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ABSTRACT The in-wheel electric vehicle with distributed drive units has better stability and flexibility than
traditional centralized drives, but may encounter a higher failure rate due to additional actuators and sensors,
especially that the faults of the wheel-side position sensor make motor torque out of control. To overcome
this problem, a fault-tolerant control strategy with a multi-states switching method is proposed. The strategy
judges the sensor failure by verifying redundant speed information, realizes sensorless control schemes by
flux-observer based algorithm in high-speed range and I-F control algorithm in low-speed range with low
acoustic noise, and applies adaptive transition process between different control schemes. To pursuit high
stability, the signal-to-noise analysis for fault judgment due to sensorless estimation accuracy is discussed.
Meanwhile, the principle of I-F resonant oscillations during the transition process is initially deduced in
detail, and the conclusion of stability condition is obtained. Finally, the influence of system parameters
on resonance performance is analyzed by simulation, and the effectiveness and reliability of the proposed
strategy for the risk-controlling process are verified by experiments.

INDEX TERMS In-wheel permanent magnet synchronous motor, position sensor failure, fault-tolerant

control, multi-states switching, I-F resonant oscillations.

I. INTRODUCTION

Electric vehicles with in-wheel motor drive systems have the
advantages of compact structure, high transmission efficiency
and flexible torque controllability. The redundant drive units
can effectively improve the stability of the vehicle but have a
higher failure probability due to the large number of actuators
and sensors. When single or multiple driving units fail at high
running speed, the output torque among all driving wheels
is unbalanced, which may lead to the loss of control on
longitudinal and lateral directions, threatening the safety and
stability of vehicle driving [1].

To maintain good driving performance under partial failure
conditions, the Fault-Tolerant Control (FTC) strategies have
been widely studied, and several torque distribution control
methods are proposed recently. When the fault occurs, these
methods take the parameters of yaw rate, additional yaw
torque, lateral acceleration, and longitudinal acceleration as
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inputs, and using direct solving or iterative algorithms for
objective functions minimization [2]-[9], to control torque
on all healthy wheels and maintain the body attitude of the
car. However, if the power of the faulty wheel being cut off
immediately at the moment of failure, strong torque ripples
may be generated, which influence the dynamic performance
of the torque distribution control in a certain period. There-
fore, improved FTC strategies are considered to keep the
faulty wheel on-line under specific fault conditions, and keep
the torque control available to achieve a pseudo-full-wheel
control.

The failures of in-wheel drive systems usually involve
the in-wheel motor faults [10]-[11], the power inverter
faults [12], and the sensor faults [13]-[14]. Considering
the sensor faults, the position sensors such as the resolver,
hall-sensor, or photoelectric encoder used in vehicles are
easily disturbed by mechanical impact, moisture corrosion,
and electromagnetic interference, resulting in signal loss or
measurement deviation. These faults cause current vector
decoupling error and deteriorate the performance of current
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and torque closed-loop controls. To overcome the problem,
[15]-[19] propose several fault-tolerant control methods
based on a sensorless algorithm, so that the controller can
obtain rotor position and speed information without sensors,
and achieve fault-tolerant and safe coasting operations by the
fast current response and torque control. In [17], the rotor
position information of the in-wheel motor is obtained by
the High-Frequency (HF) voltage injection method. The
advanced phase injections solve the problem of limited esti-
mation accuracy that be affected by the carrier frequency, and
improves the position angle tracking accuracy and dynamic
performance in the low-speed range. In [18], an HF injection
method with a generalized integrator is used to realize the
fast and smooth switching at the moment of sensor failure
under low-speed with load conditions. The transient fault
process lasts only 40ms and the stable fault-tolerant operation
has good anti-interference performance. In [19], a composite
sensorless FTC strategy suitable for a wide speed range is
proposed, which combines the HF rotating-voltage injection
method in low-speed range with the stator flux estimation
method in the high-speed range, and considers the details
of the transition process in the algorithm switching period.
It should be pointed out that the HF-injection-based sensor-
less algorithm at low speed has a significant disadvantage due
to its strong acoustic noise. The injected 0.5k-1kHz signals
can produce noisy howling which seriously affects the driving
experience so that it is not suitable for vehicle applications.
To overcome this drawback, a wide speed range FTC strategy
without acoustic noise is proposed in this paper. By using
the flux-observer based Field-Oriented Vector (FOC) control
in the high-speed range and the self-resonance principle of
current frequency (I-F) control in the low-speed range, the
reliability of the FTC strategy is improved, and the switching
process of multi-state sensorless algorithm is designed to be
smooth as well.

