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Abstract. This paper presents a fault-tolerant
control (FTC) solution to enhance the reliability
and sustainability of a three-phase induction
motor drive (IMD) against open circuit sensor
failures (or total sensor faults). The motor
speed control in the investigated drive will
operate based on a field-oriented control (FOC)
strategy. A typical FTC function consists of
two main processes: fault detection of feedback
signals from the sensors and reconfiguration of
the control methods. This paper proposes using
two-phase current observers to diagnose various
sensor failures, and then the corresponding
sensorless methods are applied to the control
reconfiguration. Using MATLAB/SIMULINK
software, the IMD-integrated FTC function
was operated and tested under different fault
conditions. Simulation results have proved that
the IMD-integrated FTC function has worked
stably and sustainably even in sensor failure
conditions.

Keywords
rotor field-oriented control, fault-tolerant
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1. Introduction

The induction motor is an electrical device
widely produced globally, used in many fields,
such as high-power exhaust fans, oil-extracting
mills, the mining and textile industry, but most
notably in the electric car manufacturing indus-
try, replacing traditional gasoline-powered en-
gines [1].

In the recent period, the IMD system has
made significant progress by utilizing power-
ful algorithms to overtake limitations of nonlin-
ear structure in electromagnetic relationships,
making IMD a popular choice for applications
that require high precision control, replacing DC
drives [2]. A typical IMD system consists of four
main components: motors, a power inverter, a
controller unit, and a measurement system (sen-
sors).

The effectiveness of controlling IMD relies on
stable constructions of the motors, an accurate
analytical model, and high-quality signals from
sensor systems. All components in the system
must possess sufficient capacity and stability to
ensure optimal performance [3].
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Various fault diagnosis methods have been de-
veloped for IMDs, each targeting specific types
of errors. This study focuses on sensor failures
in harsh environments of IMD operation, such
as exposure to liquids or solid contaminants, im-
pact effect, electric shock, mechanical vibration,
etc. These problems can lead to sensor failure
or disconnection of the feedback signal, resulting
in the entire system failing to function. Detect-
ing and resolving sensor faults is crucial to en-
hancing the sustainability of IMDs. Therefore,
implementing sensor FTC strategies integrated
into IMD controllers to mitigate sensor failures
has been the subject of extensive research in ad-
vanced control in electrical machines [4].

At present, FTC techniques are divided into
two main categories: the first is the active fault
tolerant control branch (AFTC), and the sec-
ond is the passive fault tolerant control branch
(PFTC) [5]. The PFTC approach aims to ensure
system stability during predefined failures with-
out requiring fault diagnosis and reconfiguration
processes. PFTC’s benefits are its independence
from fault detection and offline operation. Nev-
ertheless, PFTC only targets a few defined sim-
ple malfunctions. The performance of PFTC de-
pends on additional hardware structures, which
will raise the expenses of the drive [6].

On the other hand, IMDs integrated AFTC
utilize measured signals from the sensor to iden-
tify the real-time operational status of the motor
and apply the proper control techniques without
additional hardware. The standard AFTC func-
tions in the closed control loops include three
procedures: sensor fault diagnosis, wrong sig-
nals isolation, and reconfiguration control mode.
In general, AFTC systems have the capability
to solve multiple types of faults without addi-
tional hardware; nevertheless, the performance
of AFTC functions mainly relies on fault detec-
tion time and unmistakable accuracy among sen-
sor error types to enhance the operational sta-
bility of the IMD system. The following section
reviews and examines the fault diagnosis tech-
niques that belong to the AFTC class.

The FOC is a modern method for the speed
controlling of IMDs. The IMs using the FOC
method can accurately control both the torque
and the flux by applying the orthogonal compo-

nents of the current vector corresponding to a
rotation coordinate line in the rotor flux [7–10].
An IMD that uses precise control algorithms
such as FOC will require accurate feedback from
sensors, typically consisting of at least two cur-
rent sensors integrated into the converter and
one mounted speed sensor at the rotor shaft for
obtaining efficient operation. The accuracy of
these feedback signals is essential for the sta-
bility and reliability of the motor control algo-
rithm. Hence, if these signals’ errors are not
handled correctly, the system can be damaged
or destroyed, causing great harm. As a result,
integrating FTC functionality will enhance the
reliability of the IMD against sensor faults.

