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Chapter 1

Diagnosis of Induction Machines by Parameter
Estimation

1.1. Introduction

In a simple technology, the asynchronous machine or induatiotor, is inten-
sively used in most electrical drives, especially for cansspeed applications such
as ventilation and pumping. All progress of power electtem@issociated with modern
control allowed to consider efficient variable speed appitns that previously was
reserved for DC engine and more recently in synchronouslri%n illustration is
the three generations of high-speed trains used in Frar@¥)(Tthe first one (south-
east), commercialized in 1981 is equipped with a DC moterstttond (south-west in
1989) by synchronous motors and the latest, Eurostar in dW@®4asynchronous mo-
tors. Thus, in view of all these economic issues, a geneflacten has been initiated
for safety operating oriented to the diagnosis of inductitachines. The aim of this
monitoring is to detect the electrical and mechanical &ltthe stator and the rotor
of induction motors.

The diagnosis of induction machine under fixed speed hasibtmsively studied
in the literature contrary to the applications under vdaapeed. Indeed, the signals
being highly non-stationary, approaches based on comraitiFourier analysis of
currents lines [ABE 99, INN 94, FIL 94], stator voltages amectromagnetic torque
[MAK 97, MAL 99] proving inadequate. A considerable effoadibeen undertakenin
the last decade in parameters identification of continuoodats [TRI 88, MEN 99,
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248 Control Methods for Electrical Machines

MOR 99b]. Requiring rich excitation of machine modes, pagtenestimation is well
suited for diagnosis in variable speed drive. Thus, algorit development dedicated
to a realistic physical parameters estimation [MOR 99b, 98| taking into account
a prior knowledge of the machine, has allowed promising adivey in diagnosis of
induction machines. This approach based on parameteifidatibn of a model, one
of the most important goals, is the development of matheralathodels really repre-
sentative of default operations.

In faulty case, the induction machine present in additiom toonventional dy-
namic behavior, a default one [BAC 01a, BAC 01b, BAC 06]. Indaling for diag-
nosis, it is essential to consider two modes: a "common" atdifferential” mode.
The common mode describes the dynamic model of the industahine and trans-
lates the healthy model of the machine. The differential engives information on
a defect. The parameters of this mode should be essentalbitse to the faults.
This situation is useful to the effective detection and lzedion. Indeed, a change in
temperature or magnetic state is reflected by a change intdteeaf common-mode
parametric model, but does not affect differential modeH®, BAC 01a]. This di-
agnosis method required to carry out a global parametenastin of the two model
modes. Thus, the electrical parameters of common-modedtelthe dynamic state
of the machine (constant rotor time, magnetizing induaaetc.). Parameters of dif-
ferential mode explain the default information and the rtamimig of these parameters
allows detection and localization of the imbalance.

In this chapter, we study in the first part two faulty modelsahitakes into account
the effects of inter turn faults resulting in the shortingbak or more circuits of stator
phase winding and broken rotor bars. To take into accounhal&neous stator and
rotor faults, a global faulty model of the machine will be ggated. The corresponding
diagnosis procedure based on parameter estimation ofttoe ahd rotor faulty model
and more experimental results are presented on the secdnd pa

1.2. Induction motor model for faults detection

For diagnosis of induction motors, it is useless to consatemunbalanced two
axis Park’s model [MOR 99b, SCH 99]. The deviation of the@ogtical parameters
is certainly an indication of a new situation in the maching, this evolution can be
due to heating or an eventual change in magnetic state of therfMOR 99b]. On
the other hand, it is very difficult to distinguish stator lfaifrom rotor ones. The use
of Fast Fourier’s analysis of identification residuals ioaiginal method to localize a
fault, but estimation of electrical parameters is unabletitain the fault level.

A good solution is the introduction of an additional modeletxplain the faults
[BAC 02][BAC 01b]. The parameters of this differential mdé@dd#low detection and
localization of the faulty windings.
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1.2.1. Stator faults modeling in induction motor

In order to take into account the presence of inter turnststiauit windings in
the stator of an induction motor, an original solution is tmsider a new winding
dedicated to the stator fault [SCH 99]. The new model is casedmf an additional
shorted winding in three phases axis. Figure (1.1) showsee thhases, 2-poles, in-
duction machine in case of short circuit winding. This fauitduces in stator a new
windingsB,. short circuited and localized by the angle.

Figure 1.1. Motor windings with a short circuit

Two parameters are introduced to define the stator faults

— The localization parametéy.. which is a real angle between the short circuit
inter turn stator winding and the first stator phase axisgptip This parameter allows
the localization of the faulty winding and can take only ehrelueso, %” or 4?”,
corresponding respectively to a short circuit on the stph@ases:, b or c.

— The detection parametgs. equal to the ratio between the number of inter turn
short circuit windings and the total number of inter turn®ire healthy phase. This
parameter allows to quantify the unbalance and to obtaimtmeber of inter turns in
short circuit.

