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Abstract: This paper presents an active fault tolerant control (FTC) strategy based on the estimated fault information
for a double star induction machine (DSIM) to compensate for faults effects and thus improve tilgyrelieb
availability of the machine. The DSIM is powered by two thpbase voltage source inverters (VSI) using pulse
width modulation (PWM). A defective dynamic model of DSIM in the rotating synchronauaime with a field

oriented control strategg developed. The proposed FTC design is based on a backstepping control (BSC) using a
nonlinear Thau observer with an adaptive fault estimation law. The Thau observer is used for fault detection and
fault reconstruction at the same time. After that, thmeation value of the faults effect is introduced directly into

the control law in order to guarantee the stability of the machine in post fault. The sufficient condition for the
stability of the closedoop system (machine + observer) in faulty operaisoanalyzed and verified using Lyapunov
theory. Finally, the efficiency and robustness of the proposed FTC approach are validated in steady state by a
numerical simulation developed in MATLAB / Simulink. Obtained results show that the proposed FTC prvide
strong fault tolerance where all closkedp system signals are bounded and errors converge to a small neighborhood
of the origin.Simulation results in healthy affiaulty conditions confirm the reliability of the suggested framework

Keywords: Double star induction machine, Backstepping control, Fault tolerant control, Nonlinear observer,
Stability.

such as: reliability, power segmentation and higher
1. Introduction efficiency. DSIM has a greater fault tolerance; it can
continue to operate and maintain totg flux even
with openphase faults thanks to the greater number

machines (MIM). It has been selected as the bes f degrees of freedom that it owns compared to the

choice because of its many advantages over its reephase machines [1]. Nowadays, motors
. ; 0 .
threephase counterpart. The DSIM has beenmstalled in the industry represe®® % of squirrel

i : cage induction motors because of their ynan
p_roposed for dierent fields of _mdustry_ that n_eed advantages, but because of their continuous use,
high power such as electric hybrid vehicles,

locomotive traction, ship propulsion and man otherthey are subject to different types of faults: about
applications wheré th%psaaet Comigk IIitionyis 40 % to 50% are bearing faults, % to 10% are

ppIl y . _severe rotor faults and 30% to 40% are stegtated
required such as aerospace and offshore win

energy systems. DISM not gnlguarantees a Ui [2]

. Bearing fault (BF) is a defect idifferent parts
decrease of rotor harmonics currents and torque : ;
of the bearing, such as the inmaceway, the outer

pulsations but it also has many other advantagez%lceway the rolling elements and the cage, the
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The double star induction machine (DSIM)
belongs to the category of multiphase induction
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~ 50% compensation of speed and current sensor faults in
field oriented M drives; the novelty in these
approaches is that they do not use any type of
machine model and motor parameters. Pegsents
1 stator faults an improvgd sliding mode based faults detection,
I rotor faults reconstruction and fautblerant control scheme for
Bl bearing faults motor systems with typicalactuator faults, a
Figure.1 Faults reparation for classical induction nmoto  standard sliding mode observer is used to detect and
. . o reconstruct the unknown faults presented in the
occurrence of the BF.'S QUe to impurities |n5|g|e of motor model, this combination guarantees tolerance
the bearing, loss déibrication or wrong installation 1, 3 \yide class of total additive failures. This paper
[3]. Broken rotor bar (BRB) fault can be caused by yresents a fault tolerant cooltscheme based on the
failures in the rotor fabrication process, overloadsTy,, gbserver for backstepping control of a double
(mechanical stress), mechanical cracks or thermali,. induction machine. The three main steps
stress [4]. The most common fault in the stator;, qved in the proposed FTC design are fault
windings is the inteturn shoricircuits (ITSC).  getection, fault estimation and, finally, fault
Usually, ITSC faults are caused by insulation oo mnnensationcompared to recent work reped in
failures, mechanical stress, moisture and partiakye |iterature, the contributions of this paper are

discharge [5]. The occurrence of the faults yeqented under different aspects such as: fault
mentioned above can cause serious damage chodeIing, control strategy, type of machine
DSIM and related equipment and can ceijalead processed and type of fault:

to a sudden shutdown of industrial processes
causing significant economic losses. For this reasom”
there is a major benefit to developing faults tolerant
control that compensates the fault efféidtie FTC

