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ABSTRACT

This paper presents an accurate and high-efficiency backstepping fault-tolerant control (FTC) for double star induction machine
(DSIM) of 4,5 kw operating with two current sensor faults (CSFs). The DSIM is fed by two cascaded hybrid seven level inverter
using pulse width modulation (PWM) control strategies. This passive FTC is based on Lyapunov stability theory and using an
estimator of rotor flux. A comparative analysis via Matlab/Simulink is made between the proposed FTC and sliding mode control
(SMC) in order to compare the performances of the system using these two control methods. Simulation results prove that the

backstepping FTC has a fast dynamic, better tracking performance and better robustness against the CSFs.

Keywords: Double star induction machine, Backstepping control, Sliding mode control, Fault tolerant control, Current sensor fault.

1. INTRODUCTION

The double star induction machine (DSIM) belongs to
the multiphase machines category. It has been proposed for
different fields of industry that need high power such as electric
hybrid vehicles, locomotive traction and ship propulsion and
other applications which requires safeness conditions such as
aerospace and offshore wind energy systems. DSIM not only
guarantees a decrease of rotor harmonics currents and lower
torque ripple 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 operating even
with open-phase faults thanks to the important number of
phases it owns [1-5].

Sensors are very delicate and can be broken. Current
sensor faults (CSFs) are one of the most important concerns in
industrial fields. The most widely used method for detecting a
current sensor fault is based on Kirchhoff’s law. A CSF occurs
if the sum of (abc) frame measured phase currents does not
equal zero. However, faulty sensors can provoke the instability
of DSIM. Moreover several observers like sliding mode,
extended kalman filter or neural networks use stator currents
signals to estimate rotor flux, electromagnetic torque and rotor
speed therefore their estimations will be unreliable when those
sensors are faulty [6]. For these reasons it is very important to
develop a sensor fault tolerant control able to keep good system
performances even under these operating conditions.

In the last few vyears, fault-tolerant control for

induction motor became a very attractive research field for
many researchers [7-9]. The aim of the fault tolerant control is

ITEE, 6 (6) pp. 67-77, DEC 2017

having the ability to accommodate automatically when
occurrence a fault and to maintain acceptable system
performances. In the literature, there are two methods of fault-
tolerant control: passive fault-tolerant control (PFTC) and
active fault-tolerant control (AFTC). PFTC uses robust control
techniques to guarantees the insensitivity of system to faults in
closed loop, the system continues to operate with the same
controller and system structure [10], in other hand AFTC is
based on-line fault compensation. It has the ability to change its
structure according to the information provided by the FDI
(Fault detection and isolation) block [11]. The complexity of
DSIM mathematical model requires the PFTC, in this reason a
FTC based on Backstepping control is proposed in this paper.

The sliding mode control (SMC) is a non linear
control, it has a fast dynamic response where the system
stability is guaranteed by reducing transient state error. The
SMC ensures robustness against parameter variation and
external disturbance when the system reaches and remains in
the sliding surface. In other hand, the SMC present a
disadvantage called chattering. This unwanted phenomenon is
under high frequency ripples form caused by the switching
control law [12-13]. SMC has recently been applied on doubly
fed induction generator where it has proved its robustness
against parameters variation and disturbances in front of the
both proportional-Integral and backstepping control [14-15].
The only disadvantage is the chattering phenomenon. It has also
been successfully applied on permanent magnetic synchronous
motor (PMSM) where the unpleasant chattering phenomenon
was eliminated by using an exponential reaching law [16].

Backstepping control (BSC) is a non linear control

based on Lyapunov theory. Recently it has been widely studied
and adapted for the control. Researchers in the field of induction
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motor (IM) interested by the high efficiency of BSC in stability
of closed-loop systems have proposed several process of
applying the backstepping control to IM. [17] presents a BSC
for induction motor drive using reduced model in healthy state,
simulation and experimental results show the good
performances of IM under operating in low and inverse speed,
they also confirm the high robustness against external
disturbance and parameters variations. Backstepping control is
equally applied on five phase induction motor drive [18-20].
The experimental tests obtained prove the best performances in
transitional and steady state, excellent stability in low speed
operation state and robustness against temperature variation
(resistance variation), the only disadvantage is the adjustment
of gains. The field of wind energy conversion systems (WECS)
also took advantage of BSC. In [21] a backstepping control
strategy was developed and tested on double fed induction
generator (DFIG) for the purpose to control the stator outputs
voltage and frequency under perturbations generated by speed
and required power variations. Experimental results using a
DFIG and a dSpace DS11104 card prove the performances of
the proposed control such as precision and stability.