1.2.1.1. Short circuit model

On three-phase windings, we define the vector of stator ge#taand currents,
respectivelyu, andi,, and the vector of rotor currents:

Lo

Ugq ls, lry
QS = ub 23 = Zsb lr = Z’rb
Ue s ir
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In general case, as a result of a short circuit it follows &itams and torque oscilla-
tions synonymous with the presence of new components ind¢lser@magnetic torque
and therefore in the stator currents [MOR 99b, BAC 06]. Intfjeeshort-circuiting of
turns is at origin of a new stator winding with a strong cutrand consequently, an
additional magnetic field in the machine. For example, aersihe case of a healthy
machine withp poles-pairs. When the three phases currents system withsatjou
of w, = 27 f flows through the stator windings, three stationary magrettitations
directed along the axis of each phase will be created. leistim of these excitations
which creates a rotating field in the airgap at the pulsatfofl o= % according to
the original winding.

When a stator fault occurs, an additional shorted circuitdivig B.. appears in the
stator. This winding creates a stationary magnetic fidld at the pulsatiorf2, ori-
ented according to the faulty winding. In this case, a straungent, noted.., flows
through the short circuit winding.... It is the interaction of/.. with a rotating mo-
tor field which introduces a torque ripples and a new elecagmetic forces. With
assumption of system linearity, this situation is equikte a superposition of "com-
mon" operating mode producing a rotating field and a "diffiéed" one producing a
faulty field. Voltage and flux equations for faulty model oflirction machine can be
written as :

d
Uy, = [RS] is + EQS [11]
0=[R,]i, + 2o [1.2]
= r A —_ .
- - dtr
0= Recice + iq& [1.3]
- cc vce dt cc N
&, = [Ls]i, + [Ms] i, + [Moce]ice [1.4]
&, = [Mrs]iy + [Lr]d, + [Mrecl dce [1.5]
¢cc = [J\/[ccs] l.s + [Mccr] l.r + Lcc Z'cc [16]
where
Rsa O O Rra O O
[Rs] = 0 Rsb 0 [Rr] = 0 Rrb 0
0 0 R 0 0 R,
Lpsa + Lfsa —Lear —Lsac
[Ls] = L‘}“b Lysy + Ly Lsne
Lisac _L
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L, L
Lpra 2’ Lfra _7Tab _ﬁ
[Lr] - - aab Lprb + Lfrb - Ebc
L Lype
- TQM - Qb Lprc + Lfrc

M, ., cos(6) M., cos(0 + %’r) M, cos(6 — %’T)
[Ms,] = M, ., cos(f — %’T) M, r, cos(6) M, . cos(6 + %’r)

M.y, cos(0 + 2£) M.y, cos(f — 2F) M, cos(6)
[M,s] = [M,]"

R, (resp.R,,) : proper resistance of stator phase (resp. rotor phase)

L,s; €t Ly, : inductance and leakage stator inductance

Lysx + Lys, : proper inductance of stator phase

L,y (respL,,,) : mutual inductance between two stator phases (resp. pbtses)
M, ., - mutual inductance between stator phasend rotor phasg

M. (resp. M,..) : mutual inductance between of stator phase (resp. rotasgh
and short-circuit winding

0 = p - Omechanical- €lectrical rotor angle

p - number of pole-pairs

HYPOTHESIS The previous electrical equations can be simplified wigséhusual
hypothesis :

— symmetry and linearity of the electrical machine,

— both magnetomotive force in the airgap and the flux are sidag
— the magnetic circuit is not saturated and has a constamtgadxility,
— skin effect and core losses are neglected.

With these assumptions, we can write :

R

S
T

= Lpry = Lszy = ery = Mszry = Lp

st
R,y
Lpsz

In the previous electrical equations, the leackage ardéil/between stator and ro-
tor phases. This method generate two coupled parametersaindL f,,. One solution
to simplify theses equations is to globalize the leakagéénstator phase according
to the relations:

Lyry=0
Lyse =1Ly [1.7]
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The winding resistance are proportional to the number @fitirns, then the resis-
tanceR,. of faulty winding B.. can be written as :
Ree = Tlce R,

with

ne.  Number of interturns short-circuit windings
Nee = = ; . [18]
Ng Total number of interturns in healthy phase

According to the previous hypothesis, the expressionsaiidtance and mutual in-
ductances can be simplified :

Lec= 772(: (Lp +Lf)
[Mees] = Nee L [ co8(0cc) cos(bee — %’T) cos (e 7”
[Meer] = Nee L l co8(fcc — ) cos(fec — 0 — Z)  cos(
[Mrcc] [Mccr] y [Mscc] - [Mccs]T

]

)
Oec — 0+ %) ]

