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Abstract: The present paper aims to determine a robust sensor fault-tolerant controller based on fuzzy logic using a
robust adaptive super-twisting observer for the control of an induction machine and an inverter set by a state estimation
method. The speed sensor is considered in the present case. The modular structure of the fault-tolerant control
(FTC) scheme allows integrating this sensor within the existing closed-loop system, and the observer can therefore be
designed independently. This article presents a new method to develop a fuzzy decision system that provides fault-
tolerant control. This paper also aims at detecting the mechanical speed sensor faults. The proposed approach allows
the automatic reconfiguration of the system in the event of a speed sensor failure. The defective fuzzy detection system
makes a transition between the speed sensor and the robust observer based on a super-twisting algorithm that ensures the
continuity and stability of the system; the fuzzy detection and transition system is required to be robust to parametric
variations, and must be fast enough in order to locate the defect and eventually make a transition in the event of a
fault. The output of the fuzzy block is injected into the control block to ensure super-twisting speed regulation. The
performance of the proposed strategy also the robustness against parameter variation are assessed by simulation thanks
to Matlab/Simulink software.
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1. Introduction

Nowadays, mastery of risks and operational safety occupies an important place in automated industrial systems.
However, this operational safety can unfortunately be hampered by some malfunctions that may occur within
the system; these misfunctions can be attributed to the complexity of that system, particularly in relation
with the field control part [1]. When dealing with this issue, the manufacturers are required to develop an
effective technicality of monitoring a system that should be equipped with a suitable diagnostic tool in order
to detect, identify, locate, and isolate any fault that is responsible for a malfunction within a system. This
helps to prevent the propagation of the problem and to limit the bad consequences that could arise from that
defect; it can certainly ensure the safety of people and improve the reliability and availability of their production
tools [2]. To this end, and in order to provide online monitoring of these processes. Several recent methods of
faults diagnostic for induction motor have been developed (see for example [3—6]). The literature shows a great

diversity of methods from different points of view. Hardware redundancy has often been used in the past but
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this generally adds complexity to the design of the system and increases its cost price. Despite the overhead of
the computing time, software redundancy has become a promising alternative to hardware redundancy [1, 7].
This can be an interesting and efficient solution to this problem because it is flexible and has the capacity
to evolve. Estimating the conditions or parameters of the system appears to be an appropriate and efficient
tool for fault-tolerant control (FTC). Moreover, this approach is commonly recommended for the detection of
defects because it induces only a very short delay in the decision-making process [7]. Its main advantage lies
in its capacity to detect partial defects as compared to traditional methods which can only find the failure of
the entire sensor. More specifically, this method allows for a quick detection of various types of faults, such as
polarization, saturation, or complete disconnection of the system. Recently, analytical methods have become
increasingly important; they have been widely used especially in the context of critical applications such as
the energy systems, transport systems and industry. These methods have evolved considerably since their
introduction. Using an analytical model helps better know and understand the system. The basic principle
consists of collecting information on the process to be monitored, using sensors [8-10]. Comparing the actual
behavior and the predicted one using the suggested model provides information that is contained in a set
of defect indicator signals (residues). The temporal analysis or frequency analysis of these signals makes it
possible to detect and interpret any abnormal behavior of the system in order to locate the origin of the failure.
Many researchers have repeatedly proposed to exploit these techniques, and particularly those addressing linear
models, by adapting electrotechnical applications. It is worth reminding that an electrotechnical system has
two interesting peculiarities; first, it can be decomposed into several subsystems linked together, and second,
the models used in these systems are generally linear; if they are not, they can be linearized. Studying the
possible drawbacks and trying to find the appropriate solutions to the problem is a necessity in order to achieve

good fault tolerant control architecture [10-12].

