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ABSTRACT Although magnetic bearings are generally reliable, an important concern for machine
applications is fault tolerance. The fault-tolerant operation of a magnetic bearing system can be realized
through the identification and isolation of fault actuators and subsequent support reconstruction via residual
actuators. In this study, a novel fault-diagnosis algorithm for electromagnetic actuators (EMAs) is proposed.
The equivalent slope of the load current is defined as a fault-diagnosis threshold by theoretically analyzing
the variation characteristics of the current in the modulation. The synchronous sampling of the current and
its processing algorithm are designed. By combining these algorithms with the generalized bias current
linearization theory reported previously, a fault-tolerant control (FTC) system for magnetic bearings is
developed, and control of multi-position and multi-current loops is realized by using two digital signal
processors (DSP). The FTC of the rotor motion and the fault-diagnosis of actuators are executed in parallel.
The proposed control system is verified by the experiments, and experimental results demonstrate that the
proposed system can cope with EMA fault in an extremely short time of less than 5 ms. Thus, the support
can be reconstructed by employing the FTC to maintain rotor stability.

INDEX TERMS Control system design, fault tolerance, fault-diagnosis, magnetic bearing, parallel
processing.

I. INTRODUCTION
The magnetic suspension support has certain specific prop-
erties, including the elimination of lubrication systems, low
power loss due to the friction-free operation, and control-
lability of bearing dynamic characteristics. Typical appli-
cations of magnetic suspension support include the use of
magnetically-levitated planar actuators [1]–[3] in degrees-
of-freedom (DOF) ultra-precision stages and widespread use
of magnetic bearings [4], [5] in rotating supporting parts.
Magnetic bearings are a key component of aircraft engines,
nuclear energy turbine generating plants, and energy storage
flywheels [6]. Magnetic actuator failure, which is one of
the major failures of conventional magnetic bearings with
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symmetric constraints on stator structures, can cause the rotor
to fall out of control, resulting in serious damage to the whole
bearing system [7].

Designed redundancy is an effective solution to this prob-
lem and can be realized in two ways. The first way to use the
compensation strategy based on the loosely-coupled support-
ing structure, which is accomplished by direct force coupling
between adjacent magnetic poles. The reconfiguration rules
of this structure have been studied byGu et al. [8]. The second
way is to compensate the electromagnetic force (EMF) losses
of faulted magnetic poles by using flux coupling, namely,
to use a heteropolar [9] or the tightly-coupled redundant
supporting structure [10]. As for the heteropolar support-
ing structure, Cheng et al. [11] proposed the generalized
bias current linearization algorithm, which can continually
maintain rotor bearings using the current redistribution when
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partial electromagnetic coil failure occurs. Following this
theory, Maslen and Meeker [12] optimized the fault-tolerant
control (FTC) scheme of electromagnetic actuators (EMAs)
and presented an efficient optimization method based on the
Lagrange multiplier approach. They also verified the effec-
tiveness of the proposed method using flexible rotors [13],
which ensured the displacement orbits of the rotors could be
maintained before and after partial coil fault. Noh experimen-
tally confirmed the theoretical feasibility of the generalized
bias current linearization algorithm in vacuum molecular
pumps equipped with magnetic bearings [14]. Noh et al. [15]
proposed a generalized unbiased control strategy for radial
magnetic bearings and extended the method of unbiased
control for three-pole radial magnetic bearings to a gener-
alized unbiased control strategy by encompassing bearings
with an arbitrary number of poles. The principal objective
for the FTC is to ensure the continual safe running of the
rotor after the occurrence of a fault. It should be mentioned
that structural redundancy of magnetic bearings facilitates
activating the fault tolerance of a control system, and the
fundamental theory of FTC has been established [7]–[15].
Nevertheless, the control system should be able to identify
and isolate faulted actuators rapidly and accurately and then
provide new support on the basis of the residual parts.

