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Abstract: In this paper, we present an improved Fault-Tolerant Control (FTC) for an
Induction Motor (IM) system associated with a robust sensor Fault Detection and Isolation
(FDI) filter based on the robust p-synthesis technique. The proposed approach is founded on
the implementation of two robust regulators and a performance indicator obtained using
robust analysis tools (the structured singular value p). The FTC is configured by switching
between these two regulators, one ensures IM operation for a multiplicative fault and the
other for additive faults. The indicator permits the extraction of the optimal FDI/FTC pair
for a given application and set of specifications. Simulations of the FDI and FTC schemes of
the induction motor are given to verify the effectiveness of the proposed method.
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1 Introduction

Various industrial applications of induction motor torque and speed drives require
extremely strict specifications where static and dynamic performance must be very
high, which necessitates an advanced robust control algorithm [1]. One of the most
popular control strategies for IMs is the Field-Oriented Control (FOC) technique
[2]. However, the performance of this technique is still influenced by uncertainties,
which are usually composed of external load disturbances, parameter variations,
and unmodeled dynamics, particularly when classical PI(Proportional-Integrator)
controllers are used. To overcome these constraints, several advanced control
techniques have been developed. Robust control methods, such as Sliding Mode
Control (SMC) [3] and H-infinity control(Hoo) [4], [5] are frequently employed to
improve system resilience in the face of uncertainty. Alternatively, adaptive
strategies that optimize PI gains in real-time have gained popularity[6-8], including
Gain Scheduling PI Controllers [9], as well as intelligent control techniques such as
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fuzzy logic, neural networks and genetic algorithms, [10]. All the mentioned
techniques have their advantages and disadvantages to address the issue of
robustness.

The H-infinity control strategy appears to be a promising solution to these problems
[5]. An extension to the Hoo optimal control technique known as p-synthesis
controlwasintroduced in the early 1980s by [11] to provide a general framework for
solving the problem of robustness analysis in the presence of uncertainties and
disturbances [11], [12].The stability margin in front of a perturbation is typically
obtained by calculating the structured singular value ().

In addition to the problems already mentioned, high-performance FOC induction
motor drives depend primarily on the quality of feedback information from sensors
[1], [13]. Nevertheless, this control method requires the speed sensor to correctly
determine the orientation of the rotor flux vector. A faulty speed sensor causes
significant performance degradation and even instability in the system.
Consequently, it is important to design a class of controllers to compensate for fault
effects and guarantee system stability with acceptable performance. This type of
control strategy is called the Fault-Tolerant Control System (FTC) [13-14].

The FTC is characterized by its ability to maintain acceptable performance of
control systems under different situations, including nominal and faulty conditions.
A fault-tolerant control system can automatically accommodate faults that may
affect its various components [14]. The FTC methods can be classified into two
types, namely passive and active approaches[15]. In the passive approach, the
controller is based on robust control theory and ensures that the closed-loop system
remains insensitive to the occurrence of certain faults. Reliable control techniques
[16]are also included in the passive approach. In the case of an active approach, the
objective is to ensure the control systems when faults occur through accommodation
and control reconfiguration[13], [15]. In this context, a fault detection and isolation
(FDI) algorithm has a very important role in control reconfiguration. FDI methods
can be classified into two main categories: signal-based and model-based strategies
[13]. Model-based FDI strategy has a wider range of applications than signal-based
FDI and consists of two steps: residual generation and residual evaluation through
a decision system[1], which has the role of determining if the residual is significant
to decide whether a fault exists. However, the important problem that arises when
synthesizing a model-based monitoring system is to guarantee residual robustness
to uncertainties such as system deviation, disturbances, and unknown nonlinearities.
Thereby,achieving a high detection rate with a lower false alarm rate and to separate
between default effects and the effects of uncertain signals and disturbances.
Several approaches of fault-tolerant control applied to differentelectrical systems
have been proposed in the literature [16-18].

Encoder speed feedback is critical for torque regulation in induction motors that
apply the field-oriented control strategy. When speed sensor faults occur, they must
be detected and corrected quickly to ensure consistent performance. The concept of
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a fault-tolerant sensor has garnered significant attention in recent times. In [19], a
logic-based method compares measured or reference speed to estimated value using
stator currents in a vector-controlled IM drive. [20] employs state augmentation and
system transformation to decouple sensor fault variables and achieve fault-tolerant
control. In [21], the authors developed a diagnostic algorithm using sliding mode
observers and current spectral analysis to identify sensor and induction motor faults.
[22] describes a FDI strategy based on a Takagi-Sugeno (T-S) fuzzy model that
provides reliable fault estimation. Although these methods reduce fault effects, they
often neglect issues related to parameter variations and external disturbance,
especially in decoupling faults from perturbations in residual signals despite the use
of robust techniques like T-S fuzzy and sliding mode control.

