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ABSTRACT The failure of Hall sensors can give rise to loss of rotor position and speed information, which
can result in loss of control of the speed loop, spatial decoupling errors, and affecting system stability in
three-phase permanent magnet synchronous motor (PMSM) control system. To solve this problem, a Hall
fault-tolerant control system based on sensorless state switching is proposed in this paper. Firstly, a three-
phase PMSM control system based on field oriented control (FOC) is established to analyze and clarify the
importance of rotor position and speed signals. Secondly, a detection scheme based on Hall change edge
signal is designed to detect the health status of Hall sensors and implement fault-tolerant state switching.
For the stability of the system, a sliding mode observer (SMO) is built to obtain the back electromotive force
(back-EMF). In addition, the phase-locked loop (PLL) is designed to extract the rotor position and speed
information from the back-EMF.When the system enters a fault-tolerant state, changes in the speed feedback
loop can affect the control performance of the system. Therefore, the speed loop PI parameter optimization
scheme based particle swarm optimization (PSO) algorithm is proposed to optimize the performance of the
fault tolerant control system. Finally, the effectiveness of the fault-tolerant method based on the sensorless
state switching after particle swarm optimization is verified on a semi-physical platform (RCP-HIL). The
experimental results show that the Hall fault-tolerant control system proposed in this paper can effectively
detect Hall sensor faults and cut into the fault-tolerant control state, and can maintain the control system
stable during fault-tolerant state switching. Furthermore, the control system can maintain an observation
error of ±30rpm under variable load or variable speed conditions at medium and high speeds when the
system enters fault-tolerant control state.

INDEX TERMS PMSM, hall sensors, fault tolerance control, sliding mode observer, particle swarm
optimization.

I. INTRODUCTION
The permanent magnet synchronous motor (PMSM) with
simple structure, easy control, high interference immunity
and high energy efficiency has been widely applied in var-
ious fields such as industrial processing, automobile drive
and aerospace [1], [2], [3], [4]. To achieve precise control
of PMSM, the classical strategies of field-oriented, direct
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torque and predictive control all require to obtain accurate
rotor position and speed information. Among them, the Hall
sensor is widely adopted to obtain the rotor position and
speed signals of the motor because of its simple installation
and low price [5]. However, Hall sensors are easily damaged
by environmental and magnetic field changes (such as high
temperature, low temperature, pollution, vibration and strong
magnetic field, etc.) in practical applications. If there is an
error in obtaining location information, especially in cranes,
elevators and other equipment, immeasurable losses can be
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caused [6], [7]. Therefore, it is of practical significance to
design a fault-tolerant control method for Hall sensor faults
in the commonly used three-phase PMSM.

In order to accurately detect the health condition of Hall
sensors, many detectionmethods have been proposed, includ-
ing time-based and signal coding-based methods and so on.
In [8], scholars achieve the detection of the health status
of Hall sensors by comparing the phase difference of the
Hall-encoded signals after CLARK transformation. Although
this method achieves online fault detection by phase differ-
ence, it brings a large amount of computation during vector
transformation, which puts a large burden on CPU that adopts
fixed-point computation. A dual Hall sensors device is uti-
lized to implement sensor fault detection and fault-tolerant
control, which provides better error suppression for both load
variations and noise disturbances [9]. However, the solution
of hardware redundancy significantly increases the size and
cost of the device. Besides, some detection methods based
on Hall signal switching time and Hall coding information
have been proposed in [10] and [11], which can achieve
fault detection through simple calculations. However, the
time-based detection method has a certain error in variable
speed. Therefore, the detection scheme based on Hall-coded
information has a greater practical value.

Nowadays, a few of sensorless algorithms are also applied
for situations where the rotor position is faulty or the sensor
cannot be installed. The sensorless control algorithms are
mainly classified intomodel-based and signal injection-based
approaches [12], [13], [14], [15]. Among them, model-based
methods have superior performance at medium and high
speeds, while signal injection-basedmethods aremore advan-
tageous at low and zero speeds [16], [17], [18], [19], [20].
Sliding mode observer (SMO) is widely applied in medium
and high-speed applications because of its strong robust-
ness, anti-parameter perturbation and fast response among
many schemes of sensorless control [21], [22], [23], [24].
Therefore, it has great advantages to design a fault-tolerant
control system under the fault of Hall position sensor based
on the sensorless control strategy of SMO. In addition, some
scholars have also carried out corresponding research on the
optimization of the controller parameters in the motor control
system [25], [26]. Therefore, it is necessary to point out
that the parameter mismatch caused by the switching of the
system control state deserves further consideration, which
is very valuable for maintaining the stability of the control
system.

