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Abstract. In this paper, an enhanced active
fault-tolerant control (FTC) is proposed to solve
a current sensor failure in the induction motor
drive (IMD) using two current sensors. The
proposed FTC method applies only one observer
to diagnose the faults and recon�gure the
control signals by the space stator current. The
diagnosis function is made up of a comparison
algorithm between the measured current space
vector and the estimated space vector. Then,
incorrect feedback stator currents are replaced
by the estimated values in the recon�guration
function. The amplitude of a healthy measured
current is applied to adjusted the accuracy of
estimated current signals. The IMD uses the
�eld-oriented control (FOC) technique to control
the speed and torque. The e�ectiveness in sta-
bilizing the IMD system when a current sensor
error occurs is veri�ed by various simulations
in the Matlab-Simulink environment.
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Nomenclature

ΨS
S Stator �ux vector in [α, β]

coordinate system

ΨS
R Rotor �ux vector in [α, β]

coordinate system

iS
S Stator current vector in [α, β]

coordinate system

iR
S Rotor current vector in [α, β]

coordinate system

uS
S Stator voltage vector in [α, β]

coordinate system

uSα, uSβ Stator voltage component in
[α, β] system

uSx, uSy Stator voltage component
in [x, y] system

ua, ub, uc Stator voltage component
in [a, b, c] system
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iSx Flux current component

iSy Torque current component

RS , RR Stator and rotor resistance

LS , LR Stator and rotor inductance

Lm Magnetizing induction

TR Rotor time constant

ωm Mechanical angular speed

p Pole pair number

ψR, γ Nominal rotor �ux and rotor
�ux angle

1. Introduction

Nowadays, with diverse applications in the in-
dustrial �eld, induction motors (IMs) are essen-
tial equipment in the manufacturing industry.
Due to the development of power electronics de-
vices combining modern control algorithms, the
IMD is almost capable of replacing the DC mo-
tor drive in industrial applications requiring high
stability and safety. The application of mod-
ern control models plays a vital role in ensur-
ing IDMs operation stably with high accuracy.
Among many control methods, the �eld-oriented
control (FOC) algorithm is considered as a typ-
ical representation by its robustness and preci-
sion in controlling speed and torque of the IMD
[1].

The feedback signals of sensors, such as the
speed encoder, current sensors, voltage sensors,
play a crucial role in the control-loop of IMDs.
Unexpected sensor failures can weaken the per-
formance of IMDs, and if not handled promptly,
they can cause a collapse of the IMD system [2].
In modern models using VSI-fed, the signals of
voltage sensors are often replaced by combina-
tion dc-link voltage and switching inverter, and
IMD [3]. The classical diagnosis method based
on the comparison of the measured speed signal
and estimated value works well with the speed
sensor fault [3]-[5]. Therefore, the failures of

voltage sensors and a speed sensor have not been
considered in this paper.

The three-phase stator current is a vital el-
ement to calculate the control signals in the
closed-loop of the IMD system. The incorrect-
ness of these signals can a�ect the stability and
reliability of ID drive systems seriously. Many
fault-tolerant-control (FTC) methods have been
researched to provide solutions for this problem.

For the IMDs using three-sensors to generate
feedback current signals, the common approach
of the FTC method is based on Kirchho�'s law.
The failure of a sensor can be determined by the
non zero value of the total three measured phase
current. In paper [6], the authors used three ob-
servers to detect current faults. Each of the ob-
servers receives the two currents from di�erent
two current sensors to transform the stator cur-
rents in [a, b, c] become to space vector into the
stationary coordinate system [α, β]. The com-
parison algorithms between the estimated stator
current and stator current space vector of each
observer are implemented to determine the min-
imum error. As a result, a faulty current sensor
is located by the observer corresponding to the
minimum error. Then a healthy observer pro-
vides the stator current signals to the controller
of IMD.

Due to the advantages of cost and size ma-
chine, in modern IMD systems, only two sensors
are used to provide the feedback current signals
to control-loop. Here, Kirchho�'s law is not ap-
plied to diagnose current failures. In paper [3], a
current-factor for each phase is proposed, which
is the di�erence between the peak value of the
measured and estimated current in an electrical
cycle. In a healthy condition, the current-factor
equal to zero value for both phases. If the di�er-
ence of a current factor is higher than a particu-
lar threshold, that means the failure of a sensor
is detected. Then this sensor is isolated, and es-
timated signals are applied to replace the wrong
signals.