Based on the FOC technique, a measured
speed signal from a sensor is essential for control-
ling the required torque to achieve the desired
speed in IMDs. Therefore, if the measured speed
signal is defective, a proper signal must be used
to replace it immediately. The paper [11] uses
the extended Kalman filter (EKF) as a velocity
estimator for generating virtual speed operating
in parallel with the measured signal during the
regular operation of the drive. The difference in
comparison between the virtual speed signal and
the measured speed with a predefined threshold
value to identify a speed sensor fault conditions.
Likewise, the paper [12] utilizes a current-based
MRAS observer to calculate the speed of the ro-
tor; Based on that, the fault condition of the en-
coder will be determined based on the increase
in the difference between the measured signal
and the estimated signal. [13] has employed the
mean deviation of twenty data points of the mea-
sured speed and the reference speed to detect
the fault condition occurring with speed sensor.
The authors in [14] suggested an approach to
determine a speed sensor failure by employing a
stator flux observer, thereby improving the op-
eration of the IMD across the entire range of
velocities. The paper [15] recommended the us-
age of two-speed observers, namely EKF and
Luenberger Observer (LO), in conjunction with
a speed sensor. EKF’s calculated signs are in-
corporated into the fault detection algorithm for
low and medium-speed zones. At the same time,
the other observer is utilized to detect faults in
the speed encoder corresponding to the high-
speed ranges. An alternative technique outlined
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in [16] introduced the diagnostic method that
detects malfunction of the speed encoder by an-
alyzing the variation between measured currents
and virtual currents.

The current signal configuration for IMDs can
be categorized into two forms based on the struc-
ture of the drive: integrating three current sen-
sors and integrating two sensors. According
to the IMD system employing three sensors for
feedback currents, the diagnostic strategy based
on Kirchhoff’s law corresponds to the principle
that the sum of currents in a three-phase system
is always zero under normal conditions. Three
observers constructed based on each of the cor-
responding two-phase currents are used to de-
termine the fault of the current sensors. This
means that when a fault occurs with a particu-
lar phase of the stator current, the two observers,
according to that particular phase current, will
be affected; otherwise, the other observer will
still function normally without being affected.
Therefore, the wrong phase can be diagnosed
due to the according fault conditions [17, 18].
The article [19] utilized the Luenberger Observer
to estimate a current space vector for diagnosing
current sensor faults. The feedback current and
virtual currents were subsequently compared to
their according phases for each pair in the [a, b, c]
coordinate to determine the wrong phases.

Nonetheless, when the IMD is equipped with
two current sensors, employing Kirchhoff’s law
principle to detect current sensor malfunctions
becomes impractical. The authors in [20] pro-
posed a straightforward and efficient technique
for diagnosing fault currents that compare the
virtual current’s magnitude to the magnitude of
each measured phase current. Nevertheless, a
main limitation of this method is the fault con-
firmation duration of roughly one cycle, which
renders it unsuitable for deployment in the low-
speed range (owing to its extended fault detec-
tion duration). In [21], a fault detection tech-
nique using an asymmetry index computed as
the deviation between the RMS values of the
two-phase currents is proposed to determine cur-
rent sensor fails. To diagnose current sensor fail-
ures, an axis transformation methodology based
on the Park formula has been suggested [22].
Similarly, another technique employing a space
vector comparison algorithm combined with a

delay function in priority order [23] was used for
rapidly detecting current sensor failures at low-
speed zones. The third-difference operator was
applied in [24,25] to diagnose measured current
signal failures. The strength of this method is its
sensitivity to unusual changes in the measured
signal. Nevertheless, this algorithm may confuse
with the random noise, resulting in misdiagno-
sis.

This paper proposes a diagnosis method based
on two current observers to detect both speed
sensor and current sensor failure corresponding
to open circuit faults (or total sensor faults). Af-
ter determining the fault type, the false signal
will be isolated, and the related sensorless tech-
nique will be applied to control the motor speed.

2. Sensor fault-tolerant
control based on
current observers

The proposed sensor FTC solution applied to
the three-phase IMD is presented in this part.