Furthermore, artificial intelligence techniques generally confer the capacity and power needed in solving

the different problems encountered in the field of industrial systems, particularly those related to the control
of electrical machines. It has been observed that using fuzzy logic represents one of the most interesting routes
for the implementation of the core of the proposed fault-tolerant control (FTC) [2, 13].
A new fuzzy supervisor for fault-tolerant speed sensor for induction motors controlled by super-twisting is
designed in this article. The super-twisting procedure uses the same sliding-mode. In addition, it has a finite-
time convergence and is less chattering as compared to the other procedure. The function of a fuzzy supervisor
is to allow a transition of the system. When a fault is detected in the speed sensor, to the rotor speed which
is estimated by the adaptive super-twisting observer which in turn guarantees the continuity of the system.
The system must be robust to parametric variation; it must not make any transition in case of any change in
parameters and is required to be fast enough in order to detect and locate the fault and then make a transition
to the speed given by the observer in the sliding mode. The paper is organized as follows. In Section 2, the
mathematical models of the induction motor (IM) are first presented in the reference frame, rotating at the
synchronous speed, and then in the stationary stator reference frame. Section 3 describes the principle of rotor
flux orientation; the theory of super-twisting sliding modes and its application to induction motor control are
also developed. Section 4 introduces the concepts of adaptive super-twisting speed and rotor flux observer.
Section 5 describes the fuzzy detection and reconfiguration system proposed in this paper. In Section 6, some
simulation results related to the performance of the suggested strategy of fault-tolerant control (FTC) associated
with motor control are presented and discussed. Finally, Section 7 provides some comments and then gives a
final conclusion.
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The main objective of this work is to propose a robust and reliable detection and reconfiguration system for the

detection of a speed sensor defect. The main contributions are:

e A robust proposed observer which guarantees a good estimate of the rotor speed in different areas especially

at low speed (area of nonobservability);

e The fuzzy detection and reconfiguration system that guarantees the continuity of the system in presence

of the several disturbances (fault, parameter variation).

The results of simulations presented in this paper clearly show these contributions.

2. Mathematical modeling of ITM
2.1. Modeling of IM in the (d-q) reference frame

The mathematical model of a three-phase induction motor, established in a (d-q) reference frame that is rotating

at the synchronous speed, can be expressed by means of the following nonlinear system [14]:

Bsd = —ryj g+ wyisg + B tra + Kwrthrg + 71-0sd

dcilstq = —Wslsd — Visq + Kwrthrg + %1%,1 + %stsq
Wt = B = bt (00— @) U (1)
Woo = Loy — (we = wp)thra — g

b = Z(T.-T) -~ Fuw,

where

1 (1-o0) L., L, L? Ly
= : K = — TT = 7; = 1 ___m . CZ—"S = —
i (a.TS + o. T, ) ’ o.Lg.L, R 7 : .

The synchronously angular speed is defined by:
Ws = Wy + Wyl (2)
The electromagnetic torque is given by the following expression:

3 nyp-Ly . .
Te = 5 . pT . (wrd “lsq — ’(/}rq : 'Lsd) (3>
2.2. Modeling of IM in (a — ) reference frame

In a similar way, the mathematical model of an induction motor, expressed in the (o — ) stationary stator

reference frame, is described by [14]:

Bhaa = i, + %¢m + K.wp e + %stm
dis .
8 = —v.igg + Kwpthra + %wrg + %stsﬁ
d L (4)
fl;a = TTiSO& - %wra - Wrz/}r,B
dip, iy
Qstﬁ = LTTZSB — Wrra — 7%7%0,6
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3. Sliding mode control for IM
3.1. Rotor flux orientation

The entire control strategy depends on the correctness of the calibration of the reference frame (d-q), and thus

on knowing the value of the angle of Park [14, 15].