In [7], the authors proposed the new idea is
to apply observers corresponding to di�erent co-
ordinate systems [α, β], and each of them is
o�set 120 degrees from others. Each observer
receives the voltages and one phase-current of
the corresponding sensor. The voltage signals
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in a three-phase coordinate system [a, b, c] were
transformed into corresponding observers, and
then the estimated stator currents were calcu-
lated from these voltages. The α-component of
the estimated-current in each observer is par-
allel, and have the same amplitude with cor-
responding measured stator current. Based on
the comparison between estimated currents' α-
component and the measured-current, the fail-
ure of each current sensor can be diagnosed pre-
cisely. Finally, the wrong current signal of the
sensor is replaced by estimated-currents of the
suitable observer.

In [8], two diagnosis techniques are presented
to generate the current-residuals dynamics in
the coordinate systems [α, β]: the di�erential-
algebraic estimation of fault-dynamics and the
other method based on a combination of the
Robust Integral Sign of the Error observer. In
the �rst method, the residual of Algebraic Fault
Estimator is compared to two thresholds to di-
agnose the current sensor fault. The idea of
the last method is to determine the di�erential-
algebraic-estimation of the faults-current residu-
als based on the estimated currents. The advan-
tages of these methods are the capability to de-
tect single and multiple sensor faults. However,
the diagnosis-algorithms are complex, and test-
thresholds are severely a�ected by the change of
machine parameters.

In this paper, we proposed an upgrading fault
tolerance control against the total failure of cur-
rent sensors in the IMD system, which applies
two current sensors. In this method, the only
current-observer is applied to detect the failure
of current-sensors. Besides, the healthy-current
also is used to adjust the correction of the es-
timated current. After identifying the current-
fault, the estimated-current can be used to re-
place the wrong measured signal. Because the
algorithm of the proposed method is simple,
the FTC function works faster than the tradi-
tional methods. The signal of the faulty current
sensor is isolated and replaced by the suitable
estimated current quickly, and the IMD oper-
ates stably again. The simulation results have
substantiated the e�ectiveness of the proposed
method against the current-faults.

2. Fault tolerant control

for current sensor

This section presents a dynamic model of the IM
using the FOC technique. Then the proposed
space vector method is compared with the trans-
formation method to prove capability against a
current sensor fault.

2.1. The dynamic model of IM

and FOC technique

The primary function of an IM is to control
speed and torque according to the requirements
in speci�c applications. The dynamic model of
an IM is expressed by the relationship between
voltage, current, and magnetic �ux in the sta-
tionary coordinate system [α, β] as below equa-
tions:

uSS = RSi
S
S +

dΨS
S

dt
(1)

0 = RRi
S
R +

dΨS
R

dt
− jpωmΨS

R (2)

ΨS
S = LSi

S
S + Lmi

S
R (3)

ΨS
R = Lmi

S
S + LRi

S
R (4)

Based on IM's model, the FOC method is ap-
plied to control the IMD. The primary principle
in the FOC technique is a separate control be-
tween torque and rotor �ux at the same time. In
the rotating coordinate system [x, y], the stator
current space vector is separated into two per-
pendicular elements, as shown in Fig. 1. By
the way, the rotor �ux is controlled by the iSx

,
and the electrical torque is controlled by the iSy

[9, 10].

The stator current signals in a three-phase co-
ordinate system [a, b, c] can be transformed into
a two-phase coordinate system [α, β] by Clarke's
formulas as [10]:

[
iSα

iSβ

]
=

2

3

1 − 1

2
− 1

2

0

√
3

2
−
√

3

2


iaib
ic

 (5)
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Fig. 1: Vector diagram of the FOC technique.

Here, ic = −ia − ic.

By the above formula, the amplitude of the
stator current space vector equals the peak of
each stator current in the three-phase coordinate
system [a, b, c]. Next step, the [α, β] stator cur-
rent is transformed to coordinate system [x, y]
by Park's formulas as below [10]:[

iSx

iSy

]
=

[
cos(γ) sin(γ)

− sin(γ) cos(γ)

][
iSα

iSβ

]
(6)

Here, γ is the angle of rotor �ux.

By applying the FOC technique, we can con-
trol the electrical torque and the rotor speed by
the relationship with two [x, y] current compo-
nents, as the below formulas:

iSy =
2

3p

LR
Lm

Te
ψR

(7)

ψR =
Lm

TR + 1
iSx (8)

From the above dynamic model, the control
structure of IMD based on the FOC technique
is described, as in Fig. 2. Here: "Rx" is the
block of the integrator, "Rix" is the block of
PI controller, "BVN" is the block of vector ro-
tation, and "BZV" is the block of Decoupling.
The feedback signals from two current sensors
and the speed sensor are used to estimate the
modulus of magnetizing current and the angle of
rotor �ux by the Current-model of IM [11, 12],
as in (7)-(9).

