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An Active Fault-Tolerant Control Strategy for Current Sensors Failure for Induction Motor
Drives Using a Single Observer for Currents Estimation and Axes Transformation

International Information and
Engineering Technology Association

Check for
updates

Younes Azzough%", Remus Pusca?, Mohamed Sahraoui®, Abdelkarim Ammar?, Tarek Ameid?, Raphael Romary?,
Antonio J. Marques Cardoso*

! Department of Electrical Engineering of the University of Biskra, Laboratory of Electrical Engineering of Biskra (LGEB), BP
145 RP, Biskra 07000, Algeria

2Univ. Artois, UR 4025 LSEE F-62400 Bethune, France

3 Institute of Electrical and Electronics Engineering, Signal and Systems Laboratory, Avenue de 1’indépendance, Boumerdes
35000, Algeria

4 CISE - Electromechatronic Systems Research Centre, Universidade da Beira Interior, Covilh& Portugal

Corresponding Author Email: younes azzoug@ens.univ-artois.fr

https://doi.org/10.18280/ejee.230606 ABSTRACT

Received: 31 January 2020
Accepted: 10 December 2021

This paper proposes a fault-tolerant control technique against current sensors failure in
direct torque controlled induction motors drives, based on a new modification of

Luenberger observer for currents estimation and axes transformation for vector rotation.
Several important aspects are covered in the proposed algorithm, such as the detection of
sensors failure, the isolation of faulty sensors, and the reconfiguration of the control system
by a correct estimation. A logic circuit ensures fault detection by analyzing the residual
signal between the measured and estimated quantities, while a single observer performs
the task of estimating the line currents. In addition, a decision logic circuit isolates the
erroneous signal and simultaneously selects the appropriate estimated current signal. An
axes transformation ensures rotation from (a,b) to (a,f), which keeps a low-cost control
using only two current sensors. The proposed scheme is tested on MATLAB/Simulink
environment and experimentally validated in a laboratory prototype mainly containing a
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dS1104 card and 4 kW induction motor.

1. INTRODUCTION

Fault Tolerant Control (FTC) methods are crucial in
variable speed drives used in critical and high-sensitivity
applications, such as, space exploration, nuclear power plants,
electric vehicles, air and rail transportation; in order to ensure
system security, and uninterrupted operation, even with
degraded performance, when an unexpected failure occurs in
the variable speed drive. Consequently, a fault tolerant control
strategy must be implemented to guarantee that faults are
handled in such a way that there will be no damage.

Generally, variable speed Induction Motor (IM) drives need
feedback information from a speed/position transducer, two or
three current sensors and a dc-link voltage sensor at least [1],
[2]. Unfortunately, sensors are very prone to failures, and for
this reason several research results have been published
regarding sensors fault-tolerant control, as well as Fault
Detection, Isolation, and Reconfiguration (FDIR) methods [3-
10].

The study [3] presents a sensor FTC of an induction motor
drive, based on the extended Kalman filter, and a reduced
number of adaptive observers, to keep the operation of the
system under the occurrence of sensors failures. In [4], a fault-
tolerant vector control is proposed. A logic circuit is used to
identify the faulty current sensor. The missing current
information is replaced by an appropriate stator current, which
value is calculated from algebraic equations and from the other
measured healthy currents. However, this approach is not

467

practical in the event of a successive failure in the different
sensors. A fault-tolerant control scheme is proposed in Ref. [5],
in which an adaptive fuzzy logic-based observer is used to
generate residuals, which analysis allows the detection, and
isolation of the faulty sensor. However, the dynamic response
of this scheme for isolating defective sensors is too slow. In
Ref. [6], it is proposed a sensor fault detection and isolation
scheme for an IM drive, based on currents estimation and rotor
resistance variations, which are then used in a decision unit for
the identification and isolation of the faulty sensor. According
to Yu et al. [7], a FTC technique against speed and current
sensors failures in IM drives is proposed, and based on three
adaptive observers with different inputs. However, this
method is not suitable to achieve an efficient FTC in case of
failures in two or three sensors. The results obtained by Yu et
al. [8] offer a solution to the succession of faults in the
different sensors but the number of the used adaptive observers
is still three. Another type of FTC methods has been also
presented in the literature, in which the sensors FTC algorithm
changes the control according to the type of the faulty sensor,
as proposed in Refs. [11-14]. A smooth FTC of IM drives with
sensor failures is presented in the works [11, 12]. In the healthy
state, the IM drive's operation is accomplished using direct
torque control; indirect field-oriented control is then used
when the dc-link voltage sensor fails, and v/f control is utilized
during current sensors failure. The major drawback of this
method, as reported by Tabbache et al. [15], is that these
techniques are experimentally difficult to implement.