Inspired by the above discussion, this paper proposes a
fault detection scheme for Hall sensor based on the encoded
signals of Hall jump edges to achieve fault detection and
fault-tolerant control switching. Secondly, a fault-tolerant
control method for Hall sensor based on control state switch-
ing is proposed. On the one hand, themethod utilizes a sensor-
less scheme based on a SMO as a fault tolerance mechanism
for medium and high speeds. On the other hand, a scheme
of controller parameter optimization based on particle swarm
optimization (PSO) is designed to solve the problem of

speed controller parameter mismatch during sensorless state
switching.

The rest of this paper is organized as follows. Section II
presents the mathematical model of PMSM and the struc-
ture of the control system under the conventional field ori-
ented control (FOC) strategy. In Section III, a fault-tolerant
control system based on a mode of sensorless control state
switching is proposed and designed. In Section IV, the pro-
posed fault-tolerant control system is experimented and ver-
ified in a semi-physical simulation platform for the observer
response speed and accuracy, control system variable load
response performance and variable speed performance when
the system enters the fault-tolerant control state, respectively.
Finally, Section V concludes the article.

II. THE DESIGN OF FAULT-TOLERANT CONTROL SYSTEM
FOR THREE-PHASE PMSM
In order to develop the fault-tolerant control algorithm
for the position sensor failure of three-phase PMSM, the
star-connected surface permanent magnet synchronous motor
(SPMSM) is selected as the research object in this paper. The
following assumptions are made for the controlled object to
facilitate the analysis [27].

1) The magnetic saturation effect of the motor iron core is
not considered.

2) The eddy current and hysteresis losses caused by the
magnetic circuit of the motor are ignored.

3) The physical parameters of the stator windings of each
phase are the same, and the distribution of the excitation
magnetic field generated by the rotor is a standard sine
wave.

4) The cogging effect of the motor is ignored.
5) The effects of the inverter’s freewheeling diode voltage

drop, switching time and dead-time effects are ignored.

There is no doubt that the stable control performance of
the three-phase PMSM control system requires the accurate
acquisition of accurate position signals and speed signals
by the Hall sensor. However, the accuracy and reliability
of Hall sensors are susceptible to harsh environments and
strong magnetic fields. Consequently, a fault-tolerant control
system based on a SMO using the parameters measured in the
system is designed to solve the problem of Hall sensor failure
duringmotor operation in this paper. The block diagram of the
fault-tolerance system is shown in Fig.1.

From Fig.1, the whole system mainly includes the classi-
cal control FOC module, fault-tolerant control module and
parameter optimization module. Among them, the whole
control framework of FOC mainly consists of modules such
as speed regulator (ASR), current regulator (ACR), inverter,
PMSM and Hall sensor. In FOC framework, conventional PI
controllers are used for both speed and current controllers.
Meanwhile, the control strategy of ‘‘id_ref = 0’’ is applied
in the control framework of FOC in order to obtain the
maximum torque benefit. Secondly, the fault-tolerant control
system applies a fault detection module of Hall sensor to
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FIGURE 1. The block diagram of Hall fault-tolerant control system based
on sensorless state switching after particle swarm optimization.

determine the health status of the position sensor, which
controls the system to switch from the sensor state to the sen-
sorless state. Furthermore, a program based on phase-locked
loop (PLL) and SMO is designed to obtain rotor information
in a senseless state. Finally, a parameter optimization module
based PSO is utilized to optimize the parameters of the ASR
when the system is switched to the sensorless state.

A. THE FAULT DETECTION OF HALL SENSORS
The detection of the health state in Hall sensor is the key
to the fault-tolerant control system. In this paper, the tradi-
tional single-phase Hall fault is analyzed (the way to obtain
rotor information is quickly switched after the fault to avoid
the impact of the remaining Hall fault again). The coded
information from the Hall output is employed for fault status
detection. Under normal conditions, the coding sequence of
three-phase Hall in one cycle (T ) is shown by Fig.2.

FIGURE 2. The normal Hall coding sequence.

From Fig.2, it is clear that a complete electrical cycle
consists of six sectors. Usually, the scheme of interpolation
is utilized to perform rotor position estimation to improve

the resolution of the sensor. Therefore, the method of M/T
is used to calculate the rotor speed. The calculation principle
is shown in Eq.(1).

n =
F0M0

CM1
(1)

where, n is the speed. M0 indicates the encoder count value
per unit time.M1 indicates the number of pulses of known fre-
quency sent per countingmoment.C indicates the count value
of one cycle, respectively. On this basis, the rotor position at
tk can be calculated from the rotor speed and rotor position at
tk−1. The Hall-encoded sequence is shown in Tab.1.

TABLE 1. Hall-encoded sequence in one cycle (T ).