This paper introduces a comparative study of sliding
mode and backstepping in control of the double star induction
machine. Modeling, theoretical study and simulations are
provided. Performance of both controllers is investigated and
compared in term of tracking reference, external disturbance
and robustness against current sensor fault.

After the introduction, this paper is organized as
follows: the next section describe the DSIM and establish the
state equations in d-q reference frame. Section 3 simulates the
current sensor fault. Sliding mode control design for DSIM is
carried out in section 4. Backstepping control scheme is
developed in section 5. The proposed FTC is implemented in
Matlab/Simulink environment and performance appraisal is
examined in Section 6. The last section is reserved for
conclusion.

2. DSIM MODELLING

2.1. DSIM DESCRIPTION

The DSIM has two stators shifted by an electrical
angle and mobile squirrel cage rotor composed by three phases.
Each star is composed by three immovable windings. The Fig.
1 shows an explicit schema which represents the stator and rotor
windings. The windings series (Sa1, Sb1, Sc1), (Sa2, Sbz2, Se2) , (Ra,
R, Sc) represent statorl, stator2 and rotor respectively, o is the
angle shift between the two stators, 6 is the one between rotor
and statorl. In this research we choose 0=30° as [3]. In order to
have a light mathematical model of DSIM, we are putting these
assumptions:

+  The two stators are identical.

»  The windings are sinusoidal distributed.

» The magnetic saturation and mutual leakage are
neglected.

*  The flux path is linear.

2.2. DSIM State equations
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From the hypotheses cited above and in order to design
easily the proposed backstepping controller, we choose the
following state space model of DSIM in the synchronously
rotating reference frame (d-q):

Sev Ra

Statorl SaJ

Qe R
cl
Scz
Fig.1 DSIM windings
d 1 ) . ) -
Elsdl = L_[Vsdl - Ry, + o, (lelsql + Tr(prwgl)] (1)
sl
d 1 P . B
a sq1 L_[Vsql sllsql LN (lelsdl +o, )] (2)
sl
d . 1 i B . . »
alsdz = L_[Vsdz - Ry, + o (Lszlsqz +Tlr(pra)m)] (3)
s2
d 1 ) . . .
Elsqz = L_[Vsqz - Rszlsqz -0, (Lszlsuz + (pr)] (4)
s2
d 1T L, P 1
;wr :T{pZL o 0, (Isq1+|sq2)_pTL_K1er (5)
d Rr L.R, . i
;¢r :_L +L (pr+L i L (Isd1+|sd2) (6)

3. SIMULATION OF CURRENT SENSOR
FAULT IN MATLAB/SIMULINK

This simulation method is based on the stator current
transformation from abc frame to the stationary reference frame
(alpha-beta) as shown in Fig. 2. Current components iy, and isg
can be calculated from the following system of equations [10]:

io=i
J. AU ()
Ps/} = ?(Isa + leb)

Two current sensor faults were introduced in control loop with
both stators by multiplying the two current signals isu1 and ise2
By an error gain as indicated in Fig. 3.

I

b axis
k\
B axis
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4. SLIDING MODE CONTROL DESIGN

4.1. SLIDING MODE THEORY [22]

The sliding mode control is based on the convergence
of system state trajectory to a sliding surface. The state vector
is kept around this surface by the switching control effort in
order that the trajectory slides to the origin through the sliding
surface. The design of SMC can be reach in two successive
steps:

»  First step: definition of sliding surfaces
The most used surface S(x) in the literature is given by:

r-1

S () = (/1 + j—t) (X, - %) (8)

Where X is the state vector, X is the reference state vector, r
is the degree of the sliding mode and 2 is the weighting factor.

u®=u, ®O+u,® 9
The component u,  called the equivalent control (decoupling
control) is obtained by putting surface derivate equals zero
s =0, its role is holding the system on the sliding surface
which is definite by s (t) = o . The other constituent u is the

discontinuous control (switching control) it ensures the
convergence of system state trajectory toward sliding surface.
The reaching condition is based on Lyapunov theory stability

and must verifys.s <o .

