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Abstract—Often for a closed-loop operation of a brushless direct
current (BLDC) motor, Hall-effect sensors are used and recently
there have been a number of discussions on Fault-Tolerant Control
(FTC) of the BLDC motor for a defective Hall-effect sensor. How-
ever, so far, direct redundancy based approach for FTC of BLDC
motor for a position sensor fault is not presented. This paper con-
tributes a direct redundancy based method by utilizing redundant
Hall-effect sensors for FTC of a BLDC motor. Redundant Hall-
effect sensors generate additional transitions resulting in faster
fault detection. To verify the proposed idea, MATLAB/Simulink
model is developed, and the simulation results are presented by
programing a MATLAB function block acting as a fault-tolerant
controller. Furthermore, the algorithm is implemented into the
MicroLabBox for experimental validation, and the results are
discussed.

Index Terms—Brushless machines, fault-tolerant control (FTC),
Hall-effect devices, position measurement, redundancy, signal
reconstruction.

I. INTRODUCTION

TRAPEZOIDAL voltage driven Brushless direct current
(BLDC) motors are a type of permanent magnet syn-

chronous motors (PMSM) that offer high efficiency, high-power
volume ratios, low-maintenance costs, and use electronic com-
mutation to energize the stator phases for generating electro-
magnetic torque. For the electronic commutation to work, the
motor control circuit needs to know the rotor position at elec-
trical 60° intervals to switch the stator phase currents [1], [2].
Each phase is active for two consecutive electrical 60° intervals,
therefore, called as 120° commutation.

Often for commutation purposes, BLDC motors make the
use of Hall-effect sensors to sense the rotor position [3]–[5].
During the normal operation of the motor system, the position
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sensor can become defective and may retain a constant value of
one or zero, which will severely influence the motor operation
causing either the motor to fail, drive to burn, or the system may
come to a complete stop. In several applications, for example,
electric vehicles, it is desirable to keep the system running even
with degraded performance until the scheduled maintenance or
help arrives [6]–[8]. A technique that keeps the motor system
running, even after experiencing a sensor fault, is called a fault-
tolerant control (FTC) system [9], [10]. Moreover, in aircrafts, it
is difficult to reach to the motor for repairs, and in flight a sensor
failure may create a dangerous situation; therefore, it would be
preferable to have redundant sensors. The price of a single Hall-
effect sensor is very low, and having redundant sensors will not
cause a significant increase in the overall system cost. Thus,
the method presented in this paper may be used for electric
vehicles, electric scooters, and other myriad of applications of
BLDC motors.

