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Abstract: This article provides the design of fault tolerant control law (FTC), for induction motor (IM)
drives, using rotor field-oriented control (FOC) with diagnosis speed sensor fault. The main idea consists
of using the information provided by the Fault Detection (FD) block to detect speed sensor error signals in
a closed-loop system. A passive fault-tolerant control associated with a robust sensor speed fault detection
filter based on Hoo/u-synthesis technique, are presented to ensure induction motor control performances in
presence of uncertainties, multiplicative and additive faults. Simulations results of the FD and FTC schemes
of IM are presented to verify the effectiveness of the proposed approach.
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1. INTRODUCTION

Recent years, increasing complexity of industrial automation
technologies, has made fault handling of such systems a
challenging task. Indeed, although industrial systems are
usually designed to perform optimally over time, performance
degradation occurs inevitably. These are due, for example, to
a fault associated with an actuator, sensor or aging of system
components. Fault handling is also necessary to allow redesign
of the control in such a way to recover, as much as possible,
an optimal performance (Giri, 2013; Glumineau et al., 2016;
Ding, 2021).

In this context, researchers have focused on a specific control
design strategy, to compensate the faults effects and guarantee
system stability with acceptable performance. This type of
control strategy is called Fault-Tolerant Control System (FTC)
(Puigand et al., 2021; Amin et al., 2019). Several approaches
to fault-tolerant control applied to electrical systems have been
proposed in the literature (Zhang et al., 2021; Zhang et al.,
2024; Zapar et al., 2023; Lee et al., 2021).

FTC approaches can be categorized into two main categories
namely passive and active approaches. Passive FTC can keep
the desired controller performance and ensure reliable
operation without considering the type and size of fault. The
advantage with that concept is that no time delay will be
included in the controller due to detection of faults. In the case
of an active FTC approach, the objective is to ensure reliable
operation and high performance of control systems when faults
occur through accommodation and control reconfiguration
(Tellili et al., 2021; Tran et al., 2021).

The control strategies of induction motor, torque and speed
drives, require the sensors to have feedback information but
the possible faulty speed sensor causes significant
performance degradation and even instability of the system
(Ding, 2021; Nguyen et al., 2023; Aguilera et al., 2022;
Rkhissi-Kammoun et al., 2019; Verrelli et al., 2018; Green et
al., 1995). Also, the problem of uncertainties model and
external disturbances can significantly affect the system
performance. H-infinity control strategy appears to be a

possible solution to these problems (Safonov et al., 1985;
Lundstrom et al., 1991; Pathak et al., 2019; Li et al., 2009).

An extension to the H-infinity approach, optimal control
technique for robustness analysis has been developed, such as
p-synthesis control, which the stability margin in front of a
perturbation is typically obtained by calculating the structured
singular value (p), to provide a general framework for solving
the problem of robustness analysis in the face of uncertainty
and disturbance conditions (Farhat et al., 2017; Chen, 2008).

In this paper, a passive fault tolerant control strategy based on
robust fault estimation filter (FD) of sensor speed faults for an
induction motor is proposed. The main idea in this work is to
use a law mechanism to control speed sensor faults and to
maintain nominal tracking performance. Exploiting the Hoo/pi-
synthesis approach to synthesize fault-tolerant controller
(FTCs) and a robust filter (FD), able to tolerate faults and keep
the control performance in the ideal range, in the presence of
multiplicative and additive faults.

The FD has been synthesized in order to detect and estimate
the sensor speed faults of induction motor. However, the
important problem that arises when synthesizing a model-
based monitoring system is to guarantee the residual
robustness to uncertainties such as system deviation,
disturbances, and unknown nonlinearities to achieve high
detection rate with less false alarm rate and to separate
between default effects and the effects of uncertain signals and
disturbances. The controller K(s), associated with the rotor
field-oriented control of induction motor, offers very
acceptable performance in the presence of parametric
variations (multiplicative faults), and additive faults (sensor
speed fault).

