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ABSTRACT: To ensure the normal operation of a control system for a bearingless induction motor (BIM) after current sensor failure,
a virtual current sensor (VCS) fault-tolerant control strategy was proposed. First, on the basis of the coordinate transformation of the
stator current of the torque winding, the fault detection marks were set to realize current sensor fault detection. Second, according to
the mathematical models of BIM, the stator current differential equations included in the VCS were derived, and the solutions of the
equations were used as the reconstruction current of the fault current sensor, achieving fault-tolerant operation control after the sensor
fault. The simulated and experimental results show that the set fault detection marks can realize the quick and accurate identification of
sensor faults, and the estimated current from the VCS output can replace the faulty current after the current sensor fails, and the stator
current can be reconstructed effectively under no-load, load change, and speed change conditions, and also ensure a good suspension of

the motor rotor under sudden addition of disturbance condition.

1. INTRODUCTION

earingless motor (BM) is a new type of motor that realizes

the functions of rotor suspension and rotation. It uses the
structural similarity between its stator and the magnetic bear-
ing, stacking the winding that produces the magnetic bearing
suspension force into the stator slots. To provide a steady sus-
pension and rotation of the rotor, two sets of windings that pro-
duce the radial force work together to suspend the rotor [1]. The
BMs not only possess all the benefits of magnetic bearings, but
also have the benefits of small, high-power density, and being
simple to increase in speed and power. Therefore, BMs have
numerous potential applications in particular industrial fields
including high-speed centrifuges, flywheel energy storage, and
artificial heart pumps [2—4]. Among them, the bearingless in-
duction motor (BIM) is characterized by its uniform air gap,
low cost, high mechanical strength, and considerable radial sus-
pension force produced by the same controlled current, and is
one of the most widely studied bearingless motors.

The drive system unavoidably malfunctions because of the
heavy load, increased demand for motor speed, and constant
changes in the environment. It has the following three main
fault types: motor failure [5, 6], inverter failure [7, 8], and sen-
sor failure [9, 10]. The system will fluctuate and perhaps crash
because of these issues; thus, the technology for fault diagnosis
(FD) and fault-tolerant control (FTC) provides a useful method
for early failure detection and for ensuring safe and dependable
operation of the motor [11, 12].

Several sensors have been employed as part of the BIM
control system to collect voltage, current, and speed sig-
nals [13, 14]. On the one hand, the motor can still run normally
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without the voltage feedback signal, but it cannot work
normally without a current feedback signal [15—17]. However,
the complexity of the working environment and the impact
of human error will cause problems and even damage to the
existing sensor, and the current loop in the BIM control system
becomes uncontrollable once the current sensor fails, which
causes the current, speed, and other data to change dramati-
cally. At the same time, owing to the coupling between the
two BIM windings, the dramatically changing torque winding
current also has an impact on the suspension winding current.
Finally, this impact causes the suspension of BIM to become
unstable. Thus, it is essential to focus on fault detection and
FTC of BIM current sensors.

To correctly follow and estimate the three-phase current for
power switch faults and current sensor faults, an internal slid-
ing mode observer (SMO) for three-level neutral point clamped
(NPC) inverters was developed in [18], and a method for iden-
tifying the two fault types was proposed utilizing the sum of
anticipated current and measured current. However, the differ-
ent on-off states of the NPC increase the amount of computa-
tion required for the SMO. According to the fractional-order
model reference adaptive control for achieving FTC, a back-
propagation neural network was proposed in [19] to identify the
different forms of sensor faults. However, the performance of
neural networks is affected by the fault sample size, which af-
fects fault judgment accuracy. Reference [20] proposes a strat-
egy for IGBT’s open circuit fault diagnosis and early fault diag-
nosis of current sensor in PMSM inverters. This strategy uses
incremental and non-singular transformations to decouple the
inverter system, which can effectively distinguish the two fault
types and constructs a synovium observer to evaluate the recon-
figuration state of the subsystem. But it was only for PMSM in-
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FIGURE 1. Diagram of generating controlled suspension forces.

verters, and no other motor systems are considered. For sensor
faults detection and FTC, different methods, such as observers
based [21], date-driven [22], and model-based [23], have also
been utilized. There were also problems, such as complex de-
sign and calculation, which lengthened the time required to lo-
cate faults and decreased the system’s operational reliability.