The fault detection methods for EMAs can be roughly
divided into two categories. The first category includes the
analytical and recognition technologies based on system
models. For instance, for three-pole magnetic bearings, a lin-
ear relationship between the coil current and monitoring
parameters was established and used to monitor and esti-
mate system status [16]. In a five-DOF magnetic bearing
system, a state-space equation based on modern control the-
ory was established and used to detect, identify, and ana-
lyze faults [17]. In order to address the switch faults that
commonly occur in power amplifier (PA) circuits, a detec-
tion strategy based on the instant voltage error in the con-
verter, which can accurately identify faulted switches within
two sampling periods in favorable conditions, was proposed
in [18]. Moreover, the rotor motion equation of an eight-pole
magnetic bearing scheme with biased discs was derived,
and an identification algorithm based on the identification
algorithm of least square regression was developed [19].
The system fault characteristics can be estimated online
based on tiny rotor displacement (vibration) and current
signals. The above-mentioned algorithms can decrease or
eliminate the dependence on sensors during fault diagno-
sis, but the errors between mathematical models and real
systems can further complicate fault recognition. In partic-
ular, there have not been any precise models targeting dif-
ferent fault signatures under different working conditions
yet [20].

The second category includes fault detection methods
based on the digital signal processing of sensor data.
In these methods, the current and vibration signals can be
obtained most easily, and these methods have been com-
monly used for the fault detection of stator, rotor, and

bearings [21], [22]. The machine current signature analysis,
which is a popular approach used in the fault-diagnosis of
induction motors, employs current sensors to monitor the
current and frequency-domain characteristics to detect differ-
ences between healthy and faulty conditions [23]. However,
this approach fails to detect broken faults under a no-load
condition because, in that case, the load current is com-
paratively small and unavailable for fault analysis. In order
to overcome this problem, discrete wavelet analysis and
higher-order spectra in an unloaded condition have been pro-
posed [24], [25]. In addition, a modified bispectrum analysis
based on the amplitude modulation feature of the current
signal was adopted in [26] to combine lower and higher
sidebands, and an effective diagnostic feature based on this
bispectrum analysis was developed for fault classification.
Moreover, a fault detection method based on the generalized
likelihood ratio test was proposed, but its accuracy depended
on the selection of a valid threshold [27]. By employing a
bank of filters and defining the thresholds such that they
explicitly account for the effect of uncertainty, a fault detec-
tion and isolation approach was proposed for diagnosing
actuator and sensor faults in nonlinear uncertain systems [28].
Nevertheless, the fault detection methods in this category
commonly suffer from two limitations:

1) The exact threshold cannot be identified by merely
applying experience.

2) Complex digital signal processing sets strict require-
ments for processor performance, and this overhead in
real-time systems may reduce system throughput to an
unacceptable level.

In project magnetic bearings are applied to high-speed
rotor systems and required to complete fault detection, isola-
tion, and reconfiguration in a real-time environment. There-
fore, in the event of failure, the control system can rapidly
provide efficient support before the rotor falls and maintain
rotor stability during support reconfiguration. A real-time,
threshold-based fault detection algorithm without a valid
threshold was put forward in [10], but the diagnostic results
were less accurate when the control currents of the actuator
changed suddenly. Given that the ripple characteristics of the
actuator current are directly correlated with the time constant
of electromagnetic coils [29], theoretical analysis and simula-
tion validation of the inherent ripple characteristics have been
conducted in [30], [31].

Motivated by the related work presented above, this
paper proposes a fault-tolerant magnetic bearing control sys-
tem (MBCS) implementation scheme based on two digital
signal processors (DSPs) and designs relevant block diagrams
of software and hardware.

The main contributions of this paper can be summarized as
follows.

1) A novel real-time electromagnetic coil fault detection
algorithm for EMAs is proposed, and an equivalent
slope of the load current within the modulation period
is defined and preset as a valid threshold of fault
detection.
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FIGURE 1. Conventional MBCS.

FIGURE 2. Configuration of the FTC system for magnetic bearing with a redundant structure.

2) A fault-tolerant MBCS combined with the proposed
fault detection algorithm is designed and realized. The
complex control algorithms with heavy computation
are developed by software using two DSPs, and the
FTC of the rotor motion and fault diagnosis of actuators
are executed in parallel.

The rest of the paper is structured as follows. Section II
briefly describes the control system requirements and config-
uration. Section III presents the design and implementation of
the proposed control system, including the novel fault diagno-
sis and detection method, and the detailed implementation of
the FTC system. Section IV details the experimental results
and analysis. Finally, Section V draws the conclusions and
presents future work directions.

