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Abstract—This paper presents a fault tolerant control
(FTC) based on Radial Base Function Neural Network
(RBFNN) using an adaptive control law for double star
induction machine (DSIM) under broken rotor bars (BRB)
fault in a squirrel-cage in order to improve its reliability
and availability. The proposed FTC is designed to
compensate for the default effect by maintaining
acceptable performance in case of BRB. The sufficient
condition for the stability of the closed-loop system in
faulty operation is analyzed and verified using Lyapunov
theory. To proof the performance and effectiveness of the
proposed FTC, a comparative study within sliding mode
control (SMC) is carried out. Obtained results show that
the proposed FTC has a better robustness against the
BRB fault.

Index Terms—Double star induction machine, Radial
base function neural network, Sliding mode control,
Robustness, Fault tolerant control, Broken rotor bars.

I. INTRODUCTION

The double star induction machine (DSIM) belongs to

This work is open access and licensed under the Creative Commons CC BY 4.0 License.

the category of multiphase induction machines (MIM). It
has been selected as the best choice because of its many
advantages over its three-phase counterpart. The DSIM
has been proposed for different fields of industry that
need high power such as electric hybrid vehicles,
locomotive traction, ship propulsion and many other
applications where the safety condition is required such
as aerospace and offshore wind energy systems. DISM
not only guarantees a decrease of rotor harmonics
currents and torque pulsations but it also has many other
advantages such as: reliability, power segmentation and
higher efficiency. DSIM has a greater fault tolerance; it
can continue to operate and maintain rotating flux even
with open-phase faults thanks to the greater number of
degrees of freedom that it owns compared to the three-
phase machines [1-3].

The motors installed in the industry are 85% of squirrel
cage motors [4]. Induction motors are subject to various
faults; about 40% to 50% are bearing faults, 5% to 10%
are severe rotor faults, and 30% to 40% are stator-related
faults [5]. Broken bars has proved dangerous and may be
the cause of other faults in the stator and the rotor itself
because a broken rotor bar considerably increases the
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currents flowing in the neighboring bars, which causes
the increase of the mechanical stresses (constraints) and
consequently causes the rupture of the corresponding bars
[6]. BRB fault can be caused by failures in the rotor
fabrication process, overloads (mechanical stress),
mechanical cracks or thermal stress [7].

Il. RELATED WORKS

The main advantage of neural networks (NNs) is their
capacity to approximate uncertainties in model-uncertain
systems with complex and unknown functions without
the need for precise knowledge of model parameters [8].
Several works based on NN controllers with an adaptive
control technique have been proposed; [9] presents an
adaptive neural network saturated control for MDF
continuous hot pressing hydraulic system  with
uncertainties, the RBFNN-based reconstruction law is
introduced to approximate the composite term consisting
of an unknown function, disturbances, and a saturation
error. In [10], a robust adaptive fault-tolerant control has
been proposed for over-actuated systems in the
simultaneous presence of matched disturbances,
unmodeled dynamics and unknown non-linearity of the
actuator, authors used the radial basis function neural
network in order to have an approximation of the
unmodeled dynamics. [11] proposes an actuator fault
tolerant control using an adaptive RBFNN fuzzy sliding
mode controller for coaxial octorotor UAV, simulation
results show that, despite the rotor failure, the octorotor
can remain in flight and can perfectly perform trajectory
control in x, y and z and can also control yaw, roll and
pitch angles. Inspired by [8], this paper proposes an
adaptive RBFNN control method for a class of unknown
multiple-input-multiple-output ~ (MIMO) nonlinear
systems with bounded external and internal disturbances
(DSIM with defective rotor) in order to compensate the
fault effect after estimating uncertainties. The proposed
FTC is tested in healthy and defective conditions with
other control methods applied on six-phase induction
machine [12, 13]. The performance of these controllers is
investigated and compared in terms of reference tracking
of the rotor speed, the electromagnetic torque and the
rotor flux. This paper has made several contributions in
relation to recent research concerning the FTC:

e An intelligent FTC to properly control the torque,
flux and speed tracking of a DSIM with a BRB
defect has been proposed in this contribution, the
application of the adaptive control RBFNN as
FTC for DSIM in a faulty case is performed for
the first time.

e Compared to [14, 15], the authors used non-linear
observers for the detection and reconstruction of
defects. In this article, the RBFNN is used to
detect and reconstruct the faults.

e The proposed scheme could be interesting and this
approach can achieve a tolerance to a wide class of
system failures.

