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Abstract— This paper addresses the subject of inter-turn short create a response on the motor current. This response mentai
circuit estimation in the stator of an induction motor. In th e paper jnformation of the inter-turn short circuit fault.

an adaptive observer scheme is proposed. The proposed obger . .

is capable of simultaneously estimating the speed of the mmt In this paper a model-based approach is proposed. The
the amount turns involved in the short circuit and an expresion ~ proposed approach is based on a model of the induction motor
of the current in the short circuit. Moreover the states of the including an inter-turn fault in the stator. Different appches
mogor are_:esgimated, rt‘;ea”irrl‘g t?atltthr? mﬁgnetizing _cu;Lentsanta\ for modeling inter-turn short circuits in the stator wingsare
made available even though a fault has happened in the motor. ; ; ; :

To be able to develop thisgobserver, a modzlpparticular suitale fognd In the. literature. In. [8] a higher order model IS. used.
for the chosen observer design, is also derived. The efficiepof 1 NiS model is an extension of the model presented in [10].

the proposed observer is demonstrated by tests performed oa This type of model is used for simulating higher order efect
test setup with a customized designed induction motor. Witlthis  in the motor, but the obtained model is of high order. The

frequency range. Therefore observers designed on the difasis
I. INTRODUCTION this model will be of unnecessary high order for this kind of

. . fault
Stator faults are according to [1] the most common eledtrica )
faults in electrical motors. Moreover according to [2] most " [11] @ steady state model of both inter-turn and turn-turn

these faults start as an inter-turn short circuit in one f tfi@ults in an induction motor is developed using a low order

stator coils. The increased heat due to this short circuit winodel- In [_5] a tra_nS|ent model of the same Qrdgr as the one
eventually cause turn to turn and turn to ground faults alp&esented_ln (11] is develope_d. This mOdEI_'S s!mllar to the
finally lead to a break down of the stator. one used in the observer design presented in this paper.

The inter-turn short circuits are caused by several differe In this paper an adaptive observer is proposed for estimatio
influences on the stator. For examp|e mechanical Stressgjur(i)f the inter-turn short circuit fault. Theoretical congid&ons
assembling or during operation can create scratches in fieadaptive observers can for example be found in [12], [13].
insulation and cause short circuits. Especially if the mégo The proposed observer is capable of simultaneously estighat
placed in a moist environment. Moisture can cause flow §t€ speed of the motor, the amount of turns involved in the
current from scratch to scratch, which can make a hot Slﬁhort circuit, and an expression of the current in the short
and thereby destroy the insulation. Partial dischargestduecircuit. The observer is based on a model, developed péaticu
very h|gh a|'[e|’nating V0|tage between turns, when the stato for this purpose. This model is similar to the model desatibe
supplied by a PWM voltage source, can also over time degrdBel5]- As the proposed observer estimates the impact of the
the insulation and cause a short circuit. inter-turn short circuit on the induction motor, it can besds

In the literature different approaches are proposed for @ fault robust control of the motor. Thereby it is possite
tection of inter-turn faults. In [3] the stator currents &r@ns- obtain control in the case of a inter-turn short circuit, mag
formed using the Park transformation. Second order harcsonfhat it is possible to control the process, driven by the moto
in the length of the transformed current vector is then usé®| @ fail-safe mode.
for fault detection. In [4] oscillations in the voltage beten As a model based approach for fault estimation is proposed
the line neutral and the star point of the motor is used asrathis paper, the paper starts by deriving a model of the
fault indicator. This is also shown in [5] using a model of @nduction motor with an inter-turn short circuit in sectith
faulty motor. In [6] estimation of the negative impedance ofhis model is in section IV used in the design of the proposed
the motor is used as a fault indicator, and in [7] the negatieglaptive observer. In section V test results from tests on a
sequence current is used for the same purpose. In [8] higistomized designed motor are presented. Finally conaudi
frequency voltage injection in the supply voltage is uétizzo remarks ends the paper.



