope [3], [4], turbine ma-
chinery [5], flywheel energy storage system (FESS) [6]–[9],
etc. Despite many advantages over the conventional bearings
including active vibration control, no contact, and no lubrica-
tion, the AMB system needs the electrical power to generate
the magnetic force for suspending rotor [10]. In fact, several
different reasons, such as the mains power system overcurrent,
may cause the power failure of the AMB system. Meanwhile,
the AMB system cannot generate its magnetic force to support
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the rotor without proper power failure compensation control
(PFCC) method. Moreover, if the motor is running at high speed,
the rotor will decelerate dramatically when it touches down the
backup bearings, which may bring fatal damage to the rotor
laminations and the backup bearings [11]. Therefore, the PFCC
method is a critical issue to improve the reliability of the AMB
system.

The uninterrupted power supply (UPS) based on the backup
batteries is popular and efficient for the AMB system to prevent
damage from the mains power failure. However, the backup
batteries are sensitive to the working environment such as tem-
perature and humidity. Despite many studies have been carried
out in the last decades, and some useful conclusions are given
to improve the performance of batteries [12]–[14]. Due to the
regular maintenance of the UPS, the whole cost of the AMB
system will increase significantly [15]. In order to overcome the
shortcomings of backup batteries, the kinetic energy conversion
of rotor is an ideal solution for the AMB system because of its
compactness, high efficiency, and less maintenance [16], [17].
When the mains power failure occurs, the motor works as a gen-
erator and the kinetic energy will be the feedback to the dc-link.
Apparently, the working principle of the PFCC method is much
like FESS which has been studied during the last decades for its
pollution free and high efficiency. Since the efficiency of the en-
ergy conversion is the key issue for the FESS, the backup battery
is still needed to prevent mains power failure if the AMB system
is equipped [18]–[20]. Actually, the response time of changing
the mains power supply of the AMB system to the backup one is
very rigorous. The regenerative braking of the electric vehicles
and hybrid electric vehicles also has the similar kinetic energy
feedback process [21]–[24]. However, the regenerative braking
systems are designed to distribute the braking force efficiently
by controlling the motor currents. Besides, the voltage of the
dc-link is not controlled actively during motor braking process,
which may cause the dramatically oscillation of the dc-link
voltage. In [25] and [26], only one flyback-type offline dc/dc
converter which provides the power supply for the whole sys-
tem is inserted between the dc-link of the inverter and the AMB
system. Since the offline dc/dc converter works all the time, the
power failure detection circuit is not necessary. Because of its
simplicity and effectiveness, the offline dc/dc converter is usu-
ally analyzed with its small-signal model and designed based on
the power control integrated chips (ICs). With the development
of the dc/dc control technologies, many kinds of them have
been successfully applied in the power control ICs including
the voltage mode control [27], current mode control [28], etc.



4566 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 6, JUNE 2016

Due to the nonlinearity and parameter time-varying characteris-
tics of the dc/dc converter, it is difficult for these linear control
technologies to compensate output voltage variation when large
signal disturbance occurs [29]–[31]. In order to overcome these
shortcomings, practical nonlinearity control technologies of the
dc/dc converter have been studied in recent years, especially on
charge balance control [32] and sliding mode control (SMC)
[33]. Because of its simplicity, SMC is very suitable for the
dc/dc switching converter control to improve the transient re-
sponse. However, the steady-state accuracy is limited due to the
nonideal switching frequency and chattering problem [34]. With
the development of digital signal processor, more and more dig-
ital dc/dc switching converter controllers are implemented with
low cost. Because of the high flexibility of control software, the
performance of the dc/dc switching converter can be greatly im-
proved by taking advantage of the digital controller composed
of both the linear and nonlinear control algorithm [35].