50

e Compared to [16], a multi three-phase induction
motor drive is processed; the proposed FTC does
not need a predictive model for fault tolerance.

e Compared to the passive fault tolerant control
developed in [17], this paper proposes an adequate
adaptive parameter-tuning law to overcome system
disturbances and BRB faults without information
of their upper bounds.

e Compared to the intelligent control presented in
[18], the adaptive control law has been applied to
all stages, increasing the controller's tolerance. In
addition, the proposed FTC was dealing with a
faulty machine while [18] was handling a healthy
doubly-fed induction motor (DFIM).

e Compared with [19, 20], where the authors
respectively present a FTC of six-phase induction
motor under open-circuit fault and a FTC of five-
phase induction machine wunder open gate
transistor faults, the degree of severity of the fault
dealt with in this paper is more important since
open phase fault tolerance is a specific feature of
multiphase machines due to the high number of
phases.

The remainder of this paper is organized as follows;
the following section describes the DSIM faulty model.
The design of the proposed FTC is carried out in section
4. Simulation results and their discussions are given in
section 5. The last section is reserved for conclusion.

I1l. DSIM FAULTY MODEL

In order to establish a faulty model of DSIM, we
consider the rotor as a balanced three-phase system; the
squirrel cage rotor is replaced by an equivalent three
phase windings (single star winding) with equivalent
resistance R, and leakage L, . When the rotor of the
DSIM is broken, the rotor resistance is different than the
nominal value [21], to simulate a BRB in the double star
induction machine; we increase the resistance of a rotor
phase by adding a defective resistance e . The first-order
differential equations of the rotor voltages in the natural
“abc ” reference frame are given by:

d

V] = R+ (0] ®
With:
R 0 0
[R]1=|0 R 0
0 0 R
abc 2
[cDrb ] = [¢ra (Drb (Drc ]T ( )
[Irabc] = [ira irb irc]T
[Vrabc] = [Vra Vrb Vrc ]T
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Where:
[R,] is the matrix of resistances, [®3*] is the flux vector,
[1°] is the vector of currents and [V,**] is the vector of

tensions. When the BRB fault occurs, the resistances
matrix becomes the following:

R, 0 0
[R™]={0 R 0 3)
0 0 R+e

In this case, the voltages equation in (1) becomes:

abc] _ BRB abc i abc
[Vr ]_[Rr ][Ir ]+dt[q)r ] (4)

By applying the park transformation that conserves the
energy on (4), we obtain the equation of the tensions in

the (d —q) reference frame:

V] =[P ORI, @1 1]+ S 0]+
P OIS (P 01} [0F] )

Where:

[Vrdqo] = [Vrd v
[Ifqo]:[ird irq
[@]=[py @q @] is the rotor flux vector. [P, (6)]

is the transformation matrix of the rotor winding, is given
by:

v,]' is the voltages vector,

rq

i ] is the currents vector and

R R R
[Pr @1=47 Pll Pll Pu (6)
RN RIN

With:

P,=cos,-6,);, P, = cos(@S -6, —2?”)

F’13:cos(¢95—6?r+2—”); P,, =-sin(g, -6,)
3
. 2z . 2z )
P, = —sm(é’S -6, ——); Py :—sm(é'S -6, +—)
3 3

d d
0 = —; O =|o,—
' Iw dt jw dt

Finally, The DSIM model in the presence of BRB
faults is given by the following equations:
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d 1], L o
Q== — 0 (i, +i,)—pT, —K.Q
dt J |:p Lm+|-r (pr(sql sq2) p L f :‘
d -R LR . .
—@, = L + (i, +ig,)+ T
at @ L+L @ L+L (g +lgg)+ 1
d. 1 . .
alsdl = L_{Vsdl - Rsllsdl + @, (lelsql +Tr¢rwgl )} + FZ
sl
d. 1 . .
alsql = L_{Vsql - Rsllsql - (lelsdl + @, )} + FS
sl (8)
d. 1 .
a oy = L_(Vsol - Rsllsol)
sl
d. 1 . .
Elsdz = L_{vsdz - Rszlsdz + o (Lszlsqz +Tr(prwgl )} +F4
s2
d. . .
alsqz = L_{Vsqz - Rszlsqz 2N (Lszlsdz + o )} +r5
S2
d. 1 .
alsoz = L_(Vsoz - Rszlsoz)