1.2.1.2. Two-phases stator faulty induction model

To minimize the number of model variables, we use Concondiasformation
which givesa values of same amplitude aéc ones. Thus, we define three to two
axis transformatiofi,3 as:

Zop, = T3z, : stator variables

Zop, = P(0) Tas z, : rotor variables [1.9]

wherez,, 5 is projection ofz following o and3 axis. Matrix transformations are de-
fined as:

Tal =2 [ n0) ) i) |

sin(0) sin(5) sin(%)

_ | cos(f) cos(0+ F)
P(0) = [ sin(f) sin(6 + %)

The short circuit variables are localized on one axis, th@sgections on the two
Concordia axigv andg is defined as:

tapec = sior?(Hcc) teer Lage T | sin(Bee) | P '
= | o) e tu = | ) ] 0 [1.10]
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Thus, equations (1.1-1.6) becomes:

. d
Uunp, = Rsinp, + EQQBS [1.11]
) d T
0=Rriap, + 50,5 ~wP(5)0,, [1.12]
0= NecRutiap, + 26,5 [1.13]
. . 2 .
o, = L+ L) ias, + Lo, + 1/ 3 e L dag,, [1.14]
. . 2 .
B, = Lm g, +iap,) + /5 Nec Lmlas,. [1.15]

2 . .
éaﬁcc = \/;UCC Lm Q(@CC) (laﬁs + LIBT)

2

where
w= % is rotor electrical pulsation

L, = %Lp : magnetizing inductance

B cos(f.c)? cos(fec) sin(Bec)
Q(ecc) = cos(@cc) sin(@cc) sin(@cc)Q

If we neglect the leakage inductante according to magnetizing inductante,
in short circuit flux expressions (1.14-1.16), we can wrigavrflux equations as:

Pop. = Lap; T Lap,, 3
Lf Zaﬁs + Lm (Zaﬁs + ZQBT T Zaﬁcc)
Lafr ?Oéﬁm =Lm (10455 + aB, — ZO‘/BCC)

= nCC Q(ecc) ¢

Lafec —afm

[1.17]
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where

~ 2 . ~ 3
Lapee = _\/;7700 2aBeor ?aﬁcc = \/;Qaﬂcc [1.18]

Qaﬁf are respectively magnetizing and leakage flux.

LaBm’

Then, short circuit current equation (1.13) becomes:

: 2 Tec d
lag.. = 3, Q) 7 [1.19]

Rg L¢ w.P(m/ Z)Qapm

Figure 1.2. A short-circuit model of induction machine

According to this equation, the faulty winding.. becomes a simple unbalanced
resistance element in parallel with magnetizing induataiite existence of localiza-
tion matrix@(f..) in equation [1.19] makes complex the state space represemnita
Concordia’s axis. In a large range of industrial applicatieoltage drop ink?s andL ¢
is neglected according to stator voltadg ;. then, we can put a short circuit element
Qcc In input voltage border (Fig. 1.2). Line currents; become the sum of short

circuit currentiaﬁcc and usual currerﬁws in classical Concordia model.

It is much simpler to work in the rotor reference frame beeaus have only two
stator variables to transform. Therefore, in state opamnatll the variables have their
pulsations equals tew, (wheres is the slip andv, is stator pulsation). We define
Park’s transformation as:

Zgq = P(=0) 2,5 [1.20]

Afterward, the faulty model will be expressed under Park&rence frame. So,
short circuit current [1.19] becomes:

ldgcc =

3

o

C

wl N
|

P(_G) Q(Gcc) P(G) qus [121]

S
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1.2.1.3. Example of stator faulty model validation by spectral asay

It is interesting to study the properties of CUF@J}EC in the short-circuit winding.
In literature, it is shown that a spectral analysis of statorent allows to specify the
nature of the defect[MOR 99b]. Indeed, a failure in the stestoeflected on the power
spectral density by the appearance of spectrum lines afoeiqaencies o2 w whose
origins can be explained in the following manner: The threases stator currents
create in the machine airgap a magnetic field turning at symdus speed; = 1%(7
This magnetic filed sweeps the rotor windings, which caus&sion of the motor.
When the stator defect appears, it creates with the dirattrsfield an opposite field
running at the speed w,. The stator currents are now direct and inverse followireg th
imbalance of windings. The interaction of this field with tfram the stator windings
induce an electromagnetic forces at the frequency equalto

Therefore, with Park’s transformation, we can find in statmrents measurement an
harmonic frequency & w. For example, to validate a previous faulty model, it is
necessary that the stator current in Park frapje presents a sinusoidal component
around this frequency. We will use the additional shortuwir current term ofidqm
(Eq. 1.21) to justify the default model. For example, coasitthe case where a short
circuit occurs on the first stator phase localized by theafigl= 0. In this case, we
can write:

)= 4 o]

The short-circuit current becomes:

Lag.. = R(0) Uy, [1.22]

The inputvoltage®’,, is almost continuous in the Park frame, so they vary slowly
compared to the terms of the matd¥(6) (except during the transient corresponding
to a change of torque). The short-circuit currént andi,, , are then a linear com-
binations of terms whose instantaneous pulsatid at 2w. These sinusoidal com-
ponents ak w can be found in the measurement of stator currépts explaining a
possible stator imbalance.