https://crossmark.crossref.org/dialog/?doi=10.18280/ejee.230606&domain=pdf

This paper proposes a direct torque fault-tolerant control
strategy for the current sensor’s failure in induction motor
drives. Some features are distinct from the other proposed
methods. First, the estimation of stator currents is performed
using a single observer. Then, the method proposed here
allows the detection of faulty sensors even when several
sensors fail successively, case in which a decision unit, based
on a logic circuit, performs the task of reconfiguring and
isolating the effects corresponding to the faulty sensor. Finally,
the proposed technique can be reorganized in an adaptive way
in the event of the loss of one or two sensors. The proposed
scheme is simulated in MATLAB/Simulink environment, and
experimentally implemented in a laboratory test bench under
different operating conditions.

The remainder of the paper is organized into 5 sections.
Section 2 analyses the direct torque control. Afterwards,
section 3 describes the concept of the proposed FTC.
Simulation and experimental results are presented and
discussed in section 4. Finally, section 5 presents the main
conclusion of the paper.

2. DIRECT TORQUE
INDUCTION MOTOR

CONTROL FOR THE

The system equation below gives the induction motor model
used in the present work.

dig, R, R ). .
— ==t Isa _a)rlsﬂ
dt oL, oL,
o,
+— +—w ,+—V
O'LS Lr l//sa O'Lr '//s/} ULS sa
di R R ). .
L = _[_S-F_r}lsﬁ -l
dt oL, oL, (1)
R o, 1
+——y  +—w , +—V
oLL, Ver oL, Vse oL, ¥
d .
% Vs T Rslsa
d’/’_sﬂ =V,, —Rii,,
dt

where:
Vsa» Vsp: (@, B) stator voltages,
lsq> Lsp: (@, B) stator currents,

Ysa, Ysp: (@, B) stator fluxes,

R, R,: stator and rotor resistances,
Ly, L,: stator and rotor inductances,
w,: rotor angular speed.

Mm% . . .
c=1- T given that M is the mutual inductance.
sHTr

The electromagnetic torque is expressed by the following
equation:
T, = p(lpsaisﬁ + l/)s/} lsa) ()

The stator flux components are given in the system equation
below:

Ysq = f(‘éa — Rsige)dt

3)
ll)sﬁ = f(VSB - Rsisﬁ)dt
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The Direct Torque Control (DTC) basic idea is to estimate
flux and torque instantaneous values only from the stator
variables. The estimated torque is compared with the reference
one given by the speed controller (PI controller in the present
work), the resulting torque error signal is sent to a hysteresis
controller (three-levels hysteresis controller is adopted in the
present work) to get a control signal Cpe, which fed a
switching look-up table. Likewise, to the estimated flux, which
is compared with fixed value of a stator flux magnitude, the
resulting flux error signal is fed an hysterisis controller (two-
levels hysterisis controller is adopted in the present work) to
get a control signal Cqy for the switchin look-up table. This
latter uses flux and torque control signals in order to generate
three control signals S,, Sg and S¢ for the three-phase inverter
(see Figure 4).

3. CONCEPT OF THE
TOLERANT CONTROL

PROPOSED FAULT-

In the proposed fault-tolerant direct torque control, two
current sensors in phase-a, and phase-b are used in addition to
a dc-link voltage sensor, and an incremental encoder.
Furthermore, using the control signals S, Sz and S, a voltage
synthesizer constructs the three-phase stator voltages applied
to the machine from the voltage measured in the de-link.