’(/}rq =0= '(/Jr = wrd (5>

By imposing 1, = 0, the model (1) becomes:

ngd
dt . . K 1
dt _ —Yisd + Wslsq + Twr oL, 0 Vsd
= . . KT + 0 1 (6)
disq —Wslsd — Visq + wT"(/JT oL, Usq
dt
and
r _ Ly g 1
ﬁt - 7; lsd — fwr
Wsl = 1,73, as (7)
2
dw, 3 no-Lim . n B
i =3 7L, Wrisg =7 T - G

After passing through Laplace transformation, we obtain expressions:

_ _L ;
’(/}7‘ - 1+%:stsd

®)

L :
Te = % . anT .wrlsq
where the permanent regime is established. The procedure consists of solving numerically the following equation
[14]:
dbs Linisq
=w

@ Ot g, ©

In steady state, Equation (8) gives ¢, = Ly,.isq. Thus, Equation (9) becomes:

df lsq
= r B ].
dt wrt Trisq (10)

3.2. Super-twisting control

The super-twisting algorithm is part of sliding mode control. It is particularly used in second-order sliding
modes. This algorithm was originally proposed by Levant [16] in the case where the system has a relative
degree equal to 1 with respect to the sliding variable, called S. This algorithm was developed while preserving
the main advantages of first-order sliding modes (robustness, convergence in finite time). It has the great

advantage of eliminating chattering. The control law of the super-twisting algorithm [11, 16] may be expressed
as:

U =Vi(t) + Va(t) 1)
with
Vi(t) = —Ki|S|" sign(S)
{ Vo(t) = —K; [ sign(S) (12)
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where S is the switching function; K7 and Ks are positive constants; and r is defined as 0 < r < 1 [16, 17].

The general scheme of a such controller is illustrated Figure 1. This strategy is applicable to the first-order

Figure 1. The general scheme of the super-twisting controller.

system. The relative degree of system (1) is [isq isq Urda ®rq wr]? = [1 1 2 2 2|7, In this study,
the control strategy is designed by taking into account only the two variables (¢,q = ¢, w,). The sliding
surface S is defined as [18, 19]:

S = (L +N)rte(z) (13)

where e(x) stands for the variation of the variable to be regulated (e(x) = z* — z). Note that A is a positive
constant which represents the desired control bandwidth; r is the relative degree which is equal to the number
of times required to derive the output in order to get the control input. The variables that need to be controlled

are the rotor speed and rotor flux. The surface S is defined in a natural way as [16]:

_ [Sue| _ [y, T Apey,
5= l:Swril N |:éwT + )\wrewr (14)

The input of the control u in equation (11) is extended to u of equation (15), which can be written as:

T

W= Ve Vao] (15)

Then, one gets:

S=a()+w()u (16)

where the matrices ¢; and ¢ are given in the appendix. when S = 0, the control input U may be expressed
as:

u= IO [~al) + 4l (17)
where p is written as:

| =K1 | Sy, |” sign(Sy,.) — Kgfsign(Swr)

W= =K | S, | sign(Se,) — Ka [ sign(S.,) (18)

where K1, K5, K3, and K, are positive constants of the super-twisting controllers of the rotor speed and rotor
flux [19, 20].

Figure 2 shows the full system structure, with the super-twisting control and the rotor flux orientation, the
proposed observer, as well as the fuzzy detection and reconfiguration system. For more details on the estimator
block see Figure 3 and the details of the fuzzy decision and reconfiguration is given later (please see Section 5):
The role of the estimator block (Figure 3) consists of aligning the direct axis (d) of the (d-q) Reference frame
on the rotor flux so ¥,y = 0= 9, = ¥rq.
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Figure 2. Block diagram of the IM drive system with the proposed sensor fault detection and reconfiguration system.
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Figure 3. Block diagram of Park angle and rotor flux estimator.

4. Model of the rotor speed observer

The observer proposed in this article is a new hybrid observer close to the sliding observer; its role is to estimate
the rotor fluxes in the stationary frame of reference (o — ) while ensuring the convergence of the observer of
the current in the same reference frame. Once the flux values are found, they are used in the adaptive observer
and the super-twisted sliding mode observer in order to estimate rotor speed. The approach used here is well

detailed in what follows. For clarity, model (4) can be written as [21]:

diist& = *’Yisa + Tﬁrl/}ra - Kwrwrﬁ + %LS'USQ + KcSia + KUSZgTL(Sl )

dig . .

dtﬁ = —7.isB + Kwrwm + %wrﬁ + ivsﬁ + Kcszﬂ + K’Uszgn(slﬁ)

(19)

di,. . .