The paper introduces the proposed strategy as follows.
In Section II the combined sensorless control methods based
on redundant position information detection are presented.
Meanwhile, the principle of the I-F resonant oscillation pro-
cess is deducted in detail. The design of the multi-states
switching process in a wide speed range is proposed in
Section III. The effectiveness of the strategy for a smooth
transition and safe deceleration is illustrated in Section IV.
Finally, conclusions are made in the last section.

Il. MODELING OF SENSORLESS FAULT TOLERANT
CONTROL

A. FAILURE LOGIC JUDGMENT OF POSITION SENSOR

The Permanent Magnet Synchronous Motor (PMSM) or Per-
manent Magnet Brushless Motor (BLDC) is usually adopted
in in-wheel drive systems, and the efficient torque controls
are realized by closed-loop FOC algorithms. The topology of
a single in-wheel drive unit is shown in Fig. 1. The position
sensor provides the rotor angle information to the controller,
and the controller uses the rotor angle to decouple the sta-
tor current vector into the d-axis excitation component and
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FIGURE 1. The fault-tolerant control structure for the in-wheel motor
drive system.

g-axis torque component, so as to control flux and torque
independently.

When the position sensor fails, the deviation of the rotor
angle will lead to inefficient current control and deterioration
of torque characteristics. Therefore, the sensorless estimation
algorithm is embedded into the control strategy to verify the
sensor signals and make the failure logic judgment. Consid-
ering redundancy in the multi-wheel drive system that both
the position sensor and sensorless algorithm applied on each
wheel can provide speed and position information, then the
sensor failure judgment mechanism can be given as:

1, / (wr — @)dt| > yhealthy
T

Sk ey

0, / (e — @)dt| < yfaulty
T

7o St Ton @

icA jeB

where S is the failure judgment logic of the k-th drive unit,
T is the monitoring cycle, w; is the measured speed of the
Sensor, wy_eg 1s the estimated speed, @ is the weighted aver-
age speed, and y is the error threshold of accumulated angle.
Set A contains all the numbers of drive units, set B represents
the unit numbers except for the failed ones, and N is the num-
ber of drive wheels. For the distributed full-wheel direct drive
structure, the number N equals 4 so that the average speed can
be obtained from the other 7 speed signals. Once the failure
logic of a driving unit is determined to be 1, the number
is excluded from sets A and B, and sensor failures of the
remaining driving wheels are continuously being monitored.

B. TORQUE CONTROL BASED ON SENSORLESS
ALGORITHM
1) MODEL OF IN-WHEEL PMSM
In the permanent magnet in-wheel motor, the torque control
is realized by decoupling the stator current into the torque
component and the excitation component. The electromag-
netic torque can be described in dq coordinate as
3 . : 3. .
T. = EP(‘/fdlq - wad) = §qu[‘/fpm +La — Lq)ld]
3)
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where T is the torque, igq, and Yqq are the dg-axes com-
ponents of current and flux linkage respectively, Lyq are the
dg-axes inductances, Ypm is the permanent magnet flux
linkage, and P is the number of pole pairs. According to
Equation (3), the current torque component iy and excitation
component ig follows the voltage equations, which are

=18 R) ]l
Ug - 0 Ry iq dr 1/fq
0 —1|| Yu
ol Vo[V @

R R R

where ug and uq are the voltages in the dq coordinate sys-
tem and R; is the stator phase resistance. To execute the
current decoupling in closed-loop control, the rotor position
angle 6; is required by the transformation from static abc-
coordinate to rotary dq- coordinate. Under normal conditions,
the position sensor can provide reliable speed and position
angle information in the full speed range. However, in the
case of sensor failure, the key information is absent but can
be supplemented by the sensorless algorithm.