3.1 Stator currents estimation

In order to estimate the line currents, a modified adaptive
observer is used, which gives high-performance estimation
stator currents, based on the IM model, which is described by
the following state equation:

{X = A(w,)X + BU @

Y =CX

here:

X = [isa isB Yrq l/)r[i]T; Y = [isa isB]T;
T
U= [V;a VSB]

and:
a, 0 a, w,ag L (1)
_ olLg 1
A= 0 aq wWras a; : B=]|0 oLs :
a4 O aS _(J)r 0 0
0 ay Wy as 0
1 0 0 0
¢= [0 1 0 O
as well as:
1 1-o0
. <_ L ));
0 1,0
M M M
4= oLsL,t,.’ 4 = oLgL,’ e = T,
_ L _ L,
as_ r: TS_RS;TT_Rr:

The idea of the proposed stator currents estimator is based
on the general theory of Luenberger observer [16], which
allows the estimation of variable or unknown parameters of a



system. The equation of the Luenberger observer is expressed
in (5), where the symbol “*” denotes the estimated values:

{)? = A(w,)X + BU + K& )
Y=cX

where:

X = [t 5 Praog] 5 ¥ =[5 G3]

E = [isa _L/s;c isﬁ - l/SE]T

Since there is no information about the measured currents,
the vector £ becomes:

£=[-tm -]

The estimation is performed throw the conservation of the
state model (4) of the IM with the gain matrix K. This matrix
ensures the convergence of the observer, and has been
determined by the classical pole placement procedure. Then,
replacing the adaptive mechanism by the measured rotational
speed, as well as, feeding the observer with the stator voltages
provided by the voltage synthesizer. This gives the stator
currents estimation, as illustrated in Figure 1.

Vs (afp)

Is

),

Figure 1. Proposed stator currents estimator

Considering the following system of equations, that present
the current observer model in the complex format, the gain
matrix K is defined as follows:

{X=Ai(+BL/S+KE ©
Y=CX

The determination of the gain matrix K uses the
conventional pole placement procedure, through the
imposition of the observer's poles and consequently of its
dynamics [17-20].

The characteristic equation of the observer is as follow:

G(s) = det(sl — (A—KC)) (7)

Developing the different matrices 4, K and C knowing that

E:V'

K"] the following equation is obtained:

1 1
G(s)=sz+(—+ —ja)r+K’)s

oTy, oT,
(e R
T, 1 )\eT, T oT, ®)
# (7)) (o)
T, oL,L)\T. I
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where, K’ and K" are complex gains.
The dynamic equation of the observer is defined as:

1 1
0= 41 o)
(s) =s*+ O'TS+O'Tr jwy)s

+2 (o o)
+(7) ) ()

where, / is the proportionality constant, slightly bigger than the
unit (I = 1.004).
Eqns. (8) and (9) are in the form of the following equation:

©)

HP(s) = s + 2ew,s + w? (10)

The comparison of Eqns. (8) and (9) gives for the
expressions of K’ and K"':

, 1 1 .
K'=(- 1)(0—7,S+JTT—jwr)
1 110l M M
{ oTs + oT, - Tr} (1
., oLMT 1 1
K'=-D|U+D) -7 J—TS+GTT]
. oLM
+jw, L

To get the gain matrix K it is supposed that:

{K’ = K1 +]K2

K" =K; + jK, (12)

So,

K= -1 (ot )

oty 0T,

KZ = _(l - 1)0-)1'

5 1 1\oLlM M
K==+ )T
oty 0T/ L, T,

oLM /1 1

+ ()=
L, \oty, o7,
oLM
Ke=-(-1 —F—or
T

According to the anti-symmetry of matrix A, the gain matrix
Kl
=%,

K is set as follows:
K, ]T
K,
3.1.1 Currents estimator stability
Considering the following equations:

K;
Ky

K;
_K4

Induction motor model: X = AX + BU (13)

and

Observer model: X = AX + BU + K& (14)



The estimated stator currents error (e =I; —I) is the
deference between the observer and the induction motor
models, so:

é=(A—-KC)e (15)
Considering the Lyapunov function below:
Aw,)?
S =eTe+( r) (16)
A
Its time derivative is:
ds  (de” N de) N Lo .
= ar)e (@) + 7o (0
Knowing that Aw, = 0, then:
ds  (de” N (de) r 18
ac ~ \ae )¢ \a)® (18)
Replacing Eq. (15) in Eq. (18) gives:
S
—=e{(A-KOT + (A—KC)}e" (19)

dt

A sufficient condition for this estimator stability is that Eq.
(19) is equal to zero, and indeed, this equation is always equal
to zero.

