www.czasopisma.pan.pl P N www.journals.pan.pl

ARCHIVES OF ELECTRICAL ENGINEERING VOL. 61(2), pp. 165-188 (2012)
DOI 10.2478/v10171-012-0015-1

Observer-based fault diagnosis and field oriented fault
tolerant control of induction motor with stator
inter-turn fault

DJILALI TOUMII, MOHAMED SEGUIER BOUCHERITZ, MOHAMED TADJINE?

'Electrical Engineering Department
Ibn Khaldoun University, BP 78 Tiaret Algeria

2Process Control Laboratory, 10 Avenue H. Badi BP 182
Automatic control department, ENP Alger, Algeria
e-mail: {toumi_dj/ms_boucherit/tadjine@yahoo.fr

(Received: 21.09.2011, revised: 19.12.2011)

Abstract: This paper describes a fault-tolerant controller (FTC) of induction motor (IM)
with inter-turn short circuit in stator phase winding. The fault-tolerant controller is based on
the indirect rotor field oriented control (IRFOC) and an observer to estimate the motor
states, the amount of turns involved in short circuit and the current in the short circuit. The
proposed fault controller switches between the control of the two components of measured
stator current in the synchronously rotating reference frame and the control of the two
components of estimated current in the case of faulty condition when the estimated current
in the short circuit is not destructive of motor winding. This technique is used to eliminate
the speed and the rotor flux harmonics and to assure the decoupling between the rotor flux
and torque controls. The results of the simulation for controlling the speed and rotor flux of
the IM demonstrate the applicability of the proposed FTC.

Key words: induction motor, short circuit, vector control, fault-tolerant control, fault
diagnostic

1. Introduction

Induction machine drives are the most widely used in the adjustable speed drives field. The
advantages of this solution are, on one hand, their relatively low cost, simple construction and
easy maintenance. On the other hand, progress made in control and algorithm implementation
technologies enabled these drives to have high dynamic and static performances. They have
reached a high degree of maturity and become standard industrial solutions for a wide range of
power and applications (robotics, railway transportation, marine propulsion, wind power
generation) [1-3].

The possibility for electrical machine faults is unavoidable. Many components of the in-
duction machine are susceptible to failures, the stator windings are subject to insulation break-
down, the bars and end rings of the squirrel cage are subject to failures, machine bearings are
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subject to excessive wear and damage etc, all caused by a combination of thermal, electrical,
mechanical, magnetic and environmental stresses [4-7].

Fault diagnosis of rotating electrical motors has received intense research interest [8-11],
because of its great influence on the operational continuation of some industrial processes.
Correct diagnosis and early detection of incipient faults result in fast unscheduled maintenance
and short down time for the process under consideration. They also avoid harmful, sometimes
devastative, consequences and help reducing financial loss. Condition monitoring systems
include both measurement hardware and software that acquire and interpret signals generated
by the machine being monitored [12, 13].

In recent years, fault detection and isolation (FDI) has been studied extensively [14-17].
Advances in control theory have greatly speed up the development of FDI of electrical
machines and various approaches have been proposed. Among these approaches, observer
based FDI is an effective one and has been widely studied especially in last years [3, 18-20].
The fundamental purpose of a FDI scheme is to generate an alarm when a fault occurs and
also, if it is possible, to locate the fault or to estimate its magnitude [16, 18, 20]. Another
versions usually consist in designing a supervisory unit which, on the basis of the information
provided by the FDI system, achieves control reconfiguration to compensate for the effect of
the fault and guarantee fulfillment of performance constraints.

Many effort in the control community have been recently devoted to study FTC system
associated with the IFOC to preserve pre-specified performance and to compensate harmonics
in the currents, torque, speed and flux, at the presence of rotor or stator faults [16, 21-24].

In this work, we propose a FTC of IM drive to reduce the effect of inter-turn short circuit
in stator phase winding, aiming at decoupling between torque and rotor flux control and at
eliminating harmonics from induction machine states. A bilinear observer is used to estimate
the fraction of the short circuit turns, the short circuit current and the other d - ¢ axis compo-
nents of stator current directly responsible for production of rotor flux and electromagnetic
torque. When the IM operates in faulty condition, then the latter currents are controlled instead
of measured currents in order to compensate the fault effects when the estimated short circuit
current is not exceeding the acceptable level assuring the machine operation with degraded
performance until its repair or his exchange.