II. SYSTEM REQUIREMENTS AND CONFIGURATION
The block diagram of the MBCS with radial magnetic bear-
ings is shown in Fig. 1. The position controller produces
control currents

(
i∗x , i
∗
y

)
according to the position comparator

outputs, and position error e is easily computed by ei(k) =
Si(k)∗ − Si(k). The closed-loop current control is usually
accomplished in PAs by generating currents

(
ix , iy

)
, which

form the designed EMFs
(
Fx ,Fy

)
according to the control

currents.
Usually, each electromagnetic coil and the corresponding

PA constitute a channel of a multi-current closed loop.

Faults in a channel (e.g., broken circuit, short circuit, or mag-
netic pole damage) can cause an actuator failure, mean-
ing actuators cannot produce the designed EMF. In the
case of a symmetrical eight-pole radial magnetic bear-
ing, when a certain pole or multiple poles fail, the pole
flux can be compensated by the control current redistribu-
tion owing to pole coupling [10], [11]. The configuration
of an MBCS with a fault-tolerant controller is displayed
in Fig. 2. Thus, the system requirements are listed as
follows.

1) The overall EMA operation is monitored by the
fault-diagnosis and detection (FDD) module, so the
system can rapidly detect, diagnose, and isolate faulty
actuators.

2) The current distribution control cell implements the
current distribution strategy according to the actuator
status and designed EMFs

(
F∗x ,F

∗
y

)
. As a result, this

cell creates the desired control current I∗ in the form of
a PWM to drive the power bridges in PAs.

3) The FTC system is constructed such that it enables
parallel data processing, which can improve the overall
real-time system performance. Once a fault occurs,
the support of the magnetic bearing can be restored
to a valid level before the falling of the rotor. In addi-
tion, the systemmaintains rotor stability during support
reconfiguration.
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FIGURE 3. Current flows under the bi-state modulation. (a) Current-increasing process.
(b) Current-decreasing process.

III. DESIGN AND IMPLEMENTATION OF
FAULT-TOLERANT CONTROL SYSTEM
A. MATHEMATIC PRINCIPLE OF FAULT-DIAGNOSIS AND
DETECTION
The principle of a bi-state unidirectional digital switch PA is
illustrated in Fig. 3, where CT1 and CT2 denote the driving
signals of switching tubes Q1 and Q2 on the power bridge,
respectively, with the duty cycle employed to control the
change in the coil current. When Q1 and Q2 are enabled
simultaneously, the coil current rises, as shown in Fig. 3(a).
However, when Q1 and Q2 are disabled simultaneously,
the coil, through the freewheeling diodes D1 and D2, forms
a closed circuit with the power source, and the coil current
decreases, as shown in Fig. 3(b), whereUd denotes the power
bus voltage, and L and R denote the equivalent inductance
and resistance of the coil, respectively. The coil current can
be controlled by the power tube drive signals CT1 and CT2
from a configurable PWM generator.

When the load current increases, we have:

Ud = L
di(t)
dt
+ Ri(t)+ 2Us, (1)

where Us denotes the conduction voltage drop of the switch
tube, and i represents the load current of the magnetic coil.

By solving equation (1), we obtain:

i(t) =
Ud − 2Us

R
(1− e−

t
τ )+ i0e−

t
τ . (2)

By taking the derivative of current, the slope of the load
current can be obtained by:

kinc =
di(t)
dt
=
Ud − 2Us

L
e−

t
τ −

i0
τ
e−

t
τ . (3)

Similarly, the slope of the load current when the load
current decreases can be determined as:

kdec =
di(t)
dt
= −

Ud + 2Uc
L

e−
t
τ −

i0
τ
e−

t
τ . (4)

As shown in Fig. 4, the current slope in the current-
increasing process should satisfy the following conditions:

kmax =
Ud − 2Us

L
−

i0
τ

kmin =
Ud − 2Us

L
· e−(

T
2 )/τ −

i0
τ
· e−(

T
2 )/τ

, (5)

where i0 denotes the initial current of the magnetic coil, and
τ = L/R denotes the time constant of the magnetic coil.

FIGURE 4. The slopes of the load current in the switching period [31].