This work is organized as follows: In section 2, the IM direct
rotor field orientation control is presented. A brief description
of p-synthesis theory and the robust speed controller for faulty
situation is developed in section 3. In Section 4, Hoo descriptor
fault detection filter based p-synthesis is formulated.
Simulation and results are reported in section 5, conclusion is
given in section 6.
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2. FIELD ORIENTED INDUCTION MOTOR MODEL

The ultimate objective of vector control is to enable
decoupling control of torque and flux similar to the control of
separately excited DC motor. This approach implies the
alignment of the direct axis of (d—q) synchronous reference
frame of Park with the rotor flux. (&4 =0, &,y = &),
(Blaschke, 1972). The equivalent IM model, with rotor field
orientation, is described by the following equations:
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Where i5g, [5q, w5,  are the stator currents, stator electrical
speed and rotor speed. T; is the load torque, considered as an
unknown disturbance. n, is the pole-pairs number, J is the
inertia moment, f, is the friction coefficient, R, is the rotor,
resistance, L, is the rotor self-inductance and L,, is the
stator/rotor mutual inductance.

According to (1), we obtain two independent action variables
(isas Lsq), the first variable controls the flux, yet the second

controls the torque. To achieve the classical direct FOC control
objective, two controllers are applied; the first is a
conventional Proportional Integrator (PI) to control rotor flux
and the second one is a robust p-synthesis controller Ku(s) to
control rotor speed.

The orientation of the rotor flux consists in calculating the
orientation angle 0,

0, = [ B,dt = [ (&, + ®)dt (2)
The pulsation w, is deduced from the fourth equation of (1):
~ L .

r = a@ lsq 3)

Also, using the third equation of (1), the rotor flux can be
estimated by the measured direct stator current component as:
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3. MU-SYNTHESIS SPEED FAULT TOLERANT
CONTROLLER DESIGN

lsa

Robust controller using p-synthesis technique K, (s), with D-
K iteration algorithm (Safonov et al. (1985)), is developed to
design a passive robust sensor fault-tolerant control of
induction motor, Fig.1, based on information from a robust
fault detection (FD) system.

In this study, only speed sensor faults are considered to
guarantee closed-loop stability and performance for faulty
conditions, external disturbances and model uncertainties.
(Change in mechanical speed parameters (J, f,) and speed
sensor fault).
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Fig. 1. Structure of proposed robust passive FTC control of induction motor.

3.1 Relationship between the operation of FD and Ku blocks

The difference between the roles of the FD and Ku blocks,
during fault occurrence, is that the FD is not in a direct
relationship with the Ku regulator, since the task of the FD is
only to ensure sensor fault detection and is not involved in the
design of the MAS control algorithm. On the other hand, the
Ku regulator has the role of ensuring that the control continues
to operate robustly even in the presence of errors.

The speed control configuration, using p-synthesis approach is
presented in Fig. 2, where: w = [ d fy]Y, ¥ = 0.5 isthe

reference input, d = T} is the unknown disturbance and speed
sensor fault f.

Z = [Z,,2,]" is the output vector of the interconnection matrix,
e = (cr — {2 is error in rotor speed and u = T,_,.r is the
torque reference. Weighting functions W, W, W, W, and Wy,
are used to shape the closed loop system responses according
to the robust performance and stability margin requirements.
Pq(s) denote the nominal open-loop interconnected transfer
function matrix, Ag¢(s) is the structured uncertainties and
speed sensor faults, 4,(s) is the unstructured uncertainty
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(Safonov et al. (1985)). The electrical parameters are assumed
to be known.

3.2 Uncertainty analysis

The control structure in Fig. 2, is represented in general
standard block diagram of a robust control problem as shown
in Fig. 3a, where A, = diag(8p, Asy) (Safonov etal., 1985).
To ensure the designed controller achieves robust
performance, we introduce a fictitious uncertainty block Ar as
shown in Fig. 3.b. Unstructured uncertainties 4, (s) are used
to model the system's dynamic perturbations, such as non-
modeled or high-frequency dynamics. 4,(s) is available in
two forms: additive and/or multiplicative (Green, 1995).

