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Abstract

This work proposes an alternative strategy to the use of a speed sensor in
the implementation of active and reactive power based model reference adap-
tive system (PQ-MRAS) estimator in order to calculate the rotor and stator
resistances of an induction motor (IM) and the use of these parameters for
the detection of inter-turn short circuits (ITSC) faults in the stator of this
motor. The rotor and stator resistance estimation part of the IM is performed
by the PQ-MRAS method in which the rotor angular velocity is reconstructed
from the interconnected high gain observer (IHGO). The ITSC fault detec-
tion part is done by the derivation of stator resistance estimated by the PQ-
MRAS estimator. In addition to the speed sensorless detection of ITSC faults
of the IM, an approach to determine the number of shorted turns based on
the difference between the phase current of the healthy and faulty machine
is proposed. Simulation results obtained from the MATLAB/Simulink plat-
form have shown that the PQ-MRAS estimator using an interconnected high-
gain observer gives very similar results to those using the speed sensor. The
estimation errors in the cases of speed variation and load torque are al-
most identical. Variations in stator and rotor resistances influence the per-
formance of the observer and lead to poor estimation of the rotor resistance.
The results of ITSC fault detection using IHGO are very similar to the re-
sults in the literature using the same diagnostic approach with a speed sen-
sor.
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1. Introduction

The induction motors (IM) have been widely used in various industrial applica-
tions requiring variable speed because they are simple in construction, low cost,
very reliable, and very robust and require minimal maintenance [1] [2]. Nowa-
days industrial technology requires the knowledge of the actual values of IM pa-
rameters for high performance and precision operation of the cause [3]. Since
the estimation of IM parameters has several purposes, such as drive performance,
condition monitoring and fault detection, the modern controls such as direct tor-
que control (DTC) or direct field-oriented control (DFOC) require information
about the internal state such as electromagnetic flux or electromagnetic torque
cannot be measured directly, so they are estimated [4]. It is then found out that
the estimation of the internal state is sensitive to the IM parameters and how the
wrong estimation of these parameters has a direct consequence on the drive per-
formance. Consequently, the idea of fault detection is that, the parameters fluc-
tuations can indicate a fault symptom and the monitoring of these parameters
values can be used as indicators of condition monitoring of this method. Among
all the IM parameters, the most important are stator and rotor resistances which
have been shown to vary up to 50% and 100% of their nominal values during their
operation due the effects of the temperature rise, skin effect and flux saturation
(5] [6].

With the goal to optimize the IM parameters estimation, several methods have
been developed this last decade including off-line estimators and on-line esti-
mators. Namely, the authors demonstrated in Refs. [7] and [8] that off-line esti-
mators conducted during the commissioning session include the standard me-
thods for the estimation such as blocked rotor test, full-load test, no-load test
and standstill frequency response test. They also show that from the three major
types of on-line IM estimators (spectral analysis techniques, observer-based tech-
niques and the model reference adaptive system-based techniques), the parame-
ters can be calculated during the normal operation of the IM and provide a real
time estimation [4] [9]. On the other hand, the model reference adaptive system
(MRAS)-based techniques have shown to be more attractive techniques due to
its simple structure and easy implementation [3] [4] and [10]. This model is used
in order to adjust the parameters through an adaptive mechanism. The idea of this
on-line estimation approach relies on the minimization of the error between the
reference and adjustable model by an adaptive mechanism [11]. Several types
of MRAS-based estimators have been proposed in literature: electromagnetic flux-
based (F-MRAS) [12], reactive power-based (Q-MRAS) [13], active power-based
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(P-MRAS) [14], X based (X-MRAS) [15], PY based (PY-MRAS) [16], Electromag-
netic torque (T-MRAS) [17] and back electromagnetic force (back-EMF MRAS)
[18].

Some authors presented an active and reactive power based MRAS (PQ-MRAS)
estimator of both stator and rotor resistances with significant results [3]. The im-
plementation of this estimator requires the use of a speed sensor. In most cases,
there is physically no space to add a speed sensor on the rotor axis of the motor
already installed in its operating environment. Moreover, the speed sensor is
unreliable because it is sensitive to external disturbances. Its presence generates
an increase in the cost of the order (maintenance cost in case of sensor failure),
the complexity of the installation which is an important challenge of this work.
An important technic to overcome the perturbations and fluctuations affecting
the sensor is the use of the observer (software sensor) which allows to deal with
the absence of the mechanical sensor by giving the information of the speed and
the load torque by means of the unique measurement of the currents [19]. Two
basic approaches to synthesizing observers: a) The heuristic approach close to
artificial intelligence (neural network) [20] [21], b) The approach based on the
geometry of the machine (introduction of harmonics as functions of the speed of
the machine [22] [23]. There are several categories of observers used to avoid
difficulties in estimating state variables at low speed such as the extended Kal-
man filters [22] [24], the extended Luenberger filters [24]; adaptive observers [25];
slippery mode observers [26]; cascade observers and interconnected high gain
observers [27] [28].