ψSR =

∫ [
(jωm −

1

TR
)ψSR +

1

TR
Lmi

S
S

]
dt (9)

ψRα =

∫ [
− 1

TR
ψRα − ωmψRβ +

1

TR
LmiSα

]
dt

(10)

ψRβ =

∫ [
− 1

TR
ψRβ + ωmψRα +

1

TR
LmiSβ

]
dt

(11)

Then, the angle of rotor �ux is used to transform
[α, β]-currents to [x, y]-currents by the equation
(6). By the way, we can obtain two primary
elements "iSx

, iSy
" to control the torque and

rotor speed of IM separately. By applying the
decoupling circuits in rotating coordinate sys-
tem [x, y], two control current "iSx , iSy ," com-
bining with IM's parameters generate reference
voltages for controlling the switching inverter by
the sine PWM method.

As a result, the electrical torque and rotor
speed are controlled independently by two "iSx ,
iSy

" elements in FOC-loop.

2.2. Fault-tolerant control

against current sensor

faults by the axes

transformation method

This method is described in the paper [7]. The
main idea of this FTC is to use control-scheme
integrates di�erent observers, taking one-phase
measured current as inputs. Each observer re-
ceives the voltages and one phase-current of
the corresponding sensor. The voltage signals
in a three-phase coordinate system [a, b, c] were
transformed into a stationary coordinate system
[α, β] corresponding observers, as in (12), (13)

uaSα =
2ua − ub − uc

3
;uaSβ =

ub − uc√
3

(12)

ubSα =
2ub − uc − ua

3
;ubSβ =

uc − ua√
3

(13)

Then the estimated currents were estimated
in the corresponding coordinate [α, β]. The
α-current-component in each observer is the
same amplitude with the corresponding mea-
sured current. Based on the comparison be-
tween estimated currents' α-component and the
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Fig. 2: Control block diagram applying the FOC technique.

measured-current, the failure of each current
sensor can be located, as shown in (14).

Fcurrent_i =
∣∣∣̂iSα − ii∣∣∣ > Threshold (14)

Finally, the wrong current signal of the sensor
is replaced by estimated-currents of the suitable
observer.

The current error of estimated signals is cor-
rected by the deviation between α estimated cur-
rent and corresponding measured current, illus-
trated as Fig. 3.

Fig. 3: Deviation between estimated and measured cur-
rent.

The correction factor ∆iSβ = ∆iSα. tan θ.
Here θ is the angular of the estimated-current in
the corresponding coordinate system [α, β], and
tan θ = iSβ/iSα. To prevent unde�ned values of
tan θ when θ approaches to 900 and 2700, the
authors propose tan θ (890 < θ < 910, 2690 <
θ < 2710) is limited to 57 or -57(tan 890 =57,
tan 910 =-57).

2.3. Fault-tolerant control

against current sensor

faults by the proposed

space vector method

As mentioned above, the feedback current sig-
nals play a decisive role in controlling the IMD.
In normal operation mode, the feedback signals
are provided by two current sensors. When one
failure of the sensor occurs, these signals are in-
correct, which leads the FOC controller can work
wrongly. Therefore, it is necessary to have an
FTC system integrated into the control unit to
ensure the system operates stably and reliably.

FOC method, including FTC function, is pre-
sented in the block diagram, as shown in Fig.
4.
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Fig. 4: Control block diagram applying FOC, including FTC function.

Here, the outputs of the FTC unit are alpha,
beta components of measured stator current if
the current sensors are in good condition, and of
estimated current when a current sensor failure
occurs.

The inputs of the FOC controller includes
the stator voltages [uSα, uSβ ] calculated from
switching inverter signals and DC links, the mea-
sured currents from sensors, the rotor speed.
The FTC unit performs an analysis of the oper-
ating status and provides suitable control signals
back to the FOC controller.

The proposed FTC process consists of two
steps: the diagnosis step and recon�guration
step.

Fault diagnosis step: An error of the current
sensor is diagnosed by comparing the modulus
between estimated and measured stator current
space vector.