Il. NOMENCLATURE
In this paper large bold letters denote matrices. Small b

letters denotes matrices in the motor model when described

abc-coordinats and vectors respectively. The parametersein
model presented in section Ill is decribed in the following.

Vsabe The terminal voltage of three phase induction
motor, Vsabe = (Usa Usb USC)T'

In the following, a model of an induction motor, including

A4 inter-turn short circuit in phase is developed. The model

§ developed under the assumption that the short circuis doe
{pot affect the overall angular position of the coil in the oot

A. The Induction Motor Model imbc-Coordinats

Setting up the mesh equations for the circuit in figure 1 and
rearranging these equations, a model describing a motar wit

isube The current at the terminals of the three phase one short circuit in phaseis found. Using the matrix notation

induction motor,isape = (s sy isc) -

Y.  The flux linkage in the stator phases of the
induction motorap, ;. = (Vsa ¥sp Vse)t-

irabe The current in the three equivalent phases of
the rotor circuit in the induction motof,.,;. =
(ira irb irc)T-

¥,  The flux linkage in the three equivalent phases
of the rotor circuit in the induction motor,
"/)rabc = (wTU« wa ch)T'

if The current in the short circuits of the stator.

Xsdq0 The transformed stator variable vectors of the
induction motor, €.ixsq50 = Tdq0Xsabe, Where
Xsdq0 = (xsd Tsq st)T-

Xsdq0 The transformed rotor variable vectors of the
induction motor, e.i.xyqq0 = Taq0(0)Xrabe,
wherexsqqo = (Tra Trq z00)T.

Ta0(8) A transformation matrix given byl 0(8) =
cos(f) cos(@+ =) cos(d+ 5)
sin(f) sin(0 + =) sin(f + 5)
1 1 1

Wl

2 2 2
Taq0 A transformation matrix given byT4,0 =
T 440 (0).

I1l. M ATHEMATICAL MODEL OF SHORT CIRCUITS IN THE
STATOR OF AN INDUCTION MOTOR

presented in [14] this model is given by the following set of
equations,

d’lnbsabc

Vsabe = I's (isabc - ’Ylf) + T + 1”0 (1)
. d,ap

0 = rpirape —= 2
Frirape + — 2)

'lpsabc - ls (isabc - 'Y'Lf) + lm (G)irabc (3)
Yrave = Lrirabe + 1m(0) (isabe — vif) (4)

di .

lfd—tf = —Tyly “+ ')’Tvsabc (5)

where (1) and (3) describe the currents and the flux linkages
in each stator phase and (2) and (4) describe the currents and
the flux linkages in each rotor phase. Finally (5) describes t
current in the short circuit. In (14 IS the terminal voltage
anduy is the star point voltage. The matrices r,., 1, andl,

are defined by,

re =1l r, =r.1
I, = ;s I+1,,(0) 1, =1, 1+1,,(0)

wherer, andi;, are the resistance and the leakage inductance
in the stator windings respectively, and and [;. are the
resistance and leakage inductance in the rotor windings re-
spectivelylI is the identity matrix and finally,,, is the mutual
inductance and is given by,

cos(0) cos(f + ) cos(f + )

An inter-turn short circuit denotes a short circuit between 1, (6) = Ly, |cos( + 4) cos(6) cos(f + )
two windings in the same phase of the stator, see Fig. 1. Here cos(f + %) cos(f + 4r) COS(9)3

the electrical circuit of arY-connected stator is shown.

Fig. 1. Simplified electrical diagram of a three phagseonnected stator
with an inter-turn short circuit in phase

(6)
wherel,, is a constant and is the angle between the stator
and rotor phases.