Hall-effect sensor fault effects on a BLDC motor drive are
discussed, where value-based fault detection, Fast Fourier
Transform (FFT), and spectral energy density (SED) are used
for fault identification. Due to the use of FFT and SED, the
recommended scheme takes 113 ms to diagnose and identify
the fault [2]. Fast fault diagnosis technique is presented in [6],
in which the Hall-effect sensor signals are sampled at high fre-
quency and the sampling instants are treated as a rapid counter.
Thus, whenever the counter limit is exceeded or falls behind
the threshold values, there is a fault. The proposed technique
offers fast fault diagnosis; however, there are acceleration
limitations. Hall-effect sensor and signal injection technique is
combined and suggests a fault robust speed estimation, which
can be used in systems that comply with an Automotive Safety
Integrity Level and Safety Integrity Level [11]. Nevertheless,
the combined technique can only be used for motors with
saliency and speeds greater than 0.1 p.u. In [12] and [13], an
FTC method is presented; however, in some cases, the proposed
technique can take up to 360 electrical degrees to identify the
fault and moreover is computationally expensive because it
uses the vector tracking observer and Fourier series for which
computation of the Fourier coefficients is required. And further-
more in case of a multiple sensor fault, it is impossible to start
the motor in the known direction; hence, the method cannot be
used for applications in which there are frequent stops, such as
electric scooters. Dong et al. [14] describe the Hall-effect sensor
faults by presenting three different approaches. Approach one
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discusses the state-sensitive method where last three states
of sensors are stored in memory and the controller keeps on
comparing with the current state with the stored pattern and
thus altered state sequence means that there is a fault; the
second method proposes the use of sensor transition order by
storing last two transitions in memory. A change in transition
order points to a sensor fault. Method three works by following
a condition-based approach which in some situations can also
result in the diagnosis of wrong fault type until corrected after
further operation of the motor. Although all three methods are
simple but are based on the assumption that the motor is running
continuously while the sensor fault occurs, which in certain
applications may not be true. Also in some instances, the FTC
method takes up to 10 ms till the corrective measures are taken
and hence for 10 ms wrong commutation sequence is executed,
generating large transient currents, which consequently result
in large variations in speed. An FTC algorithm is designed,
and simulation and experimental results are discussed. A set of
virtual Hall-effect sensor signals is generated for each of the
other two Hall sensors; furthermore, each pair of Hall sensor
signals is checked for fault and compared with the other pair of
Hall sensor signals. The sensor value, which remains constant as
the rotor rotates, is diagnosed and identified as the faulty sensor.
In the event of a fault, the virtually generated signal is replaced
with the faulty sensors signal. The algorithm does not work
for very low speeds and also recommends implementation as a
standalone subsystem [15]. In [16], a Hall-effect sensor fault is
detected by an acceleration threshold condition and identifica-
tion of damaged sensor is performed using conditions, which are
based on the fact that under healthy operation the sensor value
must make transitions between high and low levels. However, it
does not discuss the case when a fault happens and the threshold
is not triggered or in the case that there is no transition and the
sensor permanently maintains the value of 0 or 1. Furthermore,
the methods that rely on the motor parameters such as sensorless
algorithms are promising in terms of cost savings and reduction
of components count, however, suffering from parameter vari-
ations. Complex algorithm and computations of the sensorless
algorithms require high-end digital signal processors (DSP).
The sensorless technique works well for the motors that have
saliency, whereas for non-salient motors sensorless control
gives poor results at low speeds or with load variations [17].

II. FTC BY DIRECT REDUNDANT HALL-EFFECT SENSORS

As per the author’s knowledge, direct redundancy [18] ap-
proach to FTC of BLDC motor is not applied to date. In this
paper, a Hall-effect sensor FTC approach is presented, which
exploits the idea of direct redundancy by using six Hall-effect
sensors, as shown in Fig. 1. Six Hall-effect sensors are divided
into two groups, group one of primary sensors and group two of
secondary sensors. Primary Hall- effect sensors P1, P2, and P3
are employed to commutate the stator phase currents, whereas
the secondary sensors S1, S2, and S3 serve for fast fault de-
tection and speed estimation after the failure of the one of the
primary sensor. The direct redundant method offers the benefits
as follows.

Fig. 1. Illustration of the concept showing sensor placement and resultant
signals. (a) Diagram of the proposed idea. (b) Signals of the direct redundant
Hall-effect sensors. Stacked individual sensor signals are multiplexed showing
12 transitions in one electrical revolution.

1) A transition at every electrical 30° offers faster fault
diagnosis and identification (FDI), thus reducing total
compensation time.

2) Computationally less expensive compared to the meth-
ods that use Fourier series or Park/Clark transformation
and hence not requiring high-end processors for complex
computations.

3) Robust because it only depends on Hall-effect sensor sig-
nals and not on motor parameters.

After experiencing a single sensor fault in a motor with three
Hall-effect sensors, the system’s position accuracy is decreased
from 60 to 90 electrical degrees; consequently, it is very difficult
to determine the rotor position using the two Hall-effect sensors.
Thus, at any time under fault conditions either it is risky or
impossible to start the motor in a known direction, once the
motor comes to a complete stop.

Contrary to the three sensors, direct redundant sensors idea
solves this issue of starting the motor in the known direction, el-
egantly. If one of the primary sensors becomes defective, never-
theless leaving five healthy sensors providing the necessary rotor
position information, to start the motor in the known direction.