Let G,(s) the uncertain model and G(s) is a nominal model
such as the stable weighting function W, (s) represents the
upper bound of the multiplicative uncertainty where:

Ga(s) = G(s)e™ = G(s). (1 + W,(5).4,(s)) (5)

Using the first-order Padé-approximation, the weighting
function chosen is (Chen, 2008):

Tm'S

The structured uncertainties Agr(s) are determined via
intervals bound by unknown parameters and speed sensor
fault. The open-loop transfer function of induction motor
speed is given by:
1
— 7
G(s) = @

(7

1 ..
Weput: k = 7 a= %, where k and a are the uncertainties

in the parameters, represented by following equations:
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Where kyand ay are the nominal values of the parameters & and
a, respectively.e, and e, represent the percentages of variation
around the nominal values and. 6, £r Oq 5 are the normalized

®)

uncertainty variable and speed sensor fault such that|5k f| <1
and |5af| <1.

Finally, the structured uncertainty faults matrix can be written
as follows:

W,(s) = , [14p] <1 6 .
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Fig. 3. Standard N-A configuration for p-synthesis.
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The P,(s),

. t
[Vvap Vsy Vs, T d fa u| and the outputs,

augmented plant having input vector

[ZA,, Zsks  Zoka Zy Zy e]t which includes a nominal
plant model G(s), is defined as:

Ps) = [By B (10)
Such as:
0 0 0 0
W, 0 0 0
B W,G G G 0
TEWWG WG —wG W,
0 0 0 0
-W,G -G —G 1
Wy 0 1
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B -WyG 0 G
b2 T W WG —WeWr, —w,G
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As shown in Fig.3, P(s) can be combined with the controller
transfer function K, (s) designed via the lower linear fractional
transformation (LFT) to give the transfer function matrix
Nu(s), expressed as follows:

N,(s) = [Nﬂ1 Nl‘z]

Such as:
_TAVVp _TA _TA
SAWp _TA _TA
Nu1 = GS, GS, GS,
-W.GS,W, —-W,GS, -W,GS,
W, T,W, ~W,T, ~W,T,
K/.LSA —S,W, K#SA Wfd
KuSA _SAWd _SAKﬂWfd
Nﬂz = Ty —GS,Wa —TaWs,
WeSy  WeGS,Wy  —WeSaWy,
WuKHSA W, T,W, _WuKuSAWfd

In terms of the (N-A) structure in Fig. 3, the requirements for
stability and performance (SP) can be guaranteed via theorem
given by Doyle (Safonov et al., 1985). Consequently, to
achieve robust performance (RP); the stabilizing controller
K, (s) should minimize, (Green, 1995; Safonov et al., 1985):

(11)

The desired conditions of nominal performance are well
achieved if the following condition is satisfied:

We(s)Sa —We(s)SaWs, (s)
Wu(s)KuSA _Wu(s)KuSAWfd(S)

max py [N, ()] <1

W, (s)GSaAWy
Wy ($)TaWy(s)

[ee]

(12)

The sensitivity S, and complementary sensitivity T, functions
for the nominal system are defined as follows

_ 1 _ Ku(s)G(s)
T K6’ AT 14K (s)G(s)

Sa (13)
The weighting functions selection is a critical step in the
development of robust p-synthesis control in order to attain the
robust performance objectives of controller K, .

3.3 Weighting functions selection

The weighting functions selection is a critical step in the
development of robust p-synthesis control. These functions
have a physical interpretation that is associated with the
desired closed-loop behavior, in Fig.2 to achieve robust and
stability performance of induction motor, the weighting
functions should be properly selected in advance in order to
find controller K,(s). The weight I, is usually selected to get
disturbance rejection, good tracking and zero steady state
error, W, is required to prevent the saturation of controller
output, the weighting function Wy is used to scale the external
disturbance and Wy, is chosen to achieve the system
robustness objectives with respect to the additive fault. The
control problem is reduced to designing a controller that
minimizes the weighted signals as much as possible, (Pathak,
2019). We can clearly see from criteria (21) and the properties
of the norm Hoo, stated in (Safonov et al., 1985), that closed-
loop sensitivity functions S,, KS;, GS,and T, are
constrained by desirable templates; consequently, checking
the specifications is equivalent to testing the conditions (12).
The choice weighting functions are given by:

1 s+weMe _
We(s) = e toete Wa(s) = Bq

S+I‘(‘;_Z (14)
Wu(s) = eus+wy Wfd - ﬁfd

Where:M,, is an upper bound for the peak sensitivity &, is a
low-frequency tracking error specification and w, is
approximately the bandwidth requirement.M,, and w,, reflect
the limited gain and bandwidth of the actuator and ¢, is a
property influenced by the sensor noise characteristics.