This paper proposes a PFCC method which is fully integrated
with high-speed PM motor drive. In order to make it suitable for
the motor drives using either pulse-width modulation (PWM)
or pulse-amplitude modulation (PAM) control methods, a novel
hardware composition of PFCC method including the ac/dc con-
verter, high voltage (HV) dc/dc converter, and low voltage (LV)
dc/dc converter is designed first. A hybrid controller combined
SMC with PID algorithm is also introduced to improve the
transient response of the HV buck converter. Therefore, the re-
mainder of the paper is organized as follows: The previously
reported power failure control method for the AMB system and
the improved power failure compensation device are compared
in Section II. In order to improve the transient response of the
HV dc/dc converter, a hybrid controller composed of SMC and
PID algorithm is proposed in Section III. It is shown that the
efficiency of kinetic energy conversion can be greatly improved
by using the switches of the inverter to boost the dc-link voltage
when the rotor is running at low speed. This is given in Section
IV. The experiment results are shown to validate the proposed
PFCC method in Section V. At last, Section VI concludes this
paper.

II. HARDWARE COMPOSITION OF THE PFCC METHOD

A. Review of Hardware Composition for Power
Failure Compensation

The basic hardware composition of the AMB system shown
in Fig. 1 has been widely used. When the mains power failure
occurs, the ac/dc converter stops working and the rotor touches
down the backup bearings without electromagnetic force. Be-
cause of its high efficiency and less maintenance, the control
method of compensating power failure based on the kinetic
energy conversion has been studied and the typical hardware
composition is shown in Fig. 2 [26]. Only one offline dc/dc
converter is inserted between the dc-link and the AMB system
controller which provides the electrical power during the whole
working time. When the mains power fails, the back EMF of the
motor is rectified by the antiparallel diodes of the inverter, and
the electrical power of the whole control system circuits are sup-
plied by the offline dc/dc converter. The offline dc/dc converter

Fig. 1. Diagram of motor drive and AMB control circuits.

Fig. 2. Diagram of motor drive and AMB control circuits with capability of
power failure compensation.

is easy to be integrated with the motor drive using PWM control
method because of its simplicity of hardware implementation.
However, more and more drives of high-speed PM motors use
PAM control strategy to improve efficiency by reducing the loss
of motors [36], [37]. Due to the small value of the dc-link volt-
age, when the drive uses PAM control strategy to start motor,
the offline dc/dc converters may fail to supply electrical power
for the control system.

B. Proposed Hardware Composition of PFCC

In order to overcome the disadvantages of the PFCC method
reported previously, a novel hardware composition of PFCC is
proposed as shown in Fig. 3. The improved PFCC hardware
is composed of the power failure detection circuit, ac/dc con-
verter, HV dc/dc converter, and LV dc/dc converter. The ac/dc
converter provides +48 V as the mains power for the AMB
system and the LV dc/dc converter. The LV dc/dc converter pro-
vides +5 V and ±15 V for the motor drive control circuit. In
order to increase the system reliability, the LV dc/dc converter is
composed of the isolated brick-type dc/dc converters. Because
of its reliability and simplicity, the offline ac/dc converter is
chosen as the mains power supply while the HV dc/dc converter
is utilized to compensate the power failure. In order to reduce
the response time, the HV dc/dc converter control algorithm and
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Fig. 3. Diagram of motor drive and AMB control circuits with the proposed
PFCC method.

the power failure detection function are all integrated with the
motor drive software. The buck-type converter is selected for
its high efficiency and simple mathematical model for digital
control [35]. Also, a hybrid controller composed of SMC and
PID algorithm is designed to improve the transient response
and reduce the steady-state error without increasing software
complexity significantly.

Therefore, the hardware of the proposed PFCC method has
some advantages over the traditional PFCC method as shown
in Fig. 2. First, the proposed PFCC method can cooperate well
with the drives using both PAM and PWM technology, while
the PFCC method described in Fig. 2 can only work with the
drives using PWM technology. Second, the HV dc/dc can work
as a backup circuit to provide power for the control system if the
offline ac/dc converter fails. However, the control system, which
is depicted in Fig. 2, will lose its power supply if the dc/dc con-
verter fails for some hardware problems. Finally, the HV dc/dc
converter can be controlled according to the running condition
of the motor. For example, in the vacuum applications, the de-
celeration of the magnetically levitated rotor usually requires a
power resistor to dissipate the kinetic energy of the rotor. If the
proposed PFCC method is used, the HV dc/dc converter can be
used to replace the ac/dc converter by providing a little higher
output voltage when the motor is braking. At this time, the ki-
netic energy of the rotor is converted to the power supply for
the control system and the power resistor is no longer needed.