3.2 Fault detection, isolation and system reconfiguration

The logic-circuit presented in Figure 2 is intended to ensure
the fault detection, isolation, and system reconfiguration. The
detection of failures is performed by analyzing the residual
signal between the measured and estimated quantities, passing
through a Low Pass Filter (LFP) to extract the useful signal
that will be compared to a well-defined threshold (7/4=0.8),
then a proper estimation is used for the isolation and
reconfiguration of the system.

------------------------------------------------------------------

I sl est

sq mes | L giphames 15 quim est

|
sb nms eta_mes ' ; bem _est
'

. % Fault Isolation & Sy
Fault Detection Reconfiguration
L Ripha. est
{o—vapfr o HA N\ O f o
) —
I5d mes / i
3O s s (O—p
I - L4 1pha_mes Switc
sd es
sipeta_est 8
Jo—sgn]
Lo mes 7 beta
sb_est

Figure 2. Fault detection, isolation and system
reconfiguration scheme

As mentioned previously, two current sensors (in phase-a
and phase-b) were used in the proposed method for measuring
a and b line currents. The axis transformation presented in
Figure 3 developed by Chakraborty and Verma [21] and used
in both [22, 23], which is also used in the proposed FTC, in
order to have the component currents (, ) using only the
measurements of (a, b) components.
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b-axis

a-axis

a-axis

Figure 3. Axis transformation model

As shown in Figure 3, the S-axis is aligned with the b-axis.
Considering the equation of transformation from (a, b) to
(a, ), which is given in (20), it is clear that i, depends on
the two-phase currents I, and Iy, , whereas the current isg
depends only on the current Iy, . Therefore, if the phase-a
current sensor becomes faulty, only i, that will be affected.
But, if the phase-b current sensor becomes faulty, both
currents iy, and gz will be affected.

[i] - [ /v3 /f][

o (20)

So, the faulty measured current components (&, ) must be
replaced by the corresponding estimated currents. As a
consequence, Table 1 shows the identification of the faulty
sensors and the correct components of the estimated currents
that will replace the erroneous components.

Table 1. Faulty sensor identification and correct component

selection
Sensor-  Sensor- 7a Zb OR Proper selected
a b components
Healthy Healthy 0 0 0 isq mes AN igp mes
Faulty Healthy 1 0 1 lsq est AN isg mes
Healthy Faulty 0 1 1 isq est AN isp o5t
Faulty Faulty 1 1 1 isq est AN isp o5t

As presented in Figure 2 and defined in Table I, it appears
that in the case of sensor-a failure, fault detection part of the
logic circuit generates an impulse Za=1, whereas, in the case
of sensor-b failure, fault detection logic circuit generates an
impulse Zb=1. Once the faulty sensor is identified, it is
isolated, and the system is reconfigured, using the fault
isolation and system reconfiguration part of the logic circuit.
The logic gate OR output is 1 when any one of its inputs Za or
Zb or both is 1 due to the effect of the failure of sensor-b on
isgcurrent. As a consequence, in the case of sensor-b failure,
isq mes 15 1solated and replaced by igg -

4. SIMULATION AND EXPERIMENTAL RESULTS

The proposed current sensor direct torque fault-tolerant
control for induction motor drive is simulated in
Matlab\Simulink environment using 4 kW induction motor
parameters (see the Appendix). Figure 4 presents the block
diagram of the proposed method.



I Power supply 3¢ ‘50 Hz Wl —p— |
T

AN))

4
3

=)

Figure 4. Block diagram of the proposed FTC

Figure 5 displays the laboratory test bench in which the
proposed control technique has been implemented and tested
experimentally, which is composed mainly of a 4 kW three-
phase IM whose parameters are the same used in simulation
model, dS1104 card, two current sensors, and dc-voltage
sensor.