To deal with the current sensor fault in the BIM control sys-
tem, this paper proposes a fault detection mark and introduces
an FTC approach based on the BIM parameter deducing the
VCS. First, the coordinate transformation of the three-phase
torque winding current in the BIM was completed, and then, the
fault detection marks were established using the current from
the transformation described above. A faulty sensor can be
identified quickly and precisely according to the relationship
between the mark differences. Second, VCS was determined
based on the inverter DC voltage, motor speed, and partial pa-
rameters of the BIM mathematical model. This strategy can
better achieve the current estimation of the torque winding af-
ter failure and overcome the coupling of the torque winding
and suspension winding, which maintains a good BIM suspen-
sion while ensuring basic current feedback, and is an effective
method in the field of BIM sensor control. Through experi-
mentation and BIM simulations, the usefulness of the proposed
strategy was confirmed.

2. BIM SUSPENSION PRINCIPLE AND MATHEMATI-
CAL MODEL

2.1. The Suspension Principle of the BIM

The BIM realized rotation and suspension through the joint ac-
tion of the torque and suspension windings. To produce a con-
trollable radial suspension force, the two sets of windings need
to satisfy p; = p, =+ 1 and p; = p,, and they produce magnetic
fields that rotate in the same direction, where p; and p, are the
electric angular frequencies of the torque and suspension wind-
ings, respectively, and p; and p; are the pole numbers of the
corresponding windings.

The BIM torque generation was the same as that of the induc-
tion motor, which was created by the Lorentz force, in which
the rotor’s cutting of the magnetic field is produced, and the
Maxwell force, which causes suspension of the BIM. This study
takes BIM with p; = 1 and p, = 2 as an example, and the sus-
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pension principle is shown in Fig. 1. The torque and suspen-
sion windings pass the stator currents I and I,, respectively,
and stator fluxes v; and 1), are superimposed on the x positive
axis and weakened at the = negative axis. Consequently, the
positive z-axis is where the combined Maxwell force is pro-
duced. Similarly, if a suspension force of x negative axis is
required, the direction of the two sets of winding currents can
be changed, by changing the phase of the winding current, and
the suspension force in the y direction can be controlled.

2.2. The Mathematical Model of the BIM

In the static two-phase orthogonal coordinate system (-3 sys-
tem), the mathematical model of the BIM torque part is as fol-
lows [24,25]:

voltage equation.

) d
Usla - Rsl “lsla T d:istla
. d S
Usip = Rs1 - ts18 + 12;’6
" O]
Urta = By1 - ip1a + rlao + wpm - ¢7‘15
dt
. dip,.
Urlﬁ =Ry - trig + 121/8 — Wm * Yria
t
flux equation.
/wsla = le “lgla t Lml “lirla
wslﬁ = le : Z‘slﬁ + Lml : Z‘7“15 (2)

'(p’rla = L'rnl . isla + Lrl . Z.7'104

’(/}7'1[3 = Lml : islﬁ + Lrl . Z'7'1[3

where 1 represents the torque winding related quantity; s and
r represent the stator and rotor winding related quantities, re-
spectively; « and 3 represent the coordinate axis components
in the a-f coordinate system, respectively; and Ly, represents
the torque winding mutual inductance. The controllable radial
suspension force equation of BIM in a rotating two-phase co-
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TABLE 1. Relationship between marks difference and fault current sensor.