For illustration, we present in the figure (1.3) a comparibetween the power
spectral density (Fourier Transform) of direct currentkPigg in healthy and faulty
case (short-circuiting of 58 turns on phase For a 1.1 kW induction machine, 4-
poles, whose rotational speed is aroutd® rpm (25 Hz), we measured the stator
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(dB) (dB)
60 1 60t )
Harmonics
20 20
a. healthy case b. Stator faulty case

-20 -20

-60 -60
100G 50 100 150 200 (H2) 10 50 100 150 200 (Hz)

Figure 1.3. Power spectral density of stator currefifs = 25 Hz)

currents vecto, and performed the Park’s transformation. Thus, we can gbser
on the figure (1.3) the appearance of additional spectrues lin faulty case around
2 -fs=2-25Hz.

1.2.1.4.Global Stator faulty model

Fundamentally, we show that in faulty case, an inductionhimeccan be char-
acterized by two equivalents modes. The common mode modedsponds to the
healthy dynamics of the machine (Park’s model) whereasiffexehtial one explains
the faults. This model, very simple to implement becauseesged in Park’s frame,
offers the advantage to explain the defect through a shantiitielement dedicated
to the faulty winding. On the other hand, it is unsuitable @& of simultaneous de-
fects on several phases. Indeed, this representationysadapted in case of single
phase defect. In the presence of short circuits on seveasgsh this model translates
the defect by aberrant parameters values, because it takeadcount only a single
winding.

To remedy it, we generalize this model by dedicating to edasp of the stator a
short circuit elemend)..., to explain a possible faulty winding [BAC 01a][BAC 01b].
So, in presence of several short circuits, each faulty eitigows the diagnosis of a
phase by watching the value of the parameter. This simpliatier allows to indicate
the presence of unbalance in the stator. The short-cirouient, notecldqc%, in ki
differential model can be expressed as:

2 cCl
= 35 P(0) Q(0cc,) P(O) Uy, [1.23]

Ldgee,

Q(0..,) is the localization matrix (if the faults occurs on the phasgesp. b and c)
then the anglé,., is equal to) rad (respZ and4r).
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i’dQS idos Rs L¢ o.).P(n/Z).zaqu

A

~ v v ig
Ldacey [Ldoge, |1-dageg N

U |Qccl Qcc, |Qc<:3

Lm Ry

I*de

Figure 1.4. A global stator faulty model idg frame

Figure (1.4) shows the global stator faulty modeldip Park’s axis with global
leakage referred to the stator.

1.2.2. Rotor faults modeling

As for stator fault, rotor fault is modeled by a new aXdg referred to the first
rotor axisa, by the anglegd, [BAC 02]. This additional short circuited winding is at
the origin of a stationary rotor field(¢) steered according to rotor fault axis (Fig.
1.5).

Broken rotor 6y

bar axis /
BO bar 2

| &
h ‘ A/End-ring
S
by : 3

Cr

Figure 1.5. Broken rotor bar representation

Recently, rotor faults occurring in induction motors haeeb investigated. Vari-
ous methods have been used, including measurement of peed sndicating speed
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ripple, in the same way as spectral analysis of line curiight 94, INN 94, MAN 96].
The main problem concerning these monitoring methods tslles are essentially in-
vasive, requiring obvious interruption of operation. Mover, they are inappropriate
under varying speed. For these reasons, parameter estimstpreferred for fault
detection and diagnosis of induction motors [MOR 99b].

Parameter estimation is based on the simulation of a canimatate-space model of
induction motor. This model assumes sinusoidal magnetoeioirces, non saturation
of magnetic circuit and negligible skin effect. Under thassumptions, stator ity
Park’s axis and squirrel cage rotor madengfbars can be modeled by an equivalent
circuit.