3.4 Adaptations to the weighting functions parameters

D-K iteration in conjunction with the p-synthesis is one of the
most effective techniques to develop a robust controller. This
technique provides an appropriate balance between robustness
and system performance. The main disadvantage of this
approach is that the desired performances are not achieved in
presence of defaults or model parameters change, and
consequently, the weights must be readjusted. An automatic
weighting function selection algorithm, suggested in (Nair,
2011), is used in this work, to optimize these weights by
introducing judiciously weighted function parameters. It is an
iterative algorithm using the initial weighting functions that
reflect the desired performance specifications. and detects a
minimum structured singular value (p) to have an appropriate
response.

The values of the initial weighting function for controller K,(s)
are selected by the flowing expressions:

0.3326-5+3.952

We(s) = 5+0.01875 Wa(s) = 0.31
8:10°%-5+9.032-10°

Wau(s) = s+1.875-108 ° Wra = 0.01
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Fig. 4 shows how the selected templates influence the different
transfer functions: Sy, T, and K, S, at low, medium and high
frequency.

Ku(s) is optimized by the D-K method using the “dksyn”
Matlab function. Since the controller order is high, using the
Hankel-norm approximation method, the reduced-order model
of Ku(s) is 3" order with reasonable stability margins. The
desired condition, of nominal performance given by (12), is
achieved, which gives very good attenuation of multiplicative
faults. K,S, is not constrained at low frequencies, but a
constraint is imposed at high frequencies.

g \
8 so
gl“
i 150
'g ”
il- T, -
[ YW, *W,)
10° 10’ 10! 10" 10' 0 1w 10’ I
50
o
2
-1
£
B
L] - j— - - - =

AW W, )

-:a' 1w° w’ w' 0’ '
Frequency (radisec)

3
I

Magnitude (dB)
0

 Phase (deg)
2

180 il i
l|l" IIll 10
p-synthesis analyse
0.7)
0.4
0. \\
o 0.
2
§ \
= o
: \
<. \
. \
0.

107 10? 10 10 10 10° 10* 10" 10"
Frequency

Fig. 4. Minimization of sensitivity functions, S, T, SKn and p-
synthesis analyze.

4. Hoo-MU-SYNTHESIS FAULT DETECTION FILTER
DESIGN

Fault estimation is an advanced fault diagnosis method that not
only informs when and where faults occur, but also presents
the shape and dimension of the faults, which are critical for on-

line fault tolerant control and decision making in real time
(Ding, 2021; Zhang et al., 2021). In this paper, a robust
diagnostic filter synthesis method is designed by Hoo approach
p-synthesis. The FD filter synthesis problem is described by
an augmented model represented in the Fig. 5.

|j AM(S)]
f e

fa Pa(s) y; F(s) fd.@b f'

wf{du
1 r

Fig. 5. Scheme principle of an FD filter using the
H,, /u synthesis.

A, 0 0
With: 4,(s)=[0 44 0
0 0 4

where f is the fault estimation and ef is the signal which is
used to evaluate the estimation quality, it gives by:

e = fu— fa (15)
The design problem is to design a FD filter F(s) such that the
estimation error e is minimized, consequently:

fa = f d

Let’s gives the input-output model of system, Fig (5):

u
y(s) = (Gau Gaa  Gar) (du> (16)

fa

Where: Gy, (s), Gyq(s) and G, f(s) are the transfer functions
from output y(t) to input u(t), perturbation d, and fault f;
respectively. They can be expressed by:

GAu = (1 - Au)Gyu

Gra = (I —Dg)Gyq (17)
Gap = (I = Bf)Gyy

The fault estimation is given by:

fa = F()y(s) = F(5)Gpu (18)

Substituting (16) into (18) the fault estimation is obtained as:
fa = F($)Gys + F(5)Gna (19)

The objective is to realize a robust filter F(s) with a fault
indicator that is only sensitive to faults. F(s) is synthesised to
maximize the smallest singular value of the transfer function
between f,; and f; (sensitivity constraint) and to minimize the
greatest singular value of the transfer function between d,and
fu (robustness constraint). This problem can be formulated as
follows:

ldu=Fal
ldull

Ifa—Fall
lIfall

The control structure in Fig.5 of FD filter using the Hoo/p
synthesis, can take the standard diagram form of p-synthesis
problem given in Fig. 3.