AM; Fy, P, Fs Faulty sensor
AM, =AM, =AM; 0 0 0 None
AM, < AM; < AM, 1 0 0 Phase A
AM, < AM, < AM3z 0 1 0 Phase B
AM; < AM; < AM, 0 0 1 Phase C
ordinate system is as follows [26]: then substituted into (6) to obtain:
Fy = K (is2q - Y1d + is2q - ¥1q) 3) " 510 = — (i1 + 11¢)
F,=K (is2q : wld + Z.s2d : 1/11(1) \[ (7)
N7 3 . .
a1 = 5~ (114 + 2110)
where K = mupipaLlma/(18grLW W), o = 47 x 10~ H/m
is the permeability of vacuum, and [ and r represent the effec- The six a-f axis current components are obtained from
tive BIM core length and rotor radius, respectively. Effective Equations (5) to (7), which are related to the three-phase sta-
torque winding and suspension winding turns are represented tor current measured by the current sensor.
by W, and W, respectively. The corresponding quantities for
the suspension and torque windings are represented by num- .
P o & P Y 3.2. Fault Detection Method
bers 1 and 2, respectively.
The six current components obtained by coordinate transfor-
mation were functions of the stator three-phase current, but the
3. CURRENT SENSOR FAULT DETECTION METHOD faulty sensor location could not be located. Among the current
. . components obtained by Equations (5) to (7), the components
3.1. Matl.1en.13t|cal Transformation of Three-Phase Current of that were sensitive to the same two-phase stator current were
Torque Winding squared and summed, and the following three fault detection
In this study, three current sensors were used to provide the flags were obtained:
feedback current for the control system. When all current sen-
sors are in normal operation, based on the three-phase symme- M, = (2 2
.. 1= |2 510 T ls18
try of the BIM stator torque winding, the three-phase stator cur-
rent vector sum is zero at this time: 2 "2
o My = (20 +1"215) ®)
i1a + i1 +i1c =0 “)
According to Equation (4), when the three-phase stator cur- Ma — (i'2 + 2 )
. . . 3 sla slpB
rent vector sum is not zero, a current sensor failure is detected.
quever, this formula alone'ls ungble to 1dent'1f"y the' exaFt po- According to Equations (5) to (7), as can be observed, mark
sition of the sensor malfunction. First, the positive direction of .
. . . L M, only correlated with the measured values of the phases B
the « axis of the static two-phase coordinate system is aligned
. . . and C current sensors, and marks M, and M3 were only related
with three-phase stator winding A, and the coordinate transfor-
mation of the three-phase current is as follows [27]: to the current measurement values of phases A, C and phases
’ A and B, respectively. Marks M; (i = 1, 2, 3) related to the
9 1 1 relevant stator current would change when the current value as
lsla = 3 (z’l A — 5@'1 B — 22'1(;> detected by the current sensor changed, which provided the ba-
(5) sis for identifying the fault current sensor.
/3 Different current sensors failed, and the values of M, were
i1 = 3 (i1 — t10) different. To locate the fault more precisely, the actual control
system must compare the values of two adjacent sample periods
Next, Equation (5) is rewritten using only the two-phase cur- of the detection mark. The precise location of the fault current
rents of A and B: sensor was identified using the difference value.
. . AM; = |M; (K) - M; (K —=1)[, (i=12,3) (9
2 sla = 1A . . .
6 The sample periods K and (K — 1) in Equation (9) are rep-
, _ ) (6) resented by K and K — 1, respectively. Within two sample pe-
tsip = 3 (114 + 2i1B) riods after the fault, the fault phase location can be determined
by analyzing the difference between the marks. The relation-
Finally, according to the three-phase symmetry, the A-phase ship between the specific mark difference and the fault phase
current in (6) was replaced by the B- and C-phase currents, and position is shown in Table 1.
39 WWwWw.jpier.org
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FIGURE 3. Virtual current sensor control block diagram.

As illustrated in Table 1, the measured value of the sensor
rarely changes in the following two sample periods when there
is no current sensor failure: In conjunction with formulas (5)
to (7), it is clear that the value of mark M; (: = 1, 2, 3) does
not change over the course of the next two sampling periods,
and the difference between them calculated by formula (9) is
equal to zero. When a sensor fault occurs, the specific fault lo-
cation can be determined by observing the differences between
the marks.