III. HALL-EFFECT SENSOR FAULTS

Hall-effect sensor can become defective at any instant
throughout the operational life of the BLDC motor. Considering
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Fig. 2. Value of P1 with respect to the transitions of all the sensors including
P1.

the Hall-effect sensor fault, it is assumed that either the sensor
value remains one or zero, for the rest of the operation of the
system. Therefore, a single sensor fault can be divided into es-
sentially four cases. First, sensor retaining the value of zero after
the incorrect transition; second, sensor remains one permanently
and no longer switches between the states; third, the sensor
changes its value from zero to one earlier than the supposed
transition time and becoming constantly one; and finally, the
sensor’s output falls from one to zero before its assumed time
of transition and remaining zero till the system operation lasts.

Hall-effect sensor assembly of BLDC motors (see Fig. 1) il-
lustrates that when the rotor rotates, Hall-effect sensor values
change with respect to the fixed mechanical location of the ro-
tor; therefore, the mechanical assembly of the sensors and motor
can be called as a rigid system. The important point here is that
the values of the rest of the sensors at a particular transition are
static and are mechanically constrained. For example, as shown
in Fig. 1(b), the primary sensor P1 has high value for the tran-
sitions S2F, P3F, S1R, P2R, and S3F (here, sensor edge naming
convention is followed such that first alphabet is sensor group
i.e., primary or secondary, numeral is a sensor number, e.g., 1, 2,
or 3, and the last alphabet is the edge type either falling or rising
edge) as long as the direction of rotation does not change and
system is working normally. Therefore, at the transitions S2F,
P3F, S1R, P2R, S3F, the primary sensor P1 is detected as low,
and at transitions S2R, P3R, S1F, P2F, S3R, the primary sen-
sor P1 has high value, which spontaneously points to a faulty
P1 sensor. Thus for a particular sensor, there is only and only
one combination (or set) of sensor transitions possible during
its low value, whereas for the high value it is complementary of
low value, as is shown in Fig. 2. Therefore, for each sensor, two
areas can be defined where a transition is impermissible under
normal operation and are named as prohibitive areas; the first
area is for the low value of the sensor, and the second area is
for the high value of the sensor. From Fig. 2, it can be observed
that for the specific case of the primary sensor P1, which has
fixed value at particular transitions, i.e., for transitions at time
τ (2), τ (3), τ (4), τ (5), and τ (6), the primary sensor P1 will have
explicitly high value and similarly for the low value of P1.

As explained earlier that the motor and Hall-effect sensor
assembly is a rigid system, therefore, in a healthy state of the

Fig. 3. Faulty transition lies in the prohibitive area; hence, there will be no
irregular motor phase currents as the controller time constant is very small com-
pared to the motor’s mechanical time constant.

system for an individual sensor, any transition in the constrained
area is prohibited and is not possible. Nevertheless, a damaged
sensor can have a falling or rising edge inside the constrained
area, as shown in Fig. 3. A false transition outside mechanically
constrained area has two possibilities. First, the sensor output
rises before the real transition time as in Fig. 4(a); second, it has
the correct rising edge; however, it becomes defective and falls
in advance of the mechanically constrained area, as shown in
Fig. 4(b). Case one is further divided into inhibitive transition
time and acceptable transition time as shown in Fig. 4(c) and
(a), respectively. Although the transition in Fig. 4(b) belongs to
a damaged sensor, nevertheless, it is accepted on the basis that
it is within the buffer time. It was observed in experimentation
that the Hall-effect sensor transitions are not equidistance even
at constant speed operation; therefore, the concept of buffer time
is adapted to avoid unnecessary complications, which can be an
area of further research. A false transition of a defective sensor is
acceptable when it is within 15 electrical degrees of the supposed
sensor transition time. In other words, the change in speed caused
by the incorrect transition is less than or equal to 1.5 times the
last correct speed reading. And finally, Fig. 5(a) illustrates the
possibility that the sensor retaining zero value permanently and
5(b) shows the sensor value staying at a high level.