The vectory in (1) to (5) represents the position and the
amount of turns in the short circuit. The vector is, in theecas
of a short circuit in phase, given by,

T
y=[w 0 0
where~, is the amount of turns involved in the short circuit.
The inductor and the resistor in (5) are given by,

lf =7 =v)lis 75 =7l —=7a)rs +1i
wherer; is the stator resistancg; is the leakage inductance

In this figure a short circuit between the star point of thef the stator and-; is the resistance in the insulation break.

motor and an arbitrary point of the coil is shown. This seems
a rather limited model assumption, but if the electricatwir

8, = oo means that no short circuit has occurred ang: oo
means that some leakage current is flowing. The evolution

is assumed linear, all short circuits in the given coil can feom »; = oo to »;, = 0 is very fast in most insulating
represented as a short circuit connected to the star potht winaterials, meaning the valug can be assumed to either equal

the same amount of turns as in the real case.

oo or 0.



B. Transformation to a Stator fixet;0-frame whereL; and R respectively are given by,

Using thedq0-transformatiorl' 4,0 (6) presented in [14] the
model described in section IlI-A is transformed intlg0-
poordinats fixed to the stator. Doing this the following modeEquation (8) and (10) describes the rotor circuit. Rewgitin
is obtained, these expressions and using tig%go = 15440 — Taqo07viys, the

d model of the rotor circuit becomes,
¢sdq0 +vo (7)

1 1
Ly=1y+ gﬁlzs Ry =rp+ g%frs

Vsdq0 = R, (isdq() - qu()'ﬂ.f) +

dpy .
.. dt qu = — (RL7" = 2p0,d) traq + R L7 Loy, (15)
0 = Ryirago + —290 — 2w, Jb, g0 8) t
dt red dwro _ 7'_7‘1/] (16)
'wsdqo = Ls (isqu - quO'Yif) + Lmirqu (9) dt lr ro

Yydgo = Lirirdgo + Lim (isaq0 — TaqoYiy) (10) Equation (16) shows thatm; ., ¥, = 0 despite of a short
di ) S circuit in the stator. Moreovet),, does not appear in the
Fgr = Y + quo("sdqo ) (11) remaining model equations, i.e. it is not necessary to delu

: . 7  (16) in the final model.
where v is the terminal voltage ando = [0 0 o] The final model describing the electrical part of the induc-
Usmg thedq()-transfo_rmatlon all mgtrlces in the model haV%on motor is given by (12), (15) and (14). These equations
a diagonal structure i.e. they are given by, respectively describe the stator circuit, the rotor circand

R =diag{rs, rs, 75} R, = diad{r,, r, r} the short circuit. Defining the magnetizing currépt;, such
L, = diag{31,, + lis, 3l + ls, lis} that it fulfills the equationy, 4, = Ly,ind, the model of the
L, = diag{glm + Uiy lm 4 Uiy lir} induction motor with a short circuit in the stator becomes,
L., = diag{2l,,, 31,,,, 0} di’,
0 1 0 L’S# =— (Rs + R}) iy, + (R} — 2pw, JL ) iy
J=|-1 00 + Vsq
0 0 0 G !
From (7) to (11) it is seen that it is convenient to define a newLy, ;lnt * =Rjiyy, — (R} = 2w, ILg,) indg
current vectori’sdq0 = isqq0 — Taq0vi¢. This current equals dif .
the amount of the stator current, which generates air gab flux Lfg =—Ryig+ Yavsa

Rewriting (7) and (9) and introducing the curreirj{,q0 the

where the current measurable at the terminals of the motor is
stator model becomes,

given byisq, = i, +Taqvis. INn these equations the matrices

s/ . , , , sdg T
Vet = Ruilg + Ls% ‘L, dZ:q v R/, L, andL/, are/ given by,1 1
/ dil / R = E’{"LT RTL/T L., B
Vs = TSisO + llsd—zo —+ vg (12) Ls =L, — Ler L., Lm = Ler L.,
logg = i/sdq + Tagvis meaning that the new matrices retain the diagonal structure
. 1 . IV. AN ADAPTIVE OBSERVER FORINTER-TURN FAULT
0= 10+ 37ls (13) DETECTION