So, two additional parameters are introduced in "diffaedfinode to explain rotor
faults:

— The angled, between fault axis (broken rotor bar axis) and the first rptase.
This parameter allows the localization of the broken rotar b

— To quantify the rotor fault, we introduce a parametgequal to the ratio between
the number of equivalent inter turns in defect and the tatatlper of inter turns in one
healthy phase:

Number of inter turns in defect

= - - 1.24
Total number of inter turns in one phase [ ]

Mo

The number of turns in one rotor phase indeed fictitious.rFamtor bars, if we
assume that the rotor cage can be replaced by a sgtrofitually coupled loops, each
loop is composed by two rotor bars and end ring portions [ABEBAC 01a]; then
the total number of rotor turns in one phase for three-phagesentation is equal to
. Forny, broken rotor bars, faulty parametgrbecomes:

3 Npp

no = [1.25]
b

1.2.2.1. Model of broken rotor bars

As stator faults modeling, we can write voltage and flux eiguatof new faulty
winding By in dgq Park’s frame [BAC 02]:

o d
0 =10 Ry iy + % [1.26]

2 . 2 . . .
¢o = 3 g Lim o + \/;770 Ly, [cos(fo) sin(0o)] (Z4q, + 2aq,.) [1.27]
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The currentiy in the faulty winding B, creates a stationary magnetic fielf}
being directed according to broken rotor bar axis. This @aithl magnetic field is at
origin of faulty flux ¢g. By throwingio and ¢y on dq Park axis, one associates the
stationary vectors:

A v A P

Equations [1.26] and [1.27] become relations betweerostaty vectors according
to rotor frame. So, voltage and flux equations of stator,rratal faulty winding of
induction motor are given by:

. d 0

qus = R, Ldq, + Eédqs +w P(§)9dqs [128]
. . . 2

Pug, = L lag, + Lim (lag, + lag, +\/ 370 Lag,) [1.29]

=i d 1.30
Q - rldqr + Egdth [ . ]
. . 2 .

Gaq, = L (Lag, + Lag,) + 1/ 5710 Lin Lag, [1.31]
. A% 400

0= Mo Rr ldqo + dt [132]
2 ) ) 2

Dige = 3o L Q(00) (iaq, + iaq, + 370 Lgo) [1.33]

By using same transformation as to obtain primary trarsfatif an equivalent
scheme in power transformer, we can write global flux equatas:

qus - ?de + ?dqm = Ly iag, + Lo (iag, +1ag, — quo)
By = Paq, = Lm (g, + Lag, — Lag,) [1.34]

G40 = Q00) &

dgm

with

~ 2 ~ 3
ldqo = _\/;770 ldqov quo = \/;quo [135]



260 Control Methods for Electrical Machines

Also, current equation of faulty winding is given by:

d¢
—d mo__ —1 —d m
Q(o) =1 = Ry —dtq [1.36]

~ 2
Lag = 3 R,

whereQ(6y) is localization matrix.

1.2.2.2. Equivalent electrical schemes

According to equation (1.36), faulty winding is a simpleiséance element in par-
allel with magnetizing inductance and rotor resistanceaBse, the reference frame is
chosen according to rotor speed, it is impossible to trém#tés element in stator bor-
derU,,.. Solution consists in establishing equivalent scheme aficion machine
with adding Park’s rotor resistande. to faulty oneRy. Thus, the equivalent resis-
tanceR,, referred to the rotor is the stake in parallel with the roesistance and
faulty resistance as:

R71

€q

R4+ Ry!

2
= B+ 2w RQ(0) [1.37]

By inversion, we obtain expression of an equivalent reststanatrix:

Req = Ry + Ryefect
«
= R, - 0y) R, 1.38
Ta Q(0o) [1.38]
with o = %770.

Thus, equivalent rotor resistance in broken rotor bars isaseeries connection of
a healthy rotor resistand@, and faulty resistancBge r..:. Figure (1.6) is the resulting
rotor fault circuit diagram in induction machines.

The angld), allows an absolute localization of the faulty winding ading to the
first rotor phase. Indeed, induced bars currents createphases system and faulty
anglef, is fixed by initial rotor position according to stator positi On the other
hand, when two broken rotor bars occur in machine, estimaifdaulty angled,,
anddy, allows to obtain a gap angulad between broken bars [BAC 02]:

A8 = 6y, — o, [1.39]
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1d06 Rg L¢ w.P(n/Z)xBqu .
I43‘(3lr
Ry
U
=dag Lm
idq Rdefect
—YUm

Figure 1.6. Broken rotor bars model

1.2.3. Global stator and rotor faulty model

In previous sections, two models of stator and rotor fauksenpresented. For a
global simulation and detection of simultaneous statorratat faults, we propose the

global faulty model including:
— Park’s model with the electrical parametefs (R, L., L)
— Stator faulty model with the three additional parametgrs ( £k =1 — 3)
— Rotor faulty model with broken rotor bars parameteys @)

Figure (1.7) shows a global electrical model of squirrelecangluction motors for
stator and rotor faults detection.

i’dqs i dos R Lt ao.P(n/Z)lequ
i Yi Yi Yi - Ldg,
’doccl tdacey “doeey R
r
Ydas |Qccl Qcc, |QCC3 L
i Rdefect
~ddm