IV. FAULT DETECTION AND IDENTIFICATION

As depicted in Fig. 6(a), there is twice the number of
transitions in comparison to the three Hall-effect sensor-based
methods [see Fig. 6(b)], and as a consequence providing more
transition instants to check for damaged sensors in the redundant
Hall-effect sensor-based approach, thus faster detection of the
fault. In Fig. 7, the flowchart of the proposed fault detection,
identification, and compensation process is shown. Fault detec-
tion is classified into two methods, one is the speed-dependent
method and the second method relies upon by calling the motor
and Hall-effect sensor assembly as a mechanically rigid system
and thus having a transition prohibitive area. When the system
operates normally, a sensor develops a defect, the FDI process
detects and identifies the fault, sector width is adjusted in the
zeroth-order speed estimation algorithm, and finally, based on
the estimated speed, the missing sensors transition instants are
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Fig. 4. Incorrect commutation of the motor phase current w.r.t. to the location
of the transition: (a) Transition is outside the mechanically constrained area and
causes the maximum motor transient currents. (b) Transition is outside the pro-
hibited area, resulting in no erroneous motor phase currents. (c) Faulty transition
is detected by the FTC system, hence causing no irregular commutation.

predicted and virtually regenerated by the controller, which are
explained in detail in the next sections.

A. Speed-Based Fault Detection

In drive systems with Hall-effect sensors, the rotor position
is exclusively determined at the transition instances and each
set of consecutive transitions of the Hall-effect sensors corre-
spond to a fixed distance on the rotor, and therefore, only at
transition instants, rotor speed is updated. Mechanical speed of
a synchronous motor is given by

nm =
120 ∗ fe

P
(1)

Fig. 5. P1 = 0 and P1 = 1 fault. (a) Hall-effect sensor experiences a fault and
after that remains zero. (b) The case that the sensor retains the value one after
experiencing the fault.

Fig. 6. Comparison of the direct redundant Hall sensor method with the Three-
Hall sensor method. (a) Six Hall-effect sensors provide a transition every 30
electrical degrees. (b) Three Hall-effect sensors result in 60 electrical degree
transitions.

where fe is the electrical frequency, in Hz, nm is the mechanical
rotor synchronous speed, r/min, and P is the number of rotor
poles [19].

For redundant Hall-effect sensor application, there are 12 tran-
sitions in one electrical period, therefore, (1) becomes

nm =
120

12 ∗ Te ∗ P (2)

where Te = 1/fe and Te is the time interval between the two
consecutive transitions. Whenever there is a change in the time
period between two consecutive transitions, it results in modified
speed reading. Conversely, speed change will result in change
in time between the two consecutive transitions, i.e., Te.
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Fig. 7. Flowchart of the proposed FTC method.

Fig. 8. Incorrect edge causes a change in the transition times. As a result, the
altered speed is mentioned as well.

A sensor that failed to function properly, transitions outside
the mechanically constrained area, is detected and identified,
based on the distance from the previous correct transition. Since
every two transitions are 30 electrical degrees apart, therefore,
the time between the two consecutive transitions is dependent
on the speed of the motor. Thus, an incorrect transition that is
too close to the last healthy transition will provide a very high-
speed estimate giving a large acceleration reading, as shown in
Fig. 4(c). Motor acceleration is given by

acc =
nm−1 − nm

ΔT
(3)

where nm−1 is the speed estimate based on the last two consec-
utive transitions, nm is the speed estimate based on the preced-
ing and current transition, and ΔT is the time between the two
speed readings, as depicted in Fig. 8. Acceleration under normal
constant speed operation is zero. And when there is a fault, (3)
becomes

acc =
nm−1 − n∗

m

ΔT ∗ (4)

where n∗
m is the modified speed reading based on incorrect and

last healthy transition and ΔT ∗ is the time between the last and
faulty speed reading.

As shown in Fig. 4(c), there is a very small time difference
between the Hall-effect sensor S3’s rising edge and the defec-
tive Hall-effect sensor P1’s falling edge, which will provide the
motor controller with very high speed and acceleration reading.
Here an assumption can be made that the maximum possible
acceleration the motor can attain is during the no-load startup.
Therefore, the condition to detect defective transition is founded
on the no-load startup acceleration, i.e., when the incorrect tran-
sition of the damaged sensor causes the motor controller to
have the reading, which exceeds the no-load startup accelera-
tion, thereby indicating a defective sensor, and the condition is
shown in the following equation:

acc ≤ ast (5)

where acc is the current acceleration reading, and ast is the mo-
tor start-up acceleration. As the speed estimation is done by
assuming that each pair of consecutive transitions corresponds
to a fixed mechanical rotor distance, a faulty transition results
in very high speed and acceleration reading since the controller
assumes that the two transitions correspond to 30 electrical de-
grees; however, the time difference between the false transition
and last normal transition is very small. In speed-based fault
detection and identification, no false motor phase currents are
observed, i.e., when constant speed operation of the system is
considered.