To address speed sensor faults with the problems mentioned, [23] suggests two
active FTC schemes. The first is a hybrid control system with a PI controller under
nominal conditions and an Hoo loop-shaping controller activated upon fault
detection through residual signal analysis. The second is a generalized internal
model control (GIMC) scheme that allows for natural reconfiguration. The hybrid
approach suffers from transients and poor dynamics during fault-induced switching,
whereas the GIMC provides better transition performance. However, neither
approach considers the impact of parameter changes or load disturbance. To
improve robustness, [24] proposes a scheme that includes three speed controllers
and a voting algorithm. This algorithm selects the most appropriate controller output
and functions as an implicit FDI mechanism, increasing fault tolerance in the
presence of parameter uncertainties and sensor faults.

Controllers based Hoo also offer good performance in both steady-state and transient
operations, even in the presence of parameter variations and disturbances. For this
reason, in this work, we chose to use the extended Hoo control (p-synthesis) to
develop a fault-tolerant control strategy for IM based on robust fault estimation and
compensation of sensor speed faults for an induction motor. The main idea in this
work is to use a reconfiguration control law mechanism to accommodate speed
sensor faults and to maintain tracking performance by using two robust controllers
and a p-synthesis filter. In comparison to [23-24], the following are the main
contributions in this paper:

In [23-44],the authors used a PI controller in normal operation. In the present work,
a robust mu-synthesis control is used against parameter variations, load torque
disturbances, and multiplicative faults. As a result, the nominal control is robust and
able to operate in the presence of multiplicative faults without activation of the FTC
control.

To design p-synthesis controllers, the parameters of weighing functions are adjusted
by the algorithm proposed in [25] to overcome all IM control situations (normal or
faulty), as opposed to [23], where these parameters are fixed.

In [24], authors propose a complex FDI structure because the voting algorithm
needs information from the inputs of the speed sensor and two observers (virtual
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sensors) to decide between the three controllers. In our work, the FDI used a robust
filter capable of detecting and decoupling faults and disturbances to avoid false
alarms.

Following the introduction, this work is organized as follows: The proposed fault-
tolerant strategy is described in Section 2. In Section 3, the IM direct rotor field
orientation control is presented. A brief description of p-synthesis theory is offered
in Section 4. Two robust speed controllers for faulty situations are developed in
Section 5. In Section 6, an Hoo descriptor fault detection filter-based p-synthesis is
formulated. Simulation and results are reported in Section 7, and conclusion is given
in Section 8.

2 Robust Fault Tolerant Structure

The proposed active fault-tolerant control system only considers speed sensor
faults, which can degrade overall performance and stability. The main parts of this
FTC structure are:

e Reconfigurable control consists of two robust speed controllers based on the
p-synthesis approach: K,i(s) is designed for structured uncertainties and
multiplicative faults, and K,o(s) is considered for active missions and
attenuation of constraints.

e Robust fault detection and isolation unit: it focuses on developing an efficient
FDI system to detect and isolate sensor faults, generate alarm signals, and
reconfigure the control law to maintain stability and performance by
switching between K,.i(s) and K,u(s).

e A residue ry delivered by the FDI unit serves as a fault indicator.
Consequently, K,o(s) is activated only when an additive fault is detected and
the residue exceeds certain limits (threshold th):

{if”rf” <th only K, (s) is actived
L'f||rf|| =th only K,,(s) is actived

(1)

The schematic diagram of the fault-tolerant control applied to the induction motor
is illustrated in Fig. 1. In the following sections, each part of this block diagram will
be developed.
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3 Direct Rotor Field oriented IM Dynamic Model

The nonlinear induction motor model in a d-q synchronously rotating frame can be
determined by the voltage and flux equations of the stator and rotor [1], [2].
The direct rotor field-oriented control (DR-FOC) design, only the rotor equations
and the electromagnetic torque are exploited:

H Lm . 1
Orqg = T_T: lsa — T_rd)rd + wsl¢rq

; Lm . 1
=—lgg — = —w
¢rq T, sq T, ¢rq sl¢rd (2)

S MNp Ly , . fv 1
Q_TL_r (¢rd-lsq - ¢rqlsd)_7-ﬂ_7Tl

wheregq and ¢ qare the -d and -q axis rotor fluxes; isq and isq are the -d and g-
axis stator currents; R, is the rotor resistance; L. and L, are the rotor self-inductance
and mutual inductance; T, = L./R; is the rotor time constant; n, is the pole-pairs
number; J is the inertia moment; f, is the friction coefficient; Tjis load torque
considered as an unknown disturbance; wg, w, and wg = ws — w, are the
synchronous, rotor and slip angular speed, = w, /ny, is the mechanical speed.

The rotor field-oriented control of an induction motor requires that the rotor flux

vector [q>rd, q;rq]t is forced on the d-axis (¢rq =0, drq = ¢) , Where ¢, must
track the reference rotor flux ¢y [2].

To achieve the classical DR-FOC control objective, two conventional PI controllers
are applied to control speed and rotor flux. In this work, the speed controller type
PI is replaced by the robust controller (K,i(s) or K,o(s)). The DR-FOC is not robust
against parameter variations and sensor faults, on the other hand. The frequency
approach to p-synthesis is a very interesting method to have acceptable performance
in the presence of parameter variations and faults. In this work, only the rotor speed
loop is used to build the proposed FTC.

—
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Figure 1

Structure of the proposed robust active FTC control of the induction motor
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4 Speed Controller-based p-synthesis Technique

Both robust controllers of rotor speed (K,i(s) and K,»(s)) based on the p-synthesis
technique, using the D-K iteration algorithm, are developed to design and assure
reconfigurable robust sensor fault-tolerant control of induction motor (see Fig. 2).

Next, each regulator K,i(s) and K,i»(s) is synthesized and designed independently.

1 Q
Js+fo

~N

Swit-:c_hi.ng
mechanism

Figure 2
Reconfigurable rotor speed loop

4.1 Robust Speed Controller against Multiplicative Faults

A robust speed controllerK,,;(s) via p-synthesis technique to guarantee closed-loop
stability and performance under uncertain parameters, unknown disturbance (load
torque) and the time delay is designed in Fig. 3.

u

T K,
ﬁ ul

Closed-loop interconnection structure for K,,i(s) controller

Figure 3

where, T = Q" is the reference input, d= T, is the unknown disturbance, Z =
[Ze Z,]"is the output vector of the interconnection matrix, e = (* — Q is the input
of controller (error speed), u = Tg is output of controller (the torque reference) and
y = Q is output signal. W,, W, and Wy are weighting functions used to shape the
closed loop system responses according to the robust performance and stability
margin requirements. P, (s)denotes the nominal open-loop interconnected transfer
function. Ag(s)is the structured uncertainties bloc, (we limit our analysis to
mechanical parameters: coefficient of friction and inertia moment, the electrical
parameters are assumed to be known). A, (s) is the unstructured uncertainty bloc.
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The closed-loop interconnected structure in Fig. 3 is represented in general standard
block diagram of a robust control in Fig. 4a, where A, = diag(dp, As). To ensure
that the designed controller achieves robust performance, we introduce a fictitious
uncertainty block Ar as shown in Fig. 4b.

P,1(s) is the nominal open-loop interconnected transfer function matrix, which
includes the nominal system model and weighting functions,with input vector

Ze

Zy

e yl":

[Vap Vsk Vsa T d ul]'and outputvector [Zap Zsk Zsa
” 0 o o W 1
P 0 0 Wq 1
WpG G G 0 -W,6 G
Pu(s) =|-WWG —-WeG —W.G W, ww,c —WeC 3)
0 0 0 0 0 W,
-W,G -G -G 1 W,G G
W,G 0 0 0 -wi G

P,1(s) is the nominal open-loop interconnected transfer function matrix, which

includes the nominal system model and weighting functions, with input vector
ze z el Y]t is