4.2. APPLICATION OF SMC ON DSIM:

The SMC algorithm for DSIM has been presented in
[23-24]. In order to eliminate or decrease the chattering
phenomena in steady state, a saturation function sat(t) is used
instead the signum function sgn(t) for the switching control
[25]. The sat(t) function is defined as [26]:

(10)

sat(t) =
[s]+ m

Where m is a small positive gain and|s|>> m .
Therefore, the SMC for DSIM can be designed as follows:

* Speed and flux SMC:
Speed and flux surface:

s(w,) = o -
J (11)
lspr=0 -0
The time derivative of equation (11) gives:
é (w,) = a): - a}r
J (12)

Sy =9, -0,

X

dq to afp af} to abe
lsa’],2

dqo Lpl2 R N afo
Ligi 2 afo > abc
I.S'a’ 1,2 » isal 2

qu | lisbl,2 »
Lsq1.2 abc _ Lyc12

abc to dq

Fig.3 Simulation of current sensor fault (St is a gain error: 20% of the nominal signal)

+  Second step: Control law design
The sliding mode control has two command components and
can be written as follows:
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By substituting equations (5) and (6) into (12) we get:
p° L . Ky p

1S@) =0, - ——"—(i, +i,)p ~—o - =T
J oL, +L, J J
J (13)
S rmgr v —2 bR i vy
Q)= + [0 g, + 1
[ L, +L, L o+L, 0
Assuming that:
[isdl + isuz = isd
.sql + i.sqz = sq (14)
[Ysa1 = Lsa2
[isql = iqu
And putting:
isq = I:q = isqeq + isqn
(15)
[isd = Is’d = isdeq + isdn
Using equations (13), (14) and (15) we obtain:
- pt L p° L
S(wr)za;:_J_L mL b L mL Ol +
+ +
m r m r (16)
K
—fwr + £TL
J J

By applying the SMC theory, we find the d-g axis components
of currents control:

( L, +L, T R, ]
sde = §0r + (P,
}“ R.L, | L o+L, |
I Jl_m+|_r . Ky p_ 1
|sqeq = — P |0 +——o + —TL
j L, L J J J
(17
. S(®)
|Isdn =
| s ool+m,
|
| S (o, )
i =
™" " s @)+ m,
Where k_and k, are positive constants
*  Currents SMC:
Currents surface:
‘(S (Ism = is*dl - isdl
S (isql) = i:ql - isql
J (18)
‘S(isuz) = i:dz — iy,
S(isqz) = i:qz - iqu
The derivative of equation (18) according the time gives:
(s )= d . d
i =—i g, - —I
I sd1 dt sd1 dt sd1
|S (isqi) = ;i:ql - Eisql
oot e (19)
la -
(igg,) = —iy, — —I;
| d2 dt d2 dt d2
| _ d . d
[S (Isqz) = Elsqz - ;Isqz

By using equations (1), (2), (3) and (4) the system of equations
(19) became:
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d . i 1 .
S (_Isdl) = Isdl - L_(Vsdl - Rsllsdl) +

dt "
1 (20)
— o, (L +T,0 @)
sl
d 1 .
S (Ilsql) = Isql - _(Vsql - Rsllsql) -
. s1 (21)
_[w:( sabar T @1 )]
sl
(o]
—1 =1 - — (Vv - | +
sd 2 sd 2 sd 2 s2 sd2
dt L, -
1 22)
) [o; (Liji, +To0 0]
s2
d 1 .
S(_Isqz):|5q2 (Vsqz_Rszlsqz)_
dt L.,
) (23)
T [0 (Lisi, + 0]
52
Putting:
‘(Vsu = V;dl = Vaareq T Vsatn
‘Vsql * = Vsqleq + Vsqln
\ S (24)
[Veaz = Veaz = Vsazeq T Vsa2n
\
L sq2 sqz = Vsqzeq + Vsqzn

Finally, by following the same method used with the currents
sliding mode control, we get the decoupling control voltages:

‘Vsdleq s1 Eism+ Rslisdliws (leisq1+Tr¢:wg|)
| d
‘Vsqleq = sl §|5q1+ Rsllsql +w: (lelsd1+¢r)
J (25)
}VstEq s2 Elsdz"'Rsz sd2_w:(L52isq2+Tr¢r‘wgl)
| d . . .