2. Healthy induction motor model

2.1. Machine equations in abc variables

The induction motor model presented in this part considers that the stator and the rotor
consists of the three sinusoidally distributed windings displaced by electrical angle of 120°,
with the following general assumptions: The magnetic saturation is negligible, the air gap is
uniform, the windings are sinusoidally distributed, the permeability of iron parts are supposed
infinite,. ..

In this paper all matrices and vectors are written with bold letters, to distinguish these from
scalar values.
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The voltage equations for the stator and rotor winding for symmetrical induction motor can
be written as:

v —ri 4 d¢sabc
sabc s “sabc dt ’ (1)
0= . d¢mbc
=X Labe + dt .
The equations of the stator and rotor flux linkages can be expressed as follows:
¢sabc = ls isabc + mg, (6) irabc’
2

. t .
¢rabc = lr Liabe + mg, (0) Lsabe-

t . . . . ¢ t
Where Vsabe = [Vsa Vsb Vsc] > Lsgbe = [lsa Lsp lsc] and ¢sabc: [¢sa ¢sb ¢sc] are the
voltage, the current and the flux linkages of stator circuits respectively. i, =[i, i, i.]

and @,,,.=[d, &, ¢.] arethe current and the flux linkages of rotor circuits respectively.
r, =diag[r, r, r,] and r, =diag[r, r. r.] are the stator and rotor resistance matrices re-
spectively.

I;, 1,,and mg (@) are the inductance matrices defined by:
lWlS lWlS ] I lmr lmr 1
lls + lms _7 _7 llr + lmr _7 _7
/ /
= -2 [ +] - .= -2 [ +] - 3
s 2 Is ms r 2 Ir mr ( )
- _lﬂ llv + lmv _lm_r _lm_r llr + lmr
L 2 ’ " L 2 2 J
cos(6) cos(6’+2—”j cos(9+4—”j
3 3

mg, (6) =m| cos (9 + 4%) cos(6) cos (9 + 277[] 4)

cos (9 + 277[) cos (0 + 4?”) cos(6)

where r, is stator phase resistance, r, is rotor phase resistance, /;; and /,,; are the leakage and
the magnetizing inductance in the stator windings respectively, /,. and /,,. are the leakage and
the magnetizing inductance in the rotor windings respectively, m is the maximal mutual
inductance between stator and rotor phase winding and 8 is the electrical angle between the
stator and the rotor phases.

The electromagnetic torque produced by the IM and the mechanical equations can be
expressed as [1, 25]:

omg, (6) .

00 Urabes (5)

Tem =P Yape
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JﬁzTem—T,—FQ. 6)

Where p represents the number of pole pairs, Q the mechanical angular velocity, J the
moment of rotor inertia, F' the viscose friction coefficient and 7; the load torque.

2.2. Machine equations in the stator fixed dgo-frame

To simplify the model of the IM described in abc-reference frame where the mutual induc-
tance matrix (4) is function of electrical rotor position, it is necessary to use the variable
transformation from abc-reference frame of the stator and the rotor variables to stator
dgo-reference frame. This variable transformation is given by:

xsdqa = qun (a)xsabc > xrdqo = quo (_a)xmbc . (7)

Where subscript s and » denote the stator and the rotor variables respectively. The transfor-
mation matrix is given by:

cos(d) cos(@—-2x/3) cos(8—-4rx/3)
Ty, = 31 sin(@) —sin(@—-2x/3) —sin(@—4x/3)
1/2 1/2 1/2

On transforming (1) to the stationary reference frame, the voltage equations can be ex-
pressed as follows:

d¢sdq

v.sdq dt H

®)
0=R.i, + P4 05
- rlrdq+7_p ¢rdq9

. 49,
=1l t .
dt

Where: x,,, :dq transformed stator variables of the induction motor, i.e. X, = (X, X, ),
X,4, : dq transformed rotor variables of the induction motor, i.e. x,,;, = (X4 X, L
The stator and rotor flux linkages equations are given by:

¢sdq = Ls lsdq + Msr lrdq ’
¢so = lls iso’

¢rdq = Lrlrdq + Msr lsdq ’

)

¢ro = llr iro'

The parameter matrices R;, R,, L, L, and M;, they all have a diagonal structure, and are
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given by,
R, =diaglr, r,],R, =diag[r, r.],L, =diag[l; [],L, =diag[l. [.],M,, =diag[m, m],

With: [, =3m/2+1[, : stator cyclic inductance, [. =3m/2+1[, : rotor cyclic inductance,
mg, =3m/?2: stator-rotor cyclic mutual inductance.
Rewriting Equations (8) and (9), and using the magnetizing current i,, so defined that it

fulfills the equation @,;, =M, i,,,,, the healthy induction motor model becomes:
Bt (R AR i 117 (R - p @I, i L
= -Li Ry +R, )i +Li (R, = pQIM, )i, + L vy, (10)

diyy B +lvm, 11
dt L I3

di o . . )
N B
dd, __ 1 » (13)
dt 1,

Where R, =M, L,;'R, L,'M_,, L, =L,-M_L'M_, M, =M_ L;'M_,. From equa-
tion of ¢, it is seen that the flux components @, = 0 when ¢— o, for every possible

operating conditions, therefore this Equation (14) can be excluded from the final IM model.