Since τ is far larger than the switch cycle T of the PA,
e−t/τ ≈ 1 and the slope of load current is approximately
linear, which is expressed as:

kmin ≈ kmax ≈ kinc =
Ud − 2Us − i0R

L
=
−

k . (6)

The equivalent resistance R of a coil is usually at the level
of m�, and the effect of i0R on the load current slope is
negligible relative to the power bus voltage Ud . Obviously,
the slope of the load current within a PMWmodulation period
is an inherent physical property of the coil and independent of
the current control algorithm. Moreover, the slope is slightly
affected by the load current value. As a result, the equiva-
lent slope of the load current can be defined, and therefore,
the theoretical range can be set. Once a coil failure occurs
(e.g., broken circuit, short circuit, or even partial insulation
damage), the equivalent slope of the load current will deviate
from the preset range.

B. DESIGN OF MULTI-CHANNEL POWER AMPLIFIER WITH
FAULT-DIAGNOSIS AND DETECTION
The PA, including a current controller, FDD module, and
power stage, is designed, and it is presented in Fig. 5. The
power stage consists of an H-type power bridge, a gate driver,
a current sensor, and a low-pass filter (LPF). The power stage
enables power devices according to the PWM signals for the
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FIGURE 5. Multi-channel PA with the FDD module.

sake of controlling the load current. In addition, the current
controller adopts the PI algorithm to decrease the error e(t)
between the designed current in∗ and the load current in,
and the closed-loop negative feedback control is constructed
by transmitting the current value to the current controller
through a 16-channel ADC, whereas the PA output is used
as a preset. The presented design has two innovations. First,
a multi-channel PA, which should be realized in a decen-
tralized mode, can be simply achieved by combining a DSP
with multiple power stages, and the current controller and
feedback gain can be implemented by software. Second, each
current control closed loop corresponds to an independent
FDD module, and the current sampling is discretized into
a sampling point queue, which is used by the FTC sys-
tem to estimate the status of actuators by calculating the
equivalent slope of the load current. In this way, the unified
fault-description for multi-channel PA is realized after fault
detection. The design of the FDDmodule is introduced in the
following.

In software realization, two factors need to be consid-
ered during the design process of an FDD module. First,
the FTC system effectively increases the number of con-
figurable EMAs under fault conditions, but the operation
status of all of the EMAs must be described with a gen-
eral index. The description of this index will be introduced
in Section III-C. Second, the broken or short circuit of the
closed-loop current control can be easily judged because the
coil currents under such faults are uncontrolled. Moreover,
this situation, in which the load current of a normal coil is
close to zero during the rotor motion control, should be taken
into account to improve the functionality of the FTC system.
In some situations, such as partial insulation failure of elec-
tromagnetic coils, the coil currents can be controlled. How-
ever, since the numbers of winding turns, flux, and magnetic
circuit characteristics are changeable, the dynamic properties
of EMAs will deviate significantly, thus demanding from
the fault-diagnosis module to respond to the above situations
rapidly.

The working procedure of the proposed FDD includes
sequential sampling of the current data, rapid calculation
of k , and fault detection. The PWMmodule enables the ADC
module directly through a synchronization signal, as shown
in Fig. 6(a), which further guarantees the phase feature of
the current sampling sequence within a modulation period,
as shown in Fig. 6(b). At time t2, whose delay time in the
power-down control is Tde compared to the first sampling
time t1, the sampling data a1 are stored in the first-in-first-out
(FIFO) manner. In addition, the processing speed of the sys-
tem can be greatly improved by utilizing the design, in which
the CPU accesses data via DMA (direct memory access) bus.
Similarly, the sampling data during the subsequent intervals
t3−t9 are stored in the same way until time t10. Then, the next
synchronization signal is acquired to activate a new round of
sequential sampling.