[Vap Vsk Vsa T d u]'andoutputvector [Zap Zsk Zsa Zy
given by equation (13).
— Auals) — .
= . [AF ‘
Vap o | - 5 |
- ) [
{fva a—» | P/I[ (S ) l > Zsa
wi ~ —l—— N nab AW
= e s R TR | R
i ! ;
- Kuuls) [ : @) _>: Nufs) :—
I—C ___ Y
Figure 4
Standard N-A configuration for p-synthesis
M(} 0 o o W 1
P 0 0 0 Wq 1
WpG G G 0 -W,6 G
Pu(s) = [-WeWpG  —WeG —WeG W, w,w,6 —WeG (4)
0 0 0 0 0 W,
-W,G -G -G 1 W,G G
W,G 0 o 0 -w, G |

The close loop system N,,; (s) is defined by:
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_VVpTAul _TAul _TAul Kp.lsAul WdTAul
VVpSAul _TAul _TAul KulsAul _WdSAul
Ny ()| WpSauaG GSpp1 GSpp1 Tpu WaGSau1 |(5)
WeGSauiWp  —WeGSpur  —WeGSpun —WeSppn - WeGSpnWa
WuTA;I.le _VVuTAul _VVuTAul WuKulsAul WuTAMIWd

4.1.1. Structured Uncertainties of IM

Structured uncertainties Ag(s) are determined via interval bound by unknown
parameters [5]. The open-loop transfer function of induction motor speed is given
by:
k
G(S) = a (6)
fy

1
where, k = 7 anda = T

The uncertainties in the "k" and "a" parameters are represented by following

expressions:
{k = ko(l + ek5k) (7)
a=ay(1+e,6,)

ko and ag are the nominal values for the parameters "k" and "a". Values ey and e,
represent the percentages of variation around the nominal values and &y, §, are the
normalized uncertainty variable such that: |8 | < land|§,| < 1.

The following diagonal matrix represents structured uncertainties.
6, O
56 =¢ 5 ®)

4.1.2  Unstructured Uncertainties of IM

Unstructured uncertainties Ap(s) are used to model the system's dynamic
perturbation, such as unmodelled high-frequency dynamics and they are available
in two forms: additive and/or multiplicative [12]. The neglect time delay can be
interpreted as a multiplicative uncertainty, as shown in:

Go(s) = G(s)e™ = G(s)(1 + W,(s)4,(s)) 9)

where, Gg(s) represents an uncertain model, G(s) is a nominal model and W}, (s) is
the upper bound of the multiplicative uncertainty deduces by using the first-order
“Padé-approximation”[5]:

|4, <1 (10)

TmsS |
1+Tm.5/2"

Wy (s) =

where, T is the maximum neglect delay time.

Finally, the uncertainty matrix can be written as follows:
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§ 0 0
Bu()=[0 & 0 (11)
0 0 4,

In terms of the (N-A) structure in Fig. 4, the requirements for stability and
performance (SP) can be guaranteed via theorem given by [26]. Consequently, to
achieve robust performance (RP), the stabilizing controller K ; (s) should minimize

using equation. (10):
mawa]R/,t4|Nul(iw)| <1 (12)

The criteria (12) cannot be definite except if the nominal performance condition is
proved and the following performance criterion is satisfied:

We(s)-SAm _We(s)-G-SAul-Wa(s)
Wu(s)-Kul'SAul Wu(s)-TAul'Wd(s)

Where, (Sp,1(s)) and (Ty,1(s)) are the sensitivity and complementary sensitivity
functions respectively for the nominal system defined as follows:

{sm(s) =1/(1+ K (5)G(s))
Taa (8) = Ku ()G (5)/ (1 + Ka ()G (s))

<1 (13)

(14)

4.2 Robust Speed Controller against Multiplicative and
Additive Faults

The closed-loop interconnection structureof the K, controller is shown by Fig. 5,

which considers faulty conditions, external disturbances and model uncertainties
and can take the similar standard (N-A) configuration of Fig. 4, where 4, ¢presents
a multiplicative faults matrix:

S,r O
By =g, (15)
w, ZE}Z

Multiplicative sensor fault
Wy T i
‘ v Zsf Ysr |
: ;
+ 4 :
: H

Closed-loop interconnection structure for K,x(s) controller

The nominal open-loop P, (s)determined by equations (16) and (17)
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W, 0 0 0 0 1
P 0 0 (O 0 1
WG G G 0 -W,G 0 G
Pp(s) = [~WpWeG —W,G -W,G W, wow,c —WeWra —WeG| (16)
0 0 0 0 0 0 W,
_VVpG -G -G 1 _WdG _Wfd -G
W,G G G 0 —wG 0 G
The lower linear fractional transformation No(s) is given by:
Np_z (S)
_VVpTAp.Z _TAH.Z _TAuz KH.ZSAMZ _SAV.Z' Wd Kuz SAH.Z Wfd
VVpSAuz _TAuZ _TAMZ KuZSAul _SAuZ Wd - uZSAuZ Wfd
= GSA;/.Z GSA;/.Z GSAMZ TAuZ _GSAH.Z Wd _TAuz Wfd