The scope of this paper falls into the faults detection under sensorless speed
control technology. Facing these challenges previously established, the main con-
tributions of this paper are three fold:

1) Minimizing the costs of implementation and maintenance by reducing the
number of sensors.

2) Use of IHGO to estimate the rotor speed of the IM in the implementation
of PQ-MRAS estimator,

3) Detect ITSC stator faults using simple estimated resistance derivation algo-
rithms.

The observers used in this work are of the interconnected high-gain observer
(IHGO) type. This paper proposes to combine the two methods where the IHGO
is used to estimate speed rotor and PQ-MRAS for the estimation of stator and
rotor resistances. The stator resistance estimated is utilized in faults detection
algorithms, which is based on a simple assumption: inter-turn short circuit (ITSC)
results in a sharp decrease of the estimated stator resistance [29]. Studies were
performed in the closed-loop control system based on Direct Rotor Field Oriented
Control (DRFOC) structure.

The remaining parts of this paper are organized as follows: the mathematical
model of the IM, the formulation of the IHGO, the PQ-MRAS estimator descrip-
tion, the direct field oriented control structure of IM and the fault diagnosis strat-
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egy are presented in section 2; the simulation results are presented in Section 3.
The results comparison is presented in section 4 and finally conclusions and re-

marks are made in Section 5.

2. Description and Modelling of Systems Components

Test and validations of faults detection by parameter estimation require a model
suited for fault modelling. For this purpose, it is presented, in this section, a model
of IM dedicated to inter-turns short-circuit winding faults. The IGHO technique
will make it possible to reconstruct the rotational speed of the rotor which will
be immediately used through the PQ-MRAS technique to estimate the resistance
of the stator and of the rotor using the measurement of the current and the vol-
tage of the stator. In this section, the control structure and the diagnosis fault strat-

egy are also presented.

2.1. The IM Model

The model used is that of [30], allowing the decoupling of two modes, the com-
mon and the differential modes. It is composed of an additional shorted winding
in a three-phase axis. Figure 1 shows a three phase two-pole induction machine
in case of a short-circuit winding at phase b. This fault induces in stator a new
windings B, short circuited and localized according to first phase by the angle
0, =2n/3rad. 6, and 7, are stator faults parameters where,

1) the localization parameter 6, can takes only the three values: 0, 21t/3 or

4m/3, corresponding to the short-circuit on the stator phase a, b or ¢, respectively.

Stator faults (inter turns short circuit
windings at phase b) First pole of

Short circuit
winding

Second pole of
phase a

Figure 1. Three phase stator winding scheme with an ITSC fault in phase 5 [30].
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which allows to quantify the unbalance, is equal
’ ) and

2) the detection parameter 77,
to the ratio between the number of inter-turn short-circuit windings (N,

the total number of inter turns in one healthy phase ( N;).

2.1.1. Short-Circuit Model

In the stator faulty case, an additional shorted circuit winding B.. appears in sta-
tor. This winding creates a stationary magnetic field H.. oriented according to
the faulty winding [30]. Thus, we define the short-circuit current i. into inter-
turn short-circuit winding at origin of a short-circuit flux ¢.. Voltage and flux
equations for faulty model of induction machine with global-leakage inductance

referred to the stator can be written as

“[RJi+
0=[RJi, +§
0= Rcclcc d ¢cc (1)
¢S [ ] [ Sr]|r+[Mscc]|

_[L]I +[Mrs]s [ rcc]cc

_[Mscc]l +[Mccr]| +Lcc cc

where U, represents the stator voltage, i, i, and i are the stator, rotor, and

s? r
short-circuit currents respectively. @,, ¢ and ¢, denotes the stator, rotor, and

short-circuit flux respectively.

R, 0 O ., 0 0
[R]=|0 R, 0| and [R]=| 0 R 0| are the stator and rotor re-
0 0 R 0 0 R
sistances respectively while R =7, -R; represents the short-circuit resistance

with

_ Number of interturns short-circuit windings _ N 2
e = T otal number of interturns in healthy phase N,

With respect to the stator and rotor, we define the following matrices for the

inductors:
Ll b Lo L
2 2 2 2
L L L L
= -/ L+L -= | [o]=/-— L -=|; L, =r(L,+L
2 m f 2 [ r] 2 m 2 cC ncc( m f)
L L L L
e N e R
2 2 "o |2 2 "
cos(6) cos(9+2—n) cos(e—EJ
3 3
M, ]=L, 003(0—2—::} cos(6) cos(6+2§)
cos(9+2?n) cos(ﬁ—z—;] cos(6)
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cos(6,.) cos(6,, —0)
2 2
[Mscc]:nccl-p COS(HCC _?Tfj > [MFCC]:UCCLp COS(HCC —0—?“:)
003(49CC +EJ cos[é’CC —9+2—nj
L 3] | 3 )]

[Msr] = [Mrs]T > [Mccs] = [MSCC]T’ [Mccr] = [Mrcc ]T
0 stand as the rotor angular position. L, and L, are, respectively, principal

and global-leakage inductance referred to the stator.