ﬁta = LT—TZSQ — T%z/)m — wrrg + Kysign(Sia)
dil)rﬁ _ Ly _ 1 K . S,

@ = T tsB Wrtra T, VYrp + Kysign(Sip)
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Where

Sia _ eisa — 'Esa - Z:soz (20)
S; Cisp lsg — Lsg
are sliding mode surfaces and K., K,, and K, are the observer gains. The convergence of the estimated

S

currents %m and 255 towards the real stator currents ¢s, and i;3 makes it possible to estimate the rotor fluxes

sa, B

ﬁm and zﬁrﬁ which allow evaluating the rotor speed with the adaptive observer using a super-twisting-based

strategy [21].

4.1. Observer based on adaptive super-twisting strategy
4.1.1. Adaptive observer

The speed estimation method using an adaptive observer is an approach known for the simplicity of its algorithm,
its stability, and rapid convergence, as well as for its performance in terms of accuracy in a fairly wide speed
range. The adaptation law obtained to ensure the convergence of @, to w, is of type proportional-integral; it

is expressed by means of the following relation [22]:

a)r - Kp(ei,mz/;rﬁ - eis/;z&ra) - Kz / (eis(ﬂ/}rﬁ - eisngzjra) (21)

with K, , K; are respectively the proportional and integral gains and

|:eisa:| — |:i;sa - Z‘so¢:|
Cisp isﬁ - isﬁ
The main disadvantage of this technique is that the estimate is less accurate at low speeds. For this reason it

was decided to use the super-twisting technique [22, 23].

4.1.2. Adaptive super-twisting observer

In this section, the PI regulator is replaced by a super-twisting controller in order to guarantee a better estimation
of the rotor speed over all low speeds. The super-twisting algorithm does not require any information on the
value of s (and hence its great practical interest) while retaining good robustness properties. The control law

using the super-twisting algorithm may therefore be written just like equation (11) [16, 19, 24]. Consequently:

U =Vi(t) + Va(t) (22)
with
{ ‘/i(t) = =\ | S |7' S’Lg?’L(S) (23)
Valt) = =Xy [ sign($)

where
S = €isa 1&7’5 - ei,g/j/lLTO( (24)

Thus,
W =—A; | S|" sign(S) — )\p/sign(S) (25)
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5. Speed sensor fault tolerant control

This section focuses on the fault-tolerant control method that relies on the speed estimate obtained by means
of the suggested adaptive super-twisting observer. The measured and estimated speeds are fed into the fuzzy
detection and decision unit in order to detect and reconfigure the faulty speed sensor based on the estimated
speed [11, 25]. The estimation of speed is not influenced by the speed sensor fault. For fault identification, it

is reasonable to write:
Cwr = Wp — L:)r (26)

5.1. Fuzzy detection and decision system

The fault-tolerant control system is displayed in Figure 4. The fault in our case results from a speed sensor
failure. The transition of the command by super-twisting, using the speed sensor, towards the adaptive super-
twisting observer (sensorless control) must ensure the continuity of operation of the system, which in turn
guarantees the continuity of the IM control.

The basic idea is to develop a transition block capable of generating a transition function Up, ; this function is
defined as a linear combination of the speed measured by the sensor and the speed delivered by the proposed

observer.
Ury = (1 — Fy)w, + Fyy (27)

- F,: Transition function obtained from the block based on fuzzy logic.
- F;= 0 there is no problem.

-Fs = 1 there is a problem.

/’

or Fuzzy decision
system

V29N

Figure 4. Architecture of the fault-tolerant controller.