Figure 1.7. Stator and rotor faulty model of induction motors

1.2.3.1. State space representation

For simulation and identification with the developed appto@a chapter (7), it is
necessary to write this faulty model in state space reptaten. If mechanical speed
w is assumed to be quasi stationary with respect to the dysashithe electric vari-
ables, the model becomes linear but not stationary withtficander differential equa-
tions [BAC 01a]. For simplicity, the state vector is chosemposed of two-phases
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components of theg stator currentg,;, and the rotor fluxb . Then, the continu-
ous time model of the faulty induction motor, expressed mrtiechanlcal reference
frame, is given by:

i(t) = A@w)z(t) + Bu(t) [1.40]
y(t) = Cz(t) + Du(t) [1.41]
avec
z=|iq, iq Pa, g }T : state space vector

u = { U, } , Y= { zds } : input and output vector
- s

Alw) = —(Rs+ Reg) Ly ' —wP(n/2) (Req L' —wP(r/2)) L;*
B Req _Req Lr_nl

; O 101" ,
| O | oo |0 Y] po 3 21k p(_g) (6,0, ) P(6)

0 0 |’ 0 0|~ 3R, "

k=1

0 0 00

Req = R’I‘ . (I — 1+Oc (90))

1.2.3.2. Discrete time model

The discrete-time model is deduced from the continuous gisetond order series
expansion of the transition matrix [MOR 99b]. By using a setorder series expan-
sion and the mechanical reference frame, a sampling p&ticoundl ms can be
used. The usual first order series expansion (Euler appadiin) requires very short
sampling period to give a stable and accurate model. Thge®xmation by series
expansion are more precise with low frequency signals. ;Ttissrete-time model is
given by:

Ty = P+ Ba,yy, [1.42]
y, = Cx+Duy [1.43]
where
T. T2
By = AT = T+ AT 4 AP [L.44]

2

B [1.45]

Ba, = (I To + A,
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andz;, = z(tx) andy, = y(tx). The components of the known input vectr are
the average of the stator voltage betwegandiy ;.

1.3. Diagnosis procedure

Parameter estimation, presented in previous chaptereipribcedure that allows
the determination of the mathematical representation @fbsystem from experimen-
tal data. Two classes of identification techniques can bd tesestimate the parame-
ters of continuous time systems: Equation Error and Outmarfl JU 87, MOR 99b]

— Equation Error techniques are based on the minimizatiajuatiratic criterion
by ordinary least-squares [LJU 87, TRI 88]. The advantaghexe techniques is that
they are simple and require few computations. Howeverethes severe drawbacks,
especially for the identification of physical parametexs, acceptable in diagnosis,
such as the bias caused by the output noise and the modelarg.er

— Output Error (OE) techniques are based on iterative mization of an output
error quadratic criterion by a Non Linear Programming (NBR)orithm. These tech-
niques require much more computation and do not converge tmaue optimum.
But, OE methods present very attractive features, bechasrhulation of the output
model is based only on the knowledge of the input, so the petexestimates are un-
biased [TRI 88, MOR 99b]. Moreover, OE methods can be usedktatify non linear
systems. For these advantages, the OE methods are morpagigréor diagnosis of
induction motors [MOR 99b] .

Parameter identification is based on the definition of a mda®lthe case of fault
diagnosis in induction machines, we consider the previcathematical model (Eqgs.
1.40-1.41) and we define the parameter vector:

[1.46]

Q = [ Rs Rr Lm Lf TNeer  Meea Mees M0 90 ]T

As soon as a fault occurs, the machine is no longer elediribalanced. Using
previous faulty modes, electrical parametels,(R,, L,, and L¢) does not change
and only the faulty parameters.(, andrn) vary to indicate a fault level according to
relations:

Number of inter turns short windings af'lphase 7., = fec, - 1

Number of broken barsit,, = 22/

Thus, during industrial operation, diagnosis procedurpdmameter estimation of
induction machines requires sequential electrical daqaiaitions. Using each set of
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datas, identification algorithm computes a new set of etedtparameters to know the
magnetic state of the machine and new faulty parameters/mdraapproximation of
the number of inter turns short circuit windings and broketor bars.

1.3.1. Parameter estimation

Assume that we have measuridvalues of input-outputu(t), y*(t) with ¢ =
k - T.), the identification problem is then to estimate the valuebe parameters.
Then, we define the output prediction error:

e =y, — 9,0 u) [1.47]

where predicted outpygt, is obtained by numerical simulation of the state spaceyault
model (Eq. 1.43) and is an estimation of true parameter veaor

As a general rule, parameter estimation with OE techniqgbased on minimiza-
tion of a quadratic criterion defined in the case of inductiwotor as :

K K
J= el e = (G, = ia0)® + (i, — i0)%) [1.48]

Usually, for induction motors, one has good knowledge oatgtsal induction mo-
tors parameters, so it is very interesting to introduceitifmation in the estimation
process to provide more certainty on the uniqueness of ttimom. For this, we have
applied the modification of the classical quadratic criterfMOR 99b, TRI 88], in
order to incorporate physical knowledge.