2.1.2. Two-Phases Stator Faulty Induction Model
To minimize the number of model variables, we use Concordia transformation,
which gives (a, ) values of same amplitude as (a,b,c) ones. Thus, we define
three- to two-axis transformation T,; as
Xop = P(H)’Tze, X
{ T,. X

Xap, = 123 Xs

3)

where X,

matrix and the rotational matrix are defined respectively as follows:

- cos(0) cos(%nj cos[z—;j

sin(0) sin[%nj sin[z—;j

o(0)- cos(0) cos(0+gj -
sin(6) sin(9+gj

The short-circuit variables are localized on one axis, these projection on the

is projection of X following « and f axis. The transformation

(4)

two Concordia axis ¢ and [ is defined as

iy = {COS(H“ )}-iw 4 —{C"S(Q“ )]cﬁm ©)

sin(6,.) Sabe | sin(6,,)

Thus, (1) becomes

gaﬂs = RS i-aﬂs + a¢

_aﬂs
. . 2 . .
éaﬂs = Lm !aﬂs +!“ﬂr + gﬂcc!aﬂcc + Lf !aﬁs
. d P
gaﬂr :0: Rr .!aﬂr +_?aﬂ —-- P — gaﬂ
dt r 2 r
(7)
. . 2 .
éaﬂ, =L, [!aﬁs +lop +\/;77cc l_aﬂccj
0= Rl + Gt L
2 . . 2 )
Qaﬂcc - \/gncc LmQ (HCC )(!“ﬂs + !flﬁr )+ (5 Lm + Lf )Uczc !“ﬂcc
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where @ is the rotor electrical frequency; L
tance. Q(6,,) is define as:

m

=(3/2)L, the magnetizing induc-

cos® (6, )
cos(6,.)sin(6.,)

cos(8,; )sin(6.,)

sin®(6,,) ®)

Q(Qm) =

If we neglect L; accordingto L, in short-circuit flux expression (7), we can

write new flux equations as:

Qllﬂs - zsDtﬂm +?aﬁf - ( aps +i af _i—“ﬁcc )+ Ly I"ﬁ
Qaﬂr = Qaﬁm = Lm (iaﬁs +10‘/3r _iaﬂcc ) (9)
é‘lﬂcc - UCCQ (0(:(: )?aﬂm
where
d 2
I—aﬂcc 770(: ~afiec
(10)
—aﬂcc \/7éaﬂm
?aﬂ and Qaﬂ are magnetizing and leakage flux respectively. Then, the short-
circuit-current equation becomes
- 2 n, d
I—aﬂcc o Q( )dt¢ (11)

According to this equation, the faulty winding B, becomes a simple unbalanced
resistance element in parallel with magnetizing inductance. The existence of lo-
calization matrix Q(6,.) in (9) makes complex the state space representation in
Concordia’s axis. In a large range of industrial application, voltage drop in R; and

L, is neglected according to stator voltage u_, then, we can put a short-cir-

afs
cuit element Q in input voltage border (Figure 2). Line currents i, become

the sum of short-circuit current i, and usual current i',, in classical Con-

afs
cordia model.

It is much simpler to work in the rotor reference frame because we have only
two stator variables to transform. Therefore, in state operation, all the variables have

their pulsations equal to Se, (where sis the slipand , is stator pulsation). Park’s

Lap, lap R, L @-F(ri2) 'gaﬁm
> >
A .
T Lapec
Ungs| | Q,,

Figure 2. Short-circuit model of induction machine [30].
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transformation is defined as
Xgq = P(—H)-gaﬂ (12)

Afterward, the faulty model will be expressed under Park’s reference frame.
Therefore, short-circuit current (11) becomes

- 2
L, =52 P(-0)Q(0.)P(0)uy, (13)

2.1.3. Global Stator Faulty Model
Fundamentally, in faulty case, an induction machine can be characterized by two

equivalent modes. The common mode model corresponds to the healthy dynam-
ics of the machine (Park’s model) whereas the differential mode model explains
the faults.

We generalize this model by dedicating to each phase of the stator a short cir-
cuit element Qg to explain a possible faulty winding. So, in presence of several
short circuits, each faulty element allows the diagnosis of a phase by watching
the value of the parameter. This simple deviation allows to indicate the presence
of unbalance in the stator. Figure 3 shows the global stator faulty model in dg
Park’s axis with global leakage referred to the stator.