The back EMF of the motor is rectified by antiparallel diodes
and all switches of the inverter are turned OFF when the speed
is high enough to make the buck-type HV dc/dc converter work.
Otherwise, the switches of the inverter are utilized to boost the
back EMF with the motor windings.

The kinetic energy of a rotating rotor E can be expressed as

E =
1
2
Jω2 (1)

where J is the moment of inertia and ω is the speed of the rotor.
When the rotor touches down the backup bearings, the rotor

decelerates dramatically and most kinetic energy is converted to
the thermal energy by friction. The kinetic energy of the rotor

can be expressed as

Et =
1
2
Jω2

t = Pt + Po (2)

where ωt is touchdown speed, Pt is frictional thermal energy,
and Po is other kind of the dissipated energy. Since the kinetic
energy conversion efficiency is improved with a low touchdown
speed, the damage of the rotor laminations and the backup bear-
ings can be greatly reduced.

III. IMPLEMENTATION OF THE HV DC/DC CONVERTER

As mentioned earlier, the buck-type HV dc/dc converter is the
key component of the PFCC hardware composition. In spite of
simple implementation for the linear controller such as the PID
regulator, further improvement of the dc/dc switching converter
transient response under large signal disturbance is limited. As
shown in Figs. 2 and 3, the load of the dc/dc converter consists
of the AMB windings and its drives. The equivalent load type
is more complex than just resistance. In addition, it has a close
relationship with the inductance of the AMB windings and the
current dynamic response of the drives. As the centrifugal force
increases in accordance with the rotational frequency of rotor,
the AMB drives have to provide more control current to suppress
the unbalanced rotor displacement which decays the current dy-
namic performance. Hence, the load model of the AMBs control
system is nonlinear and related to the rotor rotation state. Due
to the nonlinear nature of the dc/dc switching converter and the
load, the SMC method can significantly improve the robustness
and transient response in contrast with PID regulator. Further-
more, it does not require the precise load model information
for the dc–dc converter control, and the model with resistive
load works sufficiently well. However, it is hard for SMC to de-
crease the steady-state error because of its chattering problem
[33]. Meanwhile, the dc/dc switching converter using the PID
regulator can get satisfying steady-state accuracy with proper
parameters. Therefore, a hybrid controller composed of SMC
and PID algorithm is designed to control the buck-type HV
dc/dc converter in this section.

A. Control Model of the Buck Converter

The SMC controller is active when output voltage error ex-
ceeds specified threshold, otherwise the PID regulator is used.
In order to simplify analysis, the buck converter is designed to
work in continuous conduction mode (CCM) with proper buck
converter parameters.

The output voltage feedback control model of the buck-type
HV dc/dc converter is shown in Fig. 4. When the buck converter
works in CCM, the output voltage error x1 and its rate x2 can be
expressed as

⎧
⎪⎨

⎪⎩

x1 = vref − βvo

x2 = ẋ1 = −β
dvo

dt
=

β

C

(
vo

RL
−

∫
u · vi − vo

L
dt

)

.

(3)
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Fig. 4. Diagram of proposed buck converter controller.

The differentiation of x2 can be expressed as
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Therefore, the state-space model of the buck converter can be
described as

[
ẋ1

ẋ2

]

=

⎡

⎢
⎣

0 1

− 1
LC

− 1
RLC

⎤

⎥
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0
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⎡
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0
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LC
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⎦

(5)

where vref is the input reference voltage, β is the feedback co-
efficient of the output voltage, vi is the input voltage of the buck
converter, vo is output voltage of the buck converter, C is capac-
itance of the buck converter, RL is equivalent load resistance, L
is inductance of the buck converter, u is 1 when the switch turns
ON and 0 when the switch turns OFF.

B. SMC Controller Design

The SMC voltage controller is activated when the output volt-
age error exceeds the specified threshold. Due to the limitation
of the nonideal hardware implementation, the switching fre-
quency of the SMC controller cannot be too high. The hysteresis-
type SMC controller has been proved to be able to reduce the
switching frequency effectively [33]. The control law can be

expressed as

us =

⎧
⎪⎨

⎪⎩

1 switch ON, when s > k

0 switch OFF, when s < −k

no change,when −k ≤ s ≤ k

(6)

where k indicates hysteresis band. The sliding surface s can be
defined as

s = αx1 + x2 (7)

where α indicates the coefficient of SMC. It is very important to
choose α which affects the stability and dynamic performance
of SMC significantly. According to [33], it is sufficient to set
α = 1/rLC for fast dynamic response and maintaining a large
existence region. The hysteresis band k can be expressed as

k = vref

(

1 − vref

vi

)
/
(2fsdL) (8)

where fsd is the expectation value of the steady-state switching
frequency.