1.3.1.1. Introduction of prior information

In order to incorporate physical knowledge or prior infotioa, the classical quadratic
criterion has been modified. The solution is to consider agmmd criterion/, mix-
ing prior estimatiorf, (weighted by its covariance matri¥,) and the classical crite-
rion .J (weighted by the variance of output noi&d. Then, the compound criterion is
usually defined as:

Jo=(0—0,)" Myt (0 —0,) + = T [1.49]
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Thus, the optimal parameter vector minimizigis the mean of prior knowledge
and experimental estimation weighted by their respectivagance matrix.

In real case, we have no knowledge of the fault; indeed, nar mformation is
introduced on faulty parameter. Only electrical paransetgs, R,, L,, andLy) are
weighted in the compound criterion. Thus, covariance madrilefined as:

1 1 1 1
Mglzdzag T’T’Q—’T’O’O’O’O’O [150]
9R. 9R, %L,, 9L;

2 2 2 2 H . . . .
Ok.» Or,» 01, andoy, are respectively the variance of parameters with priorrinfo

mationR,, R, L,, andL;.

1.3.1.2. Nonlinear programming algorithm

We obtain the optimal values éfby Non Linear Programming techniques. Prac-
tically, we use Marquardt’s algorithm [MAR 63] for off-linestimation:

01 = 0; —{[Jgo + A - 117" T3}y [1.51]
with
/ —1/4 Zszl CRYAW :
J, =2 My (0—0,)— =g gradient.
K T

Coo

J! 2. (MO1 + Lopei Zeg'is ’Q) . hessian.
A I monitoring parameter.
Tpo = % : output sensitivity function.

1.3.1.3. Criterion weights designation

Prior information is mainly used to avoid aberrant estirmgtigen by minimization
of classical criterion. As a consequence, our interestdaged on the optimal choice
of 8, My andé?. Prior information can result from two origin:

— Experiments or motor information given by industrialsthis casef, and M,
are obtained by usual electrical tests performed on indnctiachines (locked rotor,
load shedding, ...) and all material characteristics.

— Practically, prior information is given by physical knaslige and partial estima-
tion. Firstly, a set of experiment and identification of oelgctrical parameters with
classical criterion/ is used in order to constitute an electrical reference vehta
base, their pseudo-covariance matfrixand the noise pseudo-variance &fedefined
as:
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M = 6% (95 da+ &L bg) M (da + dg) " (da + 3g) (0] da + ST dg) ™+ [1.52]

62 = KprtN [1.53]

whereK, N and.J,,; are respectively the number of data, the number of parameter
and the optimal value of experimental criterion. The madrixand ¢, are matrix of
output sensitivity functions according tlg current axis.

Thus, the covariance matriX is obtained by diagonal values 8f. To evaluate

the noise variance, it is necessary to d3e> 42 to take into account the effect of
modeling errors.

The motor used in the experimental investigation is a thiesses, 1.1 kWatt, 4-
poles squirrel cage induction machine (Fig. 1.8). The datmigition was done at a
sampling period equal t@.7 ms. Before identification, measured variables are passed
through a4*” order butterworth anti-aliasing filter whose cut-off fremay is500 H z.

¥

Position

yryi

> Speed A
Bl

AC Grid
~ 380 v controller Electrical
Sensors
Butterworth
Speed Excitation Fiters

reference + PRBS

iy ip i, ¢ *V,, Vp Ve
Df’it_a_ «| Shaftencoder
acquisition 1024 ptsir
://

Figure 1.8. Motor experimental setup

With the mean of 10 realizations in healthy case, we obtathedreference of
electrical parameters notékl, , and the weights of quadratic criterion. Then, for all
experiments estimation, we used:
0,.;=1[981 3.8 0436 7.621072 0 0 0 0 6, |
Myt = diag(5.102, 65.10%2, 17.10°, 107, 0, 0, 0, 0, 0)
The noise variance? = 0.22

T
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1.3.2. Implementation

Experiments are performed en closed loop : The inductiorhinads driven by
field oriented vector algorithm included in a speed contle$éed-loop and run under
differentloads with the help of a DC generator mechanicalypled to the motor. The
speed excitation is realized with a Pseudo Random BinarySeg (P.R.B.S) equal
to 90 rpm added to the reference of the speed loop equal toprd0Tthe mechanical
position and the three phases voltages and currents areiredasd translated in low
frequencies by Park Transformation.

Stator windings were modified by addition of a number of tagpi connected
to the stator coils in thé** and2"¢ phases (464 turns by phase). These tappings
correspond to 18 inter turns (3.88 %), 29 inter turns (6.25 38)inter turns (12.5
%) and 116 inter turns (25 %). The other end of theses extarinas is connected to
a terminal box, allowing introduction of shorted turns atesal locations and levels
in the stator winding. Different rotors, with broken barsg aised to simulate a bar
breakage occurring during operation.