Here the two equations are divided into four equations, wher In the previous section a model of an induction motor with

vectors with subscribelq and variables with subscrib8 an inter-turn short circuit is developed. This model willthis

contains respectively the two first components and the lagiction be used in the development of an adaptive observer.

component of vectors with subscrilig0. This observer is based on only the electrical quantitiesi-ava
In (7) and (9) the currerit 4 is the current in the terminals able at the terminals of the motor.

of the motor. Therefore the currenfy = 0 in the case of a  The model developed in the previous section can be put on

Y-connected stator. This is utilized to obtain (13). matrix form resulting in the following description,
The last row of the voltager.q,o — vo in (11) equals

vso — vo and is unknown because the star point voltage

is assumed unknown. From (11) it is seen that the current

in the short circuit depends upon this voltage. Therefois it Where,
necessary to find an expression for it. Equation (12), deisqyi S T T 1T )

the zero current in the stator, can be used for this. Inctydin * = |'sda ~ *mdq Zf} U=Vig Y =l (18)
the expression of the voltage, — vy obtained from (12) in The matrices in this model are given by,

i(;i)b?ar;gelfng (13) to describg, the following expression —L;_I(RS LR L;_lR’T 0

X =(Ayp+wrAyL )x+ Bu

y =Cx (17)

di Ay = L, 'R/ -L, 'R, 0
Lfd_tf =—Ryif + YaVsa (14) 0 0 —}L%—}{



_ 2

0 _ZPJL/silL;n 0 L, 0 0O [38] L/ !
A, = |0 2pJd 0 B= 0 ot L/s B

0 0 0 [Z—“ O} A, =10 0 0 [ SLonlis } B= |Im

! sd 0 0

0 0 0 % 0

0 0 0 0
C=[I 0 Tu]
All parameters of the matrices are known except for the wecto C=[ 0 0 0

~ and the parametetB; and L. The last two appear in the

—1 . :
matrices in a fraction, which can be rewriten as shown belowhere Ao = —L, ' (R, + R;) - L/, R, in matrix Ag.
If the speed is assumed constant, this system is a bilinear

Ry ry+ éwgrs Ya(l — §7a)rs + 7 system with one unknown but constant parameter, namely the
Ly Iy + 37alzs Ya(1 = 27a)ls speed. For such a system an adaptive observer can be used
for simultaneous estimation of the states and the unknown
If it is assumed that; = 0 this fraction equals*, meaning parameter. This is possible if the system fulfills some defsan
that the fraction is known; is the resistance of the insulationpresented in definition 1 below.
in the short circuit. In section IlI-A it is argued that this In [12] a definition of a system on nonlinear adaptive form
resistance almost always is eithes or 0. Therefore the is given. The corresponding definition for the bilinear cisse
assumption that; = 0 is almost always true if a short circuitpresented below,
has occurred.
Defining a linear state transformation = Tz as shown Definition 1 A system on the form
below,

z=A(u,0)z+ Bu (22)
-1
I 0 { 0 } wherez = [y (] andy is the measured output, is said to
T = I 0 (19) be on bilinear adaptive form fif,
T o 3 e A(u,0) is bounded for alld € Dy and u € U, where
e Dy is the parameter space ande U/ is the input space.
and defining a fault signaf as « the set(A(u, ), C) is observable for everg € Dy and
uci, whereC=[I 0].
f= (20) e Ay, (u) to Ay, (u) are linear independent matrices for
1= "Ya everyu € Y.
the system described by (17) is transformed into a biline@here,
system on the form,
Y A0) = Ao(w) +0 [ A o, [Ar ]
7 = (AO + LA}TAWT + UsdAvsd)Z + Bu (21)
y=Cz Remark 1 Definition 3.1 in [12] requires existence of a Lya-

nov function and Lipschitz conditions on the nonlinéasit

where the state vector is extended with a state describimg . L . ;
ese are fulfilled in this case as the system is state affine.

fault signal, e.i.z = [(T~'x)” f}T. The matrices in (21)
are given by, The system described by (21) fulfills definition 1 except for
] - the observability condition when,; = 0. It can be argued

B R JrR, T

Ao L;’lR’T [ I .| o that when the induction motor is running, the fraction of the

time wherevsy = 0 is almost equal to zero. Therefore the

Ao= |1/ 'R 0 {Rs — T_] system described by (21) is observable almost all the time
m s ‘ and therefore fulfills definition 1 almost all the time.