Voltage and flux equations for faulty model with global leakage inductance
referred to the stator can be written as:

- Park’s model (stator and rotor)

’

. d T
gdqs = Rsl—dqs +a?dqs +wP [Ejgdqs

B =Lil'eg, + Lo (Vg +iag,) "

0 = Rr .idqr +a?dqr

_ . .
- I-m (I_dqS _{'I_dqr )

¢

L dag,

- Differential mode model (short-circuit currents)

I
oP|— |¢
. .7 R L 2 —dqx
1 1 H S f
- —— )
A = l_ ; 7 N v Al-
vqu"‘ & ey s =da,
uy [o. [ |[on] L, [] R
© o o
Q (] [} : .
E E E ldqm
~ ~ A~
e f
X g N =/
e il
Faulty part Healthy part

Figure 3. A global stator faulty model in dg frame [30].
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~ 2 Ucck
I—d%ck 3 R

P(-0)Q(6, )P(0)uy, - (15)

Resultant dg stator currents become

+1

3
. T, . .
!dqS - I_dq —ddge, I_dqS + kZ;!dqcck (16)

Each stator phase is characterized by its faulty parameters (rycck .0 ) , where

cCy

kindicates one of the three stator phases.

2.1.4. State-Space Modelling of the Faulty Machine
For simulation, it is necessary to write the faulty model in state-space representa-
tion. So, the fourth-order state-space representation of the IM with a winding

fault is given by:

(17)
L T

where x(t)= ['c;s i, @1 9, J is the state-space vector;

u(t)= [uds U, ]T , y(t)= [ids i, T are the systems inputs-outputs. The ma-

trices of Equation (17) are defined as follows:

-a ® bp be

-0 -a - b 00 U 1000
A(w) = o -a -bo bp, . B _
RR 0 —-p O 0Obo o 0100
0 Rr 0 —Pr
Qe )P(8) 0
D= 3Rskz_177°°k (=0)Q (k) (9) ;
0 0

The inner parameters are as follows:

_R+R, 1 R N
, b= =—" and ==
f L > Py Lm ncck NS

o[58 2]

sin(@)  cos(6)

cos( ) cos(e )sin(@ )

ccy ccy

005(9 )sln(ﬁCck ) sin? (Hcck )

cck

Q(6, )=

Ig, » g, are stator current components in (d,q) frame while ¢y > @, are

rotor flux linkages current in (d,q) frame. € is the rotor position; Q(&cck )
matrix depending on short-circuit angle 6, . R;, L;, R and L, arerespec-
tively, stator resistance, global leakage inductance referred to the stator, rotor re-

sistance and magnetizing inductance.

2.2. The PQ-MRAS Estimator Description

The PQ-MRAS estimator method that consists to the association of P-MRAS and
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Q-MRAS estimators has been proposed by Bednarz and al. in Ref. 3. The P-
MRAS estimator is based on active power of IM and is used to estimate the sta-
tor resistance while the Q-MRAS estimator is based on reactive power used to
estimate the rotor resistance. Each subsystem has its own independent mechanism
based on a proportional-integral (PI) controller. The PQ-MRAS allows the simul-

taneous estimation of stator and rotor resistances (see Figure 4).

2.2.1. P-MRAS Estimator

In the P-MRAS estimator, the active power reference is given by:
Pref = usaisa + uspisﬂ (18)
and the adjustable model is given by:

Padj _ Re{uest -*}

s s

i di L s dyry ) (19)
= RO (i2, +i )+aLs(isa L 5ﬁ]+—m(isa 2P e

i dt 7 dt L

T

In order to minimize the error between the reference and adjustable models
using the adaptive mechanism, the resistance of the stator can be evaluated by

the following equation:

RS = Kpg & +Kg, [ 250t (20)
l'____________________________________I
u ! I
S 1
\ » Pnf Prd :
: »| Equation (18) |
s I
ls E + !
PI |—
! est
: f - RS
]
| R Py !
" tion{19 !
! Equation/19) Padj :
! 4 1
| /[ |
[ Attt |
| / ]
I
o T Wi and v !
M 3] Equations (26) and (27) |
I
I
R Wommmm oo ;
| i
1 \4 :
I
' Quy ’Q,,dj| I
! Equation (23) \
| : best
: PI |— Rr
. I ]
l ! - |
S
i > Oy |
) ti 22 !
u : g Equation (22) Qref :
s | e e e e e e e e e o e e o — —————_—_—— — -
Figure 4. Block diagram of the PQ-MRAS estimator.
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with

P

& =P - (21)

ref

2.2.2. Q-MRAS Estimator

In the Q-MRAS estimator, the reactive power reference can be defined as fol-

lows:
Qref = usﬁisa - usaisﬂ (22)
and the adjustable model is given by:
di di L dyry dy
=0l iy — L i = |, — i e 23
Qadj S ( sa dt sp dt j I—r [ sa dt sp dt ( )
In the case of Q-MRAS estimator, the resistance can be calculated by the equ-
ation:
R = Kpg 69 +Kpg, [ £00t (24)
with
&g = |Qret | ~|Qagy (25)

In this model, the current model for different axes (a, ,6’) used for the rotor

flux components is obtained from:

d l//rezt Rr H est est
T :L_r<Lmlsa -y, )— poy ., (26)
d (//re,s@t R H est est
T:L_r<|_ iy i )+ poyss (27)

r

2.3. Formulation of Interconnected High-Gain Observer

In the IHGO technique, the IM is seen as an interconnection of two subsystems,
where each of the subsystems satisfies some required properties of observability.
The observer used is constructed on the basis of electrical values including stator
currents (im A ﬁ) and stator voltages (Um ,Ug ﬂ) and returns the mechanical
values including the rotor flux (!//m(,(//r ﬁ) , speed rotor @ and load torque T,.