(o H

Transition
function U_
Eq 27

5.1.1. Fuzzy decision block design
The fuzzy decision block receives the two input variables, e and de , and delivers the output variables Fj:

Cor = Wr— ‘Z}r
N 28
{ dz;ﬁ — %(wr — w'f) ( )

5.1.2. Fuzzy rules extraction

A Mamdani-type fuzzy implementation using a max-min inference was chosen. The membership functions
describe the variable along a normalized universe of discourse. The fuzzy variables can be negative great (NG),
close to zero (Z), and positive great (PG), as can be seen in Figure 5 [2, 13]. To make things clearer, some rules

are described below:
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A A A
NG z PG NG z PG AG F
> N N
-1000 0 1000 deor -10 0 10 ¢ 0 1 Fs

Figure 5. Distribution of membership functions of the input/output variables: Left-function of speed error derivative.
Middle-function of speed error. Right-function of fault detector.

- If (ew, is NG or PG) and (dew, is NG or PG), then (F; is F). The extracted rule suggests that in the case
where Als and the error on the speed are negative great (NG) or positive great (PG), then the quantity Fs
(fault detector) is equal to F in this case, and the observer is selected. Therefore, a failure in the speed sensor
engenders a transition.

-If (ew, is Z) and (dew, is Z), then (Fs is G). In this case, no transition is made, which indicates that the
speed sensor is working properly.

-If (ew, is Z) and (dew, is PG), then (Fs is G). In this case, no transition is made since the information on

the speed (e null) indicates that the speed sensor is working properly.

6. Simulation results

In order to test the validity of the controller, simulations were implemented by means of the Matlab / Simulink
software package, for a sample time step T = 10~°s. It is important to mention that the nominal model of the
induction motor and all the constraints to which it is subjected were taken into account. First, the actuator
faults are introduced at ¢t = 2s, and then the fault-tolerant control, with and without the load torque, is studied.
It should be noted that the defect may be the result of a cable break, which means that no information can be
obtained from the rotor speed sensor. The results obtained are presented in the following figures. In order to
assess the performance and robustness of the speed sensor fault detection method, it was decided to conduct
the following two scenarios:

1- Appearance of speed sensor defect at no load.

2- Appearance of speed sensor defect with load torque.

The benchmark was chosen to test the reaction of the fuzzy decision and reconfiguration block at high speeds

and reverse speeds.

6.1. Scenario 1
This scenario was devised to see the performance of the system without the application of the load torque but
in the presence of the speed sensor fault, as shown in Figure 6.

Figure 6 presents the simulation results of the induction machine under super-twisting control, with a
defect on the speed sensor at ¢t = 2 s. It is expected to find the rotor flux at t = 0.2 s, for the zero reference
speed (wr =). Moreover, it is important to note that after a reference change from 0 to 120 rad/s and a reversal
of the speed to —120 rad/s at t = 3 s, the rotor speed r responds very quickly, thanks to the properties of
super-twisting control; in this case, the convergence occurs in a finite time. When the fuzzy decision system

detects the fault, the speed sensor fault (F's = 1) is observed at ¢ = 2 s. The transition to the adaptive
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Figure 6. Performance of speed sensor fault tolerant control at no load- Top-left- Rotor speed (rad/s) versus time
(s). Top-right- Estimated and measured rotor speed (rad/s) versus time (s). Middle-left- Error of speed estimation
(rad/s) versus time (s). Middle-Right- Rotor flux (Wb) nad transition function versus time (s). Bottom-left- Stator
currents in d-q axis (A) versus time (s). Bottom-Right- Electromagnetic torque (Nm) versus time (s).

super-twisting observer ensures a very good continuity of service of the system thanks to a good estimation of
the rotor speed and rotor flux. It can clearly be seen that the difference between the reference speed (w}) and
the controlled speed (w,) is negligible even at the appearance of the default. The current (isq) is not perturbed
by the large changes in the current (is,). Therefore, the simulation proves the presence of a decoupling of the
vector control. Moreover, there is a small noise in the current (is,) when the defect appears and this is certainly
due to the chattering that exists in the estimated speed by the proposed observer. The electromagnetic torque
(T,) is almost zero because there is no applied load torque except there is noise when the speed sensor fault

occurs. The electromagnetic torque is the image of the stator current (is).