For the case of the isolated star point of winding circuit, the sums of the three stator and
rotor phase currents are zero i.e.: iy, + iy + i = 0 and i,, + i, + i, = 0. Therefore the homo-
polar component i;, = 0 and i,, = 0 and the equation of the homopolar variables described by
(11) becomes: v, = 0. This shows that Equation (11) has no effect on the IM behavior and can
be excluded from finally model.

By application of variables transformations given by (7) to the torque expression (5) and
using the magnetizing currents expression iy, = (/./mg)i, 4 t+ isq, the following torque expres-
sion is obtained:

3
Tem = 5 pl_(imdisq - imqixd ) (14)

”

3. Induction motor model with stator fault

3.1. Machine equations in abc variables

The scheme of a wye-connected three phase stator windings with a short circuit between
turns of the phase 'a' winding is shown in Figure 1, where the machine with a fault can be
modeled as if the stator had four different windings i.e. ‘as;’, ‘as,’, ‘bs’ and ‘cs’. The
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windings ‘as;’ and ‘as,’ represent the healthy and shorted turns respectively and the current
‘i represents the circulating current in the shorted turns. The fraction of shorted turns ¥, is
defined as the ration of the number of the shorted turns to the turns per phase. In The model
presented below, it is assumed that the leakage inductance and the resistance of shorted
winding are proportional to the fraction of shorted turns ‘y,’.

In this section a model of an induction motor, including an inter-turn short circuit in phase
‘a’, is developed. The model is developed under the assumption that the short circuit does not
affect the overall angular position of the coil in the motor.

Fig. 1. Scheme of three phase stator
winding with a short circuit between turns
of phase ‘a’

Using the matrix notation, the equations of the stator and rotor voltages and flux and pro-
duced torque with stator turns fault can be expressed as follows [26-28]:

' r et d¢s'abc
Viabe = Ts Lsabe + dt > (15)
de. .
0=r.i, + —a;‘;b‘ , (16)
¢s,abc = l; is'abc + m;r(e) irabc’ (17)
. t o
¢rabc = lr Labe + mg, (8) Lsabes (18)
om’ (0)
ot .
Tem = Lsabe # Labe- (19)

Where v, =[Via Vsaz Vi Vse I, Lape =igq igq —1 7l ixc]tﬂ Beave =Dt Bz Py Pe I

The resistance and the self inductance matrices of rotor winding are not affected by fault
and are of the same form as in Section 2-1. The resistance, the self inductance matrices of
stator winding and the mutual inductance change under an influence of the inter-turn stator
fault in phase 'a' condition which can be represented as follows:
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r ],

A=yl +A=7 Ly 7=y =A=7 ) 12 ==y /2

K =diag[ (1= 7,)1, 7.7 1,

1 = Va (1 ~Va )lmx 7alls + }/azlms _yalms 12 _yalms /2
=y ), /2 Y abms 12 L +1 —L, /2
_(1 - ya)lms /2 _yalms /2 _lms /2 lls + lms

(1-y,)cos(9) (l—ya)cos(6+2Tﬂ) (l—ya)cos(9+4?ﬁ)
¥, cos(0) 7, cos(6 + 2%[) ¥4 Cos(6+ 4%)
m, () =m ) )
cos(9+7”) cos(6) cos(@ +Tﬂ)
cos(ﬁ—i—%r) cos(¢9+4?”) cos(#)

On adding the first two rows of the matrix Equation (15), rearranging terms and noting that

Vo, =Vea +Vean» the voltage equations can be written as follows:

sa»

. . d¢sabc
Viabe = Ts | Lsabe — 0 lf + 7 >
0 (20)
0=ri + d¢rabc
r “rabc dt

Where the rotor and stator flux equations can be written respectively as follows:

Va
¢sabc = ls isabc -1 0 l/ +mg, (9) irabc’
0
(21
Va
¢rabc = lrirabc +mg, (9) isabc - 0 if .
0