[27] [28]. The dynamical equations used to describe this observer are [3]:

d!//ra _Reri _RI' _pa)
dt - I—r sa I—r l//ra l//r,b‘
d!//rﬂ R.L, . R
— Lt =Tnj LTy +pw
dt I—r sp I-r l//rﬂ p l//ra
diS(Z LI’ u _ Lr RS + Lfﬂ Rr i _ Lm Rr + m )
dt M sa M MLr sa MLr l//m M p l//r/f (28)
di L LR, LR L R L
sp T s m | m'r m
—E=—Tu, - + i, — - pw
dt M ( M ML )Y ML Vie " POV
d
o 2(T,-T)
dt J
an
dt
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where (1//50, W [,) and (l//m W ﬂ) are the stator flux and rotor flux respectively.
(isa,isﬁ) and (im,irﬂ) represents respectively the stator and rotor currents.
@ 1is the rotor speed. These parameters (flux, current and speed) are dynamics
parameters of the system. The inputs control parameters are stator voltages

(usa'usﬂ)' Among these parameters, we have a measurable (isa,isﬁ,im,irﬁ,a))
and non-measurable ((//sa,(//sﬁ,l//m,(//rﬂ). Despite the dynamic parameters of
the system we can also define another elements that helps in descriptions of the
all system such as the, load torque T,, stator and rotor resistances (R, R, ), sta-

tor, rotor and mutual inductances (L,,L,,L,).p 4 T, denotes respectively the
number of pole pairs, the moment of inertia and the electromagnetic torque.

M=LL, -2

-» is a reduce constant parameter.

Considering the states involved in the implementation of the IHGO, Equation

(28) can be rewritten in terms of two interconnected subsystems as [27] [28]:

S O bpl//r/? 0 I _}/iSa + abl//ra + mluS(l
d| ™ 1] . .
—|l o |=|0 0 —— || @ |+| m{i =1 29
dt J (sﬁ(//ra say/rﬂ) ( )
T 0 0 0 T 0
d I -y —bpw ab ([ iy MU,
E VY |=| 0 -a -po| v, |+ ak,ig, (30)

Vg 0 po -a )y, al,is,
with a,b,,m and m, defined by:
R, _L :LFRS+LfnRr o PL

="y

Y M ML dL M

T

m _Lr

a=

The two subsystems (29) and (30) can be represented in the following compact

interconnected forms:

{Xl:Ai(u'ylxz)xl+gl(u’ylxl’xz) 31)

Y =C X,

{Xz =A2(u,y, Xl)xz"'gz(ulyv Xl’xz) (32)
Y, :szz

where A (u,y,X,), A(uy,X;), 9.(uy, X, X,) and g,(u,y, X;, X,) are:

0 bpl//r/i 0 _7isa + abl/lra + mlusa
1 L. .. .
Ai(uly’xz): 0 0 _3 > gl(u!y' Xl’xz): %(Isﬁl//ra_lsa!//rﬂ) >
0 0 0 0
-y —bpa) ab mlusﬂ
Az(u1y1 Xl): 0 —a _pa) > gz(u’yl Xl’XZ): aLmiSa >
0 po -a alis,

The states vectors X, and X, and the matrices C;, C,, uand yare defined

by:
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i, i 1 .
uSa ISQ
Xi=|o |\ X; =y, G =C,=|0 ’UZE j,yz(- J
0

us
B sp
TI l//rﬁ'

By assumptions the signals (u,X;) and (u,X,) are regularly persistent and
known for the subsystems (29) and (30) respectively, considering that the functions
9, (u,y, X, X;) and g, (u,y, X;,X,) are globally Lipschitz with respect to X,
and X, and uniformly with respect to (u,y), the observers of subsystems (29)
and (30) are defined by [27] [28]:

Z,=A(Z,)Z,+9,(u, y,Zl,Zz)+(F51’lC1T +B, (Zz))(Y1_yl)+(KC2T + Bl(zz))(yz ~%,)
Sl ==6,5, _AiT (ZZ)Sl _51A1(22)+C1TC1

ylzclzl
(33)
Zz = AZ(Zl)ZZ +0, (u,y,Zl,Zz)+S;1C2T(y2 _yz)
S,=-6,5,-A (2,)S,-5,A,(2,)+C,C, (34)
yzzczzz
where

» iy

2=y [\ Z,=|Vy, ’Bl(ZZ):kmAll/;ra'BZ(ZZ):kmAZl/;rﬂ’
| l//rﬂ
0 0 -k, 0 0 1 00

A=0|,A,=| 0 |,K=|-k, 0 O ,K=|0 1 O
1 -1 0 00 0 0 «

The matrices A (Z,) and A,(Z,) as well as the field vectors g, (u,y,Z;,Z,)
and g,(u,y,Z,,Z,) are defined by:

0 bpy,; 0 -y -bpo ab
A(Z,)=|0 0 —% s A(Z,)=]| 0 -a -pao
0 0 0 0 po -a
—yi, +aby,, +mu,, mu,,
gl(u’ylzl'zz): m(fsp‘/;ra_i;a‘/;rﬂ) P (u,y,Zl,Zz)z aLmiAm
0 al,is,

In the observers, 6,,6,,k,k, k., and o are positives constants. S; and S,

are positive symmetric matrices obtained by solving the Lyapunov equations [27]
[28].

