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Abstract: In this paper the problem of stator turn-to-turnjnformation of rotor position and, for speed tranki

fault detection is studied. The proposed techniiue
based on the residual generates from the error betw
the faulty system state and the reference one. dem

applications, of rotor speed. As a consequence, So-

ocalled 'sensorless control methods [2-5] attracted

reference adaptive system (MRAS) observer is degign the industrial interest [6] to avoid the use of

order to estimate the induction machine states &md mechanical sensors and has induced an intensive
detect stator turn-to-turn faults.

A special three-phase induction machine has be
constructed in order to simulate real faulty expeents.
Simulation

and experimental results show

effectiveness of the proposed strategy.

Key words: Stator fault detection, Induction machine

MRAS observer, Sensorless control.
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1. Introduction.

research activity in the control community of

Yliterent types of electrical machines, such as
thénduction machines, stepper motors, PMSM. The

approaches mentioned above share a common
method consisting in building one or several
'observers based on the use of the electrical vasab
of Induction Machines [7,8] for example.
Nonetheless, the electrical variables may also
undergo faults affecting the IM normal functioning,
with serious consequences on the effectiveness of
eventual sensorless control techniques [9].

Fault detection is becoming more and more
important for variable speed drives to increase
availability and reliability and reduce downtime
[10].

Recently, several methods were applied for fault
detection and isolation purpose of electrical
machines, among which analytical redundancy
relations [11, 12, 13], parity equations or obsesve

[14], [15], [16], [17] can be cited.

To solve estimation and residual generation
problems, several techniques have been proposed in
the literature, such as Kalman filter [18], highirga
observer [19], sliding mode observer [20], unknown
inputs observer [21] and Integral Proportional
observer [22]. All these techniques are based on
model-based fault diagnosis and residual generation

Speed controlled Induction Machines (IM) ardy comparing the methods developed previously in
widely exploited in several industrial fields thartio

their

robustness and

limited cost [1].

the literature, we found that the model reference

Controhdaptive system (MRAS) technique is one of the

algorithms for inductions motors used in higlbest methods to estimate the rotor speed and éor th

performances

applications  require

feedbaadtiagnosis of induction machine [23]. This technique



is preferred thanks to its simplicity, its eas{[)'(] = [A(w)].[X] + [B] 1)
implementation, and its proven stability [24]. Y] =[c]. [X]

Uq ref | [ ! dt
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Fig. 1. Overview of the considered IM fault detenti 0 <RS + Rr> w R,
strategy. -\ ——
A= Ly Ly Lily
This paper presents a model-based residual R 0 _& o
generation procedure for a rotor field oriented r L
control of IM (Fig.1).The gains of the Integral R,
Proportional (IP) currents and speed controllees ar i 0 R, w —m_

given in Appendix A. It proposes also a robust

sensorless MRAS observer, which is applied 9] = [Vsd] [c] = [1 00 O]; y] = [Isd] ;

diagnose electrical faults of an induction motoigrs

as stator short circuits. The short-circuit faahde

detected by analyzing the residual between |nduction machine faulty mode

measured and observed variables. The proposed

diagnosis strategy is tested through severll order to take into account the presence of +inter

simulations and experiments. turn short-circuit windings in the stator of an
induction motor, an original stator faulty modelsva

The paper is organized as follows: the healthyroposed in [26]. In faulty case, an induction

mathematical model of the Induction Machine isnachine can be characterized by two equivalent

introduced in Section (2). This model is used f@ t modes: the common mode model which corresponds

IM controller and the MRAS observer. Then, irnto the healthy dynamics of the machine (Park’s

order to simulate stator short-circuit faults of tM, model) and the differential mode model which

its faulty model is recalled in section (3). Seet{d) explains the faults. This stator faulty model igdis

is devoted to fault detection and estimation witl t for the present study. It is established in dg Bark

introduction of the MRAS observer. Section (5)yeference frame with global leakages referred € th

contains the simulation of the proposed strateggtator and it is composed of three short circuit