2) FLUX OBSERVER BASED SENSORLESS METHOD
Considering that the HF injection method is not suitable for
vehicle applications, the back-EMF flux-observer-based FOC
and I-F control are selected for wide speed range sensorless
control when sensor failures. In the static o8 coordinate
system, the mathematical model of permanent magnet (PM)
motor turns to be

d
Uy = Ryiy + —(Lsiq + Ypm - €08 6,)
d .
ug = Ryig + E(Lsiﬁ + Ypm - sin )

According to equation (6), the estimated values of flux link-
age, angle, and speed can be estimated through the flux
observer as Equations (7)-(9)

Vo = HPFL[ G = Rox i) -d] )
_1 ¥p — Lsig
0 =tan ! 2P 8
r_est an Ve — Lyl (8)
=& ©)
Wy _est = dr

where Ly = (Lg + Lg)/2 is the equivalent phase induc-
tance, and the HPF is designed as a high-pass filter with
low cut-off frequency to eliminate the zero drift of flux
integration. The back-EMF flux estimation method uses the
fundamental components in the «f static coordinate system
to realize the rotor position detection, which can achieve
good anti-disturbance characteristics in the high-speed range
with the load. The estimation results are only affected by
the stability of electrical signal samplings and the motor
parameters’ accuracy. However, in the low-speed range, the
signal-to-noise ratio is very low due to the small amplitude of
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back-EMF, so the estimated results are not robust enough to
make the system stable on load conditions and therefore can
only be used to judge the sensor failure.

3) I-F CONTROL BASED SENSORLESS METHOD

In the low-speed range, the I-F current frequency ratio con-
trol method is adopted. Since it is impossible to obtain
a stable rotor position signal by the back-EMF position
estimator, an open-loop current frequency generator [20] is
designed to obtain position information and perform current
closed-loop control based on expected amplitude and phase
angle, as shown in Fig. 2.
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FIGURE 2. Structure diagram for I-F control system.

As shown in Fig. 3, in I-F control mode the controller gives
the current vector command along with the stator d*q* coor-
dinate system. The current establishes the rotating magnetic
field and drives the permanent magnet rotor to rotate along
the lagging dq coordinate. In this case, the stator current and
rotor flux are not decoupled, and the output torque can be
expressed as

3. o
T, = EPz:; cos O [Vrpm + lZ sin 0 (Lqg — Lg)] (10)

where i; is the desired stator current set by the current

frequency generator, and 6;, is the angle between the stator
current and the rotor flux, defined as the torque angle. In the

A-axis

FIGURE 3. Phasor diagram of I-F control system and its oscillation
process.
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I-F control operation with load, the amplitude of torque angle
01 reveals a slow self-stable resonance due to the balanced
relationship between driving torque 7. and load torque 77..
The balance point of torque oscillation, so-called angle 6y g,
is between 0 and 7/2. Ignoring the second term of torque
equation (10), the resonance process can be expressed as a
set of second-order transcendental equations

DD _ (1) - w,0)
dor() 1 .. (11)
d JP(Te )

T, =Kr - iz - cosOr.(1)

where K7 = 1.5Ppy is the torque constant, @} is the angular
frequency of stator current output by the generator, and J is
the moment of inertia of the motor. From (11), the approx-
imate analytical solutions of torque angle and speed can be
solves as

6L.(1) ~ 610 + cos(vWr) — 1 (12)
wr (1) = &} (1) — VW sin(v'Wr) (13)

where the resonance factor is

KritcosOrg — T
w=—1 ; >0 (14)

It can be concluded that the resonance process is related to the
driving torque, load torque, and moment of inertia, and the
stability condition W >0 is required. To prevent the resonant
oscillation from divergence, the trigonometric function terms
of (12) and (13) need to satisfy the stability condition (14),
which yields

iy > iZo (15)
where
Ty
* = — cos @ 16
140 K7 L0 (16)

When satisfying the stability condition, the resonance fre-
quency is obtained

KT i; COoS QL() — TL
oIF = (17)

J

Fig.4 shows the resonant performance under different cur-
rent settings. The system will be stable when the ratio of
iz/’:o is greater than 1, but be fast divergent when the ratio
is less than 1. From (17) it can be concluded that the reso-
nance frequency is positively correlated with torque current,
inversely correlated with load torque, and inversely propor-
tional to inertia. Due to the large unsprung mass and large
inertia of the vehicle drive unit, the resonant frequency is
normally low and smooth. Therefore, the I-F resonant state
can be regarded as a quasi-steady process.
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FIGURE 4. The resonant performance of torque angle concerning the
desired current.