2.4. Direct Rotor Field Oriented Control Scheme

During the estimation of the stator and rotor resistances, the IM have to be in

controlled. In the present work, the controller implemented is the vector control
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and more precisely the direct rotor flux-oriented control (DRFOC). The prin-
ciple of vector control is to equate the behavior of the asynchronous machine
with that of a DC machine, ie. a linear and decoupled model, which allows a li-
near and decoupled control between the flux and torque of IM [31]. In rotor

flux-oriented strategy, the rotor flux orientation is defined as follows:

=0
{qu (35)
l//rd = l//r

The constraint (31) imposed on the quadrate rotor flux component allows that,
the rotor flux is controlled by the direct component of the stator current i,
whereas the electromagnetic torque is controlled by the quadrature component
of the stator current g,

For the implementation of the bloc diagram of DRFOC (see Figure 5), the
rotor flux (v, ), the electromagnetic torque (T, ) and the electrical synchronous

stator ( @, ) have to be estimated using the following equations:

wm
O b ((seg ) G
m pee o Torque _f) dq
+ controller controller N
ind
ref  —
¥+ Flux e
CE_ controller I il
 S— 3
)
a)s esd
—_—
Wr
—p g
)
[ E 8 f s
—p (o] = <+
i Lo
sq o=
, =
; =}
i, (=) €,
—_—
~—
A
L ﬁ: L abe | ——
v, | Estimator L, ) ~/ I
o, block 3 — I
A [~ dq
./
wl‘ﬂ
Figure 5. Scheme of DRFOC proposed.
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R, .
v, = j [L—f(Lmusd +y, )]dt (36)
L, .
T, :%qu (37)
R Lmis
, = po -+t (38)
L v

The compensator terms €, and €, are defined by:

. L.R
esd = a)sGlesq + nliz : v,

r

(39)

. L
esq = _wsalesd _L_m poy,
r

2.5. Algorithms for the Induction Motors’ Faults Detection

An ITSC fault detection algorithm is discussed in the paper. He cooperates with es-
timator of resistance. A general idea of a detection system is illustrated in Figure 6.

The system is strictly related to the model-based fault detection approach [32] [33].

Ug inductor motor ls, Om

>

drive >

A 4

Parameter
> estimator

J

est
Rs

A\ 4

Parameter
analysis

1 Fault symtoms

Detection

Figure 6. The main idea of the diagnostic system for IM drive.

It assumes, that ITSC results in a sharp decrease of the estimated stator resis-
tance. Based on this hypothesis, the detection method is proposed, which uses a

derivative of the estimated stator resistance:

If > ¢, thenlelse0

i Rest
dt °

where: ©rs threshold of a stator windings fault detection.
If the modulus of the derivative is equal of greater to the threshold the detec-
tor sends the logical 1, which indicates on occurring of ITSC.

3. Results and Discussion

Simulation tests were performed in the MATLAB/Simulink environment. The
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simulation results of the PQ-MRAS estimation of stator and rotor resistances with
IHGO and the ITSC stator faults detection are presented in this section. In this
work, the specific parameters of the induction motor used for simulations are giv-
en in Table 1 and in Table 2, the values of adaptation mechanism coefficients of

PQ-MRAS estimators of stator and rotor resistances are presented.

Table 1. Induction machine parameters and its nominal values.

Model parameter

Parameters Values
Output power P =11kwW
Stator voltage U, =220V
Stator resistance R =9.8Q
Rotor resistance R =53Q
magnetizing inductance L,=05H
global leakage inductance referred to the stator L, =0.04H
Inertia shaft J =12.5x10"° kg -m?
Pole number p=2
Number of stator turns per phase N, =464

Table 2. Coefficients of PI controllers in adaptation mechanism.

Symbol Value
Ko, 10
K, 20
Ko, 2
K, 0.25

3.1. PQ-MRAS Estimation of Stator and Rotor
Resistances with IHGO

For the model described with our proposed technique, the results of the two
modes of PQ-MRAS estimator are presented. First of all, the two modes of oper-
ation of the PQ-MRAS simulator with IHGO are presented, followed by the si-
mulation results obtained for each mode.

1) Operation modes of the PQ-MRAS simulator with IHGO

The two modes are:

- Mode 1: the open-loop mode takes independently of control structure and
observer (Figure 7(a));

- Mode 2: the open-loop mode takes independently of control structure but
dependent of observer (Figure 7(b)).