2

Where:
I, i=15 represent the fault terms due to a broken bar
fault, they are given by:

F——( R, a _&) N
LA aLeL) )7
(a L, RL, j(i i)
BL+L, L+L ) =2
r, (Lo,
n s
i ©)
Ly
r ——;[0560 D,
3 Lsz [o]]
1
I,=—|—/-T |o.o
4 Lsz(ﬂ r) S g|¢r
F5:_ a)sa)glq)r
52
Where:
a a
8, +(a, — 2)(a, - ™)
a= a2 aZ
a
(a, _ F)_ 8%
a2 a‘2
(10)
a,a
a aE(as— a )
petr s
2 a _ 5
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n=— 2,8, —28,8,3; +2,8; +8a; —a,a,8
—a; +a,3,
_ aeazz — Zazaeas + aAaj +a1a52 —&&,3 (11)
8,8; — &8s
y= &, (asaz —2a3a5)+a4a,§ +a (asz _a4a6)
8,85 — 8385
a=2+rr—Scos(26, —295)—§esin(2¢9r -20,)
3 6 6
e
a,= 5005(249r - 26, +%)
= —ﬁecos(é?r -0, +£)
3 3 (12)

NC
a4:E+ rr +Ecos(29r —26'S)+—3esm(29r —-26,)
3 6 6
\/_
a,= —?zecos(é’S -6 +%)

“Cimr
% 3

IV. THE PROPOSED FTC DESIGN FOR DsIM

The goal is to design a FTC based on the RBFNN
scheme for an uncertain DSIM model in the presence of

BRB faults to properly handle the flux and speed tracking.

The role of RBFNN systems is to approach the local
nonlinearities of each subsystem by adaptive laws that
respect the stability and convergence of the Lyapunov
theory until the desired tracking performance is achieved.
To design the proposed control, we operate with the
defective DSIM model developed in (8), in the presence
of BRB faults, so we have:

d p> L, .
EQ = T Lm N Lr D; (Isql + Isq2>+ fl
d LR .
agor = Lr 1 Lm (Isdl +|sd2)+ fZ
d. 1
a'sm = L_Vsdl + f,
sl
ii —iv + f
dt sql Ll sql 4
’ (13)
d.
alsol = L_vsol + 1:5
sl
d. 1
alscm = L_Vsdz + fs
2
d. 1
alqu = L_Vsqz + f7
52
d. 1
alsoz :L_Vsoz + f8
S2

52

Where:
p f
fl = —TTL —TQ
-R.
2 = L + L ¢r + 1
-R oT.0.0
f, = i Ly + Ol Lgo 44T,
sl sl
-R . P,
f4_L_Sllsql_ g — s +r3
_le sl (14)
fs = L =t lso
sl
R, - o T,.0,0
fo=—2iy, + @iy, + b +T,
2 LSZ
-R,, . .0,
f, = LSZZ ligo = @ Iy, — Lssz +I
-R
f — 52
8 L32 s02
RBF neural networks are used adaptively to

approximate the unknown f. (i :1,_8). The structures of
RBFNN with receptive field units are shown in Fig.1.
The radial-basis function vector H, that indicates the
output of the hidden layer is given by [8]:

_ 2
(7-cul)) , —
H, =exp B—ﬁ , (|=l,8) (15)
Where: X; are the inputs state of the network, k is the

input number of the network, | is the number of hidden
layer nodes in the network, C and B represent the center
of the receptive field and the width of the Gaussian

function respectively. H, =[H, H, ...H,] with

i=18 are the output of the Gaussian function.

V4

H

Hidden
layer

Output
layer

Input
layer

Fig.1. The structure of RBFNN

Where:
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= [éjr @, i;dl Iqul i;ol ]
x= |:¢r @, ILsdl rsql ~sol :| (16)
i={1,2,34,56,7,8}
The nonlinear functions f,(X) , i=18 can be
estimated by the RBFNN as follows:
fA(Yi):WiTHi(Xi)’ i=18 17)

Where: X is the input vector, W, are the weights vector

parameters of the adjusted neural network and H, ( )are

the outputs of the Gaussian function. Let us define the
actual functions f, (X, ) :

fi(X)=W7H (X)+a(%).i=1 (18)

Where:W," are called the optimal parameters used only
for analytical purposes and @ (ii ) are the approximation
errors, such as:

@ (%) <@ (19)
Where:
@, (%) are unknown positive parameters.
The parametric errors are given by:
We =w -w" i=1..8 (20)

In order to achieve precise flux and speed tracking,
some assumptions have been put:
Assumptionl. The functions f (X) , i=18 are
continuous nonlinear functions assumed to be unknown.
Assumption2. The reference signals Q" , ¢, , iz, , i:ql,
i+ Toqp» Iy Iy @nd theirs first derivatives are bounded

and continuous.
Assumption3. The rotor and stator currents and the rotor
speed are available for measurement.