~WoGSa oWy —WeGSnuo—WeGSppz WeSapz  WeGSapoWa  —WeSpu2Wra
_WuTAMZWd _WuTAp.Z _WuTAMZ WuKMZSAuz WuTAMZWd _WuKMZSAp.ZWfd

(17)
The desired conditions of nominal performance are well achieved if the following
condition is satisfied:
VVe(S)-SAuz VVe(S)-G-SAp.Z-Wd(S) _WQ(S)-SAuz-Wfa(S)

<1 (19
Wo(S). Ko Spgr W) oz Wa(s)  —Wi(5). Koo Sy Wra()|| < 1 19

Weighting functions selection is a critical step in the development of robust p-
synthesis -synthesis control in order to attain the robust performance objectives of
both controllers K ;; (s), and K ;5 (s).

5 Weighting Functions Selection

The choice of weighting functions and the closed-loop system design specifications
are mutually dependent. These functions have a physical interpretation that is
associated with the desired closed-loop behavior, according to Fig. 4 and Fig. 6 and
to achieve robust and stability performance of the induction motor, weighting
functions should be properly selected in advance in order to find both controllers
K.i(s) and Ko(s). The weight W, 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 external
disturbances and Wgy is chosen to achieve the system robustness objectives with
respect to additive faults.The control problem is reduced to designing a controller
that minimizes the weighted signals as much as possible. We can clearly see from
criteria (13), (19) and properties of the norm Hoo stated in [5], that closed-loop
sensitivity functions Sa,q2, KSap1,2) GSapr,2 and Tpyq, are constrained by
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desirable templates. Consequently, checking specifications is equivalent to testing
conditions (13) and (19).

Weighting functions of various types (gain, first order, etc.) can be selected and
provide general guidelines for selecting the most suitable weight functions as given
in [27], [28]. In this paper, the choice of weighting functions is given by:

1 o.Me
We(s) = M_e'?::)e.se

_ i
Wuls) = — - (20)
Wa(s) = Bq
Wfd (s) = ,de

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.

5.1 Adaptation to the Weighting Functions Parameters

The D-K iteration is performed for a variety of weighting functions that provide an
appropriate balance between robustness and system performance. In the majority of
studies, the selection of these weights is founded on the method proposed in [27],
[28] and the final selection weighting parameters are often the result after a long
process of trial and error. The main disadvantage of this approach is that when
system model parameters change or a fault occurs, the desired robustness level and
detection performance are not achieved, consequently, weights must be readjusted.
An automatic weighting function selection algorithm suggested in [25] is used in
this work to optimize these weights by introducing judiciously weighted function
parameters. It is an iterative algorithm using initial weighting functions that reflect
the desired performance specifications. The objective of this algorithm is to adjust
the weighting function parameters until the various performance criteria specified
in the robust control are satisfied. According to the robust stability and performance
criteria, the algorithm detects a minimum structured singular value (p) to have an
appropriate response.

The initial parameter weighting functions are determined by:

0.3326.5+3.952
We(s) = 5+0.01875

8.1055+9.032.10°
Wu(s) = = igrsaoe 21
W,(s) = 0.31

Wyq(s) = 0.01
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K.i(s) and K,o(s) are optimized by D-K iteration using the “dksyn” Matlab function
and reduced to 3rd order via Hankel-Norm approximation with reasonable stability
margins, as shown in Table 1.