Fig. 4(b) depicts the event that incorrect transition occurs
merely before the mechanical constrained area. The mechanical
rotor distance between the rising and falling edge, of any of par-
ticular sensor, corresponds to 180 electrical degrees; however, in
the case of Fig. 4(b), the distance between the healthy and inac-
curate transition, is less than 30 electrical degrees, which results
in the controller getting improper acceleration reading relative
to the last acceleration value. Thus, this fault is detected based
on the incorrect acceleration reading and hence the detection
results in no imprecise motor phase currents.

Fig. 5(a) illustrates the event of a faulty transition not detected
by the startup acceleration limit; however, is a faulty transition
and will trigger incorrect motor phase currents of less than 15
electrical degrees before the mechanically constrained area and
spurious motor phase currents of 30 electrical degrees after the
mechanically constrained area; this fault causes the maximum
electrical degrees for which the motor conducts faulty phase
currents. And the fault is detected at the falling edge of sensor S2.

B. Fault Detection by Mechanical Constraint

The idea of mechanical constraint was explained previously,
thus it is not explained here to avoid restatement. In the out-
come that a wrong transition of a damaged sensor occurs inside
the mechanically prohibitive area, this incorrect transition is de-
tected momentarily and produces no false conduction of motor
phase currents, owing to the fact that controller time constant is
much smaller than the motor time constant. And thus, the motor
operation is not affected.



AQIL AND HUR: DIRECT REDUNDANCY APPROACH TO FTC OF BLDC MOTOR WITH A DAMAGED HALL-EFFECT SENSOR 1737

Fig. 9. P1 = 0 fault w.r.t. to the six Hall-effect sensors, showing change in
sector width after the occurrence of the fault.

Finally, the sensor value remaining zero, uninterruptedly, will
be detected at the start of the following mechanically constrained
area, resulting in 30 electrical degrees of the faulty conduction
of the motor phase currents. The case of sensor value constantly
one is similar to the sensor value continually zero, and it will
similarly cause incorrect phase currents of 30 electrical degrees.

V. FAULT TOLERANCE WITH ZEROTH-ORDER ALGORITHM

Hall-effect sensors provide information about rotor location
at discrete instances, thus requiring a technique to reconstruct
the speed signal of the motor. For this reason, data hold method
is employed. In order to reconstruct a signal, its power series
expansion is performed. Higher order terms in the power se-
ries expansion of the signal provide good reconstruction of the
signal; however, requiring more resources and leading to more
delays in the control loop. Introduction of the delays in the con-
trol loop can cause severe system stability problems. Therefore,
the first term of the power series is often used for reconstruction
of signal and hence the name zeroth-order hold. Information on
the signal is only available at the sample instants, i.e., speed
signal is updated on each Hall-effect sensor transition [20].

After the fault is diagnosed and the sensor is identified, it is
desirable to regenerate the missing sensors signal in order to
keep the motor operating. The defective sensor does not gen-
erate transitions any longer, therefore requiring the redefinition
of the sector width in the zeroth-order algorithm to have cor-
rect speed estimation and consequently the regeneration of the
missing sensor’s signal. Sector width redefinition is shown in
Fig. 9. Under a single sensor fault condition, for the case of the
redefined sector width, the speed is estimated as

nm =
2 ∗ 120

12 ∗ Te ∗ P . (6)

For regeneration of the missing edge, prior speed estimate of
the P2 and S3’s transitions is used to predict the estimated time
of the missed transition and the time is calculated by

T∼
e =

120

12 ∗ nm ∗ P (7)

where T∼
e is the estimated time between two consecutive

transitions.

Fig. 10. Estimation of transition instant in case of a sensor fault in zeroth-order
algorithm and respective variable definitions.

Fig. 11. MATLAB/Simulink simulation: (a) Block diagram of the complete
simulation. (b) Implementation of FTC and fault. (c) Realization of Hall-effect
sensors by using limits and relational operators.