The α, β components of measured current are
determined by the formula (5), and then, the
modulus of measured current space vector can
be calculated as the below formula:

∣∣∣iSS_m∣∣∣ =
√
i2Sα_m + i2Sβ_m (15)

The estimated current can be derived from the
voltage signals, the rotors speed, and the IM's
parameter [13, 14] as follows:

dîSS
dt

= K[uSS − (RS + j
L2
m

LR
ωR)̂iSS

+ (
LmRR
LR

− jLmωR)̂iSR] (16)

dîSR
dt

= K[(
1

LS
uSS − (

RS
LS

+ jωR)̂iSS

+ (
RR
Lm
− j LR

Lm
ωR)̂iSR] (17)

Here: K = LR

LSLR−L2
m

; ωR = pωm

The estimated algorithms are improved the
accuracy by addition of two correction-factors,
as follows:

dîSα
dt

= K



uα −RS îSα

+
L2
m

LR
ωR îSβ

+
LmRR
LR

îRα

+LmωR îRβ


+ f(co) (18)
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dîSβ
dt

= K



uβ −RS îSβ

−L
2
m

LR
ωR îSα

−LmωR îRα

+
LmRR
LR

îRβ


+ f(si) (19)

dîRα
dt

=



1

LS
uα −

RS
LS

îSα

+ωR îSβ +
RR
Lm

îRα

+
LR
Lm

ωR îRβ

 (20)

dîRβ
dt

= K



1

LS
uβ − ωR îSα

−RS
LS

îSβ

−LR
Lm

ωR îRα

+
RR
Lm

îRβ


(21)

The deviation between measured and estimated
current is calculated, as below:

f =
∣∣∣∣∣∣̂iSS∣∣∣− |ic|peak∣∣∣ (22)

Here:

+ |ic|peak: the peak value of phase C- sinu-
soidal current;

+ îSS : the modulus of estimated current, cor-
responding Eqs. (18), (19);

The correction-factors �f(co), f(si)� are deter-
mined as (23){

f(co) = {f. cos θ&Fcurrent}
f(si) = {f.sinθ&Fcurrent}

(23)

where: Fcurrent : indication-�ag of current sen-
sor fault

Diagnosis function can be determined by the
comparison algorithm between the modulus of

measured and the estimated current space vec-
tor, as follows:

IF :
∣∣∣∣∣∣iSS_m∣∣∣− ∣∣∣̂iSS∣∣∣∣∣∣ > Tthreshold

THEN : Fcurrent = 1;ELSE : Fcurrent = 0.

(24)

Tthreshold: is a maximum di�erence between the
amplitude of measured current space vector and
magnitude of the estimated current space vector.
In this paper, Tthreshold is proposed as a 10(%)
value of rated current.

Recon�guration step: after the total-current-
failure is detected, the FTC controller isolates
the wrong feedback signals of current sensors,
and replace them by the estimated current signs.
As a result, the IMD operates stably with the
estimated current signals, which are corrected
by the remain healthy current sensor.

Finally, the FTC unit determines the fault
state and provides the feedback current to the
FOC controller as the �owchart in Fig. 5:

Fig. 5: Flowchart of FTC unit's function.

3. Simulation results

In this part, simulations in Matlab/Simulink
have been implemented and compared between
the axes transformation method and space vec-
tor method. Here, the model induction motor
with machine parameters listed in Tab. 1.

The simulations have been implemented at
the normal reference speed zone. The IMD is
controlled by the FOC technique in both healthy
sensor conditions and false conditions. The con-
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Tab. 1: The main parameters of IM

Description:
Symbol

Value Unit

Rated Power: Pn 2.2 kW
Rated Voltage: Un 400 V
Rated Torque: Tn 14.8 N.m
Rated speed: nn 1420 rpm

Rated stator current: In 4.85 A
Stator resistance: RS 3.179 Ω
Rotor resistance: RR 2.118 Ω

Mutual inductance: Lm 0.192 H
Pole pair number: p 2 -
Stator inductance: LS 0.209 H
Rotor inductance: LR 0.209 H
Rated Rotor �ux: ΨSn 0.757 Wb

(a)

(b)

Fig. 6: Nominal speed range: (a) reference speed and
measured speed, (b) two-phase measured cur-
rent signals in healthy current sensors condition.

trol structure of the IMD is the same in both
two FTC methods.

The IMD has been operated according to the
reference rotor speed in two ranges: the nomi-
nal speed and low-speed, as shown in Fig. 6(a)
and Fig. 7(a). A constant load torque equal to
5N.m was applied at 0.5s time during the oper-
ation process. Reference speed set up to a value
70(%) of rated speed t = 0.5 sec, and then, it

(a)

(b)

Fig. 7: Low-speed range: (a) reference speed and mea-
sured speed, (b) two-phase measured current
signals in healthy current sensors condition.