schemes enable a machine to continue oipegrat
with an acceptable performance even in the presen
of faults, over the past decades, researchers ha
classified FTC approaches into two types: passiv
fault-tolerant control (PFTC) and active fault

tolerant control (AFTC). PFTC uses robust control 'ﬂThhe cogzgatlonfif tge kate]Pp'?tgt ?ontr?l ansl |
techniques to ensure system insensitivity to closeaI € SEIVeD o design a fault tolérant contro

loop faults. It can maintain the stability of the scheme for DSIM in presence of the faults. ,

system when the fault occurs. With PFTC, theTCOmpare d t 0 .[S 70bust8)t}serverpsh e T
system continues to operate with the same controllel'Sed for odine fault estimation and compensation,

and system structure, usually; this technique is use&“m'natmg the need for a faukietection and

in the case where the diagnosis of the fault is'Solation module. ,

difficult to obtain. The PFTC does not require any 1¢ompared to the work done in [9, 10], the

fault detection and diagnosis system or controller@PPlication of the proposed FTC on a DSIM is more
reconfiguration. AFTC is based on online fault 2dvantageous because nowadays the multiphase
compensation and requires online fault information,!nducnon machine is more used than the traditional

therefore this approach needs reconfiguration basednduction motor in several importarareas of the

on the information provided by the fault detection INdustry. _
and identification (FDI) block [6]. fCompared to [1, 11], the degree of severity of the

FDI in any active fault tolerance strategy is an fault dealt with in this paper i; more im_p_ortant since
important area of research nowadays. [7] proposes §P€n phase fault tolerance is a specific feature of
fault-tolerance control $eme for DTC of induction Multiphase machines thanks to the high number of
motor (IM) drive against the current sensor failures,Phases that belong to it
the sensor fault is identified by a thidifference  TUnlike the passive FTC presented in [12], the
operator (TDO) and the current corresponding to thgProposed control structure is not bounded and can
faulty phase is estimated by a fHirkage observer, ~Simultaneously compensate for three different faults
after the failure a decisiormaking logic circuit without information of their upper bounds, such as:
automatically selects the correct current signal tobroken rotor bar fault, stator fault and bearingtfaul
ensure continuity of operation of the drives. [8] TAs stated in13] A A Recent approac
introduces new schemes for detection, isolation, andvith uncertainties is based on the use of sliding

The fault nodeling method is based on the motor
current signal malysis MCSA) method, which
avoids the use of additional hardware.

gThis work consists in proposing a new control
c ) :

Vstrategy to improve the dynamic performance of the
Jouble ‘star induction machine, especially in case of
efaulty operation.
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mode method to enhance the robustness of FTCs.

However, the problem of FTC design on SMC
schemes is still in its early stage of development

589

Tablel. Symbols and notations

Symbol

Notation

h

Angle between the stators

and a few radts have been reported in the
l'iteratureo. I n this c
existing results, the systemic design of the FTC

scheme in this paper focuses on very simple
structure, more sensitive detection and a quicker

compensation procedure.

This paper is organized as follows: In section 2,
the dynamic model of DSIM in healthy condition is
given. In section 3, a defective model of the DSIM

is presented. An adaptive Thau observer for faults
estimation is introduced in section 4. The proposed

FTC design is carried out in section 5. Simulation
results are presented and analyzed in section

Angle between rotor and statorl

5

,g(
(9]
(7]
—

Stajoril goltagesgampoinentse r i

Stator2 voltages components

:T:‘ =0
Q|

Statorl currents components

Measurable state vector

Control input

Output state vector

(9%

Expressed according to the machin
parameters

o

Stator2 currents components

* || €= g,o~g‘5cle-

= =4

Rotor flux components

¢
(e}

¢
C:
c:

<

Statorl, stator2, rotor and mutual
inductance, respectively

4
<

<

Statorl, stator2 and rotor resistance

Performance comparison in sectionFinally, the
conclusion is given in sectidh

2. DSIM healthy model

DSIM has two stators shifted by an electrical |,

angle andmobile squirrel cage rotor. Each star is
composed by three immovable windings which are
uniformly distributedand have axes that are shifted
from each other an electrical angle equajZo/3).

The Fig. 2 shows an explicit schematic of the stator

and roor windings,Uis the angle shift between the
two stators andf is the angle between rotor and
statorl [1]. Usually, the shift angle between the two
statorg)is equal to 30°.