Ill. MULTI-STATE SWITCHING PROCESSES IN WIDE
SPEED RANGE

Once the sensor failure logic is triggered, the in-wheel motor
needs to decelerate from high speed running to limp or stop.
During the deceleration process, the multi-state FTC strategy
implements three consecutive states of sensor FOCs, sensor-
less FOCs, and I-F controls, as shown in Fig. 5. The specific
mechanism of the strategy is designed as follows: when the
position sensor is healthy, the position information needed by
current vector decoupling is acquired from the sensor. At the
moment of sensor failure, the controller enables the sensor-
less control mode, replaces the position sensor information
with the sensorless algorithm information, and selects the
sensorless control scheme according to the instant average
speed. In the low-speed range, the I-F control is adopted to
avoid the stability defect of the back-EMF algorithm, whilst
in the middle and high-speed range, the back-EMF-based
algorithm is applied to realize the sensorless FOC with good
stability and dynamic performance.

After switching from FOC state to I-F control state,
the torque and speed fluctuations may appear in a short time
since the magnitude and phase of the current vector are dis-
continuous. To reduce the impact at the moment of switching,
a gradual transition process for the current vector is proposed,
as shown in Fig. 6. Under the FOC state the optimal torque
current iq is located along the g-axis, and after switching to
I-F state the current iz is located at the resonant equilibrium
point 6. To satisfy the torque continuity, the magnitude, and
phase relationship before and after current vector transition
can be expressed as follows

{ 5(t0 + 1) = ig(to) - cos 6 as)

argliy (to + tn)] = arglig(t0)] — O
where 79 and t#, represent the initial and the completion
moment of the transition process. According to the resonant
characteristic in the I-F state, the current frequency is kept
stable and its amplitude and phase angle are changed slowly
in the transition process

{Qe(t—i-]):@e(t)—wet (19)

s o .
lq(l‘ +1) = lq(t) + Ay
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FIGURE 6. State smooth-switching process of current vectors.

where Aiq is the current iteration step. To meet require-
ments of continuity, the current amplitude and phase angle
are designed to converge to the balanced resonance point
synchronously, and the torque angle transits smoothly from
0 degrees to 60, so that the smoothness of torque and speed
during switching is significantly improved.

IV. SIMULATION ANALYSIS AND EXPERIMENTAL
VERIFICATION

The section is to verify the performance of the control strategy
under simulations and experiments respectively. The sim-
ulation platform takes a S0kW in-wheel motor applied on
conventional electric vehicles as the analysis object. The FTC
strategies based on position sensors and sensorless algorithms
are built in the Simulink, to analyze the influence of system
parameters on the performance. For experiments, a 3kW
in-wheel motor used in the light vehicle is taken as the test
object. As shown in Fig. 7, the platform including an in-wheel
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FIGURE 7. The experimental platform of in-wheel motor.

motor, an STM32F3 series controller with peripheral circuits
and loading devices. An incremental photoelectric encoder
is used as the position sensor. To verify the stability of the
proposed FTC process under faulty conditions, the unhealthy
encoder signals with electromagnetic noise can be obtained
by suspending the ground terminal of the cable shield. The
parameters of motor A and B are shown in Table 1.

TABLE 1. Specification of in-wheel motors.

Motor A — Standard power

DC-bus voltage 300V Stator resistance 0.087 Q

Continuous power 50 kW Stator inductance 1.03 mH

Continuous torque 400 Nm Pole pairs 10

Max. speed 1200 r/min  Unsprung inertia 3.0 kg,-m2
Motor B — Light power

DC-bus voltage 72V Stator resistance 0.233 Q

Continuous power 3 kW Stator inductance 3.6 mH

Continuous torque 37 Nm Pole pairs 23

Max. speed 1000 r/min Body inertia 0.18 kg'm?