(a)

(b)

Fig. 8: Nominal speed range: (a) reference speed and
measured speed, (b) two-phase measured cur-
rent signals with �A phase� current sensor fault.

set down to 35% of the rated value following
the slant line (2.5 sec�3.0 sec). The two mea-
sured stator currents in a healthy condition are
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(a)

(b)

Fig. 9: Low-speed range: (a) reference speed and mea-
sured speed, (b) two-phase measured current
signals with �A phase� current sensor fault.

also shown in Fig. 6(b). Similarly, the refer-
ence speed is set at 10% and 5% of the rated
speed in the low-speed area as Fig. 7(b). The
IMD applying the FOC controller operates sta-
bly during the steady-state and transient state
in both cases above.

When a total failure of the current sensor oc-
curs at t = 2.0 sec, the value of feedback �A
phase� current back to zero that leads the FOC
controller operates wrong. As a result, the IMD
becomes unstable and collapses, as shown in Fig.
8 and Fig. 9. Therefore, the purpose of FTC
methods is to maintain the stability of the drive
system, even under fault operating conditions.

In the �rst case, the FTC function of the axes
transformation method against a current sen-
sor fault is simulated by Matlab/Simulink. Fig.
10(a) and Fig. 11(b) depicted a failure of A-
phase current occurrence, and feedback current
signal equals to zero. The fault-location func-
tion set to a high level to detect the false as in
Fig. 10(b) and Fig. 11(b). The rotor speed
slightly �uctuates in a short time, and after the
incorrect current signals are replaced by the es-

(a)

(b)

(c)

Fig. 10: Nominal speed range: IMD applying axes
transformation-FTC method against a current
sensor fault: (a) two-phase measured current,
(b) fault indication function, (c) rotor speed.

timated value, the IMD works stably again, as
in Fig. 10(c) and Fig. 11(c).

Next step, the simulations have been imple-
mented to demonstrate the e�ectiveness of the
proposed FTC method. Similar to the above
case, Fig. 12(a) and Fig. 13(a) shows a cur-
rent sensor fault with A-phase. After the cur-
rent fault occurrence, the fault diagnosis of the
proposed method works immediately, as in Fig.
12(b) and Fig. 13(b). The wrong signals are
isolated and replaced by the estimated current,
which is corrected by the healthy current sen-
sor. Fig. 12(c) and Fig. 13(c) demonstrated
that the IMD still operates reliably, even under
the sensor fault condition.

By comparison between two methods, we can
recognize that the detection time of the proposed
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(a)

(b)

(c)

Fig. 11: Low-speed range: IMD applying axes
transformation-FTC method against a current
sensor fault: (a) two-phase measured current,
(b) fault indication function, (c) rotor speed.

FTC space vector method is shorter than the
axes transformation method, as in Fig. 14. At
the time of the current fault, the estimated sta-
tor current is corrected by the healthy-current
sensor, so the estimated signals have high accu-
racy and small deviation as shown in Fig. 15.
The result as, the �uctuation of rotor speed in
the proposed method at fault occurrence time
is smaller than the axes transformation method,
and the IMD operates smoother in the transient
period.

(a)

(b)

(c)

Fig. 12: Nominal speed range: IMD applying space
vector-FTC method against a current sensor
fault: (a) two-phase measured current, (b)
fault indication function, (c) rotor speed.

4. Conclusions

This paper has proposed the upgrading of the
FTC method by applying space vectors. This
proposed FTC method only uses one observer
for fault sensor diagnosis and recon�guration
function. Due to the diagnosis algorithm's
simplicity, so the fault detection time of the
proposed method is shorter than the axes-
transformation method, and the IMD system
stably operates again quickly. The estimated
current has a high precision due to the correction
with the signal of the healthy current sensor.
Therefore, the proposed method contributes ef-
fectively to the development of the FTC tech-
nique against the total failure of the current sen-
sor.
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(a)

(b)

(c)

Fig. 13: Low-speed range: IMD applying space vector-
FTC method against a current sensor fault: (a)
two-phase measured current, (b) fault indica-
tion function, (c) rotor speed.
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(a)

(b)

Fig. 14: Comparison of detection time between the
axes transformation-FTC and space vector-
FTC method in (a) nominal speed range and
(b) low-speed range.

(a)

(b)

Fig. 15: The deviation between the estimated current
and measured current of the healthy sensor
in (a) nominal speed range and (b) low-speed
range.
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