In order to improve the real-time performance and preci-
sion of calculating the equivalent slope of the load current,
the segmental calculation and data sampling are performed in
a pipelined way. From two adjacent current sampling points
shown in Fig. 6(b), we have:

ki = GfGLPF
(ai+1 − ai) · UREF

2nT
, i = 1, 2, . . . , (7)

where Gf denotes the feedback gain, GLPF denotes the
steady-state gain of the LPF, T denotes the sampling period
of the ADC, UREF denotes the built-in reference voltage of
the ADC, and n denotes the ADC resolution. According to
the current variation between two adjacent points, which is
shown in Fig. 7, the equivalent slope of the load current in
the current-rising process is expressed as follows:

k̄inc =
k1 + · · · + ki−3 + ki−2 + ki−1 + ki

i
. (8)

Furthermore, the singularities that belong to the sampling
points and are likely to be an error factor in the calcula-
tion of k̄inc must be taken into consideration. An effective
identification strategy to cancel these singularities has been
presented in [31].
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FIGURE 6. Sequential sampling and synchronization design in the modulation period.

FIGURE 7. The slope of current variation between two adjacent sampling
points [31].

C. IMPLEMENTATION OF FAULT-TOLERANT CONTROL
SYSTEM
The typical mathematical model of a heteropolar radial
magnetic bearing with a redundant supporting structure in
a two-axis x − y reference frame can be expressed as
follows [11]:

Fx = BTDxB
Fy = BTDyB

Dx =
A

2µ0
diag

[
cos θ1 cos θ2 · · · cos θn

]
Dy =

A
2µ0

diag
[
sin θ1 sin θ2 · · · sin θn

] , (9)

where Fj denotes the resultant EMF from magnetic poles,
A denotes the pole face area, µ0 denotes the vacuum perme-
ability, matrices Dj and B denote the structural parameters of
the magnetic bearing and the flux density vector, respectively,
and they can be expressed as [10], [11], [14]:

B = R−1NIA−1, (10)

where R,N , and I denote the reluctance matrix, coil winding
influence matrix, and coil current vector, respectively. Based
on equations (9) and (10), even when a certain coil fails and

the corresponding magnetic field energy is zero, the above
processes are not affected, and equation (9) still applies.
In other words, the lost pole flux can be compensated by the
current redistribution, which generates the designed EMFs.
We define:

V = A−1R−1N . (11)

Then, equation (9) can be transformed into:{
Fx = ITVTDxVI
Fy = ITVTDyVI

. (12)

The relationship between the current vector I(when a fault
occurs, it is a reduced order vector) and the produced forces
Fj is quadratic. In order to realize the control model using
software, the current distribution matrix W that satisfies
equation (13) is defined as follows [11]:

WTVTDxVW = Mx

WTVTDyVW = My

Mx =

 0 1/2 0
1/2 0 0
0 0 0


My =

 0 0 1/2
0 0 0
1/2 0 0


(13)

The coil current can be computed by I = WIc, where:

IC =
[
C0 ix iy

]T
, (14)

and where C0 denotes the bias current coefficient, and ix
and iy are the control currents in the x− and y− directions,
respectively. Then, equation (12) can be simplified to:{

Fx = C0ix
Fy = C0iy

. (15)
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FIGURE 8. Block diagram of the current distribution control.

FIGURE 9. Design of a dual-DSP-based FTC system.

The fault tolerance of MBCS means that the system can
establish a decoupling and linearized current–EMF rela-
tionship according to the existing dynamics of the EMAs.
Regardless of a fault occurs or not, the designed EMFs can
be realized using the current distribution control model. If the
model is inverse to the real-time actuator dynamic model
shown in Fig. 16(a), the EMFs shown in Fig. 8 can be realized.
The above analyses imply that the FTC system under any
fault state can determine a current distribution matrix W
that matches with the actuator dynamics under the real-time
condition. Thereby, the system can realize support reconfig-
uration, thus making

[
Fx∗,Fy∗

]
=
[
Fx ,Fy

]
.

The FTC system based on two DSPs and a dual port
random access memory (DPRAM) as a channel of data
interaction is illustrated in Fig. 9. The interaction data of
the control system consists of the following information:
(1) the desired control current commands sent from the upper
CPU to the current controller; (2) the fault report describ-
ing the fault states of actuators, which is sent from the
lower FDD module to the upper CPU; and (3) interruption
and arbitration data used to create bidirectional interruption
information.

When the fault states are updated, the interruption to DSP 1
is valid, and a new matrixW is initiated. The interruption to

DSP 2 is valid when the data of the closed-loop current con-
trol are updated, and it is used to notify the current controller
to update the control command. These mechanisms ensure
data consistency during synchronous reading and writing by
DPRAM [5].