A. FAILURE ANALYSIS OF POSITION SENSOR

The common faults for position sensors are pulse counting
errors caused by electromagnetic interference or signal loss
caused by the abnormal power supply. Fig. 8 reveals the phase
A and phase B signals of the encoder being interfered with by
the motor shaft current. Fig. 9 compares the measured angles
between normal and disturbed conditions. It can be seen that
the measured angle error accumulates with time, and finally
exceeds the threshold and triggers the sensor failure logic
consequently.

According to the error accumulation process, the error
threshold is usually given as y = 45 ° to prevent the motor
from over-current and out-of-step. Meanwhile, the command
current iz is +/2 times of the FOC torque current ig and the
initial value of the torque angle cosfy g yields to /4. There-
fore, the system can switches into the sensorless FOC state
or I-F state at this moment since it has a sufficient stability
margin. Similarly, if the sensor encounters sudden power
failure, the accumulated angle error will break through the
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FIGURE 9. Angle comparison of position sensor before and after
interference.

threshold quickly and trigger the sensorless control strategy
immediately.

B. SIGNAL-NOISE ANALYSIS OF SENSORLESS
ALGORITHMS

The sensorless algorithm requires accurate rotor angle infor-
mation as a reference signal for sensor failure judgment.
To make the trigger reliable, the inherent noise of the esti-
mated angle by sensorless algorithm needs to be verified in
advance. Fig. 10 shows the comparison of the measured and
the estimated angles under steady operation with load at the
speed of 600 r/min. The deviation between the measured and
the estimated values is defined as noise Af. Compared with
the error threshold of 45 electric degrees as the true signal, the
estimated error is within 2.37 electric degrees as the noise,
which results in a wide tolerance for faulty judgment of the
position sensor. Fig. 11 shows the variations of the A6 with
respect to rotating speed and time. It can be seen that the
error angle gradually deviates from the reference value with
the increase of the speed, and fluctuates periodically with
the fundamental electric frequency. This feature is due to the
mutual influence by system sampling delay and the periodic
distribution of the stator inductances. Besides, it reveals that
the maximum noise is no more than 4 electric degrees at rated
speed, thus setting the threshold of 45 electric degrees can
achieve a sufficient tolerant margin compared with the noise.
To investigate the signal-to-noise tolerance, error variations
with respect to electric frequency are summarized in Fig. 12,
which indicates that the Signal-to-Noise Ratio (SNR) is sig-
nificant in the wide speed range. Therefore, the proposed
criterion for sensor failure judgment is reliable.

C. ANALYSIS OF STATE SWITCHING PROCESS
Fig. 13 shows the operating curves of the in-wheel motor
A during startup and switching process from sensor FOC
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FIGURE 12. The signal-to-noise ratio of position error with respect to
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to sensorless FOC at 600r/min with 200Nm heavy load.
The error angle 6., is defined as the deviation between the
reference rotor angle 6 applied in the FOC controller and
the actual rotor electric angle 8,. When the sensor is healthy,
the applied angle is equal to the measured rotor angle, hence
Oerr remains zero. In the faulty state, the error accumulates
and grows continuously, results in torque deteriorating and
speed dropping. Finally, the state switching logic is triggered
when 0, reaches the threshold of 45 degrees. At this moment,
the position angle of the sensor is replaced by the estimated
angle of the sensorless algorithm, and 6 changes suddenly
from 45 degrees to 0 degrees and causes slight torque fluc-
tuation. After the switch is completed, the system recovers
stability and operates at the state of sensorless FOC.

Fig. 14 shows the operating curves of motor A running at
low speed and switching from sensor FOC to sensorless I-F
at 100r/min and 50Nm with a light load. At the switching
moment, the command current ig is given as V2 ig, and
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FIGURE 14. The state-switching process from FOC with sensor to
sensorless I-F state.