Vegaeq = L, Elsq2+Rszlsq2+a) (Lsz sd2+(pr)
And also the switching control voltages:
[ _ k S (isdl)
‘Vsdlr\ T Msd1 .
‘ |S (Isdl)l+ msdl
}V S (1)

sqln = sql | .

S (i, )|+ m,

J Wl (26)
| —x S (igy,)
‘Vstn T TNsd2
‘ |S(Isd2)|+msd2
L S (i)

sq2n  sq2 .
[ 5 Gl

Wherek,,, .k, k,,, and k_, are positive gains that stabilize the
closed-loop system and obtalned by adjustment.

5. BACKSTEPPING CONTROL DESIGN

Backstepping control design is split into several design
steps. The output of each step will be the reference for the next
subsystem. The global system stability and performance are
confirmed by Lyapunov theory [27]. The BSC scheme for
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DSIM with faulty sensors is represented by Fig. 4, in this work
the sensors faults effects can be overcome using BSC strategy
in two consecutive steps.

First step: speed and flux control

The goal of this step is to steer the vector (o, ¢,1" to its
desired reference (o,
flux are given by:

|'eJ _ ’—w: - a)r—‘

0.1 . The tracking errors of speed and

. @7)
LezJ L(ﬂ, - co,J
The dynamics of tracking errors are:
re]_fe;-o,] 28)

le.) " [o; - 0,]
By substituting equations (5) and (6) into system of equations
(28), the dynamics of tracking errors became:

V,—e6 +e6, 31)
From equation (29), v'l can be written as follows:
\/lzelra}:_(i ’ Lm (/’:(is1+isz)_pTL_KfY|
L LJ L o+L, oo M
32)

( R, L.R, A

[ . .
-l- ( )
+€, Lwr L Lo+L o+ Lo+L lgr T a2 JJ
For the purpose to make the Lyapunov function derivative
negative definite we choose:

e, =-Gpe

L

e, = 7G2e2

(33)

Where:G,, G, are positive gains. By replacing system of
equations (33) into system of equations (31) the stability is
verified by the following inequality:

vV, = —Glef - (32e22 <0 (34)

ra;* _ifpz L, ol (i i )- pT. — K 1 From system of equations (29) and (33) we can make this
re, ] I ol Lo+L, o - ‘JI (29) equality:
| i R L R (v (1 o L, )
Le?“ i\ 0 _{_ r ¢r+ m'r (i5d1+isd2)J Jl Jwr _L‘J_p Lo+ L ¢f(|5q1+lsq2)_ pTL_ Kf :_Glel
L +L L +L m r
m r m r (35)
The first Lyapunov function adaptive to the rotor flux and speed o (R - L, R, G +i)--ce
errors is presented by: ket L el L e ) 1
(e +ey) (30) Putting:
' 2 (i + i, =0,
The dynamic of Lyapunov function is: o . (36)
a1 T la2 = b
o
I|nI§ _DC Senllsor
) . V* |_“—| y faultl
) Lia1 = <1l PARK Sjl > sd1
loa1 * Vo1
. v | v —> Vo
Cl)* ] > 981 Vscl >
T = 0, Inverter 1 yy
9,
a)r a)s
-1 BSC {DSIM
| i 1' link DC
sq _
o 50 § . ) > |_“_| A A
%) E q:la ,E.: Isdi Va2
(8 § S » . v
"""-Q-a ::} & .E sq2
R L S = >
R~ S Sfenlstozr\ Inverter 2
au
| 1t /N —
isdi -
Isq2

Fig.4 Backstepping control for DS
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IM affected by two sensor faults