In order to establish the mathematical model of
DSIM, the following assumptiong@amade:

Air-gap uniform.
Magnetic linearity.
Negligible saturation.
Stators are identical.

=A =4 =4 =4

According to the simplifying hypotheses

Rotor time constant

2<[<| ©

Applied load torque

—

Actual rotor speed

Rotor inertia and friction coefficient

—
S
cC-

Stator pulsation

Slip pulsation

Rotor flux

Denoteghe number of pole pairs

;53:(_—,‘ .

Quadrate indices

m-

Number of all harmonics generated
by the faults

Fault frequency

Dynamic matrix

Observer faults vector

Symmetric matrix

c- C-

Positive gains

Estimated faults

Nominal controls designed for
healthy functioning

c- c|cc|g- ge-|C e D _< D

c clc c|g €

additive controls

ng

mentioned above, the dynamic healthy model ofgqgyirrel cage double star induction machine incthe
g axis with a reference frame fixed to the rotor is
given by the following system of equation:

\ ist:l
Figure.2 The DSIM windings
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Where:w Q Q Q Q - is the
measurable state vector, o]
O 0 UL U is the control inputw
Q Q "Q "Q is the output state vector and
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Table2. Frequency related to the fa{itt4]

¢ ¢ * Type of faults Frequency (Hz)
(z) (Z) T T Bearing fault Q Q QQ
o) W o I[ I[ , Stator fault | "Q Qa p ijn Q
T T O o _
T 1T o O BRB fault "Q p ¢QiQ
rv(I) ® ©O T [5) |
A O T w . The subscripté&hn designate direct and quadrate
O 1® M O © a1 . indices according to the usuatg) axis components
LT O O O D1 N in the synchronous rotating frame.
ue®w O T T o U
, 3. DSIM faulty model
p T T T T In this section, a DSIM model is established in
g T p MMM the presence of faults that may be both mechanical
mmnp nmn and electrical nature due to rotor, stator and bearing
. oo op T failures. According to the researches of [9], the
The mechanical equation is expressed by:

presence of these faults causes an asymmetry of the
.. . ] . DSIM and produces harmonic components on the
=1 wQ Q- 0 @ w (2)  stator currents, so that the two quadratic and direct
components of stator current are increased by a
The components "Q pif pnd® "Q pftare  sinusoidal component of pulsation ¢“"Qas
expressed according to the machine parameters dsllows:

follows:
00 Q 60BT0 %
@ Q0 Q d AT100 %o ®3)
w 1 , Q presde
&
Where:
@ , ¢ is the number of all harmonics generated by
. the faults. The amplitude and the phaséo are
w » W ' unknown parameters; they depend on the fault
& ) o —, severity and describe its initial staf@epresets the
B fault frequency, its value is known and varies
@ - , according tahe faults type (seeable?2).
5 Where:

"Q is the frequency that characterizes the
_ vibration, "Q is the supply frequency,a

Where: 0 ho are statorl voltages plglof8Q riplofufBais the number of pole pairs
components. U ho are stator2 voltages andsis the per unit slip which given by:
components. Q hQ arestatorl currents

components. i 4
‘Q h'Q are stator2 currents components.
* he are  rotor  flux  components. In order to avoid the uncertainty of the

0 hO hO andd are statorl, stator2, rotor and amplitude and phase of the additive harmonics, the
mutual inductance, respectively. h'Y andY are  sinusoidal generated by the faults can be represented

respectlvely statorl, stator2 and rotor I’eSIStanceby the f0||0W|ng state equauon (ecosystem)
Y 0j'Y isthe rotor time constanflY is the

applied load torque. is the actual rotor speed. @ "Ysa (5)
thu denote the rotor inertia and friction coefficient.
1 is the stator pulsatian. is the slip pulsatiom. is “Yis a dynamic matrix, its elements are the faults

the rotor flux.ndenotes the number of pole pairs. frequencies which are the only known parameters
describing the faults and are given by:
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Y QQOYQ
,. T
.Q pﬁ;l"”]‘«
wit: | Q%Y ¢ Ecé
fth: Q&Q ¢¢ Ep

The solution of the ecosystem presentedEin
(5) allows us to rewriteEqg. (3) in the following
form:

C1 CH

Qo b o
"0 00 & (7)

With:

C CH

p M p mT888p T ()
mp T np 8881 p
The time derivative oEq. (7) is obtained by:

—Qo—Q 0 88

9
S ()

—Qo -0 b

591
p M T,
T p T,
Where:O «m m p mwand
i T ™ PV
Ut 1ot v
Q ®w 0 0 o W a
With:
O @b obd 07y,
R I T
A R T 4 (12)
ud® o OO 0

4. Fault estimation based on an adaptive
Thau observer

4.1 Adaptive Thau observer design

The standard observer of Thau which estimates
Eq.(1) is given by [5]:
W o 06 0w W

w oW (13)

Where:

After inserting the additive perturbing terms ®" # is the observer state vectwo" s is the

& and 0 & and their derivatives) 88 ,
880 respectively in Eq. (1), we obtain the

C1CR

defective model of the DSIM in the stationary

reference frame:

o —Q O O O -
o QU QU )
e —"Q O O O -
Iy SR TN ’
l’r wu wL w
—1Q O O O O
lr SR R ’
Y wu [CVRV) W
e . v v o "
cp Q2 wQ wQ wQ we ]
e QL L
U'p
o — 0w 0wQ -
(10)
In this casekEq. (1) becomes:
@ 0w 606 "0OQ
(11)

®w 0w

observer output vectoK is the gain of the observer.
According to theorem 1 of fl, K satisfies that the
state model oEq. (13) is an asymptotic estimate of
the machine model defined Wsg. (1) only if the
following equation is valid:

O 0 6 (14)
Where:
L is a positive definite solution of the following
Lyapunovfunction:
60 06 66 60 1 (15)

With —
In this case, the error e tends to zero when t tends to
infinity:

I Edo 1 Ebo wo m (16)

However, in case of faulty operation wig&n
W ‘W T thestandard observer is not able to make
a reliable estimate, for this reason andider to fix
the estimation problem when faults occur, an
adaptive Thau observer is suggested to detect faults
and estimate their parameters at the same time, its
strategy isbased on fault detection provided by the
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&=y % 0 standard Q
Thau observe Control . . . .
Alarm FD system & & & & (21)
Faults -
Fault o T @ The estimation error is presented by:
detectior '?If’
v Fault o) \Y |’]
estimatior 0,
%
A . | IQ 1l
Q | p v 1l (22)
Activation | adaptive FE 1 v n
Thau observe use " U,

Figure.3 Fault detection structure for the DSM
The dynamic of the adaptive fault estimation law
standard Thau observi6]. The fault detection and is defined as follows []:
estimation process is represented in Figl'tg new

nonlinear observer is given bygJL VEb O w o, 0 (23)
W 0w 66 UQ LB W Wheretis a symmetric matrix that checks:
s 17)
W ow
Where: W T (24

*Qis the observer faults vector. i o o _
Usually, axalled weighing matrix, its role is to
4.2 Adaptive Thau observer stability guarantees the convergence of the observer
presented by (13).isa positive constant that must

Assumption verify the following inequality:

Let be the following system of equation

06 LB 6 06 O 1 ® r O 0
v 6 O Where;_ is the maximum eigenvalue af

() 1 (25)

(18) The following theorentolds.
Where: o . Theorem
[1s a positive parameter, U ., the The observer presented . (17) that adopts
matrixesu and "O are a solution oEQ.  Eq (23), can guarantee that the following steady
(18). state error limits tend to zero i.ef]1
Definition: i EQ T
The dynamics of the estimation error is defined R (26)

y: o

() 0 LOQ OQ ;

0O UVO (19) Proof.

The time derivative of the estimation error is
computed by:

Q o Ww

The estimation error of the fauisindicated by:

2 D e , o0 , 00 (27)
n’@ no W
T 6 o Consider the following Lyapunov function:
Q QY oA o . n (20
A ® Qb Q& Q n (28)

W o w U
. The time derivative of @ is given by:
The square module @1is given by:
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& Q 6 0o 0 006 060Q 5. Control strategy of the DSIM in presence
CQ® ® ¢, Q0 ¢, Q0 (29) of the faults

In this section, a systematic FTC scheme based
on fault estimation is designed to compensate for the
faults effect respecting the stability and convergence
of the system according to the Lyapunov theory.
The current§Q h'Q A'Q and’Q and the speed

Properties
According to [B, 17], we can exploit these
properties in the rest of the paper:

Qo @ _ »® Q _ ® " @B0 are supposed to be measured. The dynamic
equations of DSIM are nonlinear. Using the
,QQ , Q o) (31) backstepping strategy, the system is gradually
controlled, step by step, from virtual controls (stator
Where- currents) to realcontrols (stator voltages). It is
clearly demonstrated in the state equation of the
<@ 0 defective DSIM model presentedHiu. (11) that the
. TTAnNd o rotor flux can be controlled by the sum of the
2 0 components of the stator curré@t andQ . The
¢, QQ ¢, Q (32 speed is adusted byQ  "Q as shown inEq.
(2). On the other hand, the currents in turn are
Q0Q _ UV AQAD ™ (33)  controlled by the stator voltagés ,0 ,0
andv . Therefore, the design of the proposed FTC
Where: _ is presented by a feedback structure with two
_ 8isthe maximum eigenvalue f consecutive steps.
Using the properties mentioned above, we can
make the following inequality: 5.1Step 1: speed and flux control
) Q6 060 06 06 00 This step forces the rotor flux and the speed
ro o Q O ., 0 0 1 to reach their desired reference$and)®,
o ) respectively, by identifying their erra@bsandb and
G Q (34) that means finding the virtuabntrol that guarantees
this convergence. Flux and speed tracking errors are
0 AQF , _ ® Q given by:
® 8Q ,Q (35) 5 17
@
Where: AN (38)
_  8is the minimum eigenvalue af and
_ 8 is the maximum eigenvaluedf . The derivation oEq. (38) gives:
Finally, if, _ () 1, the inequality \
below holds: & U 0 29
§ A (39)
& WAE Q 03 (36)
Using (2) and (10), @ becomes:
Where: 5 2 v v o -'
ois a positive parameter that checks: d T e Q. @ W
d O 00 0 We
@ TEL O0h _ o (37 (40)

Hence the convergence of estimates errors to  The first Lyapunov candidate function adapted

zero is proven, which guarantees the stability of theto rotor flux and speed errorsdsfined by:
adaptive Thau observer, despite the presence of

faults. G =& GO (41)

The time derivative oEq.(41) is obtained by:
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8 68 odd (42) -0 D Q
To achieve stability according to the Lyapunov ) “© Q (49)
theory, the derivative ab must be defined negative, 0 9 0
in this case, we take: u
B 0o The derivation of Eq.(49) gives:
3 o (43) \
L W v & -0 -0
ReplacingEq. (43) into Eq. (42), the derivative e D -0 -0
of the first Lyapunov function becomes: _— (50
yap L) -0 -0
N - - I'p
& 0 0O (44) e _H  —0o

& mis aways satisfied 0 ho n, By substituting the derivatives of the currents
therefore, the values @q. (43) ensure the stability  from Eq. (10) inEq. (50), we obtain:

of the closedoop subsystem. By equatiri€q. (40)

with Eqg. (43), we obtain: & _® QoY 5o o
Ve W R R e @ O " - 2 G0 AL 6
0 (:0 'DZ (:0 Q 0 (b i I‘P(B —Q "0 (:J O (:.) 0 00
(45) v 5 5
e -0 Q ®U Ay A
Posing (51)
Q nwQ 0nQ nQ We 0l
And assuming that: ) 0 I”; O 6 O Ol
Z 2 9 o0 00 60 &
G 0 n Q ydQ O O b1 U
: 2
o 2

We note that the actual control variables
Finally, the virtual elements of control are given 0 ,0 ,0 and) have appeared i&qg. (51),

by: so the increased function of Lyapuneis chosen as
follows:
Q — U b 0 ® 3
(48) w -0 ® W —w ,a m
N —U O ®» 0O (53)
5.2 Step 2: currents control Where:
This stee es@blisﬂes vt!he contrql law by forcing 0 _O _O _O _O
the currentsQ h'Q h'Q h'Q resulting from the
first step to reach their desired references w QnQ Qn Q
‘Q h'Q h'Q h'Q respectively; this objective (59)
requires the identification of four new errors. The
tracking errors of the currents are: FromEg. (35), we have:
& _ bmE , _ ® Q
(55)
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Putting:
e u‘ I (56)
0w o, _ I

The inequality (5) becomes:
& WAQE © Q (57)

The stability of the observer requires that & W

le ||=0, in this case we have:
& ® Q (58)