As shown in Fig. 2, (F}, F, F3) are fault isolation signals,
and the signals generated by the faults of the different phase
current sensors are different. Following the occurrence of the
fault, fault isolation was accomplished by transmitting the iso-
lation signal to the supervision system via the fault detection
and isolation unit.

4. FAULT-TOLERANT CONTROL FOR CURRENT SEN-
SOR FAULT

To ensure that the BIM motor operates reliably when the current
sensor fails, the system must be subjected to FTC processing
after the fault location has been identified. This section pro-
poses the reconstruction of the fault phase current based on the
VCS [28,29] to realize the FTC.

4.1. Derivation of Virtual Current Sensor Algorithm

The mathematical models of BIM are given in the second sec-
tion, and the rotor current 7,.; was solved by substituting the
rotor winding flux linkage equation into the stator torque wind-
ing flux linkage equation to obtain the following equation:

L L?
_ ml 1— ml . L L
Y1 L1 Y1 + ( Lo - Lrl) s1 * sl
Ly, .
- Tll '7/}7"1 +0—'le cls1 (10)
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whereo = 1— (Lfn1 / L1 'Lrl) . Simultaneously, Equation (11)
was obtained by taking the derivative with time ¢.

dwsl Lml dl/}m disl
= . .Ls .
P P R T

(11)

The differential equations of stator current i5; can be obtained
by substituting stator torque winding voltage equation into (11)
as follows:

o (R - )
t g - le Lrl dt

As the BIM rotor winding coils were closed, the rotor wind-
ing voltage was zero. Thus, the rotor current i;; expression was
substituted into the rotor winding voltage equation, and the dif-
ferential equation of rotor flux ¢;; was obtained as follows:

d¢7-1 er . .
= . L . —_ —_— . .
dt Lrl ( ml * %s1 wrl) ] Wm wrl

(13)

The VCS is composed of Equations (12) and (13), which
only require the easily obtained parameters of the stator voltage
Uy and the motor speed wp,, and current reconfiguration can be
achieved without the need for additional current sensors. Fig. 3
shows the VCS control block diagram.

4.2. Fault-Tolerant Control Strategy

To realize fault tolerant operational control when the current
sensor fails, the VCS can estimate the fault phase current. To fa-
cilitate the operation of the system microprocessor and prevent
the occurrence of algebraic loops in the control system from
causing an inability to run, Equations (14) and (15) must be
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FIGURE 4. Sensor current and VCS current of A-phase. FIGURE 5. Sensor current and State observer current of A-phase.
TABLE 2. The Parameters of a BIM.
Parameters Torque Winding  Suspension Winding
Stator resistance (£2) 2.01 1.03
Rotor resistance (£2) 11.48 0.075
Mutual inductance of stator and rotor (H) 0.15856 0.00932
Self-inductance of stator (H) 0.00454 0.00267
Self-inductance rotor (H) 0.00922 0.00542
Number of pole pairs 1 2
Rotational inertia (Kg-m?) 0.00769 0.00769
discretized using the forward Euler method. current value can still maintain stable situation that before sen-
sor fault, but the state observer estimated that the current has a
Ura (k+1) = ¥y (k) burr and a slight fluctuation. This shows that the VCS currel}t is
better than that of the state observer for current reconstruction,
R ) and the VCS current can provide feedback in place of the faulty
+ Loy (Lo - isa (k) = wm (k) - g (R))| - T measurement value after sensor failure.
(14)
Vrg (k+1) = rs (k) 5. ANALYSIS OF SIMULATION RESULTS
R ) MATLAB/Simulink software was used to create a simulation
+ L. (Lim1 - isp (k) — wi (k) - thra (k)| - Ts model and conduct simulation research to verify the efficacy of

the defect detection approach firstly in this section. The mo-
tor parameters utilized in the simulation are listed in Table 2,