C. PID Controller Design

The PID controller is activated when the output voltage error
is below the specified threshold. The parameters can be tuned
by using the pole-zero assignment method while the control law
is described as

up = kp · x1 + ki

∫

x1dt + kd · dx1

dt
(9)

where kp is the proportional gain, ki is the integration gain, and
kd is the differential gain.

IV. CONTROL STRATEGY OF BACK EMF

The line-to-line back EMF of the PM motor can be expressed
as

eab = ke · p · ω (10)

where ke indicates the coefficient of the line-to-line back EMF,
p is the pole pairs of the motor, and ω is the rotor speed.

As mentioned earlier, the HV dc/dc converter cannot work
when the speed is too low to generate enough high line-to-line
back EMF. Therefore, the flyback-type dc/dc converter which
could lower or boost the input voltage is used as the HV dc/dc
converter as shown in Fig. 2. However, there are two problems
of the flyback-type dc/dc converter. First, the magnetic forces
of the AMB systems are limited by the output power of the
flyback-type converter which is usually below 200 W. Second,
the efficiency of the flyback-type dc/dc converter dramatically
decreases when the switching duty ratio is too high or too low.
The buck converter is selected as the HV dc/dc converter for
its high efficiency. However, the output voltage of the buck
converter is limited by the input voltage. In order to make buck
converter work in a wide speed range, a novel control strategy
of back EMF is proposed.
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Fig. 5. Relationship between phase back EMF of PM motor and rotor position.
SA , SB , and SC are the ideal electrical angle signals which can be got by
position sensor such as hall sensor or sensorless strategy.

Fig. 6. Current flowing path if electrical angle θ is from pi/6 to 5 pi/6 when
switches are turned OFF.

A. Control Strategy of Back EMF When Rotor Speed is High

The buck-type HV dc/dc converter works as soon as the mains
power supply fails. When the dc-link voltage is high enough
to keep the buck-type HV dc/dc working, the switches of the
inverter are turned OFF and the back EMF of the motor is
rectified by the antiparallel diodes. For facilitate analysis, the
phase back EMF with the position information is shown as
Fig. 5. When the electrical angle θ is from pi/6 to 5 pi/6, the
current flowing path can be depicted as Fig. 6. Therefore, the
value of the dc-link voltage vdc can be expressed as

vdc =
√

2 · eab ≈ 1.414 · ke · ω. (11)

Apparently, the dc-link voltage is proportional to the ampli-
tude of the line-to-line back EMF.

B. Control Strategy of Back EMF When Rotor Speed is Low

The buck-type HV dc/dc converter will stop working when the
dc-link voltage is not high enough. The PWM rectified method
based on six controllable switches is a practical approach. How-
ever, the rotor position information with high revolution is nec-
essary for this control method which makes it hard to be inte-
grated with PM motor drive based on three-hall position sensors
or sensorless control strategy.

In order to improve the efficiency of the energy conversion,
the control strategy of the back EMF is proposed to regulate
the dc-link voltage actively without high-resolution position in-
formation. When the electrical angle θ is from pi/6 to pi/2, the

Fig. 7. Current flowing path when T2 is turned ON. (a) ec > 0. (b) ec < 0.

switches T1 , T3 , T5 , T4 , and T6 are turned OFF and T2 is con-
trolled by PWM. The principle can be described as following:

1) T2 is Turned ON: If ec > 0, the antiparallel diodes D5 and
D6 are shut OFF, while D4 is ON. From Fig. 7(a), the current
flows through phase A, T2, D4, and phase B. The line-to-line
back EMF eAB provides the currents for the windings of phase
A and B, while the current of phase A is equal to the current of
phase B. The increased energy of inductors could be expressed
as W = 0.5 ·L · I2. The magnetic energy stored in windings of
phase A and B is increased gradually. If ec < 0, the antiparallel
diodes D4 and D6 are turned ON, while the D5 is still shut
OFF. From Fig. 7(b), the current flows through all three phase
windings. The line-to-line back EMF eAB and eAC provide the
currents for all three phase windings. The current of phase A is
equal to the sum of the other two phase currents. At this time,
the magnetic energy of phase A and B are still increased, while
the rate is gradually decreased. The magnetic energy of phase C
starts to increase and the rate is faster than the other two phases.
At this time, most of the kinetic energy is stored as magnetic
energy and the remainder energy is dissipated as the thermal
type.