In Fig.2, ra, fc, rb, fa, rc, and fb represent each Hall state
change moment, where r and f denote the rising and falling
edges of the signal, respectively. Moreover, ‘‘0’’ and ‘‘1’’
are Hall output level states. According to the correct coding
sequence, it is clear that the remaining two phases of Hall
can output opposite levels when the same Hall output signal
is at different jump edges (e.g. ra and fa). Based on the above
encoding law of Hall jump edge, the state equation of Hall
jump edge is defined as Eq.(2).

State_hall_i = |test(fj, i)− test(rj, i)|; (i, j = a, b, c) (2)

In Eq.(2), State_hall_i shows the health status indicator of
phase i Hall, and the normal case is 1. test(rj, i) and test(fj, i)
indicate the level states of phase i Hall outputs at rising and
falling edges of phase j Hall, respectively. It can be seen that
Eq.(2) is unique to the determination of Hall state. Further-
more, the case of a single-phase Hall fault can be briefly
analyzed by Fig.3. If A-phase Hall fails at the moment tf ,
A-phase Hall will miss the edge change and only maintain a
constant output (output sets to ‘‘1’’ or ‘‘0’’).

FIGURE 3. The phase A Hall fault coding sequence.

When A-phase Hall fails, the three-phase Hall output state
codes are shown in Tab.2. If there is a zero-setting fault (a new
jumping edge) in A-phase Hall, its health state indicator can
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TABLE 2. Hall coding sequence in phase A Hall fault state.

be calculated as 0 by Eq.(3), which determines in that there is
a Hall fault. If A-phase Hall has a fault of setting ‘‘1’’ (no new
jump edge), the equation of jump edge state is deactivated
at this time since the next jump edge signal is not available.
However, it is possible to determine that there is a Hall fault
by the equation of state along the jump of the remaining Hall
(C-phase Hall), which can ensure the fastest judgment speed
in 2/3 electrical cycle (T ).

State_hall_a = |test (fb, a)− test (rb, a)|

= |test (fc, a)− test (rc, a)| = 0 (3)

The above fault states can be extended to any Hall, which
enables the detection of Hall fault states. As soon as a fault
message is detected (State_hall_a = 0), the fault detection
module outputs a signal to switch the rotor position sig-
nal acquisition path. This means that the system cuts to a
fault-tolerant control state and the angular and rotor informa-
tion needed by the controller be provided by the sensorless
observer when a faulty Hall fault is effectively detected.
Moreover, the speed loop parameters are also switched to
optimized parameters in case of Hall failure to avoid system
instability due to changes in the speed feedback loop.

However, this method currently does not accurately locate
the location of the faulty Hall. To locate specifically, the
fault location should be achieved by combining the coded
information of multiple fault signals.

B. THE DESIGN OF SLIDING MODE OBSERVER
According to the voltage and current equations of PMSM
in the synchronous rotating coordinate system, as shown in
Eqs.(4) and (5), it can be obtained that the back-EMF contains
rotor information in the steady state, which can be accurately
observed by designing a SMO.[
ud
uq

]
=

[
R+ Ldp −ωeLq
ωeLq R+ Lqp

] [
id
iq

]
+

[
0

ωeψf

]
(4)

[
pid
piq

]
=

 −
R
Ld

ωeLq
Ld

−
ωeLd
Lq

−
R
Lq

[ idiq
]
+


ud
Ld

uq − ωeψf
Lq

 (5)

In Eqs.(4) and (5), p is the differential operator. id , ud
and Ld are the d-axis equivalent current, voltage and induc-
tance, respectively. R is the equivalent stator resistance in the
synchronous rotating coordinate system. ωe is the electrical

angular velocity, and ψf is the permanent magnet flux link-
age.

The current equation is rewritten as Eq.(6) by introducing
the the back-EMF (Ed , Eq) of dq-axis.

[
pid
piq

]
=

 −
R
Ld

Lqωe
Ld

−
Ldωe
Lq

−
R
Lq

[ idiq
]
+


ud − Ed
Ld

uq − Eq
Lq

 (6)

In Eq.(6),Eq = ωeψf .When the d-axis current expectation
is set to 0, Ed = 0 is satisfied in the steady-state system.
To obtain the back-EMF of dq-axis accurately, the observer
equation in the synchronous rotating coordinate system is
established according to the current equation, as shown in
Eq.(7) [28].

[
pîd
pîq

]
=

 −
R
Ld

Lqωe
Ld

−
Ldωe
Lq

−
R
Lq

[ îdîq
]
+


ud − Êd
Ld

uq − Êq
Lq

 (7)

where îd , îq, Êd and Êq are the estimates of the current
and voltage components in the dq-axis coordinate system,
respectively. The back-EMF observation equation is designed
by choosing the function of sgn(x) such that the back-EMF
under the dq-axis can be accurately observed.[

Êd
Êq

]
= k

[
sgn(îd − id )
sgn(îq − iq)

]
(8)

where k is the gain of the slidingmode observer. The observer
error equation is established in Eq.(9) by subtracting Eq.(6)
from Eq.(8).