. . 1 . and the control system is the traditional rotor field-oriented con-
sock :sak 7Usak Rs sak . . .
isa (K + 1) =isa (k) + Lsi-o [ (k) 1isoc (K) trol. The VCS-based system control block diagram is shown in
Fig. 6. When a current sensor fault occurs, the control system
_ Lmléer (L1 ise (k) —wnm (k)-trp (k)| Ty enters FTC mode, and the feedback current and rotor flux link-
L7, age are estimated by the VCS. The parameters z;/lgg and i1 apc
(15) represent the estimated current and the current measurement
tsp (k4 1)=isp (k)+ Io [Usp (k) —Rs1-isp (k) that the current sensor feeds back into the system, respectively.
sl
L1 R . 5.1. Analysis of Fault Detection Performance
———5— (Lm1-isp (k) —wm (k) Yra (k)):| T
L7,

In this section, the simulated verification is performed on B
phases. The failure time of the B-phase current sensor was at

In Equations (14) and (15), parameters k and k + 1 represent 0.5s.
the system kth and (k + 1)th samplings after discretization, and As shown in Fig. 7, within the two sampling periods after the
T represents the sampling time, which is also the step size in sensor fault occurred, the value of the detection marks was gen-
the forward Euler method. erated owing to the failure. Combined with the data in Table 1,

As shown in Fig. 4, the A-phase current sensor failed at 0.3 s. the location of the faulty current sensor could be determined.
Before the fault occurred, the mean error was 0.12 A. In Fig. 5, After the fault occurred, the fault isolation signal was immedi-
the mean error of the fault-tolerant control current obtained by ately generated and input into the supervision system, and the
the state observer was 0.78 A. After the fault occurred, the VCS isolation of the fault phase current sensor was realized. In addi-
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FIGURE 6. Principle control block diagram of fault detection and fault tolerance control for BIM current sensors.
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FIGURE 7. Current sensor fault situation of phase B.

tion, the isolated signals caused by other faulty current sensor
still satisfy the quantitative relationship shown in Table 1. The
fault detection method designed in this study is effective and
accurate for a control system containing three current sensors.

Under actual working conditions, BIM runs at different
speeds. When the BIM motor was under no load, the current
sensor fault detection at low and rated speeds was simulated
to verify the feasibility of the fault detection method at various
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FIGURE 9. Current sensor fault detection at no load and rated speed of
phase B.
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FIGURE 10. Speed of the BIM in different stage.

speeds. The rated speed of the motor was 3000 r/min, and the
low speed was 150 r/min.

As shown in Fig. 8, the B-phase current sensor failed at 0.5 s,
which caused the faulty phase stator current to reach zero at low
speed, causing other two-phase stator currents to be distorted;
thus, the value of the detection mark was utilized to identify the
faulty phase location. The stator current of the faulty phase has
little effect on the other two phases while the motor was op-
erating at its rated speed, as shown in Fig. 9, and the detection
mark can also accurately output the fault value, which was used
to identify the location of the faulty current sensor. As can be
observed, whether the BIM was operating at low speed or rated
speed, under no-load conditions, the fault location of the cur-
rent sensor could be precisely identified with the fault detection
approach proposed in this paper.

5.2. Analysis of Fault-Tolerant Control Performance

5.2.1. Performance Analysis at Different Running Stages

Speed is an indicator that must be considered to verify that the
motor was running stably. This section simulates the effect of

43

fault-tolerant operation control on the speed when the current
sensor fails.

According to Fig. 10, the BIM’s rated speed was nx =
3000 r/min. There was a current sensor fails at 0.4s, and the
control system switched to fault-tolerant operation control at
0.7 s. In the stable operation stage, the speed error was within
+10r/min. The current feedback of the control system was no
longer accurate because of the current sensor failure. The speed
fluctuated greatly, and its error reached 80 r/min ~40 r/min. Af-
ter entering the fault-tolerant operation control, the estimated
current of the VCS was used to substitute the measured current
of the faulty sensor, and the speed error decreased to —30 r/min
~20 r/min compared with the fault stage. After sensor failure,
the actual speed can be better followed by the rated speed, and
the motor operating reliability requirements are satisfied. This
fault-tolerant method can ensure better speed performance of
BIM after current sensor failure.