2) T2 is Turned OFF: A high EMF of the motor winding is
generated when T2 is shut OFF. The magnetic energy stored in
the phase windings is reversed to the dc-link capacitor which
steps up the dc-link voltage. At this time, the current flows
through phase A, D1, dc-link capacitor, D4, and phase B as
shown in Fig. 8.

When θ equals to other value, the relationship between θ and
active switch can be given in Table I. Although different switch
is controlled according to the rotor position information, there is
only one switch activated at any time which makes the control
strategy easy to realize. Besides, only six discrete electrical
angles are needed, which makes the control strategy of the EMF
easy to be integrated with the PM motor drive system using
low-resolution position sensors or sensorless control strategy.
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Fig. 8. Current flowing path when T2 is turned OFF.

TABLE I
ACTIVE SWITCH ACCORDING TO ELECTRICAL ANGLES

Electical Angle θ Active Switch

[π /6, π /2) T2

[π /2, 5π /6) T6

[5π /6, 7π /6) T6

[7π /6, 2π /3) T4

[2π /3, 11π /6) T4

[11π /6, π /6) T2

Fig. 9. Diagram of equivalent boost converter. (a) Circuit diagram of the boost
converter. (b) Control diagram of the boost converter.

As mentioned earlier, the system works as a boost dc/dc con-
verter. The fast transient response of the boost converter is not
necessary because the output voltage is supplied for the HV
dc–dc converter input. The hybrid controller of the HV dc–dc
converter is used to improve the voltage supply for the AMB
system. In addition, the proposed back EMF strategy only works
when the motor runs at low speed. Hence, a simple PI controller
based on the small signal model of the boost converter is utilized
to realize the voltage output feedback control. The system circuit
and control diagram is depicted as Fig. 9. The equivalent induc-
tor Leq is the sum value of two phase windings self-inductor.
According to the different value of θ, Tx could be T2 , T4 , or
T6 while the corresponding Dx is D1 , D3 , or D5 . The output

Fig. 10. Control flow of proposed PFCC method.

capacitor of the equivalent boost dc/dc converter is the dc-link
capacitor of the motor drive. Since the Leq is constant, the value
of dc-link capacitor should be as large as possible to reduce the
dc-link voltage ripple with limitation of cost and volume.

According to [33], the transfer function from PWM control
duty ratio d(s) to output voltage uo (s) is expressed as Gvd(s) =
d ′·Uo ·(1−Ls/(Rd ′2 ))

LC s2 +Ls/R+d ′2 where d′ = 1 − d and d is PWM control duty
ratio. H(s) is the transfer function of the boost control system
feedback part and could be given as a proportional element
H(s) = KF . The PI controller transfer function Gc (s) can be
expressed as Gc = Kp + KI /s.Gp(s) is the transfer function
of PWM modulator and a proportional element Ks could be a
satisfactory approximation.

C. Proposed PFCC Method Incorporated With Motor Drive

As mentioned earlier, the control flow of the proposed PFCC
method incorporated with drive algorithm can be shown in
Fig. 10. When the start signal is given, the motor drive algo-
rithm runs immediately, and the mains power is monitored at fix
sample period. Once the mains power failure happens, the PFCC
strategy is activated and the buck converter works immediately.
If the input vdc of buck converter is higher than output value vo ,
the noncontrollable rectified strategy is chosen to simplify con-
trol software. Otherwise, the proposed active back EMF control
strategy is used.