[
pĩd
pĩq

]
=

 −
R
Ld

Lqωe
Ld

−
Ldωe
Lq

−
R
Lq

[ ĩdĩq
]
+


Ed − Êd
Ld

Eq − Êq
Lq

 (9)

In Eq.(9), ĩd and ĩq are the error value between the predicted
and actual currents in the dq-axis, which can be specified in
Eq.(10). [

ĩd
ĩq

]
=

[
îd − id
îq − iq

]
(10)

Finally, the error of observer is adopted to design the slid-
ing surface in the dq-coordinate plane, as shown in Eq.(11),
which ensures that the observation error is 0 after the observer
converges to the sliding mode surface.

s =
[
s1
s2

]
=

[
ĩd
ĩq

]
= 0 (11)

Generally, the stability of the observer can be proved by
Lyapulov stability analysis. When the positive definite func-
tion is defined as Eq.(12). The sufficient condition for the
stability of the observer can be derived as Eq.(13). Therefore,
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the stability condition of the sliding mode observer is shown
in Eq.(14).

s (x) =
1
2
s2 (12)

lim
s→0

sṡ ≤ 0 (13)

k > max{−R|ĩd | + Lqωe ĩqsgn
(
ĩd
)
+ Ed sgn

(
ĩd
)
,

−R|ĩq| − Ldωe ĩd sgn
(
ĩq
)
+ Eqsgn

(
ĩq
)
} (14)

From the perspective of a practical discrete controller,
the observer equations require to be discretized. The inverse
difference discretization result of the sliding mode observer
equation is shown in Eqs.(15) and (16).{

îd (k + 1) = Ad id (k)+Bd [ud (k)+ωeLq îq (k)− Êd (k)]
îq(k + 1) = Aqiq (k)+ Bq[uq (k)+ωeLd îd (k)−Êq (k)]

(15)
Ai = e−

RTs
Li

Bi =
1
Ls

∫ Ts

0
e−

RTs
Li dτ, (i = d, q)

(16)

C. THE ROTOR POSITION AND SPEED ACQUISITION
Considering that the discontinuous term (sgn(x)) in the
observer causes the observation value of back-EMF to con-
tain high-frequency signals, there is a huge deviation in the
speed value, when the d-axis back EMF is utilized, then the
integral action further enlarges the error of the rotor position.
Therefore, PLL is employed for efficient acquisition of rotor
position and speed information. The voltage equation accord-
ing to the observed electrical angle in the two-phase rotating
coordinate system is derived in Eq.(17).{

Vd = u cos(θ̂e − θe) = u sin(θ̂e − θe +
π

2
)

Vq = u cos(θ̂e − θe)
(17)

In Eq.(17), Vd and Vq are the equivalent voltages of the
actual three-phase voltages in the synchronous rotating coor-
dinate system, respectively. θe is the actual electrical angle
of the rotor. When the system is in steady state, we have
Ed = 0, then Ed = Vd = Êd is satisfied. Therefore,
a PLL is established using the variable of d-axis to observe
the speed and position of the motor rotor, as shown in Fig.4.
When PLL converges, the observed electrical angle (θ̂e + π

2 )
converges to the actual electrical angle (θe). Considering that

FIGURE 4. The schematic diagram of phase-locked loop based on d-axis
back EMF.

1θ is defined as the error of PLL and leting θ̂e + π
2 = θ̂ ,

1θ = θ̂ − θe = sin(1θ) can be approximated when θ is
between −π6 and π

6 .

D. THE PARAMETER OPTIMIZATION OF SPEED LOOP
CONTROLLER BASED ON PSO
When a Hall fault is detected during the actual operation of
the motor, the system directly utilizes an observer to obtain
rotor position and speed information. Unfortunately, when the
system is switched to an observer to obtain rotor position and
speed signals, the speed loop can be mismatched with speed
controller parameters due to changes in the feedback loop,
which inevitably can result in reduced or even uncontrolled
performance of the speed loop control. Therefore, the control
parameters in speed loop should be further adjusted for better
control performance.

Through the above analysis, a scheme based on the algo-
rithm of particle swarm algorithm (PSO) to optimize the ASR
controller parameters is proposed to speed up the speed and
accuracy of parameter tuning. First of all, the block diagram
of the motor speed loop system is simplified to Fig.5 based
on the speed loop control rate of PI.