DSpace 1104~ DC:Voltagd il
sensor [

PMSG with
integrated
Incremental Encoder

Figure 5. Laboratory experimental test bench

All simulation and experimental tests are performed at 1000
rpm with 20 N.m load torque.

4.1 Test of the proposed FTC when sensor-a becomes
faulty and sensor-b remains healthy

Figures 6 and 7 show simulation and experimental results
obtained respectively, applying the proposed FTC. The drive
was started with healthy current sensors in both simulation and
experimentation. At t=1 s in simulation test and t=10.6 s in
experimental test, current sensor-a fails. As a result and
corresponding to the used axis transformation equation (6),
isq mes becomes faulty such is depicted in Figures 6(a) and
7(a), and s mes remains healthy as can be seen in Figures 6(b)
and 7(b). At the moment of failure occurrence, Za sensor-a
state indicator becomes 1, judging sensor-a faulty, but Zb
sensor-b state indicator remains 0, affirming that sensor-b is
healthy, as illustrated in Figures 6(c) and 7(c). As a
consequence of Za=1, switch-a switches to input 1 to replace
the erroneous measured current by the estimated one as
explained previously in Table 1. Figures 6(d), 7(d) and 6(e),
7(e) illustrate respectively the high-performance speed
tracking of the IM drive, and the uninterrupted fulfillment of
electromagnetic torque requirement under both healthy and
faulty conditions, and Figures 6(f), 7(f) depict stator flux
circular trajectory.
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Figure 6. Simulation results when sensor-a is faulty and
sensor-b remains healthy: (a) is, currents, (b) isp currents,
(c) fault indicator, (d) reference and actual speeds, (¢) load

and electromagnetic torque, and (f) stator flux trajectory
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Figure 7. Experimental results when sensor-a is faulty and

sensor-b remains healthy: (a) is, currents, (b) isg currents,

(c) fault indicator, (d) reference and actual speeds, (e) load
and electromagnetic torque, and (f) stator flux trajectory

4.2 Test of the proposed FTC when sensor-b becomes
faulty and sensor-a remains healthy

Figures 8 and 9 give another test of the suggested FTC
method with simulation and experimentation respectively,
where a failure in sensor-b is performed, whereas sensor-a
remains healthy. Simulation and experimental tests were
started in healthy conditions until t=1 s for simulation test and
t=9.8 s for experimental test, where sensor-b becomes faulty.
Considering Figures 8(a) and 9(a), it can be seen that is, mes
is slightly affected by the failure of sensor-b, while isg 15 is
significantly affected, which is explained previously in Eq. (6).



The fault detection algorithm reacts quickly by generating an
impulse Zb=1, indicating that sensor-b is faulty, unlike Za
which remains at 0, meaning that sensor-a gives proper
measurement. At this moment, switch-b switches to input 1 to
replace isg mes DY isp est, and according to the output of the
gate OR (see Table 1) switch-a switches to input 1 to replace
isq mes DY lsqest- Figures 8(c) and 9(c) demonstrate sensor
state indicators Za and Zb. Figures 8(d) for simulation and 9(d)
for experimentation show the speed tracking performance of
the IM drive before and after the failure occurrence.

(a) ®)

= Healthy Sensor-b faulty = Healthy Sensorb faulty
= > =
H 10 H 10 /\ /\ /\
E o
E—lﬂ E-lﬂ V V \/

w ]
H Lo = £ I, I,
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© @
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g 3|/
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Figure 8. Simulation results when sensor-b is faulty and
sensor-a remains healthy: (a) iz, currents, (b) isg currents,

(c) fault indicator, and (d) reference and actual speeds
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Figure 9. Experimental results when sensor-b is faulty and
sensor-a remains healthy: (a) iz, currents, (b) isg currents,