2) Simulation results

In order to improve the PQ-MRAS estimator performance, tree groups of
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Figure 7. Open-loop modes operation of the PQ-MRAS estimator: (a) Mode 1, (b) Mode 2.

simulations will be carried for each mode. For the first group, simulation is car-
ried out considering constant load torque with variable speed of rotor. The second
group consider the constant speed of rotor with variable load torque. In the third
group, speed and load torque are constant but with variations of stator’s and ro-
tor’s resistances for different values of adaptive mechanism. In open-loop mode,
the stator and rotor resistances estimated are not used. The control structure and
IHGO depend on the nominal values of stator and rotor resistances. The results
are presented in Figures 8-10.

The results of Figure 8 shows that, during the variations of rotational speed
the estimated resistances by Mode 2 (using IHGO) are the same with these esti-
mated by Mode 1 (using speed sensor). In both cases, it is observed a maximum
relative error of 0.33%. The explanation of this error can be found in the per-
formance of the observer obtained by the reconstruction of the mechanical speed.
From Figure 9, the results depict the estimations of stator and rotor resistances
during the load torque variation. We clearly observe that, during the variations
of load torque, the estimated resistances from Mode 2 (using IHGO) and Mode
1 (using speed sensor) shows the same loop in the steady states.

The results obtained by mode 2 show sensitivity to variations of the load tor-
que taken as disturbances. This sensitivity is reflected in a very oscillating tran-
sient regime due to the behavior of the observer which no longer faithfully re-
constructs the quantities that are used in the PQ-MRAS estimation during this
laps of time. In addition, these results also show the robustness of the estimation
using the observer with respect to a variation in load torque. Except for these tran-
sient periods, the two approaches (with and without a speed sensor) have almost
equal estimated values.

Considering now the variations of the resistance of the rotor and of the stator
simultaneously, the results of simulation for both resistances increased up to 150%

of their nominal values (insert the value), which was related to the changes of
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machine windings temperatures (see Figure 10).

Regarding the results from Figure 10, the following observations are made; the
PQ-MRAS estimator using the speed sensor estimates well the nominal values of
the stator and of the rotor resistances taking into account their variations [3].
Similar performance is obtained with the PQ-MRAS estimator using IHGO for
stator resistance estimation but not true in the case of rotor resistance. The tech-

nique proposed by Bednarz [3] remains better in this case.

3.2.ITSC Stator Faults Detection

1) Impact of ITSC Fault

The IM drive is considered to operate respectively in healthy and faulty mode.
In order to observe the influence of the faults on the IM performances, IM start-
ing at nominal voltage, with a sinusoidal three-phase balancing, takes place with-
out load. The simulation for all the experiment is carried for a period of 10 seconds
in the following conditions:

- At the time #=1 s the machine is subjected to a nominal load torque
T,=5N-m;

- At the time t=3s,45s,55s,65, 7 sand 8 s a short-circuit of Ncca =2,3,4,5,6
and 7 windings are introduced on phase “a”.

From the results showing in Figure 11 and Figure 12, for the three phase sta-
tor current (i, iy, i ), it is observed that the stator current becomes unbalanced
with the current intensity in phase “a ”bigger than those in phases “b”and “c”.
This increase occurs following a direct circular permutation. We also noticed
that the greater the number of short-circuited turns, the greater the increase in
currents. In addition to the current imbalance, we also notice an imbalance in
the phase shifts shown in Figure 12. This phase shift is no longer equal to 120°
(healthy operation). The curves Figure 13 shows oscillations of the short-circuit
currents (i, ,igp,le;) Which increase when the ITSC fault increases. From Fig-

ure 14 and Figure 15 respectively the rotor speed @ and electromagnetic torque

20
g 10
%)
<
o
5 0
(3]
S
8
(7] -10 I I 4
—isa(t)
—isb(t)
—isc(t)
-20 ' ) ) ’ ) ' ) '
0 1 2 3 4 5 6 7 8 9

Time (s)

Figure 11. Three phase stator currents (i,,i.i,,) in healthy and faulty cases.
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(T, ) variations give rise to the ITSC application that causes fluctuation in the rotor
speed at high frequency.

2) ITSC faults detection and isolation

An ITSC in phase A of stator windings were simulated (moments of turns short

and their amounts are marked on figures as arrows). Figure 16 and Figure 17 shows
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Figure 16. Stator winding resistance (a) and detector’s signals (b) during ITSC in phase
A; simulation results.

transients of the estimated stator resistance, signals from fault detector and sta-
tor current components. It can be observed, that the estimated stator resistance
sharply decreases according to short circuits (Figure 16(a)). Consequently, it
results in the stator’s fault detector activation (Figure 16(c)) because the thre-
shold value &, is exceeded by the modulus of estimated resistance derivative.

The stator current increases due to ITSC and the amplitude level depends on the
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Figure 17. Stator winding resistance (a) and detector’s signals (b) during simultaneous
ITSC in phase A and heating process; simulation results.

fault severity (Figure 17).