5.2.2. Analysis of Variable Speed Operation

Figure 11(a) depicts the diagram for speed variations, as well as
a comparison of the estimated current of the VCS and the ref-

WWwWw.jpier.org
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FIGURE 11. FTC current under speed variation. (a) Speed variation under FTC. (b) Reference current and estimated current under speed variation.
(c) Current error under speed variation.

10 10
< of S of
L . A ] - el’ence current -
L .Reference current 1or R !
j stlma current 7~

Estimated current 7.
-20 : : s 20
0.3 0.5 0.7 0-3 0‘5 0.7
20 : ; ; 20 : . :

Ai (A)
=
3
3
|
1
-
b
A (A)
=

10} 1 -0t 1

03 0.5 0.7 03 0.5 0.7
t/'s t/s

FIGURE 12. Simulation diagram of BIM running with constant speed and sudden load. (a) Rated speed, no load. (b) Rated speed, sudden load.

erence current in Fig. 11(b). The current frequency is closest 5.2.3. Analysis of Sudden Load Operation
to the rated current frequency when the speed is closest to the
rated speed. At different speed stages, the estimated current
fluctuation ranges were (—0.99 A, 0.5A), (—0.85A, 0.81A),
(—1.1A, 1.2A), and (—0.95 A, 0.99 A), respectively. When
the speed changes, the current reconstructed by the VCS can
maintain the following characteristics.

To research the estimated current under the FTC when the load
changed, the load was added suddenly after the BIM runs for
0.3 s without load. Fig. 12(a) and Fig. 12(b) illustrate the simu-
lation diagrams of the estimated current, reference current, and
their errors under the conditions of the rated speed and sudden
load. It can be seen that after the load was applied, the given
current and estimated current both rose, and the average error
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eration.

range of the current created when the load was applied abruptly
was (—0.93 A, 1.75 A). Under conditions of constant speed and
sudden load, it can be shown that the fault current can be sub-
stituted with the estimated current.

5.3. Analysis of Rotor Suspension Performance

To study the suspension performance of the rotor under fault-
tolerant operational control, the rotor displacement before and
after the FTC was simulated. When the BIM runs to 0.5s, a
10N interference force is applied to the x-axis direction of the
rotor. The displacement in the x-axis direction under normal
operation and fault-tolerant operation is shown in Fig. 13. After
the interference force was applied during normal operation, it
can be seen that the displacement in the x direction was between
1.65 x 10~*mm and 2.45 x 10~*mm. In the fault-tolerant
operation control, the fluctuation range was —1.6 x 10~* mm
to 2.95 x 10~*mm. After the interference force was ap-
plied, the a-direction displacement error was 0.5 x 10~*mm
~3.25 x 10~* mm, which was much less than the rotor air gap.
The displacement along the y-axis of the rotor is shown in
Fig. 14. During normal operation, the y-direction displacement
fluctuates in the range of —1 x 10~*mmto —1.7 x 10~*mm,
and the displacement range after FTC was —2.2 x 10~*mm
to +2.7 x 10~*mm. The y-direction displacement error was
1 x 10~*mm to 1.2 x 10~*mm, which was also much less
than the rotor air gap. It is shown that under fault-tolerant op-
eration control, the good suspension performance of the rotor in
x and y directions can still be maintained after the interference
is applied to the rotor.
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FIGURE 14. y-direction displacement of rotor before and after FTC op-
eration.

6. EXPERIMENT VERIFICATION

To further verify the effectiveness of the proposed VCS in the
fault-tolerant operation control of BIM, the experimental plat-
form built by the research group as shown in Fig. 15 was used
for experimental research. A block diagram of the FTC exper-
iment is shown in Fig. 16.

First, the estimated current of the VCS system is analyzed ex-
perimentally. In Fig. 17, the A-phase current of the BIM torque
winding is depicted during the no-load operation; it is a stan-
dard sinusoidal waveform with a steady amplitude of 13.36 A.
As shown in Fig. 18, the VCS current has a few burrs and vari-
ations when the control system enters fault-tolerant operation
control owing to the current sensor failure, and the final ampli-
tude is stable at 14.01 A with an error rate of 4.87%. As shown
in Fig. 19, when the state observer is used for fault tolerance
control, its estimated current amplitude is 14.69 A, and the er-
ror rate is 9.96%. In contrast, VCS’s fault-tolerant control strat-
egy is better for current estimation, and the effectiveness of the
estimated current of the VCS system was verified.