V. EXPERIMENTAL EVALUATION

A. Experiment Setup

The experiments about the proposed PFCC method have
been successfully implemented on the magnetically levitated
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TABLE II
MOTOR PARAMETERS

High-Speed BLDC Motor

Rated power, PN 1.4 kW
Rated dc voltage, VN 100 V
Rated speed, ωN 21 000 r/min
Phase resister, R 0.28 Ω
Phase inductance, L 0.24 mH
Number of pairs, P 2
Line-to-line back EMF constant, Ke 0.0033 V/(r/min)
Moment of inertia, J 0.002139 kg·m2

Fig. 11. Experimental platform. (a) Magnetically Levitated TMP Testing Sys-
tem. (b) Motor drive with PFCC hardware.

TABLE III
POWER CONSUMPTION

Practical HV buck-type DC/DC converter Power Consumption

Motor control circuit 48 V 0.8 A
AMB control circuit 48 V 0.9 A
AMB windings 48 V 1.6 A
Total power, PN PN = 48(0.8 + 0.9 + 1.6) = 160 W
Equivalent load resistor, R e q R e q = 48/(0.8 + 0.9 + 1.6) ≈ 14.5 Ω

high-speed BLDC motor which is used for the turbo molecular
pump (TMP). The specification of the experimental high-speed
BLDC motor is shown in Table II, and the experimental platform
is shown in Fig. 11.

B. Proposed Control Strategy of the Buck Converter Validation

In order to design the buck converter, the power consumption
distribution of the motor drive and the AMB control system
is carefully tested. The result is shown in Table III. The buck
converter is designed to work in CCM mode, and its parameters
are shown in Table IV.

According to the principle of proposed PFCC method, the
step input response time of the HV buck converter is very cru-
cial to compensate the voltage drop when mains power failure
occurs. Since the input voltage of the LV dc/dc converter and
AMB windings can vary within a certain range, a high steady-

TABLE IV
CONVERTER PARAMETER

Parameters of HV buck converters

Inductor, L 1 mH
Capacitor, C 940 μF
Switch Frequency, fs d 10 kHz
Rated output voltage, Vo 48 V
Rated output current, Io 4 A
Equivalent load resistor, RL 14.5 Ω
LV DC/DC input, VLV 36–60 V

Fig. 12. Step input response of buck converter using PI regulator and proposed
hybrid controller. The V1 is output of buck converter using proposed hybrid
controller while V2 is output of buck converter using PI controller.

state accuracy of output is not necessary. The step input response
comparison of the buck converter using PI regulator and pro-
posed hybrid controller is conducted. The results are shown in
Fig. 12.

The transient response could be improved by increasing the
parameter Kp of the PI controller. However, the over shoot of the
output voltage is also increased which may damage the LV dc/dc
converter. From Table IV, the maximum input of the LV dc/dc
converter is 60 V while the minimum input is 36 V. Therefore,
the overshoot of the buck converter should not exceed 25% of
the rated value. The PI digital controller is tuned with Ziegler–
Nichols method [38]. After trying many different PI coefficients,
a good step input responses shown as V2 can be achieved when
Kp is 550 and Ki is 1200. The rise time when the output value
first exceeds 36 V is about 1 ms and the overshoot is about 11 V.
The result with proposed hybrid controller combined SMC with
PI algorithm is shown as V1. Although the SMC algorithm
is implemented as a digital hysteresis controller with a fixed
switching frequency fad and AD sample time Ts , the step input
response time is still much shorter than the PI controller. When
the output voltage error of the buck converter is less than 5 V, the
PI controller is activated. With a smaller value of proportional
coefficients kp , the over shoot of the output voltage can be
eliminated.

C. Control Strategy of Back EMF Validation

Since the high-speed rotor may touch down the backup bear-
ings with unsuited control parameters during PFCC experi-
ments, a power resister is used as the equivalent load of the
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Fig. 13. Experimental results with different back EMF control strategy.
(a) Noncontrollable rectified strategy when motor runs at 8000 r/min. (b) Pro-
posed active back EMF strategy when motor runs at 8000 r/min. (c) Noncon-
trollable rectified strategy when motor runs at 21 000 r/min. (d) proposed active
back EMF strategy when motor runs at 21 000 r/min.

buck converter to prevent the potential damage. The reference
output voltage of the buck converter is set as +48 V, and a
simple output voltage feedback controller using PI algorithm in
contrast with proposed control algorithm is integrated with the
motor drive software. The controller drives the motor to a fixed
speed first. Then, the mains power of motor is shut OFF while
the power of control circuits is still ON. The speed of motor,
the dc-link voltage, and the output of the buck converter are all
monitored.