6.2. Scenario 2
It is the same test as the previous scenario but with the application of the load torque to see the reaction
of the detection and reconfiguration system. When the same benchmark is used along with an application of

the load torque at ¢ = 1 s, the results of the simulation in Figure 7 are found identical to those in Figure 6.
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The only difference is that there is an increase in the stator current (i5,) and the electromagnetic torque (7p)
because a load torque is applied at ¢ = [1,4]s so there is the call of the satator current (is,). The fuzzy failure
detection and reconfiguration block does not give false alarms, despite the application of the load torque. On
the other hand, with the appearance of the speed sensor fault (Fs = 1) at t = 2 s, the transition to the adaptive

super-twisting observer gives very good results while ensuring the continuity of service of the system.

150 T T T 150

120 —“r | 120} —&r
sol —w, | sol Wrmes |
50t 1 50f 1
o 1 0
120
-50 -+ -50 | 4
-80 4 -80 | 4
“120f -120 |
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-150 . L - : -150
o 1 2 3 4 5 0 1 2 3 4 5
200
1 Fault i 1
. L
100t |Appearance; 1
08} .
0
0.6
-100 | o4 / i S
0.4 - .
o A st and —r
-200 - 1 o2l —F
04
-300 1.99 2 2.01 2.02 0
o 1 2 3 4 5 0 1 2 3 4 5
20 ; . ; - 40
Lsd
10 teq
20t 1
0 ——
(0] hr
-10} .
20} ]
20} .
30 -40 ;
o 1 4 5 0 1 4 5

2 3 "
Time(s) 2 Time(s) 3

Figure 7. Performance of speed sensor fault-tolerant control with load torque. Top-left- Rotor speed (rad/s) versus time
(s). Top-right- Estimated and measured rotor speed (rad/s) versus time (s). Middle-left- Error of speed estimation
(rad/s) versus time (s). Middle-Right- Rotor flux (Wb) nad transition function versus time (s). Bottom-left- Stator
currents in d-q axis (A) versus time (s). Bottom-Right- Electromagnetic torque (Nm) versus time (s).

6.3. Scenario 3

In order to demonstrate the effectiveness and the reaction of the proposed system in this paper at low speed
and in the nonobservability zone (ws = 0), we choose this benchmark with the presence of the speed sensor
fault at t = 2 s, the fault in this case, and with the sensor giving false information. In addition, we applied a
load torque at ¢ = [1,4] s and we got these results: Figure 8 shows the performance of the proposed system
at low speed and in the nonobservability zone. The rotor speed correctly follows its reference even with the

appearance of the fault at t =2 s so F; =1 and application of a load torque of 7} = 8 Nm at ¢ = [1,4] s, and
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the error of the rotor speed is negligible (e, ). The estimated flux (¢),.) follows its reference (1%) and this is
thanks to the proposed observer. A little noise on the (is;) current is seen when the fault appears and even
on the electromagnetic torque (7. ) because of the information on the rotor speed provided by the observer is a
little noisy (area of nonobservability). The results presented in this scenario show very well the reliability and
robustness of the system and this is thanks to the robustness of the observer and the system of detection and

reconfiguration proposed in this paper.