2.1. The machine model of the
three-phase IM based on
the FOC technique

The relationship between electrical parameters
in induction motors is nonlinear. In the station-
ary coordinate [α, β], the machine equations are
described as follows:

uSt
S = RSi

St
S + dΨΨΨSt

S /dt (1)

0 = RRi
St
R + dΨΨΨSt

R /dt− jωrΨΨΨ
St
R (2)

ΨΨΨSt
S = LSi

St
S + LmiSt

R (3)

ΨΨΨSt
R = LRi

St
R + LmiSt

S (4)

where
uSt
S : voltage in vector form;

iSt
S /i

St
R : stator/rotor current in vector form;

ΨΨΨSt
S /ΨΨΨ

St
R : stator/rotor flux in vector form;

RS/RR : resistance of stator/rotor;
LS/LR/Lm : inductance of stator/rotor/magnetizing.

The FOC method is utilized to speed control
based on independent control of rotor flux and
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torque by separating the current space vector
into two perpendicular components [x, y]. The
iSx controls the rotor flux as the rated value,
and the iSy controls torque [9]. Figure 1 shows
the separation of the stator current space vector
in detail.

Fig. 1: Vector diagram of FOC method.

The real-time stator currents [ia, ib, ic] are
transformed into the stationary coordinate [α, β]
by applying Clarke formulas as follows:

[
iSα

iSβ

]
=

2

3

[
1 − 0.5 − 0.5

0
√
3/2 −

√
3/2

]
×

 ia
ib
ic


(5)

Corresponding to the FOC control technique,
the current components in [α, β] coordinate are
converted to the rotating coordinate [x, y] ac-
cording to Park formulas:[

iSx

iSy

]
=

[
cos(γ) sin(γ)
− sin(γ) cos(γ)

]
×
[
iSα

iSβ

]
(6)

where: γ is the rotor flux angle [9].

The formulas (7) and (8) present the relation-
ship between rotor flux-torque with stator com-
ponents in the [x, y] coordinate system.

iSy =
1

p

2

3

LRTe
LmψR

(7)

ψR =
Lm

1 + TR
iSx (8)

Therefore, the motor torque and speed will be
controlled independently, corresponding to the
current components in the FOC method.

2.2. Sensor fault-tolerant
control

The speed control system of the IMD will be
integrated with the FTC function to determine
the status of the feedback signals from the sen-
sors and select the appropriate control method.
This integrated actuator structure is illustrated
in Figure 2.

Fig. 2: The control structure based on FTC-FOC.

During operation, the state of stator currents
and motor speed will be feedback to the con-
troller through sensors. Corresponding to the
control structure that integrates the FTC func-
tion, the measured signals will be analyzed and
evaluated for health status by the FTC unit be-
fore being provided to the FOC loop. If the feed-
back signal from a sensor is appropriate, the out-
put of the FTC will be the corresponding mea-
sured signals; otherwise, if the feedback signal is
faulty, the FTC will reject the false signal and
provide the corresponding estimated signals.

Figure 3 depicts the basic structure of the
FTC in feedback signal processing. Speed sen-
sorless methods such as MRAS. Sliding mode
will be applied to calculate the estimated speed
from the measured currents and reference volt-
ages [26]. Correspondingly, appropriate current
sensorless methods will be used to generate vir-
tual currents [27]. In this paper, the estimated
rotor speed will be calculated by RFMRAS re-
fer to [28,29], and the virtual current will be de-
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termined by Luenberger observer-based current
estimator [30].

Fig. 3: The FTC function.

Two components of the virtual stator current
in [α, β] will be transferred into [a, b, c] coordi-
nate systems by the reverse-Clarke’s formulas as
follows: iaest
ibest
icest

 =
√

2
3

 1 0 1/
√
2

−0.5
√
3/2 1/

√
2

−0.5 −
√
3/2 1/

√
2

×

 iSαest
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0


(9)

Two observers using a comparison algorithm
between estimated current signals and the mea-
sured currents will be applied to determine the
status of the measured signals of the sensors.

Oba : If(|ia − iaest| > Thi) {Oba = 1} ;
Obb : If(|ib − ibest| > Thi) {Obb = 1} ; (10)

where: Thi is the limitation of the deviation be-
tween measured and virtual currents. Based on
checking simulation results and referring to some
research journals, a 10% rated current value can
be set as a limitation of these comparison for-
mulas [22,23].

Based on the two observers’ results, each sen-
sor’s feedback state will be determined as in Ta-
ble 1, the corresponding fault flags of each sen-
sor will be shown as shown in Table 2, and the
FTC will provide the appropriate output signal,
as shown in Table 3.

3. Simulation results

In the Matlab/Simulink environment, a three-
phase IM model is simulated based on an actual

Tab. 1: Sensor state.