FIGURE 5. The control block diagram of PMSM speed loop.

From Fig.6, the speed loop PI control consists of a pro-
portional coefficient and an integral coefficient (Kp,Ki). The
speed error (1N ) tends to zero when the control system
converges. An optimization control system based on PSO
is established by utilizing the speed error (1N ). The block
diagram of the parameter-optimized control system is shown
in Fig.6. Secondly, aiming to further measure the control

FIGURE 6. The block diagram of PMSM speed loop parameter
optimization system based on PSO.
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performance of speed loop, the error performance indicator
of ITAE (integrated time absolute error) is introduced as
the speed controller performance indicator. The performance
indicator of ITAE is defined in Eq.(18). On this basis, the
minimum value of the performance indicator is utilized as
the objective for the optimization of the controller parameters,
which indicates that the optimal parameters of speed loop can
be searched for by this optimization algorithm.

J =
∫
∞

0
t |e (t)|dt (18)

where, e(t) represents the speed error, and J denotes the
error performance indicators. The performancemetrics in this
system require to be calculated in a discrete manner.

In Fig.6, the PSO module calculates the better speed loop
parameters (Kp,Ki) by collecting the speed error as a way to
achieve improved control system performance.

Finally, the velocity-position model is employed to build
the particle swarm algorithm during the design of PSO algo-
rithm. The design steps of the algorithm mainly include: gen-
erating random particles in D-dimensional space, initializing
the search position and velocity, local search, global variable
speed, and global search. The velocity-position update equa-
tion followed by the global variable speed link is shown in
Eqs.(19) and (20).

vt+1iq = vtiq + c1r1(p
t
iq − x

t
iq)+ c2r2(p

t
iq − x

t
iq) (19)

x t+1iq = x tiq + v
t+1
iq (20)

where, r1 and r2 are random factors between 0 and 1. c1 and
c2 are speed optimization factors, taking the empirical value
of 0.2.

When the velocity-position update equation is incorpo-
rated, the parameter optimizationmodel based on PSO adopts
the speed error performance metric to measure the merit of
the speed loop parameters. During the search process, the
velocity-position formula is utilized to update the PI parame-
ter search direction and velocity, thus realizing the parameter
variable speed search, speeding up the controller design and
optimizing the system performance. Eventually, its optimal
speed loop PI parameters are denoted as KpASRO and KiASRO
by parameter optimization, respectively.

III. SYSTEM SIMULATION AND RESULTS ANALYSIS
A. THE OVERALL STRUCTURE AND PARAMETER
SETTING OF SYSTEM
In this paper, the whole three-phase PMSM system adopts
vector control, whose structure mainly includes SVPWM,
spatial decoupling transformation and voltage-current double
closed-loop control. Secondly, the Hall fault diagnostic mod-
ule is designed to detect sensor health status and is applied
to implement fault-tolerant control system switching. Subse-
quently, the module of sliding mode observer and the module
of phase-locked loop are designed to obtain rotor speed and
position acquisitions when the system is in fault-tolerant
control. Finally, the scheme of parameter optimization based

PSO is proposed to optimize the system fault-tolerant control
performance from the speed loop.

FIGURE 7. The block diagram of Hall fault-tolerant control system based
on PSO parameter optimization.

The block diagram of the entire fault-tolerant control sys-
tem is shown in Fig.7. Furthermore, the Hall fault-tolerant
control system of three-phase PMSM proposed in this paper
is deployed on the real-time operation platform (RCP-HIL)
for system reliability verification.

The parameters of the fault-tolerant control system are
shown in Tab.3. In addition, the optimization factors in the
particle swarm optimization algorithm have been presented
in Section II.

B. SYSTEM SIMULATION AND ANALYSIS BASED ON
DIFFERENT OPERATING CONDITIONS
In this paper, the semi-physical platform (HIL-RCP) is
employed to perform performance verification experiments
of fault-tolerant control system, which is also called
hardware-in-the-loop experiment. The connection principle
of the platform is shown in Fig.8, and the physical device is
shown in Fig.9.

From Fig.8, the system mainly consists of a controller
(RCP), a motor simulator (HIL), upper computers and a
signal connection board. The PMSM model is burned in the
HIL, the control algorithm is burned in the RCP, and the

FIGURE 8. The connection principle of semi-physical platform(RCP-HIL).
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TABLE 3. The parameters of PMSM and control system.

FIGURE 9. The physical installations of semi-physical platform(RCP-HIL).

signal adapter board serves as a data connection between
the motor model and the control algorithm. Among them,
RCP acts as a real controller to run the control algorithm
in real time; and HIL is a real-time simulation hardware
for motors developed based on Simulink. It is worth noting
that the variable-step-based computing model is deployed to
this platform to simulate the actual motor operation more
realistically. Therefore, the controller step size (resp. main
circuit step size) is set to Tsc(resp. Tsm). The other control
parameters of the fault-tolerant control system are shown
in Tab.3. In addition, the device can display the curves of
each parameter during system operation in real time directly
through the upper computer, which means that all experimen-
tal waveforms belong to real time curves.