15 0.5 200 F
10 o , JR——;
/ ——Wrmes
5r -0.5 ]
o 2 25 3 | 100} i
Wy
N o T S | [ .. e
| Fault ! Wy
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e e e e e e e e e - — I F ’—‘ —
15 , . . . -10t L . . -
0 1 2 3 4 5 0 1 2 3 4 5
15 05
1k
10 o e _
/ 08rf :
5r -0.5 1
, 196 2 2.04 06
o T r’
R £
|l 04 z’e
-5 [ —
r Fault i %
-10 | I i 4 0.2 s
iAppearance
L |
-15 : : . , 0
0 1 2 3 4 5 o] 1 2 3 4 5
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0 poonten o
-5F 4
-5 -10 :
o) 1 4 5 0 1 4 5

2 Time(s) 3 2 Time(s) 3

Figure 8. Performance of speed sensor fault-tolerant control with load torque at low speed. Top-left- Rotor speed
(rad/s) versus time (s). Top-right- Estimated and measured rotor speed (rad/s) versus time (s). Middle-left- Error
of speed estimation (rad/s) versus time (s). Middle-Right- Rotor flux (Wb) nad transition function versus time (s).
Bottom-left- Stator currents in d-q axis (A) versus time (s). Bottom-Right- Electromagnetic torque (Nm) versus
time (s).

6.4. Scenario 4

Robustness tests were carried out in order to examine the reaction and robustness of the fuzzy supervisor and
the proposed reconfiguration system. The values of resistances Rs and R, were varied in the tests, while a load
torque was applied; the default appeared at t = 2 s. The values of resistances Ry and R, were appropriately

chosen because the variation of Rs influences the controller and the variation of R, influences the observer.
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The tests are presented hereafter:

Tests 1: Ry = (1+20%).Rsn, Rr = Ry -

Test 2: Rs = Rep, R = (14 20%). Ry .

Tests 3: Rs = (14 20%).Rsn, R = (14 20%).Ryr, -

Tests 4: Ry = (1 + 50%).Rspn, Ry = (1 + 50%).R,,,. Figures 9-12 present good results, thanks to the super-

*
o

twisting command, with convergence of w, to w}, in a finite time. The adaptive super-twisting observer

guarantees the continuity of the system when there is a transition after the appearance of the defect at t = 2 s.

*

*) with the presence of the speed sensor fault and even with the

The rotor speed (w,.) follows its reference (w
variations of the stator and rotor resistances. The error of rotor speed (w) — w,.) is negligible during the entire
simulation range. In addition, the fuzzy supervisor is robust to parametric variations, for the variations of R,
and R, separately, and for the variations of both at the same time. This robustness persists even with the

application of the load torque; it shows excellent sensitivity to speed sensor defects.
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Figure 9. Speed sensor fault-tolerant controller Ry = (1 4 20%).Rsn, Rr = Rrn. Left- Rotor speed (rad/s) versus
time (s). Right- Error of rotor speed (rad/s) versus time (s).
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Figure 10. Speed sensor fault-tolerant controller Rsn, Ry = (1+20%).Ryn . Left- Rotor speed (rad/s) versus time (s).
Right- Error of rotor speed (rad/s) versus time (s).

6.5. Scenario 5

A comparison was made in this section to evaluate the proposed strategy with standard sliding mode (first
order) with the benchmark used in scenario 2. In order to show clearly the difference between the two strategies
used, Table summarizes the main performances.

Namely the standard deviation (STD) and the mean value of the rotor speed error (e,,.), stator currents (isq)

2833



KARI et al./Turk J Elec Eng & Comp Sci

150
120} —m—mm—m———mm o __ —wy .
80+ | Fault | ——w, 100F r e
! |
Appearence L
40 L—/Er—) ——————— e 1 %0
0 0
0.2
“40r 50
_80 i
-0.2 -100
-120 F
2 : : 3. : -150 : :
0 1 2 Times) 3 4 5 0 1 2 Fime(s) 3 4 5

Figure 11. Speed sensor fault tolerant controller Rs = (1+20%).Rsn, Rr = (1420%).Rrn . Left- Rotor speed (rad/s)
versus time (s). Right- Error of rotor speed (rad/s) versus time (s).
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Figure 12. Speed sensor fault tolerant controller Rs = (14 50%).Rsn, Rr = (1+50%).R, . Left- Rotor speed (rad/s)
versus time (s). Right- Error of rotor speed (rad/s) versus time (s).

and (isq), and electromagnetic torque (T¢). It should be noted that these indicators were collected over the

entire simulation range.