The tracking errors and their filtered errors are given

by:
e For rotor speed

B =00-Q, S, =0 +1,[ Hodr,
with &%0) =0 (21)
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For rotor flux

=0, O-0 .S, =HO+4, [ P@dr,
with §(0)=0 (22)

e For stator currents

%ﬁl(t)_lsdl(t) Ly s |sd1:?é1J1(t)+/1isd1 ;?/gl(f)dr

S

with %8, (0)=0 (23)

?/32 ®) =iy, (t)_i:dz s Sigdz :%1)2 O+ Aigar (:%32 (ndr

S S

with ¥9,(0)=0 (24)
sgl ( ) sql (t) sql ' |sq1 - %}1 (t) + ilsqu‘ sql (T) d T
with P2, (0)=0 (25)
?{ (t) - Iqu (t) 5q2 ' |sq2 %}2 (t) + Z’lsqz %42 (T)dl'
with %8, (0)=0 (26)
e  For homopolar components
sol ( ) sol (t) sol ' |sol %Jl (t) + ﬂlsol %)1 (T) d T
with %0, (0)=0 (27)
?{gZ (t) 502 (t) 302 ' |502 %3 (t) + ﬂ'ISOZ %}JZ (T)d‘l'
with %6, (0)=0 (28)
Where:
ﬂ’Q ’ j’(pr ’ lisdl ’ j“isdz ’ iisql ’ ﬂ’isqz ’ |sol and ﬂ’ISOZ are

strictly positive design parameters, and we admit that:

Isql + Isq2 = Isq' Isdl + Ist = Isd
- .
L e
lgp =lsq2 = ?, lgr =g = ? (29)
Isol = 07 I502 = O

The following adaptive fuzzy control laws are made in
the case where the dynamics of DSIM is uncertain:
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() S
SRTCEIN VPP S|

. S
i bth [—W H, (%) —ky,S,, kzztanh(iD
Sisd

Isd L R
= le (_WsT H3 (73) - k31 Sisdl |(32 tanh ( = jj

gISd 1

Ve = Ly [—W H, (X)) =Ky Sicqa k42tanh£ 'S“lD

|sq1

-W,"H, (%) =K, Siery kf,ztanh(s's‘Jl

)
(o

Vo = Ly (_WGT Hg (X5) — Koy Sigg2 —Kg, tanh

S|sd 2 j)
|sd 2

Slsqz
Vg2 = L, -W,"H, (X,) -k, S s — Kz tanh

|sq 2

S,
Veor = _WST Hs (Ys) - kBl Sisoz - ksz tanh (LOZ)

is02

(30)

The design parameters k, remain constants for

i1=18.&g, € Esarr &

isql ? gisol* gist* gisqz and gisoz

isd

are absolutely positive design constants, usually are small.

tanh (.) is the abbreviation hyperbolic tangent function.
Now, according to [18], to estimate the unknown
neuronal network weights ( W) and the unknown

parameters ( k, ) for i=18, we adopt the following
adaptive laws :

e Forw':
W%: O, Y, Wi + 7, So Hi (%)

WgZL: —Oy, 7w2W2 + Y, Swr H, (%)
V‘6§‘= =0y, Y, Wa + 7y, Sisar Hz (%)

V‘&— —0w, Y, W + 7w, Sisr Ha (X)) (1)
VE =0, 7 Wy + iy, Sir Hs (%)
VE =03, 73, We + 74, Ssso Ho (%)
VE =0y, 7, W, + 74y, Sy Ho (X))

W%: —Oy, ywswe 4’7’w8 is02 Hg (X5)

e For k,

54

wm

K% =-0y 7k1k12 +7% S tanh[ Qj
isq

S,

isd j
isdlj
isd1
|sq1j
Fisa (32)