In order to verify the reliability and performance of the
fault-tolerant system, the experiments are implemented from
four aspects: the observer response in the fault-tolerant state,
the performance of variable-speed control, the performance
of variable-load control, and the fault-tolerant control error.
Therefore, this subsection is divided into three parts to
simulate and validate the established fault-tolerant control
system.

1) THE PERFORMANCE ANALYSIS OF FAULT
DETECTION MODULE
In order to verify the effectiveness of the Hall fault detection
module, the system runs at 800rpm, applies a load of 5N · m
at 1s, and then sets A-phase and B-phase Halls to low-level
faults at 1.5s, respectively.

Fig.10 illustrates the results of A/B-phase Hall fault
detection and the three-phase Hall output waveforms, which
reveals that the fault detection module can effectively detect
A/B-phase Hall set low-level faults and issue switching
commands up within 2/3 electrical cycles (2/3T ). Other
single-phase Hall faults can also be detected accurately and
are not described here.

Furthermore, Fig.11(a)-(b) demonstrate the system speed
response waveforms before and after the speed loop parame-
ter update, which shows that the system with updated speed
loop parameters is better able to maintain system stability
during fault-tolerant state switching. Conversely, the system
that has not updated its parameters may go out of control.
Hence, the reliability of the proposed fault detection strategy
and the superiority of the controller parameter update can be
demonstrated from the above experiments.

2) FAULT-TOLERANT CONTROL RESPONSE
PERFORMANCE ANALYSIS
After verifying the reliability of the fault detection module,
the relative performance of the slipmode observer should also
be further verified. It is shown that in Fig.12 the response
curves of the observed values of rotor speed and angle when
the observer is activated.

From Fig.12(a-b), it can be clearly seen that the strategy in
this paper can converge to the actual value in 0.4s and achieve
no static difference observation after stabilization.

Furthermore, a switch is designed in the control model to
simulate the fault-tolerant switching signal from theHall fault
detection module. The system switches from a sensed control
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FIGURE 10. The experimental curve of A/B-phase Hall fault detection.

FIGURE 11. The system speed response curve before and after updating
the speed loop parameters.

state to a fault-tolerant vacant state when the switch that
simulates the fault-tolerant switching signal is toggled. The
real-time curves of the velocity response and electrical angle
observations in the fault-tolerant control state are shown in
Fig.13(a-b).

Assuming that the system is switched to sensorless
fault-tolerant control state, it is worth noting that a slight fluc-
tuation in speed occurred from Fig.13(a). However, the speed
remains near the given speed and stabilizes to the given speed
after a slight fluctuation. Furthermore, speed fluctuations

FIGURE 12. The observation and actual value comparison curve under
observer open-loop.

FIGURE 13. The observation and actual value comparison curve under
observer close-loop.

occur because the speed feedback loop has changed and the
PI parameters of ASR have been re-adjusted, when switching
to the fault-tolerant control state. Moreover, the discontinuity
term (sgn(x)) in the observer fundamentally introduces jitter
to the observed values. In addition, the controller model
discretization process is also responsible for the weight of
the system speed jitter. Note that, the output jitter caused by
discrete control can be improved by increasing the controller
sampling and operating frequency. However, the operating
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frequency of control algorithm is also limited by the master
controller frequency as well as the sampling process time.

Most importantly, the fault-tolerant control system still
guarantees good real-time angular observation performance
during observer closure from Fig.13(b).

3) LOAD PERFORMANCE ANALYSIS UNDER
FAULT-TOLERANT CONTROL
A load response test is carried out to verify the load per-
formance of the system under fault-tolerant operation. The
load response curve in fault-tolerant control state is shown in
Fig.14(a-d).

When the system enters fault-tolerant control, the load of
the motor is successively loaded from no load to 5N · m,
then to 10N · m, and finally reduced back to 5N · m. It is
clear that the fault-tolerant system is able to operate normally
with load and respond well to system load variations when
tested under variable load in the state of fault-tolerant from
Fig.14(a). According to Fig.14(b), the speed of the PMSM
in the fault-tolerant control state causes fluctuations in speed
both at the moment of loading and load shedding. Neverthe-
less, the actual speed is also able to recover to the given speed
within 2s. Meanwhile, the observed speed also accurately
follows the actual value during speed fluctuations.