To generate the edge, one transition time T∼
e is added to the

last transition time and when the current time (for time keeping,
internal clock of controller is used) is equal to the last transition
time plus one transition time, it determines the estimated tran-
sition instant, as shown in Fig. 10. In terms of an equation, we
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TABLE I
SIX-POLE BLDC MOTOR PARAMETERS

obtain

T̂tr = Tl + T∼
e (8)

where Tl is the time of last transition instant, and T̂tr is the
estimated time of transition instant.

VI. SIMULATION RESULTS AND DISCUSSION

MATLAB/Simulink simulation is performed to validate the
purposed idea. A MATLAB built-in simulation of a BLDC motor
is used, and a MATLAB function block is added to the simulation
and is programmed to simulate the FTC, as shown in Fig. 11(a).
Table I mentions a six-pole BLDC motor that is used in the
simulation and the motor parameters are given.

A PI controller controls the motor speed by generating the
control signal after comparing the current motor speed with the
reference speed and thus supplies the motor with the necessary
input voltage. To construct the six Hall-effect sensor signals,
mechanical speed is converted to electrical speed by

fe =
120 ∗ nm

P
(9)

where P is the number of poles of the rotor. Integration of the
electrical frequency fe converts it into the rotor electrical po-
sition. This electrical position is then compared with constant
limits to generate the six discrete Hall-effect sensor signals, and
the fault is realized by Logical-AND or Logical-OR of sensor
output with logical one or logical zero, generated by comparing
fault time with the current simulation time, as shown in Fig. 11(b)
and (c), respectively. Subsequently, these six signals are fed to
the FTC block, which handles the sensor faults and compen-
sates for the damaged sensor by generating a virtual signal, as
depicted in the flowchart of the FTC process.

In terms of the FTC system response to a fault, the method is
divided into three categories. First, the faults whose response is
so swift that it results in no transients in motor phase currents and
the motor speed; second, faults that cause incorrect motor phase
currents of 30 electrical degrees; and finally, the faulty motor
phase currents last for approximately 45 electrical degrees.

Fig. 12 shows the response of the simulation in case of a
single sensor fault. The reference speed for BLDC motor is
set at 2000 r/min with 0.3 N·m load. A P1 = 0 fault initiates
at t = 0.2485 s. The fault causes false motor phase currents,
which results in a speed transient of approximately 25 r/min
at 0.255 s and lasts for 30 ms approximately. The fault time

Fig. 12. P1= 0 fault causes 30 electrical degrees of false motor phase currents.
(a) FTC systems response. (b) Motor phase currents in response to the fault.

was set at 0.2485 s; however, the transient starts at 0.255 s, and
the reason for that is that there is no transition until 0.2539 s
and therefore the fault is detected at the start of the mechanical
constrained area, which results in 30 electrical degrees of false
motor phase currents. The constrained area starts at the transi-
tion of sensor S2 and the FTC process takes 0.83 ms. The fault
that the sensor constantly remains one will result in similar tran-
sients as described for the case of sensor consistently remaining
zero.

In the event that a sensor has a transition as well as stops
functioning properly and is not detected by the speed condition
or by the mechanical constraint will cause maximum transient
currents in motor phases of equal to or less than approximately
45 electrical degrees. The Hall-effect sensor signal will be sim-
ilar to as depicted in Fig. 4(a). Fig. 13 shows the response of the
FTC algorithm and the motor phase currents. The single sensor
fault initiates at time t = 0.2477 s and results in speed transient
of 20 r/min and lasts for 60 ms approximately. Finally, when the
improper transition of a malfunctioning sensor has a transition
in a prohibited area at t = 0.246 s will be detected, identified,
and compensated so quickly that it causes no speed or phase
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Fig. 13. Fault that goes undetected by the speed condition or mechanical
constraint causes the maximum electrical degrees of conduction of incorrect
motor phase currents. (a) FTC algorithms response. (b) Transients in motor
phase currents.

current transients and is shown in Fig. 14. The motor maintains
its normal operation before and after the occurrence of the fault.