Then the current performance of the BIM under a sudden
load before and after fault tolerance was verified. As shown
in Fig. 20, the stator A-phase current amplitude maintains sta-
bility before fault tolerance and increases and maintains a new
steady state after the load is applied, which is consistent with
the simulation results. The fault-tolerant current of a sudden
10 N-m loading in the FTC is shown in Fig. 21. Before sudden
loading, the fault-tolerant current was consistent with the cur-
rent in Fig. 20, and the current amplitude increased after sudden
loading. The simulated results and experimental results corre-
sponded with each other. The effectiveness of the fault-tolerant
current under a sudden load is verified.

Second, the speed performance of BIM under FTC was ex-
perimentally verified. As shown in Fig. 22, the speed waveform
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FIGURE 16. Experimental control block diagram.
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FIGURE 25. Displacement in = and y directions under parameters
change.

fluctuated to some extent under fault-tolerant operation, but it
was basically consistent with the given speed waveform. Af-
ter stable operation at 3000 r/min, a 10 N-m load was suddenly
added, and the motor speed decreased, but it could still be sta-
bly maintained at 2450 r/min in the end. In the case of a sudden
load in a fault-tolerant operation, the speed performance of the
BIM can be well maintained after the VCS system is adopted.

Finally, the effect of BIM on suspension performance during
FTC operation was tested experimentally. As shown in Fig. 23,
the displacement changed significantly under normal operation
after the BIM rotor was disturbed; however, it was still less than
the motor air gap. Fig. 24 depicts a slight vibration of the BIM
rotor displacement waveform in the = and y directions during
fault-tolerant operation, and the experimental results are con-
sistent with the simulated ones After a 10 N interference force
was applied in the x direction, the rotor was displaced in a short
time certain vibrations occurred in both x and y directions; the
vibration amplitude was slightly larger than the displacement
under normal operation, but it was less than the motor air gap
value of 375 um. Finally, a stable suspension state before in-
terference was maintained by the rotor.

As can be seen from Fig. 25, when BIM parameters change,
the deviation after disturbance in the x direction is 100 um,
which is far less than the motor air gap, and the stable suspen-
sion state is restored within 50 ms. Therefore, when BIM pa-
rameters change, the FTC strategy proposed in this paper can
still meet the anti-disturbance performance of BIM.

The motion range of the rotor after the fault tolerance was
slightly expanded compared with that before fault tolerance,
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FIGURE 26. Rotor position before and after fault tolerance.

as shown in Fig. 26, but the motion range was much smaller
than the motor air gap. It can be observed that BIM can still be
maintained in a stable suspension under fault tolerant operation
control.

7. CONCLUSION

This study proposes a fault detection method and an FTC strat-
egy based on VCS for BIM, and the following conclusions have
been obtained:

1) The current sensor failure in the BIM control system
can be located quickly and precisely using the coordinate
transformation-based fault detection method. It is simple in de-
sign, fast in calculation, and can intuitively identify the fault
locations, which is feasible in the field of BIM sensor fault de-
tection

2) The VCS can effectively reconstruct the faulty current,
and the reconstructed current can minimize the winding cou-
pling impact and guarantee that the BIM has a specific suspen-
sion performance after sensor failure. The proposed strategy
has a simple design and does not require the processing of a
large amount of data, which can guarantee a specific suspen-
sion performance. This is an effective FTC strategy for BIM.

3) Results from simulations and experiments indicated that
fault markers can detect current sensor faults quickly and pre-
cisely and were suitable for dealing with faulty problems.
Moreover, the feedback current can be better reconfigured by
the VCS, and suspension performance was ensured after the
current sensor fault, as well as its practicability.
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