Finally, in Section (6), the proposed diagnosidipoles Q;addedn parallel to explain a stator short

strategy is tested experimentally. circuit fault on each phase (Fig. 2). For example,
short-circuit winding on phase b will induce intsta
2. Induction machine healthy model a new short circuited windingBcc localized

) ~_according to the first phase a by the arfigle= 27/3
Under standard hypotheses (linear magnetic circuitgq.

balanced operating conditions, negligible iron ésss ; .
and effects of end windings and slots), the % w1
equivalent two-phase electro-magnetic model of the [ T, j«_j' L,
three-phase Induction Machine, expressed in Y| [o., [Q”uﬂ

R, L i o P2 e s

Park's reference frame (d, q) linked to the roi®r,
given by [25]

Fig 2: Stator short-circuit model of three phase Induction
Machine.



We consider the following state spacebserver-based model. The error obtained between

representation: the reference and the adjustable model is givemto
. adaptation mechanism, which adjusts the adaptive
{x = Ax(8) + Bu(t) (3) model by generating the estimated value of rotor
y(@) = Cx(t) + Du(t) speed. The block diagram of the estimation
Where D represents the anticipation matrix, given tephmque based on MRAS method is shown in
by: Figure 3.
D = %} 522 Q0car) @)
The short-circuit repontc. is the ratio of the number
of turns in short circuit on the total number oflgo Reference
in a stator phase without default. This parameter| reference model
guantifies the fault severity and gives the nundfer and
turns in short circuit. easuremeht 4
Adrjrt;ftable ‘

MNeck = n;zk (%) del

neck . Number of inter-turn short-circuit windings on / Adaptation

mechanism
phasek.

n, . Total number of inter-turn in healthy phase.
Fig. 3. Block diagram of the estimation techniquithw

lags = lags + Xi=1laqeck (6) MRAS observer.
igqeer: Short-circuit current of phade From (1), the reference state space model of the

L@Quctlon Machine irn—p reference frame is given
The matrixQ..x(8.cx) allows the fault localization {[X] = [A(w)].[X] + [B].[U] @
via the anglé.. (0., = 0 for the phase a). [Y] = [c]. [x]
Qcck (Ocer) = Where:

cos (ecck)z Cos(ecck) sin (ecck)> (7)
c05(Oeci) SN (Ber) SN (Ocr)? [ fsa]
=] 0 0 wi=[p]s =[]
T D]’ T Vgl "~ sq

4, MRAS observer Dyq
The method of MRAS (Model Reference Adaptivavith:
System) is based on the choice of two models to
represent a system. The first one is called "refere [[a1 0] [a2a4 az@]
model" and the other one is named "adaptive A= 0 a Q0 aa,
model". MRAS is used to design the adaptive PI as 0] [a4 —a] ’
controller that works on the principle of adjusting 10 aj O ay
the controller parameters so that the output of the
adaptive model tracks the output of a reference b 0
model having the same reference input. The MRAS [B] = 0 b [c] = [1 0 0 0]
estimator is designed here to estimate the stator 0 of 01 0O
currents, the rotor flux and the rotor speed. 0 0
The main idea behind MRAS method is that there jnd: a, = - 2% : ¢, =L ; a; =R, a, =2
a reference model and an adjustable one. The first Lr Lr Lr

model is used to determine the required states apd. 1

the second one is an adaptive model, which provides Lr

the estimated values of the states [27]. The output _ _
the reference model is compared with an adjustab‘f‘e Luenberger observer for the Induction Machine



system (7) is given by: equation:
= o dav

{X = A(w).X +B.U + Key (©) g7 = ¢ (A~ KO + (A ~KC)Je ~
Y=cX

= 2 d
. 2a,A Dy, — D “Aw— Aw? 1
Its gain can be computed as: 3280 (e’sd rq ~ s Td) +ihwgAe (18)

From this equation, we can deduce the

@ 0 a4 a0 following adaptation law to estimate the rotor

|0 a; a&d aza, )
A(w) = a 0 a, - (10) speed:
0 a3 & a & = 2.0, J, (e1,,®rq — €1, Pra) dt (19)

(8) can be represented as follows:
WhereA is a positive constant.