It is evident that the value of the stator resistance varies as a result of heating
(or cooling) of the machines’ winding. It may result in incorrect performance of
the fault detector. Therefore, other tests were carried out where a linear increase
of the stator resistance was simulated up to 120% of the nominal value. Results
are shown in Figure 16.

It can be noticed, that the derivative value doesn’t exceed assumed threshold.
It can be concluded that proposed stator fault detector is immune to thermal ef-
fects which are occurred in the machine. A study of the data shows that the num-
ber of short-circuited turns and the difference between the phase current of the

healthy and faulty machine are related by expression of the form:

Nccj _ k (I faulty ih.ealthy ) (40)

Sj Sj

where k =40.128 is a coefficient of proportionality obtained from the results of
the simulations. Figure 18 illustrates the reconstruction of the number of short-

circuited turns.

4. Comparative Analysis

Let’s point out some promising results obtained in the literature using the simi-
lar approaches. Bednarz and Dybkowski [29] discussed the induction motor wind-

ings faults detection using flux-error based MRAS estimators. The authors de-
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signed estimators of IM parameters based on MRAS technique which are used to
calculate rotor and stator resistances. Based on derivation algorithms, they used
the obtained results in simple detection. The simulation and experimental stu-
dies are convergent what confirm usefulness of proposed systems. Some draw-
backs can be point out such as the strongly dependence of MRAS estimators with
many systems parameters. Thus, the authors do not consider a study of the data
showing the impact of the number of short-circuited turns. A similar results were
obtained by Bednarz et al, [3] using technique based on parameter estimation
for identification of the stator faults in the induction motor drives using para-

meter estimator. Although the authors have obtained good results, the following

Ncca
N w H 8, D ~ oo

0 1 2 3 4 5 6 7 8 9
Time (s)

Figure 18. Determination of the number of short-circuited turns.
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Figure 19. Qualitative comparison of the detector signal. (a) From Ref. [34], (b). Present
work.
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remarks can be considered (a) the authors completely ignored the rotor resistance;
(b) the complexity of the algorithm, in addition the authors fail to reconstruct
efficiently the speed of the IM. An emblematic comparison can be made by view-
ing the Figure 19(a) obtained in Ref. [34] and Figure 19(b) proposed in this pa-
per. It clearly appears that the proposed strategy can operate in the explosive de-
fault context (higher number of short-circuit turns). The control synthesis pro-
posed in this work is the combination of many mathematical methods that is well
understood and easily implementable in practice which is in good agreement from
our theory analysis.

5. Conclusions

The estimation of induction motor parameters is a major area of research for
sensorless drive, condition monitoring and fault diagnosis. It is proposed in this
work an alternative strategy to the use of a speed sensor in the implementation of
the PQ-MRAS estimator in order to calculate the rotor and stator resistances of an
induction motor. The simulation results obtained from MATLAB/Simulink plat-
form showed that the PQ-MRAS estimator using interconnected high-gain observer
gives very similar results to those using the speed sensor. The estimation errors
in the cases of speed and load torque variation are almost identical. The variations
in stator and rotor resistances influence the performance of the observer and lead
to a wrong estimation of the rotor resistance. This problem of the robustness of
the observer with respect to rotor and stator resistances in the case of PQ-MRAS
estimator provides a perspective for future work so that the observer can defini-
tively and efficiently replace the physical speed sensor in the implementation of
PQ-MRAS estimator. The derivation approach is exploited for ITSC fault detec-
tion in IM in order to show the impact of such fault on IM behavior; healthy and
faulty IM models are established. Different fault scenarios and operation condi-
tions are studied. Simulation results obtained are presented to highlight the per-
formance and validity of the developed scheme. The analysis of the results allows
the identification of the affected phase (by the faults) and show the sensitivity to
ITSC fault occurrence. The system relies on the hypothesis that stator windings
faults results in a sharp change of internal parameters’ values of the motor, thus
the observation and analysis of the results of the simulations allowed us to high-
light the influence of the defects and thus giving the possibility of isolating them

which deserves recognition as a profound contribution.
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Abbreviations and Symbols

PQ-MRAS
IM

DRFOC

pest

Q est

Active (P) and reactive (Q) power Model Reference Adaptive System
Induction Motor

Direct Rotor Field Oriented Control
Active power

Reactive power

Stator voltage vector

Stator current vector

Rotor current vector

Stator electromagnetic flux vector
Rotor electromagnetic flux vector
Rotational shaft speed
Electromagnetic torque

Load torque

Stator resistance

Rotor resistance

Stator inductance

Rotor inductance

Magnetizing inductance

Number of pole pairs

Shaft inertia

Estimation error of the active power

Estimation error of the reactive power

Coefficient of the proportional term in the stator resistance adaptation mechanism

Coefficient of the integral term in the stator resistance adaptation mechanism

Coefficient of the proportional term in the rotor resistance adaptation mechanism

Coefficient of the integral term in the rotor resistance adaptation mechanism
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