Furthermore, the estimated rotor electrical angle accurately
follows the actual value during the motor switching from
stage A to stage B from Fig.14(c). Moreover, the slight error
in the estimated value occurs only at the moment of loading.
The rotor position curve and the motor current curve also
show that the electrical angle period and the phase current
period correspond strictly.

Finally, Fig.14(d) shows that the three-phase current
exhibits a smooth sinusoidal characteristic during the variable
load of stage B to C. In the meantime, the current is able
to reach a steady state within 0.2s after a slight amplitude
fluctuation.

Overall, the accuracy of the rotor position and speed esti-
mation of the system in the fault-tolerant control state is ver-
ified through variable load test experiments, and the stability
of the fault-tolerant control system is also verified.

4) THE ANALYSIS OF SPEED RESPONSE PERFORMANCE IN
FAULT-TOLERANT CONTROL STATE
After the load disturbance test is carried out, the accuracy of
the speed observer and the speed response performance in
the fault-tolerant control state are also worthy of attention.
Therefore, the variable speed test is carried out under a load
of 5N · m, and the set speed is accelerated from the rated
speed (1000rpm) to 1200rpm, and then the speed is reduced
to the rated speed after stabilization, and finally the speed is
reduced to 800rpm. The comparison curves and error curves
of observed speed and actual speed in the fault-tolerant con-
trol state are shown in Fig.15(a-b), during the variable speed
and variable load test.

Fig.15(a) records the whole process of the system putting
into the observer, switching to the fault-tolerant control state,

FIGURE 14. The curve of load response in the control state of
fault-tolerant(0-5-10-5N·m).

changing the load and changing the speed in real time. The
state of system at each switching time is shown in detail in
Tab.4. It clearly reveals that the observed rotor speed accu-
rately follows the actual value when the system is in observer
open-loop, observer closed-loop variable-load and observer
closed-loop variable-speed operating conditions. Of course,
the phenomenon of system output speed jitter is related to
the non-continuous term in SMO. Meanwhile, the system
responds reasonably well to the speed given value through
the variable speed test in the fault-tolerant control.

The speed error curves in Fig.15(b) reflect the accuracy of
the observed results under variable load and variable speed
operation conditions. The speed observation error can be kept
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TABLE 4. System state parameters at each switching time.

FIGURE 15. The curve of speed response in fault-tolerant control state.

within ±10rpm at the steady state of the system. However,
it also shows that the observer generates large observation
errors for sudden changes in load and sudden changes in
speed given. Especially, the speed observer has an estimation
error of nearly 70rpm when the system is loaded at 5N · m.
In contrast to the loading response, the observer does not pro-
duce an estimation error of more than ±30rpm during vari-
able speed and load shedding. In general, the speed estimation
errors due to variable load and variable speed operation do
not impose a significant burden on the control system for
systems operating at medium to high speeds. Simultaneously,
the observer responds quickly to sudden changes in operat-
ing conditions, which makes the estimation error converge
quickly.

In summary, the fault-tolerant control method under Hall
fault can successfully achieve the response of variable
speed and variable load under fault-tolerant condition in the
medium and high speed stage, thus maintaining the contin-
uous operation of the system under Hall fault condition and
improving the reliability of the system.

C. OBSERVER ROBUSTNESS AND APPLICABILITY
ANALYSIS
Firstly, the system with perturbed parts is established accord-
ing to the equation (Eq.(9)) as in Eq.(21) to analyze the

robustness of the SMO.

ẋ (t) = (A+1A) x (t)+ (B+1B) u (t)+ F (t) (21)

where, x(t) is the state variable, and ẋ(t) is its derivative. A
is the state matrix; B is the input matrix. 1A and 1B are the
ingestion terms; F(t) is an external perturbation term, respec-
tively. Futhermore, the equation of sliding surface (Eq.(11))
is re-derived with the perturbation of this system to obtain
Eq.(22).

ṡ =
∂s
∂x
ẋ

=
∂s
∂x
(A+1A) x +

∂s
∂x
(B+1B) u+

∂s
∂x
F (22)

When the observer converges, ṡ = 0 is satisfied. Assuming
det

(
∂s
∂x (B+1B)

)
6= 0, the equivalent control rate of Eq.(21)

can be derived in Eq.(23).

ueq =
[
∂s
∂x
(B+1B)

]−1
∂s
∂x
((A+1A) x + F) (23)

If the parameter uptake of the system satisfies the condition
of Eq.(24), the state space expression of the controlled system
can be re-derived as Eq.(25) by combining Eqs.(21), (23)
and (24).