The FTC is realized by DSP 1 and belongs to the upper part
of the whole control system, including a position controller
and a current distribution control block. In this article, the PID
algorithm is employed to eliminate rotor position errors. The
configuration process of the current distribution matrix is
presented in Fig. 9, where it can be seen that the fault report
data (Fig. 5) that activate the current distribution control block
are updated when the lower CPU detects a newly-formed
fault of EMAs. According to this information, which forms
a fault index, the faulted actuators are isolated by the current
distribution control block. The fault index is used inW library
to select W i, which is updated in the current distribution
control cell according to the real-time fault-description.

The closed-loop current control and FDD modules are
realized by DSP 2. By using the PI algorithm, PWM signals
are obtained to control the power devices at the power stage
to initiate the duty ratio and make I∗ = I . More details
of sequential sampling and synchronization design can be
found in Fig. 6. Meanwhile, each current control closed loop
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FIGURE 10. Experimental platform. I represents the load current, I′ represents the feedback current, and S represents the rotor position.

FIGURE 11. The timing sequences of the modules in the FTC system.

corresponds to one FDD module, aiming to estimate the
inherent current ripple characteristics and compare themwith
the theoretical threshold. If a fault of a closed loop is detected,
the fault information ‘‘1’’ is output by the software and the
operational information on all of the closed loops is stored
in the fault-report register. For instance, 000. . . 010 means the
fault corresponds to the second channel of the current control
closed loops, so this channel is isolated subsequently.

IV. EXPERIMENTAL RESULTS ANALYSIS
A. EXPERIMENTAL SETUP
The fabricated FTC system for a magnetically-levitated rotor
with a redundant support structure is shown in Fig. 10.

FIGURE 12. Load in the experiment: L1 ≈ 1.76mH, R1 ≈ 0.48 �,

L2 ≈ 1.50mH, and R2 ≈ 0.41�.

This system was implemented in software by using two
TMS320F28335 DSPs working at the 150 MHz clock cycle
rate and having IDT71V30 as a DPRAM; the reading and
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FIGURE 13. Sampling points of the load current at the fault stage. (a) Under a broken circuit fault. (b) Under a partial short circuit fault.

FIGURE 14. The fault-diagnosis time. (a) td under a broken circuit fault. (b) ts under a partial short circuit fault.

writing speeds of interaction data were 109 Hz. One chan-
nel of the power stage circuit contained an IRFB4020Pb
MOSFET, and a CSNE151-100 Honeywell current sensor
was used as a conditioning circuit. Themain structural param-
eters of the magnetic bearing are given in TABLE 1.

TABLE 1. Parameters of magnetic bearing.

As a CPU for the lower control part (Fig. 9), DSP 2 consti-
tuted themulti-channel PA, including an FDDmodule and the
power stage circuit. Considering the dynamic bandwidth of
PA, the pulse period of the PWM generator in DSP 2 was set
to 83.3 µs at 12 kHz. Following the sequential sampling and
synchronization design presented in Section III-B, the A/D
converting clock frequency was the same as the frequency
of the PWM wave used to drive MOSFET. Hence, the A/D
sampling period Tsam of DSP 2was 4.2µs at 240 kHz. On this

basis, the sampling rate of the rotor position signals was
833 µs at 1.2 kHz. The current controller parameters were
P = 40 and I = 30. To prevent numerical overflow, the output
values of the PID/PI controller were both limited to a specific
range. Moreover, a power filter was designed to maintain the
stability of the bus voltage and prevent switching noise from
being transmitted to the power supply. In the performance
tests of the FTC system, which is presented in Section IV-B,
the rotor speed was set to 3000 rpm, the sampling rate of
the rotor position signals on the data acquisition card was
800 Hz, and the operating frequency of the oscilloscope
was 240 kHz.