X =Aw).X+B.U+K(;—1 11
_ (@) (s = 1s) (11) However, this adaptation law is established for a
With: constant speed and to improve the response of the
k kB adaptation algorithm. The speed estimated by a PI
1 2 o : ) :
~ » controller is given by the following relationship
_ kz(l) kl - _ ISd - ISd
K=y ko G = ] 0 o A
k4(1)\ k3 sq sq o = kp (e,sdd)rq - elsq@,.d) + kl f (e,sdd)rq —
¢ = (A—KC)e + (AR (12)  ©15qPra)dt (20)
With - Wherek,, andk; are positive adaptation gains of the
0 0 0 a,pho Pl observer.
_ ~ _ 10 0 ayphro 0 A PI controller is sufficient to guarantee the digb
BM=A@)-A@ =19 o 0 —pro| 13 ofthe system.

0 0 plo 0

. 5. Simulation results
The value of the rotor speed error is given as:

R This section presents simulation results obtained
Aw=w—-® (14)  from sensorless speed control of Induction Machine.

The difference between the state model given by ERN€ Simulation was performed with the Matlab—

7) and the adiustable model given bv Eq. (10) RiMmulink software environment using the motor
fjs)ed to drive ajsuitable adaptati%n mec)f/lan(iqsng. ) parameters listed in Table 1. The speed loop amd th
current | control are realized by integral

This difference is expressed by: proportional (IP) controllers.

eI sd

e Table 1
e=X-X= eISq (15) Induction Machine parameters
ea, Rs 110
rq
Rr 3.62Q
Now, we define the following Lyapunov function: -/ 60 mH
Lm 420 mH
V=ele+Aw?/2 16) Y . 0.04 kg
p (poles pair number) 2
Its derivative with respect to time is: T 7 Nm
av _ fdeeh T (de 1d 2
—=1——rete |- 1+5-(Aw
at { a } {dt} Mt( ) The Figures 4 to 12 show the simulation results of
(17) the sensorless fault detection control of the Itidnc

Machine. The machine parameters are the same as

This derivative can be detailed by the followind"€ Parameters used for the MRAS observer.



Figure 4 shows the measured speed with the @ 1 1 1 1 1 1
observed one. In this figure it can be clearly Seepg O o ;""T”"T*";*"”Pi”
that the observed speed tracks very well thg af"—--—---- R VAl e— Obscrved
measured one. P2} S - ——4----+| ——— Measured
ol __ : 77777 :,,,,l,,,,i — Referencs
/ — I S
= 2000 Eat ) Time (s’
s Fig. 8. Observed speed and measured speed atovery |
3 . speed operation with full load torque.
&
. / Figure 8 shows the sensorless operation at very low
© ! ~ time (s) = S speed with full load torque applied between 3 and 6

Fig. 4. Observed speed & Measured speed in theHyealsecond' This figure illustrates the good perforneanc

case with applied load torque (from 2s to 3.5s). of the proposed sensorless strategy in critical
operation area.

. Now, the performance and the effectiveness of the
h proposed sensorless fault detection strategy are
= | tested by computer simulation. The simulation
- results show the response for a stator short-tiofui
s . L L i | 58 coils. The short-circuit is applied to one phase
time (s) from t=3s to t=5s.

Fig. 5. Observation error less than 0.5% despitdieg

load torque. Although the speed follows its control trajectosgé¢

) o Figure 9), a variation is noticed on the observed
For this case, we can clearly see the efficienaef speed signal (see Figure 9 at t=3s). This varidtion
proposed sensorless control under load torque (s to the introduction of the stator short-circuit
the small observation error given by the Figure 5).