Sensor state Oba Obb
Healthy 0 0
A-phase current Fault 1 0
B-phase current Fault 0 1
Speed Fault 1 1

Tab. 2: Sensor Fault Flag.

Sensor state FA FB FW

Healthy 0 0 0
A-phase current Fault 1 0 0
B-phase current Fault 0 1 0
Speed Fault 0 0 1

Tab. 3: Outputs of FDI unit.

Sensor state Outputs: iSα out, iSβ out

, ωm out

Healthy iSα, iSβ , ωm

A-phase current fault iSαest, iSβest, ωm

B-phase current Fault iSαest, iSβest, ωm

Speed Fault iSα, iSβ , ωest

motor (1LA7106-4AA10) corresponding to the
following parameters:

Prated = 4.0 kW, ωrated = 1430 rpm,
Un = 230/400 V, In = 8.43/4.85 A,
RS = 1.405 Ω, RR = 1.395 Ω,
LS = LR = 0.178 H, Lm = 0.172 H

The motor speed is controlled according to the
reference speed, as shown in Figure 4 , according
to a load of 5 Nm. The setting speed is following
to a ramp up from 0 to 500 rpm in 0.3 seconds;
this speed is kept until 2 seconds and then in-
creases to the new setting value at 750 rpm as a
step function.

Three failures corresponding to each of the
sensors used in the IMD system will be simu-
lated at 1.5 seconds. The sensorless method will
test the IMD with an integrated FTC function
in the FOC control loop for fault detection ca-
pability and performance when operating under
fault conditions.

Case 1:

The IMD is operated stably according to the
reference speed; at 1.5 s, the feedback signal
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Fig. 4: Reference speed.

from the A-phase current sensor has a problem,
and its value drops to 0, as shown in Figure
5(a). The FTC unit activates sensor fault diag-
nosis function Eq. (10); as a result, the failure of
the A-phase current sensor is identified correctly,
and the sensor fault flag “FA” is displayed as a
high level, Figure 5(b). The FTC immediately
isolates the fault current and switches the drive
to current sensorless mode, corresponding to the
current outputs of the FTC unit provided to the
FOC controller as the estimated currents, Fig-
ure 5(c). As a result, the motor remains stable
operation even under current fault conditions,
as shown in Figure 5(d).

Case 2:

In the above similar case, the IMD runs ac-
cording to the reference speed; B-phase current
sensor fails at 1.5 s, Figure 6(a). Current sen-
sor failure in phase B is accurately diagnosed
immediately through “FB” flag, shown in Figure
6(b). The estimated stator current is used as the
output of the FTC unit to supply to the FOC
controller, Figure 6(c). Figure 6(d) proves the
IMD can work stably under the feedback current
fault.

Case 2:

In this case, the speed sensor fault is simu-
lated at 1.5 s. The feedback speed becomes zero
when a total failure occurs, as shown in Figure
7(a). The speed fault flag “Fw” increases to a
high level; meanwhile, the fault indication flags
of the two current sensors remain low, Figure
7(b). The output currents of the FTC unit in
Figure 7(c) are the measured current and output

speed is the estimated speed corresponding to
Table 3. The result simulation depicted IMD’s
stable and sustainable operation under the speed
sensor fault.

(a)

(b)

(c)

Fig. 5: (a) The fault of the A-phase stator current. (b)
Sensor fault indication flags. (c) The output cur-
rent of the FDI unit.

4. Conclusions

This paper presents an FTC solution for the
IMD system controlling motor speed. The FTC
solution consists of two main processes: fault di-
agnosis and reconfiguration control. The paper
proposes an improved diagnosis solution based
on the comparison algorithm of measured and
estimated phase current for both current and
speed sensor failures. The advantages of the pro-
posed diagnosis method are fast diagnosis time,
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(a)

(b)

(c)

(d)

Fig. 6: (a) The fault of the B-phase stator current. (b)
Sensor fault indication flags. (c) The output cur-
rent of the FDI unit. (d) Speed control perfor-
mance of IMD.

high accuracy, and no confusion between sen-
sor faults. The total failure of the three sen-
sors, including two current sensors and a speed
sensor, was investigated in turn, and the results
obtained were positive; the IMD system still op-
erates stably even if the sensor fault occurs.

(a)

(b)

(c)

Fig. 7: (a) The fault of the speed sensor. (b) Sensor
fault indication flags. (c) The output current of
the FDI unit.
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