The motor is speeded up to 8000 r/min first. Then, the mains
power of the motor drive is shut OFF while the AMB system
power is ON. The experiment result is given in Fig. 13(a). The
six IGBTs of inverter are all switched OFF and the back EMF
of the motor is rectified by the antiparallel diodes. The dc-link
voltage udc decreases dramatically when the buck converter
works. Due to the low speed of motor, the line-to-line back
EMF is not high enough to keep the buck converter working
for long time steadily. The buck converter works normally for
about only 30 s. The motor runs at 7200 r/min when the output
voltage of the buck converter is below +36 V. The deceleration
lasts about 25 min. As shown in Fig. 13(b), the proposed back
EMF control strategy is used when the dc-link voltage is below
+55 V. Because of the high efficiency of the energy conversion,
the buck converter works for about 1.7 min with a fixed dc-link
voltage. The motor decelerates dramatically from 8000 r/min to
standstill in 4 min. The touchdown speed is only 4800 r/min.

The similar experiment results are shown in Fig. 13(c) when
motor runs at rated speed 21 000 r/min. Without active back
EMF control strategy, the buck converter works for 7 min, and
the whole deceleration lasts about 35 min. The speed of the
rotor is about 7300 r/min when the output voltage of the buck
converter is below +36 V. As shown in Fig. 13(d), the buck con-

Fig. 14. Motor phase currents using different back EMF control strategy.
(a) Proposed-back EMF control strategy. (b) Noncontrollable rectified strategy.

verter works for 10 min while the deceleration lasts 12 min with
proposed back EMF control strategy. The motor runs at about
11 000 r/min when the voltage of dc-link is below +55 V. In ad-
dition, the phase currents of motor can be depicted as Fig. 14(a)
while the phase currents using noncontrollable rectified method
are shown in Fig. 14(b). The motor speed is about 4700 r/min
when the output voltage is below +36 V.

The comparison of the kinetic energy conversion efficiency
with different back EMF control strategy can also be conducted.
According to (1), the variation of the kinetic energy ΔE while
the mains power failure happens can be expressed as

ΔE =
1
2
Jω2

n − 1
2
Jω2

t = Es + Et (12)

where ωn is the speed of the rotor when the power fails and ωt

is the touchdown speed. Es is the energy which is converted
to electrical power for the motor control circuit and the AMB
systems. Et is other kinds of dissipated energy and the major
part is copper consumption. For the small phase resistance of
high-speed motor, Et is far less than Es . For facility analysis,
ΔE is approximately equal to Es .

The efficiency of the kinetic energy conversion η could be
expressed as

η =
Es

0.5 · Jω2
n

× 100%

≈ ΔE

0.5 · Jω2
n

× 100%

=
0.5 · Jω2

n − 0.5Jω2
t

0.5 · Jω2
n

× 100%

=
(

1 − ω2
t

ω2
n

)

× 100%. (13)

As mentioned earlier, if ωn is fixed, the efficiency η increases
as the touchdown speed ωt decreases. According to the ex-
perimental results, when the motor runs at rated 21 000 r/min,
the touchdown speed is about 7300 r/min without the proposed
back EMF control strategy. In this case, the efficiency of kinetic
energy conversion is about 87.9%. On the other hand, if the pro-
posed back EMF control strategy is used, the touchdown speed
is about 4700 r/min, and the efficiency is about 95.0%. Hence,
with the numeric comparison, the efficiency of the kinetic
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Fig. 15. Experimental results of different PFCC method of AMB system
based on hybrid control method. (a) Noncontrollable rectified strategy when
motor runs at 8000 r/min. (b) Proposed active back EMF strategy when motor
runs at 8000 r/min. (c) Noncontrollable rectified strategy when motor runs
at 21 000 r/min. (d) Proposed active back EMF strategy when motor runs at
21 000 r/min.

energy conversion could be improved by using the proposed
back EMF control strategy. The output voltage of the buck con-
verter works longer while the brake time of the motor is greatly
reduced which is very helpful for vacuum applications.

D. PFCC Method for AMB System Validation

The proposed PFCC method is implemented on the exper-
imental platform by replacing the power resister with the LV
dc/dc converter and AMB system control circuits. The experi-
mental results are shown in Fig. 15.