The expressions for the voltages at the healthy turns (as;) and the shorted turns (as,) in the
winding of phase ‘a’ can be obtained from Equations (15) and (17), respectively as:

disabc d{AZ (9)'isabc} dlf
~ra (=7 ) =L,
di + di Va ( 711) ms

22
P 22)

Voal = (l_ya) T im +A1
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disabc n d {AZ (9) : isabc }
dt dt

di
_yarsif ~Va (lls +)/alms)d_jtv’ (23)

Via2 =r;'lf =Va|Tska +Al

Where A, =[l,, +1,, —1,./2 =1, /2], A,(0)=m[cos(d)cos(6+2x/3)cos(@+4rx/3)].
By manipulations on the equation (22) and (23) and by considering that the voltages v,,; and
Vye2 are proportional to (1 — ¥,) and ¥, respectively, the equation describing the current in the
short circuit can be obtained by:

di,
[70 00V e =iy +1, d—J;. (24)

The inductance and the resistance of the short circuit are given by wrong
Lr=v,(1=7) b 1p =7 (1=7)1 +75

Where r; is the resistance in the insulation break.r =o0 means that no short circuit has
occurred and 7 # o means that some leakage current is flowing.
On rearranging terms in (19), the torque developed by the machine can be expressed as:

... 70m(0) .\ 04(09)].
Tem ={|:(1_7/a)lsa Lep Lge T+}/a (lsa _lf) 639 }lrabc =

t
(25)
ol my0)

i 00 Liabe-

3.2. Faulty model in the stator fixed dgo-frame

In this section, the model of IM with short circuit in the phase ‘a’ in the stationary refe-
rence frame is developed. The application of transformation given by (7) on the vector current
(ape 174 0017 €ives (ggy = oty ~ Tagolra 001'7,).

The model described in Section 3-1 transformed to the stationary reference frame gives the
following equations, with making use of the new defined current vector:

or d¢sd
Vsdqo = RS lsdq + dfq ’
(26)
d
0= Rr irdq + ¢”d‘1 _pQJ¢rdq’
dgy,
Vio =Ty lg, I 27)
de,
0=ri Pro (28)
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[}/tl 0 O] quo Vsdqo = rflf + lf Es (29)
b =L i, +M_ i,
sdq s “sdq sr ‘rdg (30)
¢rdq = Lr irdq + Msr i;dq >
¢so = lls i;o s (31)
¢ro = er iro . (32)
Where:
(i5ay = (g = Tygly, 0017,), (33)
0 =iy, sy, (34)
SO S0 3 Va 1
T 2 1 -1/2 -1/2 35)
“ 310 V372 B2
By substituting Equation (33) into (28), the expression of the flux ¢,, is obtained as follows:
d¢ro 7
+ - =0. 36
TR (36)

This equation can be excluded from the final model because ¢,, — 0 when t — .

The last row of voltage v, in Equation (29), equals v, , is unknown, and it is necessary
to calculate the short circuit current, as indicate by (29). Since the homopolar component of
stator current i, = 0 in a Y-connected motor winding, from Equations (34), (31) and (27), we
can obtain the following expression:

yoo L LA 37)
so 37/asf 37/4115 dt'
Including the expression (37) of v, in (29), the dynamic equation of the short circuit cur-
rent is expressed as:

. dl.f‘
YaVsa = Ryiy + L, 0 (38)

where L, =1, +y2l, /3 and Ry =r, +yir /3.
The final Equations describing the electrical part of IM are given by (26), (30) and (38).
Rewriting these equations with introducing the stator current i;dq and magnetizing current

iyaq»> the IM model in case of inter-turn short circuit becomes:
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ib’d 1 " . 1 ' ' . 1
dtq =-L; (Rs +Rr)lsdq +L; (Rr _pQJMSV)lWldq +L, Vidq>
di, e . : '
c;dq - MS_I‘eris"dq - Ms_rl (Rr -pQIM,, )imdq > (39)

t

/AN ¢

Where the new matrices used, retaining the diagonal structure, are given by:

R'r = Msr L_rl Rr L_rl Msr’ I“'s = Ls _Msr L;l Msr’ MIS: = Msr L;l Msr'

Transforming the torque expression given by (25) by variables transformations (7), the fol-
lowing final torque expression is obtained:

3 Sr (. . P
];m = E pl_(lmdlsq “lnglsa ) (40)
The final model describing the electrical and the electromechanical parts of IM is given by
Equations (39), (40) and (6). It is used to the numerical simulation of the IM with inter-turn
short-circuit fault in stator phase 'a'.