Speed Error (rpm)

2000

Figure 6shows the sensorless operation at very loy  1soo - (A TR
. . H il T T
speed in the two rotation senses. i MR

1000 - i

Speed (rpm)

res H T H T 500 | ?":‘ : ‘ — E:-ﬂ
B Y o .‘E ‘ i L ! J
E— s / \ “time (s) ) ~
3 ° | P e ' i // Fig. 9. Rotor speed with short-circuit fault acte
& _sol . i i o B < from t=3s.
%% = Y e o) s 76 1= The speed residual generated from the difference
Fig. 6. Observed speed and measured speed atowery Petween the measured speed and the observed one is
speed operation. shown in the Figure 10. In Figure 11, the diffelenc

between the estimated and the measured stator

The zone at very low speed is very critical fofrrents indicates also the occurrence of a fault.
sensorless operation. Figure 7 shows the high

performance of the proposed strategy in this zone. soo
o.5 B
e £
A N P T
%'0-5 > = ’ -s500 : ; L
(2] R o 1 =2 tlme (S) 3 4 S
1o 3 6 Fig. 10. Rotor speed residual of the short-cirduaitilt
_ ) time (s) _ . activated from t=3s.
Fig. 7. Observation error less than 1% despite aijmer
at very low speed. So the short-circuit fault can also betedted by

analyzing the current signals. Before introducimng t
The average value of the rotor speed error consergéort-circuit fault, we can see that the observed

to zero, as shown in Figure 7. current tracks very well the measured one. But the



stator short-circuit introduced at t=3s disrupte thThe developed test bench (shown in Figure 13) is
observation from t=3s. located at LIAS laboratory in Poitiers University,
France.

Current (A)

time (s)
Fig. 11. Observed and measured stator currentsrunde
short-circuit fault activated at t=3s.

The residual generated from the difference of the
observed current and the measured one (observatio
error) shown by Figure lihdicates the occurrence
of a fault.

Fig. 13. Experimental test bench located at LIASSHN

France.
1.5 : : mu”,}#’r \‘ i ; s I E}:s
1 | '&‘
E o g O T &
= = | if
ILg i i E 500 - o J 1
=2-55 1 = 3 “ 5 s : ’ time (5) = = e *
. time (s) Fig. 14. Observed and Measured speed in the hezaitgy
Fig. 12. Stator current residual generated undentsh g with applied load torque (?rom 25s to 4s and
circuit fault activated at t=3s. from 10s to 11.5). ’

Consequently, the simulation results show the, rigres 14 to 17 give the experimental resilts
efficiency and the feasibility of the proposed I trol fault detecti for Inducti
sensorless fault detection strategy of Inductio cnsoriess control fau etection for Induction
Machine based on MRAS scheme. This work i¥achine. The controller and the observer are
validated experimentally using a special rewoundesigned by using the nominal IM parameters in
Induction Machine. The experimental results arkealthy case (given in Table 1).
shown in the next section. Figure 14 shows the observed speed with the
measured one. We can observe that the estimated
speed tracks the measured one very well. The speed
. error due to load torque disturbance introducethfro
The effectiveness and the performances of tBesq 1o 45 and from 10s to 11.5s is very smalls Thi
proposed sensorless control and fault detecti¢, e shows also the machine operation in the two
strategy of the Induction Machine

( : WEr&otation senses, that confirms the effectiveneshef
experimentally tested following the controller-proposed observer.

observer scheme given in Figure 1.

6. Experimental results

1480 Tt

dSPACE DS1104 controller board was used t %[
implement the control and detection fault algorishm g =
in real-time. The parameters of the motor arediste§ -
in Table 1. The coding of real-time control softear ...
was done using C language. The sampling peric ==~ N S N S D
was set to 0.1 ms. The IM is fed by a three phaxs e @ e time () o
IGBT inverter supplied by a DC link voltage ofFig. 15. Zoom of the measured and observed spetitin

410V. The PWM frequency is set to 12 kHz. The nominal case.

Pulse Width Modulated (PWM) signals [28] wererjgyre 15 shows a zoom of the measured speed and
generated by the DS1104 board [29]. the observed one at nominal speed with a load
An incremental encoder was used to obtain therque applied from 2.5s to 4s. We can see that the
measured position signal solely used for comparisogstimated rotor speed accurately follows the
reference one, even at stand-still speed operedion.