(c) fault indicator, and (d) reference and actual speeds

4.3 Test of the proposed FTC when both sensor-a and
sensor-b become faulty

Figures 10 and 11 illustrate respectively the simulation and
experimentation results obtained by applying the proposed
FTC when the both sensors fail. The sensor-a failure is
simulated at t=1s, while the sensor-b fault is simulated at t=1.1
s as shown in the Figures 10(a) and 10(b). In the experimental
test, sensor-a failure is appeared at t=8.75 s, while sensor-b
failure is appeared at t=14.35 s as can be seen in Figures 11(a)
and 11(b). While, Figures 10(c) and 11(c) show the fault
indicator signals (Za for sensor-a and Zb for sensor-b). When
the defect is suddenly introduced in the sensor-a, the fault
detection mechanism has reacted quickly by generating a Za
index equal to 1, indicating that sensor-a is faulty. Based on
Eq. (6), the current isg e will not be affected, which is

visible in Figures 10(b) and 11(b), where the current isg pes

remains healthy from 0 to 1.1 s in simulation and until 14.34 s
in experimentation. According to Table 1, the selected currents
to isolate the faulty measurement are: iy o5 and isg mes. After
1.1s in simulation and 14.35s in experimentation, a fault has
been introduced in sensor-b, at this moment, the fault indicator
Zb becomes 1, confirming semsor-b failure. Referring to
equation (6), we can see that the currents is, and igg both
depend on the state of the measurment of sensor-b, which is
confirmed in Figures 10(a) and 11(a) where the degree of
severity of the fault in the current iz, s 1S increased.
Therefore, the isolation and reconfiguration algorithm choose
Isq est and igp co¢ (see Table 1).
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Figure 10. Simulation results when both sensor-a and
sensor-b become faulty: (a) is, currents, (b) isz currents, (c)
fault indicator, (d) reference and actual speeds, (e¢) load and
electromagnetic torque, and (f) stotor flux trajectory
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Figure 11. Experimental results when both sensor-a and
sensor-b become faulty: (a) is, currents, (b) isp currents, (c)
fault indicator, (d) reference and actual speeds, (e) load and

electromagnetic torque, and (f) stotor flux trajectory



Figures 10(d), 11(d) and 10(e), 11(e) clearly show that
speed and torque maintain their performance and remain
uninterrupted, even under the worst possible conditions, when
the both current sensors fail. In addition, Figures 10(f) and 11(f)
show the constant estimate of stator flux.

5. CONCLUSION

This paper presents a direct torque fault-tolerant control
diagram for current sensors failures in the induction motor
drives. For the identification of a sensor failure, a logic circuit
is used in the phases where the current sensors are located,
which is able to detect the failures of the used current sensors.
A current estimator is used to estimate the stator currents.
Immediately after the failure of the current sensor, a decision
logic circuit automatically selects the correct current signal to
maintain the operation of the system. Simulation and
experimental results show the effectiveness of the proposed
method, where the fault detection is accomplished with fast
dynamics, and the drive is performing successfully, without
compromising the control system.
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NOMENCLATURE

IM Induction Motor

DTC Direct Torque Control

FTC Fault Tolerant Control

FDIR Fault Detection, Isolation and Reconfiguration

PMSG Permanent Magnet Synchronous Generator

AC Alternative Current

DC Direct Current

Ve DC-link voltage

Vs Three phases stator voltages

I, I, , 1. Three phases stator currents

Vear Vs (a, B) axis stator voltages

Lg, Isp (@, B) axis stator currents

Psar Psp (a, B) axis stator fluxes

Pra Prp (@, B) axis rotor fluxes

®r Rotor flux magnitude

wg Synchronous speed

Wy Rotor angular speed

W, Electrical angular speed

Q, Mechanical speed

T, , T, Electromagnetic and load torques
APPENDIX

The used induction motor specifications and parameters:

Specifications Parameters
Nominal power [kW] 4 Rs [Q] 15
Nominal voltage [V] 400 Rr [Q] 2.03
Nominal current [A] 9.2 Ls [H] 0.36

Frequency [Hz] 50 Lr[H] 0.36
Number of pole pairs 2 M [H] 0.35
Nominal speed [rpm] 1415 J [Kg.m?] 0.024

f[Nm.s.rad!]  0.002