0 0 s 0 For a system on the form defined by definition 1 an adaptive

0 0 0 0 observer exists according to the following lemma.

Lemma 1 For a system of the form defined in definition 1 an
adaptive observer exists and has the following form,

z2=A(1,0)z+Bu+K(y—39) (23)
0i=r(y —9)"PiAg,(w)z  Vie{l,---.n} (24

O O OO

0
0
" 0 0 0
0



whereP, is a positive definite matrixg = [y é’}T and Remark 2 In the text above it is argued that the observer is
stable for all values of the voltage,; between -400 and 400
A(u,0) = Ag(u) + 6, [A"l (“)] 440, {Aen (“)] [V] except forvsg = 0, and all speeds between -400 and 400
0 0 [rad/sec]. This is not the same as saying that it is possible
If there exists aK (u) stabilizing the system for every and to estim_ate the fault a_nd_speed at zero speed due to demands
u, i.e. making the matrix (u, @) — K (u)C Hurwitz for every fOr persistence of excitation.

0 € Dy andu € U4, whereC = |[I 0].
[ ] Remark 3 Fault tolerant control can be obtained using the

Proof of the lemma is given in appendix I. This lemma is aurrent vectori’ , , estimated by the proposed observer, as

S e : . sdq’ X )
simplification of proposition 3.1 in [12]. input to the current controllers. This current is the parttbé
Lemma 1 states that K(u) must exist, which garanties stator current producing air gab flux. Therefore, by usingth
that the real part of the eigenvalues of, current the control is not affected by the short circuit.

This current vector is given by the two first terms of the
(25) state vectorx in (18), which is calculated using = Tz,

are less than zero for all € 2/ and@ € Dy. In the induction WhereT is defined in (19).
motor case this is the same as saying that the eigenvalugs mus

A(u,0) — K(u)C

be less than zero for all possible valuesvgf andw,.. Remark 4 According to [16] isolation between different
ChoosingK (u) = K + v,4K; the expression in (25) will faults can be obtained using a set of adaptive observers.
in the induction motor case become, This idea can, in the case of the induction motor, be used if
three identical observers are designed, each detectingtarst
(Ao — KoC) + wrAy, +vsa(Ay,, —K;C) winding fault in one of the three phases.
A common way to treat a bilinear system is to use for V. TESTRESULTS

panc_elanon of the bilinear terms [15]. This IS not possible In this section the adaptive observer is tested on an inolucti
in this case due to the structure of the matrices. Therefore

. . .~ _motor setup where inter-turn stator faults can be simulated
to avoid dependency of the sign of the voltagg, K; is : L : .
) . The electrical circuit of the stator is shown in Fig. 3. Thetaro
chosen such that the eigenvaluesAof , — K, C is placed on

the imaginary axis. Doing this the behaviour of the system is
the same for positive and negative valuegf.

In Fig. 2 the locus of the roots for a given motor and a
given choise ofK, andK; is shown. The presented locuses
are functions of speed at four different valuesvgf.

vsd=20 vsd=100
400 500

-
200
o =l - o —_ Fig. 3. The electrical circuit of the stator in the test setliwo points of
<> phasea of the stator and the star point are available at the terniioal
-200
.
B vy PR B vy TP — used in the test is a 1.5 [KW] customized Grundfos motor,
supplied by a Danfoss frequency converter. The speed, the
1000 v 1500 - three phase currents, and the three phase voltages arabéeail
" . 1000 at the test setup. The voltage to the motor is controlledgusin
500 » a linear voltage to frequency relation, with a voltage baast
of e — > of —— > low frequencies. All tests are preformed at supply freqiesnc
o0 -500 ’ between 10 and 30H:] to avoid too large short circuit
N ~1000 X currents and thereby burnout of the motor during the tests.
O 0 a0 a0 o %0 e <20 <m0 o Three tests are performed, showing the estimation capabili