= _O-k5 7k5 k52 + yk isol tanh ( ISOlj

|sol

™

lé‘z— —0, 7k2k22+7k S,, tanh

/ﬁ\
™

wm

2 = 0y, Vi, ks, + Yk, Sisr tanh

[
3]

N’ﬁo

- Gk 7/k4 k42 +7/k4 isql tanh[

1
)

kgé— —0y, 7k6k62+7/k5 |sd2tanh( ISdzj

SIS
lgé ==0y, Vi, K12 + 7, Sicaz tanh( qzj

@ =0y 7’k3ksz +7/k8 o2 tanh

Where:

Oy Vg Vi1 0 >0 (For i=1,8); these parameters are
design constants.

Theorem 1

The following properties are valid for DSIM modeled
by (8) and controlled by the adaptive laws presented in
(31) and (32):

e The signals delimitation is guaranteed in closed-
loop.

e The optimal choice of the setting parameters
ensures the exponential convergence of the errors

variables Q(t) , @, (t) , i, (t) . i (1), B, (1)
o (1) Ty (t) and i, (t) to a ball with an
insignificant radius.

The proof of Theorem 1 is based on Lyapunov's theory

of stability. It is presented by a feedback structure with
two consecutive steps:

Step 1: The purpose of this step is to lead the speed to its
desired reference by an adequate speed controller. Using
the formula of the filtered rotor speed error defined in
(21):

o =)+ 1, [ o dr (33)

Using (13), the time derivative of S, is:
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K-ty 1, 0 (34)

_p L
S L L

m

?r (isql + isq2)+ fl _g& +/1Q &p (35)

2
L -
& - wm% LB (36)

L, +L,

Where:
hx)=f, - + 1, and i:q is the reference value of

(iSql +isq2) that regulates the rotor speed and ensures the

capacity of the load disturbances rejection. The Lyapunov
function associated with the rotor speed error is presented

by:
v, =152 (37)
2
The time derivative of (37) is:

VBos, b )+ 5, P b
1 Q X1 Q J Lm+Lr

9, i (38)

The following adaptive fuzzy system is developed to
approximate the uncertain continuous function h (x,):

h (%) =W,"H, (%) (39)
h (%) =W, H, (X)+ @, (%) (40)
h (%) =-WIH, ) +W,H, (R)+@ (X)  (41)

Where: Wf =W, —-W," is the parameter error vector. By
replacing (41) in (38), we obtain:

Ve 8 WO H, (%) + S W H, (%) +

_ p° L,
S +S,—
a® (X)+3 J L, +L,

P g, (42)

Where: ¢, is an unknown constant such as:

(43)

Y[

|@ (%) <

By choosing the expression of i:q presented in (30)
and using (43), we can make the following inequality:

V< =5, WOH, (%) + K S -
K., S, tanh(s—")— ky,S2 (44)
E.

isq

Volume 11 (2019), Issue 2

Where:

*

k12 = 51 (45)

Lemma 1 the set {¢ >0, xe R} check the following
inequality [18]:

Oglxl—xtanh(ijgéi =pe
&

(46)
p=e": 02785
By exploiting (46), (44) becomes:
V<=8, WO H, (%) + k;, 2, -
Rbs, tanh(s—gj— k,S2 (47)
isq
Where:
lzlz = k12 - k;z
(48)
£ =0.2785¢,,

The Lyapunov function linked to the adaptive laws that
estimate the unknown parameters W, and k;, is defined

by:

L (49)

Vv, =V, +i\/‘3/15\/9/10 +
2y, 2y,

The dynamics of Lyapunov function verify the
following inequality:

g— * S
V§<s =S, \/?/1‘T H, (%) +Kk, & — Wl‘; S, tanh [—Qj -

isq

1 1
k118522+i\ﬂld\/§( +2—%§k§§ (50)
4

k

By substituting the values of W, and k,, chosen in (31)

and (32), respectively, V, will be bounded by the
following expression:

V%S kfz Eisq —ky, Sszz — Oy, V%dwl — Oy, %% Ky, (51)
Property:

2

o

12 1
Ho< Ll
2"a1 2

H=0-0" cR"

55



Adaptive RBFNN Strategy for Fault Tolerant Control:

Where: m is a positive integer number. By using (52),
(51) takes the following form:

\’%S_ku ngz Wl M%" % %éz +& (53)
With:
— * 0W1 *12 le *
& =k, Eisq +_"W1 ” + 22 (54)
2 2
The stabilization of the filtered errors
S, S.,S..,S and S_., will be achieved in the

isd1? “isql? “isol! “isd2? |sq2
following step.

s02

Step 2: The aim of this step is to design the following

control  1aws: iy, Vgys Vegys Veogs Vg Vg @Nd Vg, . The
Lyapunov function adapted to this step is given by:
1 1
V, =V, + E S; + E Si§d1 2 Sliql +- 2 SIZSOl
%Siidz Séqz +- Séoz (55)

The dynamics of the Lyapunov function verify the
following inequality:

\’LsgLS _ku 8521
Sisdl S%dl

WIIIVWI
+S, 3& +S, Sg‘

isql Yisql isol “isol

S, 45

isq2 “isq2 iso2 “is02

SS%+

12 + El + @
+ Slsdz §5Ld2 +
(56)

The derivatives of the filtered errors are obtained using
(8) and (21) - (28):

&= LI:ZRer i+, + A, P
& = ilvSdl +f+ 4,00 —i&,
& = 11 Ve + Ty + A V0 - &
% = v+ fo+ A, V0 & (57)

1

1 .
= Veaz + f6+ﬂisd2?{g2_ isd 2

v, -

sq2 isq2 "sq2 |sq2

=1v +f,+1
Lsz

v + £y + A, 0, —

502 1502502
s2

ISDZ s02

By replacing (57) in (56), we obtain:

56
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o, 2 O _
Vs —k, 53 - TR - TRl 45 +
LR . o1
qu (hz (Xz) +E Isq)_'_ Sisdl(hs (Xs) +EVSMJ +

1
|sql(h (X )+ LS sql)—i_slsol (hs (X )+ LS |solj+
1

_ 1 =
Sisdz(he (X6)+ VISdZ)J’_ Slsqz [h7 (X7)+_Visq2j+
L52 L52

Sisoz(ha (%) + Liszvisozj (58)
With:

h, (%) =f,+ 4, Ph—o&

h, (%) = f, + 2,4, 70, —i&,

h, (%) = f, + 2, V0, — &,

hy (%) = fy + Aoy 10, — 8%, (59)

he (Xs) = fe +/1isd2%32 -

isd 2

h (X )_ f +/1|sq2?{qz isq2
h (XS) - f +llsoz?{02 is02

i =2,8 are continuous uncertainties functions,

their approximation is performed by the following
adaptive fuzzy system:

h (%) =W"H, (%) (60)
h (%) =W, TH, (%) + @, (%) (61)
h (%) =-WIH, )+ WH, (X)+a, (%) for i=18 (62)

Where: V% =W, —W," expresses the error vector, X, is
pre-defined, @, (X)) is the fuzzy approximation error that
checks:

(X ) <

, VX eD

i %

2

(63)

Where: @, is an unknown constant.

If we select the adaptive fuzzy controller components
proposed in (30) and the continuous uncertainties
functions h, (X, ) developed in (62), V, will be bounded

by the following term:
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V&< —k,S2 - S, WOH, (x,)+

IW’II RE+2 -

S,
Kz [S,|—k.S, tanh( ) kxS, — Sieas WO H, (%) +

. S, -
k32 |Sisd1| - k32 Sisdl tanh ( dl] k31 Sédl S|5q1\”46 H 4 (X4) +
isd1
k42 |S|sq1| k42 Sisql tanh( Squ |sq1 |501W H (X )+
|sq1

ks*z |Si501| - kSZ Sisol tanh[ Ismj kSl Sliol Slsdz \M H (X )+

isol

o

. S, =
k62 |Sisd2| - kGZ Sisd2 tanh (E j k61 Sédz Slsqz\ﬁ7d H7 (X7) +
isd 2
Slsqz 2
k72 |S|sq2| 72 |sq2 tanh I(71 Slsqz |502W H (X )+
|sq2
SISOZ 2
k82 |S|502| k82 Slsoz tanh & k Slsoz (64)
is02
Where:
ki*z = C’z)i
_ (65)
i=2,8

By exploiting (46), the inequality (64) becomes:

V&< —k,S2 - kl RE+2-S,WIH, (X,)+

e — T -

. S,
k22 Eisd %2 S tanh ( j k21 Sz Sisdl\ﬁg H3 (X’S) +

. _ S =
k32 gisdl 32 |sd1 tanh [ ISdlj k3l Slidl S|sq1\W4d H4 (X4) +

isd1

* SIS
k42 gisql 42 |sql tanh(g ql] k4l isql |501\MH (X )+
isql
* = Slsol \Md
Ks Eisor — 52 S tanh N —Ks, S |sol —Siq2 WG Hg (X5) +
isol

. _ Si
k62 gisdz 62 |sd2 tanh( ] kG |sd2 |sq2w H (X )+
glsdz
. _ Sis -
k72 gisqz %2 |sq2 tanh [ qzj I(71 Séqz Slsoz \”86— HB (XS) +
|sq2
S|soz 2
I(82 glsoz %2 Slsoz tanh k81 Sisoz (66)
|502
Where:
lziz =k, - ki*z
_ (67)
i=2,8
And:
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=0.2785¢,,
&g = 0.2785¢,,
Esq = 0.2785¢,
& = 0.2785¢,, (68)
Eyo =0.2785¢,,
Eiqo = 0.2785¢,,
Eisop = 0.2785¢,,,
W', k;},i=2,8 are unknown parameters, their

estimation requires an adaptive law defined by the
following Lyapunov function:

V, =V, +—W6\/%

L ge L i
27

Yk,

Lt owevwe e L
2 " 2%, 2y, 2
R R R+ RS +
2y, 2y, 2y, o

Lt le @

Y I m Vi

ERVLE

Y,

The derivation of (69) gives:

O,
2 IW"II kl RE+2 -

. S
Ky &gy — %ZS tanh( j k21S2 S.mWH (X)) +

<k, S2 - S, WIH, (x,)+

. _ S =
k32 gisdl %2 isd1 tanh[ ISdlj kSlSédl Slsql\MJH4(X4)+

K.z —RoS

42 “isql

Sls
A?Z isql tanh( qu k41 |sql |$01VV6H (X )+

k;z g‘isol Slsdz \% H (X ) +

SISO
%2 SISOl tanh ( 1) - kS |sol

kgzgisdz %2 |sd2tanh( j ksl isd2 |sq2\WJH (X )+

glsdz
* SlS
k7 Cisq2 — %2 |sq2 tanh( qzj k; Suiqz .sozwd Hg (X)+
|sq2
k;z &_‘isoz %2 Slsoz tanh( ISOZJ kBl Siioz + L\MJV@ +
Eiso2 2y,
1@@ 5 VR RO B
2 W3 27k3 276)4
LRI - WV R0 +LV\’/9W’E‘ +
27k4 27w 27k5 m
TR WO R 1mw+
2y, 27y, 27,
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5 K - (70)
By using (52), we obtain:
<k, S5 2 IW"II

%92 - k41 Siiql -

Oy, 2 Oy
_TW»%' _7k 21 ;, -
O, O,
%%éz __k31 Siidl _%W\/s”z —i
0 4 5 O-ks

. IW"II - IW‘1|

, 2

kﬁl Siidz k Séqz u M/?" -

82+€l+6‘2+6'3+

—ke, S2, —

51 Visol

5 IW"II

O'
2 % k81 S|§02

s IW"II

E4+85+ge+g7+58 (71)
Where:
£, =Ky iy + — W I+ kz koo
£y =Koy By W I+ “ sy
R W I+ k“ kiz
B = K B+ WG+ (72)
& = kgz Eigaz T |W6 ks k*z
5, = KB + 2 W + K
7y =Ky gy + — W I+ ks kep

A simplified form of (71) can be presented as follows:
VE<-nV, +u (73)
With:
H=8 +E+E+8 +E +E +& +&
n =min{2k,, 2k, 2Ky, 2K,,, 2K, , 2k, , 2k;;, 2K, ,
00 76100,79,100,76,,006,76,100,V0,100, Vo,
Oy, 75,04, 798177k}
= min{ak17k1’0k2 Y 7Ok Yy Ok, Vi O Vg »

Gk57k6’0k77k7’0-k87k8}

(74)
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If we multiply (73) by the exponential terme” , we
obtain [18]:

% v )< pe (75)
dt
The integration of (75) from 0 to t gives us:
0<v, s% + (v4 0)- %j e (76)

Where: u is a randomly selected parameter and 7 is

chosen according to the design parameters. According to
[18]: the bounded interval of V, presented by (76)

reflects the exponential convergence to an adaptable
residual set for tracking errors, filtered tracking errors and
parameter estimation errors, adding to this the
delimitation of all closed-loop signals.