Table . Performance comparison of the controllers.

Control strategy | Strategy 1 | Strategy 2 | Evaluation Strategy 2/Strategy 1

STD e,, (rad/s) | 5.3953 3.6428 32.49%
STD isq (A) 0.4311 0.2763 -35.91%
STD iy, (A) 2.6648 2.3931 9.51%
STD T, (Nm) 4.5335 4.1029 -9.5%
mean e, (rad/s) | 1.8670 0.2387 —-87.22%
mean isg (A) 1.3935 1.3877 0.42%
mean ig; (A) 3.1759 2.9369 ~7.53%
mean T, (Nm) 7.1589 5.0337 —-29.69%

As explaned below, the STD and the mean values are calculated for the proposed method and the

standard sliding mode. For a such comparison, the following notations will be used:
o Strategy 1 = standard sliding mode controller + adaptive standard sliding mode observer.

o Strategy 2 (proposed method) = super twisting controller + adaptive super twisting observer.
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The STD of the variables are lower for Strategy 2 (proposed method). The reduction is significant —32.49% for
error of rotor speed e, , —35.91% for the stator current i54. Concerning the mean value there is a significant
reduction for error of rotor speed e, —87.22%, —29.69% for electromagnetic torque T,. This last can be
considered an indication for reducing the torque oscillations. The results show very well the advantage of the
proposed method.

7. Conclusion

The present paper proposes a new sensor fault detection and isolation system with a reconfiguration algorithm
for an induction motor based on a robust adaptive super-twisting observer. It is intended to maintain continuous
system operation. Simulation results are presented to highlight the performance of the proposed approach and
to show the robustness of the fuzzy supervisor to the parametric variations. The suggested method shows a
great sensitivity in the event of a defect in the speed sensor. This is the main purpose of the detection and
reconfiguration system proposed here. The proposed strategy (control+ observer) is compared to a standard
sliding mode (control + observer), by considering the scenario 2, through some performance indicators as
standard deviation and mean values. As future work, the authors will concentrate on the stability study in
closed loop of the full system. An important next step will concern the experimental tests of the proposed

strategy by taking into account the low-speed and zero-speed areas.

Appendix
Motor parameters

Rated values:
1.5 kW, 220/380 V, 6.3/3.5 A, 50 Hz, 2 poles, 1430 rpm

Rated parameters:

R,=5.72 Q, R,=4.2 Q, L,=0.462 H, L, =0.462 H, L,,=0.440 H, J=0.049 kg m?, B=0.003 kg m/s.

Nomenclature

The matrices &1(.) and &(.) are read as:

L
- o ) . . e
51 — 1/}7‘ + )\wriﬁr + al"/}r + aglsqg — a3lsq — a41/}7‘ . 52 — o
W 4 A, W™+ asWy 4 agWsisa + (a7 4+ a10)isq + agwr — Agisdisg K
oL, *'T
where
alzii)\w- a2:Lm’y. a3:LmUJ8. a4:LmK, a5:Bnp7>\w
) —— -
T. T, T, T2 J
ag
ag = K1,; ar =ag); ag =ac¥rB; ag=asd,; app= T
r
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s subscripts for rotor and stator

dsq subscripts for d and q axis

o B subscripts for a and [ axis

n subscript for nominal value

Vi voltage and current

UV, Uy flux and nominal value of rotor flux
R, R, stator and rotor resistances

L, mutual inductance

Ly, L, stator and rotor inductances

Ts , T, stator and rotor time constant

o total leakage factor

J moment of inertia

B friction coefficient

Ny number of pole pairs

Te electromagnetic torque

T load torque

0 position of rotor flux

Wy electrical angular rotor speed

Ws synchronously rotating angular speed
Wsl slip rotating angular speed

Q, rotor mechanical angular speed

wr, Wrmes reference and musured rotor speeds
W, 1[174 estimated rotor speed and estimated rotor flux
P, P* flux and its reference
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