_ _ _ of the algorithm under three different conditions. In ea¢h o
Fig. 2. Root locus plot of the observer eigenvalues for fdtfernt supply the tests the algorithm is tested with no short circuit. 5% of
voltagesv,y and speed values from -400 to 40&ufl/sec]. . . . L

the windings short circuited, and 25% of the windings short
circuited. In the first test the motor is running at constaets
From Fig. 2 it is seen that in the presented cases the systeith a supply frequency of 25H z]. The results from this test
is stable. Numerical analysis has shown that this is the case shown in Fig. 4(a) and 4(b). In the second test the supply
for all values ofvsg from -400 [V] to 400 [V] except for frequency of the motor is changed each second between 15
vsqg = 0. and 30 [H z]. The results from this test are shown in Fig. 4(c)
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Fig. 4. The results form tests with the proposed algorithigufé 4(a) and 4(b) show results at constant speed and lealaupply voltage, figure 4(c) and
4(d) shows results with changing speed, and figure 4(e) addsH@ws results with unbalanced supply voltage.
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of the fault. Machinery |EEE Press, 1994.

From the results of the last test, presented in 4(e) and 4{#p] Shields, D. N. and Ding, Li Yu, "A review of observer appaches

- . . for fault diagnosis based on bi-linear system&E Colloquium on
0,
it is seen that an unbalanced supply of 5% is not affecting the Qualitative and Quantitative Modelling Methods for Fauliagnosis

performance of the observer. 1995.
[16] Zhang, Qinghua, “A new residual generation and evauatethod for
VI. CONCLUSION detection and isolation of faults in non-linear systemsfernational

Journal of Adaptive Control and Signal Processing, Vol.Nd, 7, 2000.
An adaptive observer for simultaneous estimation of the

motor states, the speed, and the amount of turns in an inter- APPENDIX |
turn short circuit is proposed. The observer is tested on a PROOF OF LEMMA 1

customized designed induction motor. The tests have shownrpg appendix contains the proof of lemma 1. The proof is

that the observer can estimate an inter-turn fault desgite Quite simple and is based on a Lyapunov analysis of the error

speed changes and unbalanced supply conditions. This makgSation of the observer. The error equation of the adaptive
the estimation scheme usable in inverter feed 'ndUCt'OmmOBbserver is given by

drives, or in motor applications supplied by a bad grid.

As both the short circuit and the states of the motor ar& = A(6,u)z + Bu — (A(éju)z +Bu+K(u)(y — y))
estimated, the proposed observer might be used for fault _ .
tolerant control. Meaning that torque control can be oldin  — (A(6,u) —K(u)C)z + Ag(0,u)z (26)
despite of an inter-turn short circuit in the stator.
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The adaptation law is given by setting the terms inside tfié =z" ((A(0,u) — K(u)C)"P +P(A(0,u) — K(u)C)) z
sum equal to zero and using the assumptionéhie constant

meaning tha® = —@. From this the following adaptation law
is obtained, Re{eig(A(6,u) —K(u)C)} <0 VO €Dy,ueld

gl =k(y — ) P1 Ay, (u)z Vie{l,---,n} whereDy andl{ are a bounded sets. or in other words the

o ) ) matrix A(0,u) — K(u)C is Hurwitz for all @ € Dy and for
wherez = [y (] from definition 1 is used to interchangey)| y ¢ /.

z andy — y. Using the adaptation law, the derivative of the
Lyapunov function along the trajectory of the error equatio
reduces to,

which is smaller than zero when= 0 if,