Jr= [min (20)



CONTROL ENGINEERING AND APPLIED INFORMATICS

69

1 _
PE) = A (B 24.9) = 6, et o) @V

The obtained FD filter given by the flowing expression:

4.76-102
5%4+108.2:52+678.6-s+131.9

F(s) =

22)

Remark: A fault can be detected by comparing the fault
estimation evaluation function f; with the threshold function 7}
as described in the following test. (Variable A is the alarm
signal).

”fd” SThfor fd =0=2>A4A=0
fall > T for £y 0 > A4=1
5. SIMULATION RESULTS

(23)

In order to validate the proposed FTC strategy shown in Fig.1,
simulations have been carried out for an induction motor using
Matlab/Simulink. The detailed parameters of the IM are given
in Appendix A.

The response of controller is observed under different
operating conditions such as a step change in the load torque,
faulty conditions. The objective will be ensuring the
performances of this control in the presence of sensor faults.
Two types of faults are considered; a multiplicative fault and
additive ones, where different tests are considered. The rated
load torque applied at t= 2s in closed loop during the motor
operating.

In order to prove the effectiveness and robustness of the
proposed FTC, the operating conditions have been specified
by the following cases:

- In the first case, the fault is considered as intermittent sensor
fault, and has been introduced into the speed sensor at t= 3s
and 5s, lasts for one second. After the detection and
identification of the sensor fault by the FD, the intermittent
fault and its estimation take the form shown in Fig. 6, we can
see that the fault estimate is perfect.
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Fig. 7. Performance of speed sensor intermittent fault-tolerant
control with load torque: Rotor speed Q, electromagnetic
torque Te, rotor flux (¢,.q4) and Stator current (isd, isq)-

In the second case, the fault is considered as gain and constant
faults. A gain fault reduces the measured signal, it is
considered as a multiplicative fault. With constant fault, the
measured speed takes a constant value (the error may result
from mal functioning electronics or data acquisition system),
it considered as an additive defect. A gain fault is applied at
t=3s, followed at t=4.5s by constant fault. The gain and
constant faults and their estimations take forms given by Fig.8.

Fault estimation
2 =
S5
.>
L

3 4
Time (sec)

Fig. 8. Gain and constant faults estimation.
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under

multiplicative and additive faults in speed sensor (gain and
abrupt faults).

In the last case, the fault considered as a parameter variation
and a noise. It is assumed that all parameters of asynchronous
motor will be considered as constant except rotor speed
parameters (J, f,) will be treated as uncertain parameters: | =
Jo +30%J,, f, = fo+50%f, , applied at t=3s, followed by
noise at t=5s, (Jo , f, are the nominal values of J and f;, ). Fault
estimation is shown in Fig.10.

3 4
Time (sec)

Fig.11. Performance of fault tolerant control under noise fault and
uncertain parameters in speed sensor.
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A performances of the designed controller K, are illustrated in
the following simulation results:

- The results presented in Fig.7 show the effectiveness of the
suggested FTC method against intermittent sensor fault. We
can see that the speed, the electromagnetic torque, the two
components of stator current, and the two components of rotor
flux are unaffected.

- It is clear, from the simulation results presented in Fig.9 and
Fig.11, that the proposed passive fault-tolerant control, using
Hoo-synthesis, provides highly satisfactory performances in
terms of robustness, against gain and constant faults, or noise
and a speed parameters variation fault. The speed and flux
tracking are very maintained, with a good reject of the load
torque perturbation. The stator current in the rotating reference
frame (is, 15q) confirm that the decoupling control is perfect.
The synthesized FD filter is robust with respect to
multiplicative faults and disturbances, so only the effect of the
additive fault remains, so if the additive fault appears the filter
detects it and an alarm signal. The information given by the
FD block is taken into account by the FTC and fault detection
and identification is perfect.