4. Observer for short circuit fault detection

The main objective of this part was to establish the online system to be capable of detect-
ing the short circuit stator condition in IM. We propose the use of an observer based on the
bilinear model of the IM operating with inter-turn short circuit fault in order to estimate the
fraction of short circuit turns and other IM states such as presented in the following. This
section ends with presenting the design procedure for this observer.

The state space model version of the induction motor equations with inter-turn short circuit
in the phase 'a' developed in Section 3.2 by Eq. (39) can be written as the following system:

x=(A,+QA,)x+Bu

(41)
y=Cx,

o1t of . t .
where x =[ily, by, i/], W=V, ¥=iay
The matrices used in this model are given by:

-L'(R,+R,) LR, 0 0 —pIM,, 0
Ag=| MR, -MJR, 0 |, Ag=|0 -pJ O,
0 0 R /L 0o 0 0
L EZ Lo
B=| o |, c=ltom |0f 1{0 J.
[ya/Lf 0] L
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In order that the fault coefficient appears in the fault detection observer, let us define
a transformation x = T,.z. This transformation gives the bilinear version of the non-linear
system (41), where the transformation matrix is given by:

I 0 [-10]
T, =(-M,'L, T 0 | (42)
0 0 3/2y,
When this transformation is used on system (6) it gives the following bilinear system:
I=(A,)+QA +Vv, +A,, Jz+B.u
( 0 Q tVa Via ) 3)
y.=C.z.

The new state vector z is extended by another variable describing the fault characteristic,
where z = [Tz_xlx f]- frepresent the fault characteristic and is defined as:

Va

In system (43), the input and the output vectors are: u =v ., y. = is4, and the matrices are:

(44)

1 ! ' g - NE 7 |
(LR +R)-MR) —L'R, (LR +R)| =7 P10
Tl = e
AzO = _Msr Rr 0 (Msr (Rs __Ls) 0
L 0
0 0 _7':;/115 0
i 0 0 0 0],
' 2/31,,
o 000 ‘
pJ -pJLM,, 0 0 0
0 0 00 1
A= LA, =10 0 0 |(2/3,,)M,'L, ;
Q 0 0 0 0 Va [( ls) sr s|:0:|j
0 0 00 000 2/31,
0 0 0 0 |
L,
-1
B.=|Ms | c.=i1 0 0 o]
0
0

The observer based on the bilinear system defined by (43) has the following form:
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A

é:Az (Q’ Vsd)£+Bzu+K(Vsd)(yz _yz)

O 3 (45)
y.=C.z,

where ” means the estimated value and the estimated output, K(v,,) is the stabilizing feed-
back gain of observer and the matrix A, (Q, v, ) is defined as:

AL (Qvy)=A0+QA 5+ VA, -

For a design of this observer, we define the state estimation error as:
e.=7-2.

The dynamic of the estimated error is described by the following equation:

de,
dt

=[A.(Q vy)-K(vy)C. ]e.. (46)

The results can be formulated as in the following.

Proposition 1
Consider observer given by (45), assume that Q has slow dynamics with respect to voltage
Vv, Let, the observer gain matrix be

K(vy) =Ky +K; v, 47)

Where gains K, and K, are such that the matrix A_(Q, v,;)-K(v,,)C. is negative

definite. Then, the observation error e, = z—Z is asymptotically stable.

z

Proof

The stability of the observation error can be proved by Lyapunov stability theory. Cho-
osing a Lyapunov candidate function as: V' = eZT e, /2.

The Lyapunov function is positive definite, what satisfies the stability first condition. Its
time-derivative is expressed by: V =e’é_.

To satisfy the Lyapunov stability, second condition must satisfy ¥ <0. From Equation
(46), we can write:

V=el[A(Q v,)-K(v,)C. ]e. <0. (48)
what means that the matrix:
[A.(Q vy)-K(vy)C.]<0 (49)

must be negative definite.
From expression of A, (Q, Ve ) , given in (43), and Equation (47), the Equation (49) can
be rewritten as:

(A —KC.)+QA o +vy, (A, —K(C.).
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In order to avoid the effect of the variation of the voltage v,; on the dynamics of the
observer, K; can be chosen so that the eigenvalues of the matrix (A _chz) are located
on the imaginary axis.