The time sequences of different modules in the FTC system
are presented in Fig. 11. The position control loops and the
current control loops were executed inside different DSPs to
enhance system performance by parallel processing; namely,
when the position loop calculation in DSP 1 ended, a new
current distribution command was obtained according to the
real-time W i and written into the DPRAM after the external
interruption instruction notified DSP 2. Then, the multiple
current control modules in DSP 2 and the corresponding
FDD modules operated in series. When a fault occurred,
the actuator state in DPRAM was updated after the exter-
nal interruption instruction notified DSP 1. The overheads
of the critical modules are shown in TABLE 2, and these
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FIGURE 15. Trajectory tracking of the rotor’s torque-output end under a broken circuit fault. (a),(b) Rotor position deviation. (c) Rotor
trajectory.

FIGURE 16. Trajectory tracking of the rotor’s torque-output end under a partial short circuit fault. (a),(b) Rotor position deviation. (c) Rotor
trajectory.

values were measured by the CCS Profile clock when the
proposed algorithm was running in the DSP with the core
clock of 150 MHz.

B. EXPERIMENTAL RESULTS
The effectiveness of the FDD module for EMAs and the
performance of the rotor motion control were evaluated under
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TABLE 2. Overhead of the critical modules.

fault conditions on the magnetically-levitated rotor platform.
In the experiment, the faults of coils were used to test the
effectiveness and real-time performance of the FDD module.
It should be noted that any failure in the power stages and
the electromagnetic coils, which led to the change in the
equivalent slope of the load current, would enable the FDD
module according to the proposed fault detection algorithm.

First, a magnetic bearing, whose third leg had coils wired
in series, was designed for the rotor’s torque-output end
(Fig. 10) to verify the performance of the FDD module. Fol-
lowing the circuit structure displayed in Fig. 12, the broken
circuit or partial short circuit faults were realized by opening
switch 1 or closing switch 2. In this work, the initial constants
of the coil were 3.3 mH and 0.9 �, the bus voltage Ud was
45 V, and i0 was 0.5 A; thus, according to equation (6),
the theoretical range of the slope of the load current was
[13626, 13646] according to equation (6).

When the third channel of the EMAs failed, the load cur-
rent characteristics of this channel within four cycles were
analyzed by MATLAB, and the discrete points are shown
in Fig. 13. During the current-increasing process, after the
broken circuit or partial short circuit fault occurred, the equiv-
alent slope of i3 was [1121, 2831] or [25466, 25670],
respectively. The fault signal was flagged according to the
fault-diagnosis algorithm. Meanwhile, the pin output of DSP
2 and the coil load current weremonitored by an oscilloscope,
and the results are shown in Fig. 14. As shown in Fig. 14,
the alarm signal from the lower CPU decreased from a high
to a low level, and the time for fault diagnosis was about 5 ms.

Next, the motion trajectory control was used to evaluate
the dynamic performance of the proposed FTC system under
the condition of actuator failure. The trajectory tracking of the
rotor’s torque-output end is shown in Figs. 15 and 16. Relative
to the gap of 0.300 mm between the magnetic bearing and
the back bearing, the maximum rotor position deviation was
0.244 mm, indicating that the architecture of parallel pro-
cessing of rotor motion FTC and the fault-diagnosis of EMA
denoted an effective solution for improving the reliability of
the magnetic bearing systems. Under the timing sequence
shown in Fig. 11, and under fault conditions, theMBCS could
reconstruct rotor support within 10 ms and prevent the rotor
from falling.

V. CONCLUSION
In order to improve the fault tolerance in active magnetic
bearing equipped machinery, an FTC system for mag-
netic bearings based on a real-time fault-diagnosis algo-
rithm for EMAs is successfully realized using two DSPs.
The stable suspension of the rotor under fault condition rep-
resents a software-related task and can be easily realized

without any additional hardware. The computational cost of
critical modules is measured running on line, which reveals
that the proposed control strategies are streamlined. The bro-
ken circuit and partial short circuit faults can be detected for
about 5 ms by the FDD module. The dynamic performance
of the proposedMBCS under the condition of actuator failure
is evaluated by the rotor motion trajectory, which reveals
that the MBCS can reconstruct rotor support in 10 ms and
thus prevents the rotor from falling. The experimental results
show that the proposed system can provide fault detection
and isolation for EMA, as well as a reconfiguration of the
coil driving, to enable the continued safe running of the rotor
during the occurrence of a fault.

Future work should focus on combining the robust control
theory with the generalized bias current linearization theory,
thus making the MBCS able to cope with multiple operating
conditions of the dynamic rotor.
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