Simulations results show the effectiveness of the Hoo/p
synthesis control with sufficient fidelity to maintain good
performance in tracking and rejecting uncertainties, on the
effect of sensor faults on system behavior.

6. CONCLUSIONS

In this paper, a robust fault tolerant control approach (FTC)
based on the Hoo/p synthesis technique is presented in order to
eliminate the effect of speed sensor faults. We can conclude
that the provided p-synthesis method allowed us to synthesize
a robust FD diagnostic filter tolerating an approximate
decoupling of the exogenous residue disturbance and
sensitizing only to the fault in additive form. The presented
method offers a robust passive FTC control law and the Hoo
controller ensures the FTC's passive mission and attenuating
all these constraints. Simulation results show that the proposed
algorithm can successfully, detect sensor faults in the presence
of perturbations, and uncertainties, compensate the faults
effect and maintain the stability and performance of IM
control.

REFERENCES

Aguilera, F., de la Barrera, P. M. and De Angelo, C. H. (2022).
Speed and current sensor fault-tolerant induction motor
drive for electric vehicles based on virtual sensors.
Electr. Eng. (Berl., Print), 104(5), pp. 3157-3171.
https://doi.org/10.1007/s00202-022-01541-4

Amin, A. A. and Hasan, K. M. (2019). A review of Fault
Tolerant Control  Systems. Advancements and
applications ~ Measurement, pp. 143, 58-68.
https://doi.org/10.1016/j.measurement.2019.04.083

Blaschke, F. (1972). The principle of field orientation as
applied to the new transvector closed-loop control
system for rotating-field machine. Siemens review, 34,
pp. 217-220.

Chen, J. (2008). Formulating and solving robust fault
diagnosis problems based on a Hoo setting. /FAC Proc.

41(2), pp- 7259-7264.
https://doi.org/10.3182/20080706-5-KR-1001.01228

Ding, S. X. (2021). Advanced methods for fault diagnosis and
fault-tolerant  control. 1st Ed. Berlin, Germany:
Springer.

Farhat, A. and Koenig, D. (2017). Robust fault detection for
uncertain switched systems. /F'AC-Papers Online, 50(1),
pp. 15265-15270.
https://doi.org/10.1016/j.ifacol.2017.08.2408

Feyel, P. (2017). Robust control optimization with
metaheuristics. 1st Ed. Standards Information Network.

Giri., F. (2013). AC electric motors control. Advanced design
techniques and applications. John Wiley & Sons.

Glumineau, A. and De Leon Morales, J. (2016). Sensorless AC
electric motor control. Robust advanced design
techniques and applications, Cham, Switzerland:
Springer International Publishing.

Green, M., Limebeer, D.J.N. (1995). Linear robust control.
Prentice Hall, Englewoad, New Jersey.

Lee, W. and Choi, G. (2021). A comprehensive review of
fault-tolerant AC machine drive topologies. Inverter,
control, and electric machine. In 2021 IEEE 13th
International Symposium on Diagnostics for Electrical
Machines, Power Electronics and Drives (SDEMPED).
https://d0i.10.1109/SDEMPEDS51010.2021.9605560

Li, Z. and Jaimoukha, I. M. (2009). Observer-based fault
detection and isolation filter design for linear time-
invariant systems. Int. J. Control, 82(1), pp. 171-182.
https://doi.org/10.1080/00207170802031528

Lundstrom, P., Skogestad, S. and Wang, Z.Q. (1991).
Performance weight selection for H-infinity and p-
control methods. Trans. Inst. Meas. Control, 13(5), 241—
252. https://doi.org/10.1177/014233129101300504

Nair, S. S. (2011). Automatic Weight Selection Algorithm for
Designing H Infinity controller for Active Magnetic
Bearing. International Journal of Engineering Science
and Technology (IJEST), 3 (1), pp. 122-138. ISSN:
0975-5462.