Table.1
Stability margins obtained by robust regulators K,,(s) and K,(s)
Phase margin Gain margin
K2 (s) 66.8° 444 dB
Kyi2(s) 66.5° 31dB

K.i(s) and K,o(s) are given by:

15,84 s2+116 s+2,573

K, (s) = 22

”1( ) 53+88,1652+3,604 5+0,03654 (22)
8,478 s2+7,833.10%5+5,761.10°

KMZ (S) = 3 2 5 (23)
s34890,5 s2+2,834.1055+5305

At low, medium, and high frequencies, Figs. 6 and 7 show how the selected
templates influence the different transfer functions. The desired conditions of
nominal performance (13) and(19) are achieved. The sensibility functionsshow a
very low gain, which implies perfect tracking (error =0) and good disturbance
rejection. Ty, have a very low gain at high frequencies, which give very good
attenuation of multiplicative faults. K,;,S5,1, are not constrained at low
frequencies, but a constraint is imposed at high frequencies. The upper bound on
GSay1,2 closely resembles the objectives imposed by filters W, W, and Wy,
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Minimization of sensitivity functions (SA,, TA,» and SA,». KA,») in Case of regulator K,»
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6 Fault Detection and Isolation (FDI)

Model-based FDI methods require a mathematical model representing the behavior
of the system. However, an accurate and exact model of a real system cannot be
obtained. This can be caused by a number of factors, including an unknown
disturbance structure, various noise effects, and uncertain variables. The term
"robustness residue" refers to FDI methods that can account for model uncertainty
of this type [13]. As a result, the residue is a fault detection signal that corresponds
to the difference between the nominal system model and the fault model. The fault
estimation can be taken as residue. In order to detect the moment when a fault
appears, this residue must be compared to detection thresholds. Model uncertainty
can cause either false alarms or missed alarms, therefore, this uncertainty must be
taken into account when performing the FDI. In this paper, a robust diagnostic filter
synthesis method is designed using the approach of p-synthesis.

7.1 p-synthesis Fault Detection Filter Design

The design of a robust fault detection filter is typically an optimization problem
with the following maximization criterion [29]:

_ lrrmrpao]

Jope = [Tamr G ||c>° (24)

The robust problem is equivalent to the Hoo norm minimization problem:
min||Td_rf(ju)) ||00 and the requirement for robust fault sensitivity can be expressed

as the criterion: max”de_rf(ju))”w.

where, Tq_, is the transfer function from the disturbance to the residual rrand Tg, ..
the transfer function from the default to the residual. We can also define the
estimation fault f4. The difference between fy and fy, is denoted by z;.. The FDI
filter synthesis problem is described by an augmented model represented in Fig.

11a.
j A, (s)
[fd J fa z {fd > Pq(s) Zr

i~ Pal® = FO) 40
I Ja .1,-

(@) (b)
Figure 8

3

1V
=D
=

Scheme of the FDI filter and standard form using the H,, /p-synthesis
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The residual signal 75 (s) considered in this paper has the following form and was
proposed by [30]:

17(s) = Hy(s).y(s) + Hy(s). u(s) (25)
According to equation (25), Hy and H, take the following forms [29], [30]:
{Hy (s) =F(s)

Hu(s) = F(s). Gy (s)

G, (s) is the transfer function from input u(t) to output y(t).

(26)

The objective is to realize a robust filter F(s) with a fault indicator that is only
sensitive tofaults. F(s) is synthesized to maximize the smallest singular value of the
transfer function between fy and T (sensitivity constraint) and to minimize the
greatest singular value of the transfer function between d and T; (robustness
constraint). Preferably, the residual should be zero in healthy operating conditions
and significant in the presence of a fault.FDI filter using H,, /p-synthesis (Fig. 8a)
can take the same standard form of p-synthesis problem as Fig. 4, which is
illustrated in Fig. 8b.

Hence, the augmented model of interconnect diagram is defined as follows:

P(s) =F ((Pﬂs)’A”(s)) - [Gfd_ld(s) Gd—Z(S) _01]

Gr,_,(s) and Gg_a(s) are uncertain functions. The obtained FDI filter is given by

27)

the flowing expression:

4,76.102
108,2 s2+678,6 s+131,9

F(s) = (28)

8 Simulation Results

In order to validate the proposed FTC strategy performance shown in Fig. 1,
simulations have been carried out for an induction motor using
MATLAB/Simulink; two different tests are considered. Parameters induction motor
of 5 (kW), 220 (V) and 7.5 (A) are: Re=1.78 (), R; =1.68 (L), Ls=0.295 (H),
L~=0.104 (H), Lm=0.165 (H), J=0.01 (Kg. m?), £,=0.00027 (Nm s rad™).