According to (B), the time derivative of can
be written as follows:

o & —0 Q (59)

o & — 0 (60)
With:a  —
Replacingeg. (21) into Eq. (60), we obtain:

G2 (61)
UsingEqg. (51), Eg. (61) becomes:

& & o —a " by b

b — & o -0 0

QU AYVE & — &

d@ -0 QO oL QL O

— & -6 QO ©U

QL & — & (62)

The inequality Eq. (62) can be rewritten in this
form:

d & &
& W

WL WL

—Q

—6 0
— & o

595

& -0
— & (63)

By adding and subtracting the terms

4 & Q phinEg.(63), we get:

" QU
_ "Q “Q

& & o —0
a o 0 ®

A a @ W

&) —& &) — (64)

To haved definite negative, we do:

A ® a &

0
:,P &) 0 ®
o

?
1

Q wu :

(65)

1)
C‘
S

€
C‘
S

& < e <

Where:0 ,0 ,0 andv are the
positive gains that adjust the overall stability of the
closedloop system. Finally, the faulblerant
control based on a ndimear observer is represented
by the following components of the stator voltages:
VR—)

— % —0

—a )
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(66)
o — % ——f —0
0 v —t —
0 — a0 B (67)
b —— ——f —0
Q AR
b 4 & 0
a o (68)
b — % ——f —0
Q v —%
—a 0 — & 0O
(69)

The control law presented IBq. (66) 1 Eq.(69)
can be formulated like follow:

0 Do o
l‘_) Ili) (] Ili) ] (70)
U ] ' N ]
0 l? |°'| IP ]
w U w U
Where: 0 0 O andv are the

backstepping control laws called ethnominal
controls designed for healtliynctioning

(wheriQ ®w o ® m ), their
role is to correctly manage flux and speed tracking
by compensating for the load disturbance:

596
e

d < 1

abg Faults
N A
Vs i .VSd,l 0 v o
Vi 5@t |/ J%}

V.

Inverterl

BSC

/(s2)

Inverter2

+

ad
Vsdl

Observer
)

VSle sqlT VstTvquT

Figure.4 Block diagram of the global AFTC for DSIM

With:
BNO) ) a T
WO b @ o (72)
i (@] V] a T
And,0 ,0 ,0 ,0 are additive controls,

their role is to reconfigure the nominal controls to
compensate for faults. In the absence of faults, we
have: 0 0 0 0 T These
compensation units are expressed by:

nP
)
11
I

rrv\(%)

':,':#) 1l

Wo v
(73)

E1En
Sa1En

>
n

>
[N

< ZII2
g1
a1

Where:to , % ,% , andt are the
estimated faults given by the adaptive observer of

Thau. The global block diagram of the proposed

W0 —H-t h-0

"o H0 60 & 60 O

0 — =0 -1

rHQ O H0o & GO &

And,

Wb —h-0 H-m1

'jP(I)“Q &0 60 Jj“o SR
o — d-0 $—0

PO 0 OO0 © 00 &

FTC is shown in Fig. 4In order to protect the
machine and associated equipment against damage
and thus prevent the sudden stop of industrial
proceses that can cause significant economic loss,
an alarm indicator is added to the design. The alarm
signal indicates that maintenance is needed.
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Figure.5 Simulation results in case of three faults (BF, ITSC and BRB) affect the DSIM at time t=1.5 s using BSC and
the proposed FT(a) rotor speed, (b) zoom of rotor speed, (c) stator current, (d) zoom of stator current, (e) rotor flux,
and (f) electromagnetic torque

Table3. Machine parameteifd] and defective mode. The results showed the superior
Parameters Identifiers & performance of the proposed FTC.
values During the urfaulty mode the speed follows its
Voltage 230-380 V reference value with a negligible overshoot and
frequency 50 Hz without oscillations, BSC has a fast dynamic
Stator resistance Ru=Ra= 3. 1 response and a short transient regime, the load
Rotor resistance R= 2. 12 torque is very well compensated by the

electromagnetic torque (before t=1.5s) s clear
that after the fault occurrence, an abnormal behavior

Stator leakage inductance Ls=0.022 H

Rotor leakage inductance L,=0.006 H of the DSIM is obsered with the BSC accompanied
Resultant magnetizing Ln=0.3672H by a closedoop performance degradation; velocity
Moment of inertia 3=0.0662 kg.fn osdllations are visible in Fig. 5 (a) and)( The

stator phase current is not sinusoidal, the distortion

of the signal is caused by the faults effect, the

oscillations on thi physical quantityare clearly

6. Simulations results indicated on Fig. 5c) and (d), its amplitude can
reach up to +14 A greater than the nominal value.

dThe flux trajectory is presented in Fig. 8)( BSC

provide weak ripples after the appearance of faults.