ZVsa

5. Fault tolerant control based field oriented control

In this section, we propose a FTC based on the IRFOC and the observer developed in
Section 4 in order to maintain the decoupling between rotor flux control and developed torque
control of IM. For the current controllers inputs, the FTC switches between the i (e) measured
d — g axis components of stator current in the case of the absence of short circuit fault and the
l'(ezl estimated d — g axis components of stator current when the short circuit fault occurs.

The electrical dynamic model of IM in case of healthy condition in the synchronously
rotating reference frame, where the d — g axis components of stator and magnetizing currents

are considered as state variables, can be expressed as [1, 23]:

dit9 m> m2 m2
Vs(s) =0l af: +| 7 +rrl—§r ige) 0,01, 1(6) l—zr,zs(e) ' ,(,f; , (50)
r r r
di®® m2 2 2
S(s) =0l ajq + 1t if,e) 0,01 1(6) a)i,(,f; =, l,(,fq), &)
t I L I
0o 0 Dind T @ 5
l Lsa dt + l Lyg — @y qu’ ( )
,
:(e)
0=- (e)+d 44 1 w,i) 53
- / dt / Oy Lyg - ( )

The superscript ), designates a variable in the synchronous rotating frame, where
o=1-m> /(1) is the leakage coefficient, @ = pQ is the electrical speed of the rotor, @ is
the electrical synchronously rotating speed and w, = w, — w is the slip electrical rotor speed.

The electromagnetic torque generated by the IM in case of healthy condition given by (14),
is valid for synchronously rotating reference frame and may be expressed as:

3 3 m
Ton =50 A0 0048 ) = S P70 -2 9

r r

The relations between the d — ¢ axis components of rotor flux and those of magnetizing
rotor current in the synchronously rotating reference frame are given by the following ex-
pressions:

¢(e) — (e) ¢(€) — (e) (55)

My Lnd > m,. mq
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For rotor field oriented control [1, 2], the instantaneous speed of the rotor flux vector is
selected to revolve at synchronous speed and the d-axis of reference frame is aligned to the
rotor flux direction as shown in Fig. 2 . The g-axis components of rotor flux vanishes and the
rotor flux is entirely in the d-axis, i.e.,

#7 =¢, and ¢ =4 =0, (56)

(o

where ¢. denote the rotor flux and the components of magnetizing current become:

i) =il and i) =0. (57)

Substituting Equations (57) into Equations (50) to (53) and (54) yields:

di -(e) 2 mz
V9 =ol, By o, B 1O o1l T i), (58)
d1 5 2
di® m2 2
) _ 54 7| ( ) ( )
VS(; = UZS7+ 7y +rrT;’ l‘gg) _ooliy l, wi,”, (59)
:(e)
7, di T
0=—L©) y—md | 10 (60)
L T T
dl'(e)
v,
0=—L9 41 49 (61)
lr sq dt 7 ‘md
3 3
Ton =3P D o) 60) = =3P l" i 15y (62)
) r
AT

Fig. 2. Phasor diagram
explaining IRFOC

The Equation (62) indicates that if the rotor flux ¢, (i(e)) is constant for a constant torque
operation, the electromagnetic torque 7, can be linearly varied by adjusting z(e) current.
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Therefore, a field-oriented control method controls the IM as if it was a separately excited DC
machine.

In the case of indirect rotor flux control, the required d-axis component of the stator current
igs)*, to achieve a demanded rotor flux magnitude ¢: (i,(,f)*) , can be determined from Eq. (60).

The required g-axis component of the stator current, i:;e) , for a given torque demand 7,
can be determined from equation (62).

The necessary rotor flux angle 6., required to transform between the stationary and

rotating reference frame quantities, is computed as follows:
0; = [wdt, (63)

where @, =@, +® is the command rotor flux speed. The command slip speed is obtained
from equation (61) as follow:

* L.
, Zmlsée). (64)

r lsd

Let R(68,) be the transformation matrix between stator fixed and field rotating reference
frame. It is given by:

R(0,) = { cos(6,) sin(Hs)}.

—sin(6,) cos(6,)

The results can be formulated as in the following.

Proposition 2
Let i/ and i;;e) be the components of estimated stator current, in the field rotating refe-

rence frame produced by observer developed in Proposition 1, and let:

iy =[1 0 [-10] ]z and 79 =R, 65)

Then, decoupling between the torque and rotor flux controls is maintained also in the pre-
sence of inter-turn short circuit.