71



Volume 6, Issue
50ctober2017

ITEE Journal

ISSN: - 2306-708X

Information Technology & Electrical Engineering

©2012-16 International Journal of Information Technology and Electrical Engineering

And assuming that:

i 1 = isqz
{isdl =g,
By substituting system of equations (36) into (35), we find the

current control:
L,+L .. R

._ ¢+ r
J L +L

@37)

P+ Gzez}
o (38)
J(L, +L, K
|| (Lo + )ra)r+—'a)r+£TL+Glel—|
[ p’L o) L J J J
«  Second step: currents control
This step establish the control law by adjusting the currents

i1 isgs iy, and i, resulted from the first step. The tracking
errors of the currents are:

n .
(65 = lgyy = gy

e =i —i
4 sql sql (39)
‘ = Ist - Ist
t = Isqz - isqz
The time derivative of equations (39) gives:
(- d . d
e, =—1I - —1
| 3 dt sd1 dt sd1
| d . d
eA = _Isql |sq1
(:it ddt (40)
|é5 = _isd2 ~ ke
| dt dt
| d . d
e, =—i - —
[ 6 dt sq2 dt sq2
Loood d .
By substituting—i,,, ,—i,,—i,, and —i_, by their
t dt dt dt

expressions (1), (2), (3) and (4), the system of equations (40)
becomes:

[.. . . . e e ]
| ' _[Vsu17 Rsllsd1+a)s (lelsq1+Tr¢rwgl)] ‘
| N \
re] | . 1 ) . . \
|e | | Isq1_L_[Vsq1_ Rsllsql_a)s (L51|5d1+(pr)] ‘
4 s1
He e
5 . . . P
L J |Isd2 st_Rszlsdz+ws(L52|qu+Tr(prwgl)]‘
€6 | Ly ‘
| \

) 1
{ isqz__[vsqz_
Lsz
The global Lyapunov function which analysis the system
stability is defined by:

. x .
Rs2|sq2 N (Lszlsuz

+9,)] J

WhereG,,G,,G, and G, are positives gains that stabilize the
system in closed-loop. By substituting system of equations (44)
into (43) v, became:

V,=-Ge’-G,e’~G,e’-G,e’~G.e’—G,e’ <0 (45)
We show clearly that the system of equations (44) checks the
stability according to the Lyapunov theory. By using systems

of equations (41) and (44) we obtain the final control
represented by the following components of stator voltages:

d

sdl - L EI + Rsl sdl_ (le sq1+Trqp:w;l)+GEle3 (46)
d .
Vi = L, a|51+R51|sql+ws(Lsl T )+G,e, 47
d . : -
sd 2 = L E|d2+Rszlsdz_a)s(Lszlsqz+Tr(prwgl)+G595 (48)
d . :
Vsqz = L EI +R52|sqz+a)s(|‘sz sd2+(p )+G e (49)
6. SIMULATION RESULTS AND

COMPARISONS

In order to verify the effectiveness and robustness of
the proposed control compared to sliding mode control
especially in faulty operation, two current sensor faults was
introduced on both control structure. The DSIM studied in this
paper is fed by two cascaded H-bridge 7-level inverter, its
parameters are follows: Voltage: 230-380 V, power: 4.5 kw,
frequency f=50 Hz. The nominal electrical and mechanical
parameters are given in appendix 1. The reference speed is fixed
to 200 rd/s. The DSIM is starting in balanced operation, a load
torque (14 N.m) is applied at t=2sec and followed by injection
of two current sensor faults which occur at the same time
t=3sec. This test is done by simulation using Matlab/Simulink
environment.

6.1. PRE-FAULT: HEALTHY OPERATING

Speed and reference speed
250

200

150

————)

100

speed (rad/s)

a1
o

—wref

(e +e) (e:+ef+e:+e62)
Vv, = + (42)
2 2
Its time derivative is:
: 2 2 . . . .
= -G,/ —G,e, +e,e, +e,e, +ee6 +ee, 43)

The system global stability is achieve if only v‘2 is definite
negative thereforee, ,e, ,e, and e, are chosen as in the first step:

(e, = —G,8,
e, = _6464 (44)
|€ = -Gseq
[ee =-Ge,
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Speed and reference speed
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2
8 150
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® 100
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2]
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00 1 2 3 4 5
time(s)
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Electromagnetic torque and load torque
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—TL
E 50
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=
g 0
% 1 2 3 4 5
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100 —TL
€
z 50
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g 0
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(d)
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Zoom of abc currents (stator 1)
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Fig.5 Simulation results of SMC and BSC in healthy state

The Fig. 5 shows the performances of the system in
steady and transient-states for a balanced DSIM (un-faulty
operation) starting by SMC in the top side and the non linear
BSC based on Lyapunov theory in the bottom side for each
physical size. Fig. 5.a and Fig. 5.b show the speed responses for
the two control methods, in both signals the speed follows its
reference value with neglected surpass and without ripples, but
it is clearly that the BSC has a faster response that SMC and
imposes a short transient regime. The response time for SMC is
0.22 sec while with the proposed control it decreases to 0.13
sec. No ripples in the electromagnetic signals as indicated by
Fig. 5.c and Fig. 5.d proving that the two control scheme able
to compensate the external load torque effect. We notice also
that BSC has a faster dynamic in electromagnetic torque
response than SMC. The shapes from Fig. 5.e to Fig. 5. show
the behavior of the three currents abc for each stator. These
signals are sinusoidal affected by the switching frequency
generated by the inverters, with BSC they are more perfect
sinusoidal form. Figures from Fig. 5.i until Fig. 5.1 clearly show
that the ripples (harmonics) in stator current with SMC are
higher than with BSC. The obtained results in a pre-fault state
ITEE, 5 (3) pp. 1-2, JUN2016

summarize and reflect the responses swiftness of BSC
compared to SMC.

6.1. POST-FAULT: CURRENT SENSOR
FAULT CASE
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Fig.6 Simulation results of SMC and BSC with two defective
current sensors

In this case the two current sensor faults are created at the same
time t=3sec, those faults are immediately detected. The
performances of DSIM during post—fault operation are shown
in Fig. 6. The machine is driven at 200 rd/s before and after the
faults occurrence, with a constant load torque of 14 N.m. In
steady state after the faults occur the speed decreases from 200
rd/s to 100 rd/s with SMC method as shown in Fig. 6.a, in the
other side the backstepping control retain a good tracking of
reference speed. In Fig. 6.c a high ripples in the electromagnetic
torque can be view with SMC where the maximum positive
ripple reaches +38 N.m and the maximum negative ripple
reached -43 N.m but with the proposed control the ripples
amplitude is acceptable. During the fault the stator currents in
phase Sa and phase S.» decrease with the decrease in the
measurements of the stator sensors as shown in Fig. 6.e, Fig
.6.f, Fig. 6.g and Fig. 6.h. The sensor faults have also a negative
effect on the two currents with healthy sensors of statorl and
stator2 respectively. The deformation of these currents is
clearly shown by the zoom-in presented in Fig. 6.i, Fig .6.j, Fig
.6.k and Fig. 6.l, this expresses the unbalance of stators
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windings. It can be seen from these simulation results that the
backstepping control ensures satisfactory robustness against the
current sensor faults. On the other hand the SMC is unable to
control the unbalanced machine.

7. CONCLUSION

In this paper, a fault tolerant control is presented for

double star induction machine affected by two defective current
sensors. These sensor faults are injected basing on simple
mathematical relationship between currents in phases (a, b, ¢)
and stator current components in stationary reference frame
(alpha, beta). The simulation results presented in this paper
prove the high efficiency and robustness of the proposed control
scheme after the occurrence of current sensor faults compared
to sliding mode method. Backstepping control not only gives a
higher dynamic and an excellent stability but it can also offers
good performances during the faulty operating mode such as
good reference speed tracking and satisfactory electromagnetic
torque response.

Appendix 1

Table 1. Machine parameters

Parameters Identifiers & values

Stators resistances Rsi=Rs»=3.72 Q

Rotor resistance R=2.12 Q
Stator self inductances Lg=Ls=0.022 H
Rotor self inductance Ls1=0.006 H
Mutual inductance L,=0.3672 H

Moment of inertia J=0.0625 kg.m?

Viscous friction coefficient

K=0.001 Nm.(rd/s)*
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