Mes
R&T
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this figure shows the robustness of the proposed Induction and Permanent-Magnet Synchronous
strategy. Motors  Considering  Equivalent  Iron  Loss
To evaluate the effectiveness of the proposed Resistance,”Industry  Applications, IEEE
observer for fault detection, a short-circuit of 58 Iransactions, vol. 51, n°2, pp.1259,1267, MarchHApr
coils was introduced on one phase of stator 015.
windings. The short-circuit is introduced from @s 8. Stojic, D.; Milinkovic, M.; Veinovic, S.; Klasnic].,
8,5s. On Figure 16, we can clearly see the inflaenc "Improved Stator Flux Estimator for Speed Senserles
of the introduced fault on the observed speed. Induction Motor Drives,'Power Electronics, IEEE
Transactions, vol. 30, n° 4, pp.2363,2371, April20

N. Bensiali, E. Etien, N. Benalia, Convergence wsial

of back-EMF MRAS observers used in sensorless
control of induction motor drives, Mathematics and
Computers in Simulation, Volume 115, September
2015, Pages 12-23, ISSN 0378-4754.

Lihang Zhao, Jin Huang; He Liu, Bingnan Li, Wubin
Kong, "Second-Order Sliding-Mode Observer With
Online Parameter Identification for Sensorless
Induction Motor Drives,'Industrial Electronics, IEEE

The residual generated by the observer is given by;galrls.actlons on vol.61, no.10, pp.5280,5289, Oct.

Figure 17. We can see that the residual value r@ mo
important from 6s to 8.5s, which allows to detdet ©.
short-circuit fault.

a4l

o — —

6
Time (s)

Fig. 16. Rotor speed with short-circuit fault aatied
between 6s and 8,5s.

=
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Anno Yoo, Chanook Hong, Young-Doo Yoon,
"Sensorless torque control of induction machintoin

speed and low torque regioRdwer Electronics and
Applications (EPE'14-ECCE Europe), 2014 16th

European Conference gwol., no., pp.1,8, 26-28 Aug.
2014.

Raute, R, Caruana, C, Staines, C.S, Cilia, J, Sumne
M, Asher, G, "Sensorless Control of Induction
Machines by Using PWM Harmonics for Rotor Bar
Slotting Detection,'Industry Applications Society
Annual Meeting, 2008. IAS '08. IEEEvol., no.,
pp.1,8, 5-9 Oct. 2008.

K. Negadi, A. Mansouri, B. Khatemi, "Real Time
Implementation Of MRAS and design Kalman Filter
Based Speed Sensorless Vector Control Of Induction

The early bird fault detection is able to prevent Motor, Journal of Electrical engineering, vol.8,800

100

50

o ! ‘h\v i

Speed (rpm)

-50

-100

o 2 a8 10

Fig. 17. Rotor speed resiahngl(lat()?)the short-cirtauitt
activated between 6s and 8.5s.

7. Conclusion

catastrophic faults. The problem of the Induction
Machine sensorless fault detection is studied is th
paper. To detect short-circuit faults of the induwret

machine, a MRAS observer is developed and
investigated by simulations and experiments. The
obtained results in simulation and experimentally
show the effectiveness and the performances of the sensor Fault Detection and Isolation Technique for

proposed strategy. These results show that a clearinduction
fault indicator can be defined by the residuals Transformation,Industrial

Caruso, M.; Cecconi, V.; Di Tommaso, A.O.; Rocha,
R., "Sensorless variable speed single-phase immtucti
motor drive system,hdustrial Technology (ICIT),
2012 IEEE International Conference o¢nvol., no.,
pp.731,736, 19-21 March 2012.

Chakraborty, C.; Verma, V., "Speed and Current

Axes
IEEE

Motor Drive Using

Electronics,

generated from the difference between the observed Transactions on vol.62, no.3, pp.1943,1954, March
states and the measured ones. 2

In this study,

only stator short-circuits werg

considered. The proposed methodology will be’
applied to broken rotor bars detection in futurekyvo
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