Viscousfriction coefficient| Kr= 0.001 kg.r¥/s

The efficiency and robustness of the propose
FTC compared to the BSC in pdault operation
are shown through simulation results using! . . . .
MATLAB/Simulink environment. The reference High ripples inthe electromagnit torque can be

speed is set at 200 rd/s, a nominal load torque igeen in Fig. 5f], where the maxim_um positive_t
applied at t=1s then aulis effect is introduced at ripple reaches +60N.m and the maximum negative

t=1.5 sec, throughout the simulation, the value of therlpple reaphgs—42 'N.m. Regarding the proposed
reference flux is maintained at Wb thanks to a FTC.’ osclllations in rotor speed are completely
weakening block. The nominal electrical and eliminated, the pr(_)posed FIguaantees a be_tter
mechanical parameters of the machine isthdn speed response with accurate refe_:rence tragiaog
this paper are given inable 2 The simulations also provides better stability with the smallest

presented in Fig. 5 show DSIM responses in healthy
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0 Quadratic stator currenti_ Table 4. RMSE values for the proposed control, and
' ' ! | proposed control in [1:20]
2 1 Controller Types RMSE values
R | Proposed control 0.0851
3 ssc Proposed control in [18] 0.1702
200 — FTOBSC I Proposed control in [1] 0.2267
40 ‘ ‘ ‘ : : Proposed control in [19] 0.3102
0 0.5 1 1.5 2 2.5 3
time (s)
(a)
Direct stator current i_,, RMSE values
30 T T T T T
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(b) Proposed Proposed Proposed Proposed
Figure. 6 Current€) and'Q in case of three faults (BF, control Co?fscil n Con[tlrf Hin Co?fgc}' n

ITSC and BRB) affect the DSIM at time t=1.5 s using . .
BSC andproposed FTC(a) quadratic stator currentiand ~ Figure.8 RMSE listogram of the proposed control, and

(b) direct statocurrent i proposed control in [+20]
i 5000( operation as shown in Fig. §.(Finally, simulation
& results show that defects do not affect the
- L performance of the proposedBTC, even in the
g, 05 ; s , P ) presence of load torque, while BSC fails to handle
time (s) the unbalanced machine correctly.

& , (@) : Fig. 6 presents the direct and quadratic current
. components that reflect the temporal evolution of
& rotor flux and electromagnetic torque, respectively.
= sl | ‘ ‘ ‘ The next figure shows the performance of the
g o " ime®) ’ 2 ‘ Thau observer in estimating unknown additive

(b) faultso , @ ,w andw . It is clear that the
& N | | | 1 nonlinear observer can accurately detect and
é 0 ) estimate uncertainties.
N o5 ; " : 2 . 7. Performance comparison
~ time (s)
. (c) For quantitative comparison between four
o previous control methods, reoteansquare error
& (RMSE) is used athe comparison criteria. Table
= and Fig.8 shows the RMSE values of the numerical
& _ simulation results in faulty operation using the

“”&‘é;s) proposed controlpproaches proposed in [28]

Figure. 7 Real and estimated faults in case of three faultsand the proposed control in this paper. It is observed
(BF, ITSC and BRB) affect the DSIM attime t=1.5s  that the proposed control method offers the smallest
when using the proposed FT@)® ando  (b) values _control of RMSE, whereas the proposed

o andd (©)® ands (d)® andd control in [19] present the largest values of RMSE.
It can be seen thahe system performances are

average static error. The tracking performance of thd€ttér, when using the proposed the proposed

stator control as compared to the proposed control
Currenis excellent, the current signal is @PProaches proposed in f28].

sinusoidal.Fig. 5 €) proves that the proposed FTC _

is able to correctly lead the flux to its desired 8- Conclusions

reference (1Wb) even under faulléo ripple in the This paper highlights the importance of active
electromagnetic torque signal during faul
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