V. SIMULATION RESULTS

The DSIM studied in this paper is powered by two
voltage source inverters with a pulse wide modulation
(PWM) control strategy. Its nominal electrical and

mechanical parameters are as follows: P, =4.5kw ,
R,=R,=372Q, R =212Q, L,=L, =0.022H ,
L, =0.006H , L,=03672H , J=0.0625kg.m* ,

K, =0.001Nm.(rd /s)™ and p=1. The efficiency and

robustness of the proposed control compared to the SMC
proposed in [12, 13] with different modes of operation,
especially in post-fault operation are shown through
simulation results using the MATLAB/SIMULINK
environment. The reference speed is set at 200rd /s .

The simulations presented in Fig.2 show the DSIM
responses in healthy and defective mode with the SMC
proposed in [12, 13] and the proposed FTC. The results
showed the superior performance of the proposed FTC
based on the RBFNN. The DSIM is starting with a
balanced squirrel cage rotor from zero to the nominal
speed, at t=2s, DSIM is loaded by T, =T,, =15Nm, a
simulation of the BRB fault is caused at t =3s. During
the un-faulty mode, the speed follows its reference value
with a negligible overshoot and without oscillations, but
it is clearly shows that the FTC has the fastest dynamic
response by imposing a short transient regime, the load
torque is very well compensated by the electromagnetic
torque (before t=3s). It is clear that after the fault
occurrence, an abnormal behavior of the DSIM is
observed with the SMC proposed in [12, 13]
accompanied by a closed-loop performance degradation;
speed oscillations are visible in Fig.2.a and through the
zoom presented in Fig.2.b.The stator phase current is not
sinusoidal, the distortion of the signal is caused by the
fault effect, the oscillations on this physical quantity are
visible in Fig.2.c and Fig.2.d, their amplitude can reach
up to+15 A greater than the nominal value of the current.
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The flux trajectory is presented in Fig.2.e; SMC proposed
in [12, 13] provide ripples after the appearance of the
BRB fault. High ripples in the electromagnetic torque can
be view in Fig.2.f, where the maximum positive ripple
reaches +54N.m and the maximum negative ripple

reaches +25N.m Regarding the proposed FTC,

oscillations in rotor speed are considerably reduced as
indicated by the Fig.2.aand Fig.2.b, the proposed FTC
guarantees a better speed response with precise reference
tracking and also provides better stability with the
smallest average static error. The tracking performance of
the stator current has a small change, the current signal is
not sinusoidal but does not exceed its nominal value, this
deformation represented in Fig.2.d expresses the
compensation of the BRB fault effect by the stators
phases. Fig.2.e proves that the proposed FTC is able to
correctly lead the flux with a fast dynamic to its desired
reference (1Whb) even under rotor fault. No ripple in the
electromagnetic torque signal during the faulty operation
as shown in Fig.2.f. Finally, it can be seen from the
simulations results that the BRB fault does not affect the
performances of the proposed FTC even in presence of
the load torque while SMC proposed in [12, 13] is unable
to properly handle the machine with an unbalanced rotor.

Rotor speed

250
A2007 WY VV VWY V W
»
2150+
kel
§ 100 f 1
%) 50 ==SMC proposed in [12, 13]| |
== Proposed FTC
0 1 L 1
0 1 . 4 5
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Current (A)
o
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g
i)
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®

Fig.2. Pre-fault (t <3s) and post-fault (t >3s) performance of SMC
proposed in [12, 13] and proposed FTC for DSIM

VI. CONCLUSION

In this paper, an adaptive RBFNN control method has
been proposed for a class of MIMO nonlinear system
which is a double star induction machine in the presence
of bounded external and internal disturbances. The
proposed FTC maintains the maximum performance of
DSIM, even in the event of broken bar fault. The
effectiveness of the proposed FTC is validated using
MATLAB / SIMULINK. The results obtained show that
the proposed fault-tolerant approach is capable of
handling post-fault operation and provides satisfactory
performance in terms of speed and torque responses, even
under such abnormal conditions. In addition, the
comparative study with other newly developed work on a
multiphase induction machine showed improved fault
tolerance performance. The proposed fault-tolerant
control could be a realistic solution and a powerful
alternative to existing FTC methods. The future works
should envisage the experimental implementation of the
proposed control scheme.
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