Proof

In the case of inter-turn short circuit fault condition, the torque expression given by
Equation (40), which it is valid for all reference frames, can be expressed as

3 My (0 e o) n
T = p {150 4 1), ()
r

From Equation (30), the expression of rotor flux can be also written in synchronously

rotating reference frame as:

Bl =L, i) + M i), (67)

After the orientation of the rotor flux vector along the d-axis and using the torque and rotor
flux expressions (66) and (67) respectively, we obtain:
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3 My 0
Tem =3P Ind lsq > (68)
27 1
@©_ My ey Ao __ L o
L O R O I O (69)
$ra I+, sd md l+z,s sd

In inter-turn short circuit failure conditions, to maintain the decoupling between the torque
and rotor flux controls, it is necessary to control the estimated d — ¢ axis components of stator
currents 'is’;‘;)' in the synchronously rotating reference frame like it is defined by the ex-
pressions (68) and (69).

The estimated d — g axis components of stator current ’f;ﬁiz) ' can be obtained after coordi-
nates transformation from estimated states given by observer defined in Section 4 with the
transformation matrices defined by Equation (65).

This proposed technique which can render IRFOC tolerant to the short circuit stator fault,
is only applicable when the estimated short circuit current is not dangerous for motor winding.

The current in the short circuit can be obtained using the estimated variables as follows:

P
T VERT

where the variables denote:
Zs=2 f/32—fandA——£6
5= alp 15 %6 =, Va 1+22,/3

In order to obtain the best performance and attain a decoupled control between torque and

rotor flux, the measured currents is(z are controlled in the case of healthy conditions when the

observer gives the coefficient J} =0. When the short circuit fault occurs, the estimated
coefficient becomes different from zero (f # 0). This result allows to switch to the control of

the d — ¢ axis components of estimated stator current i

| f

¢ i*(e)
- L * ()
—> sd
Indirect Field |l PI Vg | PWM \;oltage
e Speed T, | Oriented Control Current P> Modulation | lOuict:e
+ Control Control nverter
s 05
(o ¥ )
ll“iq dq lsabc ,)
abc N
Y " 7 .
$ ll"dq lsnbc
Fault Observer
Evaluation |« Viouse

Induction
Motor

Fig. 3. Speed control and indirect rotor field oriented control scheme with fault tolerant control
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Figure 3 shows the structure of field oriented control with speed control and with switch-
over strategy, based on the output of the observer, which switches between the control of
measured current in case of healthy conditions and estimated currents in the case of faulty
conditions.

The feedbacks of measured or estimated d — g axis components of stator current is(,j{){ or
zi',gl? are compared with their references, and the errors are sent to current controllers to
generate stator voltage references ijfi* The d — g axis components of stator voltage in the
synchronous rotating frame are then transformed to the three-phase stator voltages v, . for

the PWM block.

6. Simulation results and discussions

The technique presented in the previous sections, applied to fault tolerant control of
IRFOC for IM has been implemented in the MATLAB/Simulink environment.

The IM used in this study is three phases 0.75 kW with 50 Hz, Y stator windings con-
nection and 400 V power supply. Their electrical and mechanical parameters are shown in
Table 1.

Table 1. Parameters of IM adopted for simulation purpose

Description Parameter Value Units
Stator inductance I 0.5578 H
Rotor inductance 1, 0.6152 H
Mutual inductance m, 0.54 H
Stator resistance T 11.8 Q
Rotor resistance 7, 11.3 Q
Rotor inertia J 2.107 Kg - m’
Number of pole pairs )4 1 -
Rated load T, 2.38 Nm
Rated speed N, 2760 rpm
Rated current I, 2.5 A
Friction coefficient F 287.10° Nm - sec

The speed controller used is an I-P (Integral-Proportional) controller with output limitation
and anti-windup, as shown in Figure 4. The parameters of speed controller were chosen as fol-
lows: ko = 0.268, k,q = 70.79, in order to obtain fast and precise response in speed tracking.

For d and ¢ current controllers, the following values of parameters of PI (Proportional-
Integral) controller are chosen as follows: k,q = 6.15 x 10%, kig= 1.5 x 105, kig=3 x 10%.
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The feedback gain of the observer are chosen as:

01 0 11 —-10 0]" 0000 0 o]
K, = and K, =
0 0111 0 0 0000 11O

k,

i

'k

pQ

Limitatioi

Q

Fig. 4. I-P speed controller scheme with limitation and anti-windup

The simulation test involves the following operating sequences: the rotor flux is required
to reach the nominal value g. = 0.653 Wb and a step change at time 7 = 0.3 sec in the rotor
speed of value of 150 rad/s is applied to the IM. To investigate the performances of the IM
control, the following disturbances are applied. For test of the performances of IFOC of IM
when running without short circuit fault (Fig. 5), only the motor shaft is subject to step torque
of 2.38 Nm at time ¢ = 2 sec. But for test with fault (Figs. 6, 7), the inter-turn short circuit fault
is applied at time ¢ = 1 sec with y, = 30% fraction of turns short-circuited and the load torque
of 7;=2.38 Nm is applied at time ¢ =2 sec.