Nguyen, M. H. C. and Tran, C. D. (2023). Improved sensor
fault-tolerant control technique applied to three-phase
induction motor drive. Indones. J. Electr. Eng. Inform.
(IJEEI), 11(2), pp- 485—493.
https://d0i.10.52549/ijeei.v11i2.4274

Pathak, D. and Sambariya, D. K. (2019). Methodologies for
the selection of weighting function. 2nd International
Conference on Power Energy, FEnvironment and
Intelligent  Control  (PEEIC), pp. 347-350.
https://doi.10.1109/PEEIC47157.2019.8976872

Puigand, V., Simani, S. (2021). Diagnosis and Fault-tolerant
Control 1: Data-driven and Model-based Fault Diagnosis
Techniques. John Wiley & Sons.

Rkhissi-Kammoun, Y., Ghommam, J., Boukhnifer, M. and
Mnif, F. (2019). Two current sensor fault detection and
isolation schemes for induction motor drives using
algebraic estimation approach. Math. Comput. Simul.,

157. pP- 39-62.

https://doi.org/10.1016/j.matcom.2018.09.010

Safonov, M. G. and Doyle, J. C. (1984). Minimizing
conservativeness of robustness singular values, in
Multivariable Control. Dordrecht: Springer



https://doi.org/10.1007/s00202-022-01541-4
https://doi.org/10.1016/j.measurement.2019.04.083
https://doi.org/10.3182/20080706-5-KR-1001.01228
https://doi.org/10.1016/j.ifacol.2017.08.2408
https://doi.10.1109/SDEMPED51010.2021.9605560
https://doi.org/10.1080/00207170802031528
https://doi.org/10.1177/014233129101300504
https://doi.10.52549/ijeei.v11i2.4274
https://doi.10.1109/PEEIC47157.2019.8976872
https://doi.org/10.1016/j.matcom.2018.09.010

72

CONTROL ENGINEERING AND APPLIED INFORMATICS

Netherlands, pp. 197-207. https://doi.org/10.1007/978-
94-009-6478-5_11

Tellili, A., Elghoul, A. and Abdelkrim, M. N. (2017). Additive
fault tolerant control of nonlinear singularly perturbed
systems against actuator fault. J. Electr. Eng., 68(1), pp.
68-73.

Tran, C. D., Palacky, P., Kuchar, M., Brandstetter, P. and
Dinh, B. H. (2021). Current and speed sensor fault
diagnosis method applied to induction motor drive. [EEE
Access, 9, pp- 38660-38672.
https://d0i.10.1109/ACCESS.2021.3064016

Verrelli, C. M., Lorenzani, E., Fornari, R., Mengoni, M. and
Zarri, L. (2018). Steady-state speed sensor fault
detection in induction motors with uncertain parameters:
A matter of algebraic equations. Control Engineering
Practice, 80, Pp- 125-137,
https://doi.org/10.1016/j.conengprac.2018.08.016

Zapar, W. M., Gaeid, K., Mokhlis, H. B. M. and Al Smadi, T.
A. (2023). Review of the most recent articles in fault
Tolerant Control of power plants 2018 — 2022. Tikrit J.
Eng. Sci., 30(2), pp. 103—113.

Zhang, F., Gao, S., Zhang, W., Li, G., Zhang, C. (2024).
Current Sensor Fault-Tolerant Control Strategy for
Speed-Sensorless Control of Induction Motors Based on
Sequential Probability Ratio Test. Electronics, 13(13),
pp. 2476. https://doi.org/10.3390/electronics 13132476

Zhang, X., Zhao, Y., Lin, H., Riaz, S. and Elahi, H. (2021).
Real-time fault diagnosis and fault-tolerant control
strategy for Hall sensors in permanent magnet brushless
DC motor drives. Electronics, 10(11), pp. 1268.
https://doi.org/10.3390/electronics 10111268

APPENDIX A
INDUCTION MOTOR PARAMETERS

e R,=5720Q R, =4.2Q.
oL, =L, =0462H
e M=04402H, n

p =2

e ] =0.0049 Kg.m?, f,=0.003Nm.s/rad
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