Once the motor is speeded up to 8000 r/min, the mains power
of the experimental platform is shut OFF. As shown in Fig. 15(a),
the buck converter works for about 30 s without active control
strategy of the back EMF. After that, the AMB system loses
its power, and the rotor touches down the backup bearings at
7200 r/min. Due to the friction between the rotor and the backup
bearings, the motor decelerates quickly and the whole brake
time lasts only 1 min. With the proposed PFCC method, the
experiment result is shown in Fig. 15(b). The buck converter
works about for 1.5 min before the AMB system loses its power.
The touchdown speed is about 5000 r/min, and the whole brake
time lasts 2 min.

When the motor is speeded up to 21 000 r/min, the buck
converter works for about 7.5 min without active control strategy
of back EMF as shown in Fig. 15(c). The touchdown speed is
about 8200 r/min, and the whole deceleration lasts for about
8.5 min. With the proposed PFCC method shown in Fig. 15(d),
the touchdown speed is only 4600 r/min. The buck converter
works for about 12 min which is much longer. With a lower
touchdown speed, the kinetic energy of the rotor is much less

Fig. 16. Experimental results of different PFCC method of AMB system
based on PID control method. (a) Noncontrollable rectified strategy when mo-
tor runs at 8000 r/min. (b) Proposed active back EMF strategy when motor
runs at 8000 r/min. (c) Noncontrollable rectified strategy when motor runs
at 21 000 r/min. (d) Proposed active back EMF strategy when motor runs at
21 000 r/min.

which decreases the damage of the rotor laminations and the
backup bearings.

E. Performance Comparison Between Proposed Hybrid
Control Method and PID Controller

The HV dc/dc converter based on PID regulator is also im-
plemented, and the performance comparison is conducted. As
shown in Fig. 15, with the hybrid control method, the HV dc/dc
converter has the similar dynamic properties when the motor
runs at the same speed, no matter whether the proposed back
EMF control strategy is used or not. The adjust time is about
20 ms and the overshoot is zero when the motor runs at 8000 or
21 000 r/min.

The experimental results of different PFCC method of AMB
system based on PID control method are shown in Fig. 16. In
this case, the HV dc/dc converter has similar dynamic properties
when the motor runs at the same speed with different back EMF
control strategies. The adjust time is 30 ms and the overshoot is
about 4 V when the motor runs at 8000 r/min. However, when the
motor runs at 21 000 r/min, the dynamic performance of the HV
dc/dc converter is degraded with a shorter adjust time (20 ms)
and a larger overshoot (10 V). With different speeds of the motor,
the equivalent load, which consists of the AMB bearings and
their drives, is also changed. The linear controller such as PID
with fixed coefficients is not suitable for the HV dc/dc converter,
while the proposed hybrid control method could bring steady
control performance with different running conditions of the
AMB systems. Furthermore, the coefficients regulation of the
PID controller is very dangerous when the motor runs at the
rated high speed. If the overshot of output is too large to exceed
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the input range of the LV dc/dc converter, the power of the AMB
system would also fail.

VI. CONCLUSION

In this paper, a novel PFCC method of the AMB system is
proposed and implemented on a magnetically levitated TMP ex-
perimental platform. The principle of this method is converting
the kinetic energy of the rotor to the electric power for the AMB
system when the mains power fails. The hardware composition
is improved to be integrated with the motor drive using either
PWM or PAM techniques.

In order to minimize the touchdown damage and improve the
efficiency of the energy conversion, an active control strategy
of the line-to-line back EMF is used when the motor speed
is low. Unlike traditional PWM rectified technique, only six
discrete positions are needed which makes it suitable for the PM
motor drive using low-revolution position sensors or sensorless
control strategy. With a simple PI controller, the feedback power
from the motor can be regulated to supply a fixed voltage as
input for the buck converter. In addition, an improved digital
controller combined SMC with PID algorithm is also introduced
to improve dynamic response of the buck converter. Experiment
results show that this novel PFCC method can effectively prevent
the rotor from touching down the backup bearings at high speed
when the mains power fails. The reliability of AMB system can
be greatly improved by integrating this PFCC method with the
motor drive algorithm.
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