1Ax (t) = B1Ãx (t) ,

1B = B1B̃, F (t) = BF̃ (t) (24)

ẋ = Ax (t)− B
(

∂s
∂x (t)

B
)−1

∂s
∂x (t)

Ax (t) (25)

It is can be seen from Eq.(25) that the dynamic expression
of the observer is independent of the parameter ingestion term
and the external perturbation term when the observer is in the
sliding mode plane, which implies the robustness of the SMO
to parameter ingestion.

On this basis, robustness comparison experiments based
on SMO and nonlinear magnetic chain observer are fur-
ther implemented, and the experimental results are shown
in Fig.16. Where, ‘‘100%F’’ and ‘‘105%F’’ represent the
values of original magnetic chain constant and the changed
magnetic chain constant, respectively. In addition, ‘‘-SMO’’
and ‘‘-FLUX’’ represent the SMO and the nonlinear magnetic
chain observer, respectively. It is clearly evident that after
a 5% change in the magnetic chain constant. The observed
values of SMO are almost unchanged compared to the non-
linear magnetic chain observer, which indicates that SMO has
stronger robustness.

Moreover, the low-speed observation performance of the
observer is analyzed such that the applicability of the control
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FIGURE 16. The speed curves based on SMO and nonlinear magnetic
chain observer.

system of fault-tolerant can be guaranteed. The back-EMF
equation is rewritten as shown in Eq.(26).

ed = Ld
did
dt
− ωeLqiq (26)

It can be known from Eq.(26) that the back-EMF of
d-axis (ed ) is related to the d-axis, q-axis current and electri-
cal angular velocity. Considering that the system adopts the
FOC strategy, the d-axis current reference value is set to 0.
Thus, the back-EMF of d-axis is determined by weLqiq.

However, the observer is added with a filter of suitable
bandwidth considering that the SMO itself generates high
frequency signals. In particular, a sufficiently large back-
EMF (much larger than the system noise) is required to ensure
effective observation in the actual motor control system.
When the motor is started, a large electromagnetic torque
is required to overcome the frictional forces and the cog-
ging effect, which means that a large current is generated.
More importantly, the motor does not have a speed and the
d-axis back-EMF information is not available at the moment
of motor startup, which means that the observer remains in an
unobservable state. In this circumstance, the observed angle
at the moment of motor start is imprecise, which can cause
the current that should be applied to the dq-axis to be applied
to the observed d̂ q̂-axis. From Fig.12(b), there is a maximum
error of half a cycle between the observed electrical angle
and the actual electrical angle in the initial response phase
of the observer. If the large current that should be applied to
the q-axis is actually applied to the q̂-axis during the start-up
phase, which can lead to a large observation error and a small
effective current component on the q-axis. What’s worse, the
interior permanent-magnet synchronous motor (IPMSM) is
likely to reverse during start-up due to the excessive d-axis
current components, by analyzing the electromagnetic torque
equation in Eq.(27).

Te =
3
2
Pn
[
ψf +

(
Ld − Lq

)
id
]
iq (27)

In addition, excessive current, increased copper consump-
tion, and temperature rise can all be caused when the motor is
running at low speeds, which can result in Ld and Lq no longer
being constant. It can be seen that the change of the motor
parameters can significantly deteriorate the performance of
the observer.

Therefore, the fault-tolerant control system proposed in
this paper is only for medium and high speed operation
conditions, and not for start-up and low speed operation
conditions, which is the reason why this system does not
consider Hall failure at the start-up moment and low speed
operation conditions. If a Hall fault is detected at start-up,
a direct shutdown should be considered for repair.

IV. CONCLUSION
Aiming at the problem that the three-phase PMSM Hall
sensor is easily damaged during the operation, a fault-tolerant
control system based on sensorless state switching is pro-
posed in this paper. Through a large number of variable load
and variable speed experiments in the medium and high speed
stages, it is proved that the fault-tolerant system can effec-
tively maintain the stable operation of the system and keep
good variable load and variable speed response performance
in the Hall fault state.

The following list summarizes the key conclusions from
this paper.

• A fault-tolerant mode under Hall sensor failure based
on sensorless switching is proposed, and the encoded
information of the hopping edge of Hall signal is utilized
to detect the Hall failure state and switch the control
mode.

• When the system is cut into the fault-tolerant control
program based on the SMO, the speed loop controller
parameter optimization module based on the PSO algo-
rithm is designed with the speed control error minimiza-
tion as the optimization objective, which speeds up the
calculation process of feasible solutions of the controller
parameters and ensures the stability of the system after
it is cut into the fault-tolerant state.

• Finally, the range of applicability of the fault-tolerant
control method and the robustness of SMO proposed
in this paper are discussed for medium and high
speeds, respectively. Therefore, in future work, low-
speed sensorless control, zero-speed sensorless start-up
and full-speed fault-tolerant control of three-phase
PMSM should be further considered for various indus-
trial environments.
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