In Figure 5 following time histories are reported: the speed, the d — g axis components of
the stator current in the rotating reference frame with theirs references, the currents measured
is,» the estimated currents f;dq in stationary reference frame, the estimated fraction of turns
short-circuited, and the d — ¢ axis components of the rotor flux in the rotating reference frame.

In Figure 5, the speed and the flux trajectories converge to their desired references and the
load disturbance is rejected. The plots of the d — ¢ axis components of the stator current shown
by Figs. 5c, 5d are the images of the reference rotor flux and the developed electromagnetic
torque respectively. These currents show up the oscillations due to the inverter commutations.
The d — g axis components ip the stationary rotating frame of measured currents i, (Fig. 5¢)
and the estimated currents i, (Fig. 5f) are similar in this case where the IM functioned in
healthy condition corresponded to estimated fraction of short-circuit y, = 0% (Fig. 5g).

Figure 6 shows the responses of IRFOC for IM with inter-turn short-circuit in phase ‘a’
and control of measured currents iiz. Note that the speed tracks the reference value ade-
quately in case of healthy condition. But when the short-circuit fault is applied, the speed
shows up oscillations around of his reference value (Fig. 6b) which persist after application of
load torque. In Figure 6g the value of the estimated fraction of turns in the short-circuit is
presented compared with his known value. In this figure, a good fault detection is obtained
insensitive to the load torque disturbance. The behavior of the d — ¢ axis components of the
estimated rotor flux in the synchronously rotating reference frame is reported in Figure 6h, and
it shows that in steady state and in the healthy condition: ¢3r(§) =¢. and 413,(;) = (0. But when the
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Fig. 5. Simulation results of IRFOC of healthy IM using l(e) measured currents control when a nominal
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Fig. 7. Simulation results using i;ff) estimated currents control for IRFOC when a stator fault occurs
at time 7= 1 sec and a nominal load torque applied at time 7 = 2 sec
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short-circuit fault occurs: ¢?r(5) <¢ and ¢?,(;) >0, the rotor flux deviates from his reference
resulting in a coupling between the torque and flux. We can see an oscillatory behavior from
the plots.

The times histories of the IM states presented in the previous figures (Figs. 5, 6) are newly
plotted in Figure 7, with making use of the proposed fault tolerant control. When the compo-
nents of the estimated stator current ;;((,Z) are controlled instead of measured current ig;;, it is
clear from the times histories of the speed (Fig. 7b) and rotor flux (Fig. 7h) that the control
objectives are normally reached, when the short-circuit occurs in the IM. The speed and rotor
flux are tracking the desired reference. The g-axis component of rotor flux remains zero which
results in a decoupling between torque and flux and hence in better performance. It is
important to note that the oscillatory behavior is easily eliminated by using the proposed FTC
from the speed and rotor flux trajectories.

The estimated current flowing through the short circuited, when the IM is controlled with a
proposed technique, expressed in per units of the rated stator current is equal to 4,92. For some
application, this current can be reduced by associating an appropriate adjustment to the
rotating magnetic flux.

7. Conclusion

The problem of oscillations, generated by an inter-turn short circuit fault, in stator winding,
in the speed and in the two components of rotor flux and the loss of decoupling between the
rotor flux and torque control; for IRFOC; has been solved by a fault tolerant controller using
an observer based on the bilinear model of IM with fault. This observer estimates simulta-
neously the motor states, the amount of turns in inter-turn short circuit and the current flowing
in short circuit. In the case of faulty condition we can estimate the new d — ¢ axis components
of stator current directly responsible of rotor flux and torque control. The estimated current of
short circuit can be evaluated to decide on stopping of the machine or to switch to the control
of the new estimated currents.

The above simulation results have demonstrated the effectiveness of the proposed fault-
tolerant control.

The proposed technique can be generalized for all three phases, and switches on its own
between the control of measured currents and estimated currents in case of faulty conditions.

Though the work proves potential applicability of the fault tolerant control to the induction
machine with shorting in stator winding, its practical application is highly limited due to very
fast overheating of the shorted sections of the winding.
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