1.3.2.1. Estimation results

Different tests (10 realizations by experiment) with intiem short-circuit wind-
ings and broken rotor bars have been performed. Table 1vissti® mean of faulty
parameter estimates for 10 acquisitions.

As observed in table 1.1, there is good agreement betweeal dardt and its
estimation. All faulty parameters vary to indicate the eawf inter turn short circuit
in the three-stator windings and the number of broken rcaos.b

Estimation results

Experiments (mean of 10 realizations)

Neey s Meey Necs (INTEF TUMNS), 1y, (AF)

Teee, Nees | Tees e
1) Healthy machine 5.57 | 3.52 | —0.03 | 0.08
2) 18, 0, O (interturns), 1 bar 17.86 | —1.11 | 2.51 0.94

3) 0, 58, 0 (interturns), 2 barg(2.8) 3.11 | 54.52 | 0.28 | 1.86
4) 18, 58, 0 (inter turns), 2 barg+,/28) 16.05 | 53.31 | —2.54 | 1.88
5) 58, 29, 0 (inter turns), 2 bars (2.8) 53.69 | 26.87 | —2.46 | 1.82

Table 1.1. Estimation results of stator and rotor faults

Indeed, parametric approach gives good estimations of shouit turns number
Tiee,, - THE estimation error is negligible and does not exceedsdiestin each situation
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of defect. At simultaneous faults in several phases (caseldp we observe that the
estimates of the faulty parameters of each phase is a reatidication of the faults.
This proves that each short circuit element explains thk éagurring at its phase and
that no significant correlation exists between these elésn&foreover, broken rotor
bars estimatiom,;,;, gives a satisfactory indication from the fault.

1.3.2.2. Parameters evolution

Figure (1.9) gives, for one realization in faulty situatif@ase 5), the evolution
of electrical and faulty parameters during estimation ptage. For electrical state,
It shows that their optimum values are achieved in only féenations. On the other
hand, their variation according to the initial values cep@nding to prior information
is negligible. For faulty state, it is shown that their véidas, contrary from the elec-
trical parameters, are very important. Each faulty paramsetaries to indicate stator
and rotor fault level occurring in the machine (examplg;, varies to approach the
58 inter turns in defect presents on th& phase and,, to approacl2 broken rotor
bars).

Q) (windings) (windings)
60y 30

()]
’ /\7 3.85) 40 20
n
10 R, R cel Neca

0 1 2 3 4 o 1 2 3 4 0 1 2 3 4 0 1 2 3 4

) H) (windings) (bars)
0.44: 0.0 2

n
0.435 Lm 0.077 f 4 cc3
\ ¥ 1 Mob

0.425 0.074

0.41! 0.071. 0’ 0’
0

Figure 1.9. Estimation of electrical and faulty parameters at faultypea

This comparison is important because it is evident that émllty parameters change
when the faults occurs according to prior information pipte Moreover, electrical
parameter variations are function of the temperature artdeomagnetic state of the
machine and are independent from the faults.

Figure (1.10) presents the evolution of inter turn shortwiirestimation in one
phase for several experiments and the dispersion of the tifiag®ns in different
situations of rotor faults. We observed that all the estiomatesults exhibit the good
approximation of the stator and rotor faults.
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Figure 1.10. Estimation of electrical and faulty parameters at statodaator faulty case

1.4. Conclusion

The Output Error method associated with the compound @ités a good tool for
identification of continuous model parameters, and theeefery interesting for the
diagnosis. In this chapter, we proposed thus a procedudetection and localization
of defects in the induction machine based on parameter astimand on the use of a
general faulty model.

Two faulty models, simple to implement, have been presefiteglfirst one allows
to explain a stator faults by three short-circuit elemeeésh element has been dedi-
cated to a stator phase. A new equivalent Park’s rotor eegisthas been expressed to
allow the decreasing of the number of rotor bars in faultyation. Finally, the associ-
ation of stator and rotor faulty element with the nominal relazh induction machine
allows to explain a simultaneous stator and rotor faultss Tésulting model allows
an extensive monitoring of the induction machine.

The proposed model has been validated on experimentakteshbThe identifica-
tion procedure has allowed on the one hand, the localizafistator faults at several
phases and the determination of their number with a maxinuon ef six turns, and
on the other hand, the quantification of the number of rotokén bars. Thus, in sit-
uations of real defects, the diagnosis procedure by pasrestimation gives a very
realistic indication of the imbalance occurring in the maeh

The monitoring methods based on parameter estimation teasgmorly applied
so far in diagnosis of physical systems, specially in eleatengineering: our expe-
rience shows that this method is well suitable for faultsedon and localization.
The association of parameter estimation technique avjihior information and faults
modeling based on common and differential modes seemscgtigréelapted to the
case of the induction machine.
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