VII. EXPERIMENTAL VERIFICATION OF THE ALGORITHM

For experimental validation of the algorithm, six Hall-effect
sensors are soldered on two PCBs. The PCBs are rotated by 30
mechanical degrees with reference to the primary Hall-effect
sensors PCB, thus providing a 90 electrical degree Hall-effect
sensor signals for a 6-pole BLDC motor, as shown in Fig. 15.
Fig. 16 pictures the FTC model that was built and downloaded
into the MicroLabBox DS-1202. Fig. 17 shows a 6-pole BLDC
motor coupled to a dc motor to generate the Hall-effect sen-
sor signals. Hall-effect sensors are connected to the fixed 5 V
and the dc motor is powered by the variable output dc power
supply. The six sensor signals are then fed to six analog-to-
digital channels of MicroLabBox DS-1202. Sensor fault is re-
alized by passing P1 sensor’s signal from an ON–OFF switch.
Class 1 analog-to-digital channels from 1 to 6 are used to receive
the Hall-effect sensor signals. Since the received signals by the
MicroLabBox DS-1202 are scaled, Hall-effect sensor signals

Fig. 14. Incorrect transition in the prohibitive area; the motor operation is not
affected. (a) FTC response of the algorithm. (b) Motor phase currents.

Fig. 15. Six Hall-effect sensors mounted at two PCBs at 30 mechanical degrees
apart; the magnetic disc is removed.

are passed through the gain blocks, in order to have appropriate
amplitudes and are then fed to the FTC function block, which
handles the sensor faults [21]. The FTC method is implemented
for P1 sensor only in anticipation that for the rest of the sensors
it will be similar.
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Fig. 16. Six channels of the MicroLabBox DS-1202 are connected to the six
sensor outputs.

Fig. 17. Experimental setup of the system. BLDC motor is coupled with the dc
motor and the sensor outputs are connected with the MicroLabBox DS-1202’s
six channels. And the fault is realized by an ON–OFF switch.

Experimental results obtained from the MicroLabBox DS-
1202 are monitored in the dSPACE ControlDesk-5.5 and are
shown in Fig. 18. At approximately 0.345 s, the fault switch
is turned OFF, thereby mimicking a malfunctioning sensor. In
the close-up view in Fig. 18(b), it can be seen that the incor-
rect transition occurs at 0.345 s, nevertheless the condition for
P1 variable raises up after a delay of approximately 300 μs and
that is for the reason that the damaged sensor is detected at the
oncoming falling edge of sensor P3. The time when the fault
is diagnosed and identified, i.e., as soon as the condition for
P1 rises, at the same moment the FTC algorithm initiates the
damaged sensor’s virtual signal and the overall process takes
approximately 400 μs. This experiment was performed at ap-
proximately 200 r/min. The limit for the minimum value of the
sample time for Controldesk5.5NG and MicroLabBox DS-1202
is 0.1 ms; as a result, the experimentation was done at a low speed
[22].

Fig. 18. Screenshots of the Controldesk-5.5 showing Hall-effect sensor fault
and the FTC process: (a) Hall-effect sensor transitions are multiplexed. (b) The
stacked view of the sensor signals, the fault condition, and the compensated
signal generated by the FTC. (c) Stacked signals in close-up view.

VIII. CONCLUSION

Transitions of the redundant Hall-effect sensors provide sup-
plementary opportunities to detect faults within electrical 30°
or in the worst case in electrical 45° and therefore the pro-
posed FTC method results in faster fault compensation times
as the experimental results show that the compensation is done
in less than electrical 30°. Compared to other FTC methods
that use Fourier coefficients and FFT calculations, requiring
high-end DSPs, this method offers less complexity, improved
compensation time, and reduces the computational costs; how-
ever, the use of direct redundancy does increase the system cost
slightly.

And furthermore, in recent research, for the constant speed op-
eration of BLDC motor, the Hall-effect sensor transitions are as-
sumed to be equally spaced; however, experiments showed that
transitions are not equally spaced, which makes implementation
of the FTC process more complicated. To name a few reasons,
there can be misaligned Hall-effect sensors or cogging torque.
Since the redundant sensor method presented here only con-
siders the Hall-effect sensor signals, in that matter, the method
presented in this paper offers robustness and simplicity.
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