the position angle Gr# changes from leading 45 degrees to
lagging 45 degrees, then the speed and torque appear constant
oscillation in the I-F control state. According to the resonant
characteristics mentioned in Equations (12) (13), the oscilla-
tion performance of different command currents is tested and
shown in Fig. 15. It can be seen that if the torque component
of the command current i: is greater than the load torque,
the system can meet the stability condition. With the increase
of i;, the redundant torque margin increases and the system
robustness against torque impact enhances, but the oscilla-
tory amplitudes of speed and torque increase accordingly.
If further increasing ia‘, the balanced point may approach
d-axis, which results in divergent resonance gradually. This
phenomenon is due to the d-axis magnetic saturation effect
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I-F state: (a) Influence of reference current on speed fluctuation;
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that makes the instant torque not equal on the positive and
negative sides of the balanced point while the torque angle
is oscillating. Therefore, the optimal resonant performance
can be obtained by setting the balanced torque angle at 45
degrees with ﬁi*o. In addition, Fig. 16 (a) and (b) show the
influence of different command current and system inertia on
the speed fluctuation. It can be concluded that the amplitude
and frequency of speed fluctuation are positively correlated
with the command current i, and inversely correlated with
the inertia J. Therefore, smaller speed fluctuation and lower
oscillation frequency can be obtained by selecting smaller
command current and larger unsprung mass, which is prone
to improve the riding performance under I-F control state.

D. SAFE DECELERATION PROCESS OF MULTI-STATES
FAULT TOLERANT CONTROL

The experiments of the safe deceleration process on motor B
are implemented by comparison between with FTC strategy
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and with fast protective shutdown strategy, as shown
in Fig.17. The process consists of 4 consecutive stages, which
are the FOC steady running with healthy position sensor as
stage 1, the FOC with the faulty sensor as stage 2, the FOC
with the sensorless algorithm as stage 3, and the I-F control
as stage 4. In Fig.17 (a), at the beginning of stage 2 when
t = 2.5s, the disturbing signals of the position sensor are
applied, and the position error accumulates for approximately
120ms before breaking through the 45° threshold. When the
fault logic triggers, the shutdown strategy makes a sudden
power cutoff for system protection, and the motor speed
coasts down to zero rapidly. On the contrary, the FTC strategy
replaces measured position signals with sensorless signals
and keeps drive power online. As a result, the slope of speed
deceleration with FTC is much smoother than that of the shut-
down strategy. However, slight speed ripples can be observed
in early stage 3, which are caused by the discontinuous transi-
tion of the current vector angle. The speed is stabilized by the
current loop in 0.82s and then kept stable persistently. When
the speed slows down to 300r/min, the gradual transition
process of current is implemented. The transition interval is
designed to be 400ms and the current slope rate is 10A/s.
The motor cuts into the sensorless I-F stage 4 and continues
to decelerate until standstill without significant speed fluc-
tuations. As observed from the torque and current curves in
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Fig.17 (b) and (c), although some little fluctuations can be
observed during the state-switching process, the machine can
smoothly decelerate from risky high speed to a safe speed
range, which verifies that the proposed strategy integrating
with the transition process can achieve quick current con-
verge and consecutive torque under sensorless conditions,
so that makes the risk-controlling process stable and smooth.
Besides, for the multi-wheel drive system, the torque output
by other redundant drive units can compensate the torque loss
on the faulty wheel, so as to further weaken the influence of
sensor failure on the speed fluctuation.

V. CONCLUSION

An improved multi-states fault-tolerant control strategy for
safe deceleration under the condition of position sensor
failure is proposed in this paper, which utilizes the sen-
sorless FOC and sensorless I-F methods. In the proposed
strategy, a redundant verification mechanism is designed to
judge the position sensor failure effectively, and a smooth
transition process is implemented to guarantee the continu-
ities of current and torque during state switching. With the
switching strategy, the in-wheel motor can realize tolerant
operation in the wide speed range without position sensor
information. The performance of resonance stability in the
I-F control state is analyzed, and the tuning principles of
optimal torque angle and torque current are given. In sum-
mary, by setting the balanced torque angle at 45 degrees
with a current amplitude of «/ii*o can achieve sufficient
tolerant margin and good stability in I-F runnings. Finally,
the experiment shows that by controlling the slope rate of
phase and amplitude of the current during deceleration, the
discontinuity of multi-states switching can be solved, and
the serious torque and speed fluctuation can be avoided as
well. Therefore, the safety and riding comfort of electric
vehicles with distributed in-wheel motor drives are greatly
improved.
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