8.1 Test 1: Performance of Kui(s) and Ky(s

In this test, the FDI mechanism is not connected; only the DR-FOC control is used.
This study compares the performance of K,i(s) and K,»(s) controllers to identify
their respective advantages and disadvantages. Both controllers' responses are
observed under a variety of operating conditions, including a step change in load
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torque and faulty conditions. The rotor speed is fixed at 1450 (rpm). Figs. 9 and 10
show simulation results for K,i(s) and K,(s).
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A rated load torque is applied at t =1 s, followed by a multiplicative fault (variation
of J and f,) at t =5 s, and finally an additive fault (noise speed sensor) is introduced
att=10s. We can observe:

e  When a multiplicative fault was applied, the reaction to this fault in both
controllers is rejected.

e DR-FOC is not robust during the application of an additive fault at t =10 s
when K,(s) is used, but it is robust in the case of controller K,o(s).

8.2 Test 2: Performances of Proposed FTC

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

e The reference speed and rotor flux are maintained at rated speed (1450 rpm)
and 1 Wb respectively with load torque applied at 1 s.

e An abrupt variation of mechanical parameters (J =], +20%], and
f, = fy0 + 30%.f£,) is applied (multiplicative fault) at 6 s.

e A speed sensor noise N (0, 10) (0: mean and 6=10 rad/s=95.5 (rpm) is the
variance) is introduced as an additive fault at t=10 s.

e The switching between K,i(s) and K,o(s) is delayed for 2 s at 10 s <t <12's
(at 12 s the K,»(s) is activated).

e A threshold is selected at th=0.15 to avoid false alarms. To extract the useful
residual signal, a low-pass filter (LPF) is used.

The plot Fig. 11a presents the estimated fault, and Fig. 11b depicts the residual
without and with LPF. The residual has excellent robustness to external
disturbances (load torque), a multiplicative fault, and high sensitivity to an additive
sensor fault.

The results presented in Fig. 12 show the effectiveness of the suggested FTC
method against multiplicative and additive sensor faults. In the first part (0 <t <12
s), only the controller K, is activated. A multiplicative speed sensor fault appears
at t=06 s, we can see that the speed, the electromagnetic torque, the two components
of stator current, and the two components of rotor flux are unaffected, but after the
additive fault appears at t=10 s, high ripples appear in these signals. As a result, at
t=12 s, the information issued by the FDI block is used by the FTC reconfiguration
control law to compensate the fault. In the second part (12 s< t <18 s), Ko is
activated to reduce the effect of the fault by eliminating ripples.

Simulation results show clearly that the proposed active fault-tolerant control using
mu-synthesis provides highly satisfactory performances in terms of robustness
against noise (harmonics reduction), disturbance (load torque), system uncertainty,
and parameter variations. We can notice that the residue is insensitive in the
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presence of multiplicative faults and disturbances Fig. 1 (the residual error is
approximately zero). Results have confirmed the effectiveness of the robust residual
error generation fault detection based p-synthesis.
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Fault estimation and residue evaluation

Simulation results show clearly that the proposed active fault-tolerant control using
mu-synthesis provides highly satisfactory performances in terms of robustness
against noise (harmonics reduction), disturbance (load torque), system uncertainty,
and parameter variations. We can notice that the residue is insensitive in the
presence of multiplicative faults and disturbances Fig. 1 (the residual error is
approximately zero). Results have confirmed the effectiveness of the robust residual
error generation fault detection based p-synthesis.
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Simulation results show clearly that the proposed active fault-tolerant control using
mu-synthesis provides highly satisfactory performances in terms of robustness
against noise (harmonics reduction), disturbance (load torque), system uncertainty,
and parameter variations. We can notice that the residue is insensitive in the
presence of multiplicative faults and disturbances Fig. 1 (the residual error is
approximately zero). Results have confirmed the effectiveness of the robust residual
error generation fault detection based p-synthesis.

Conclusions

In this paper, a robust fault-tolerant control for IM based on a robust FDI diagnostic
filter ensuring operation with acceptable performance is presented. The proposed
FTC approach is based on the Hoo/u-synthesis technique in order to eliminate the
effect of speed sensor faults. Therefore, we can conclude that the frequency method
p-synthesis allowed us to synthesize a robust FDI diagnostic filter tolerating an
approximate decoupling of the exogenous residue disturbance and sensitizing only
to the fault in additive form.Thus, offering a robust active FTC control configurable
law that admits a means of transition between two robust controllers: Simulation
results show that the proposed algorithm can successfully detect, isolate, and
identify sensor faults in the presence of perturbations and uncertainties.
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