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Abstract—A transient model for an induction machine with  of unbalanced supply voltages is ignored. In [4], magnetic cou-
stator winding turn faults is derived using reference frame trans-  pling between stator phases is neglected to derive an approxi-

formation theory. A state-space representation of the dynamic inale-oh - ivalent circuit for the ph
equations, suitable for digital simulation is provided. Steady-state .ate single-phase steady-state equivalent circuit for the phase
with the shorted turns.

equivalent circuits are derived, from which the sequence compo- : i . . ) )
nents of the line currents can be estimated as a function of fault [N this paper, a transient model for an induction machine with
severity. Experimental results are provided to validate the derived stator winding turn faults on a single phase is derived using ref-

model. erence frame transformation theory. A state-space representa-
Index Terms—Fault diagnostics, induction machine transient tion of the dynamic equations suitable for digital simulation is
model, negative sequence, stator winding turn fault. presented. During steady state, the model reduces to sequence-

component equivalent circuits. The derived model is used to

prove the experimental observations made in [3] that a turn fault

injects a current component into the negative-sequence equiva-
TURN FAULT in the stator winding of an induction |ent circuit, independent of that due to unbalanced supply volt-
machine causes a large circulating current to flow iages. It is also proved that neither the measured negative-se-

the shorted turns, of the order of twice the blocked rotguence current nor the effective negative-sequence impedance

current. If left undetected, turn faults can propagate, leadiegn be used as reliable indicators of the asymmetry caused by a

to phase—ground or phase—phase faults. Ground current fliwn fault. Experimental results, obtained with a specially wound

results in irreversible damage to the core and the machil®oratory induction motor are provided to validate the model.

might have to be removed from service. Incipient detection The limitations of the derived model are outlined and the rea-

turn faults is essential to avoid hazardous operating conditiogisns for the discrepancy between the measured and predicted

and reduce down time. current sequence components are also provided.

Modeling of induction machines with shorted turns is the first
step in the development of turn-fault detection schemes [1]-[4]ll. ANALYSIS OF INDUCTION MACHINE WITH TURN FAULTS
Models exhibit a tradeoff between complexity and reliability.

" : o ! An induction machine with stator winding turn faults on a
The utility of models for fault diagnosis is restricted because : g
single phase is shown in Fig. 1, whet& represents the shorted

Itis even _theoretlcally |n_1p033|ble o include all nomdeghﬂeP rns and: denotes the fraction of shorted turns. In the deriva-
that exist in a real machine. However, models are required 10

. . ; tlpn of the following equations, itis assumed that the leakage in-
obtain characteristic fault signatures and to account for the er- ! .
uctance of the shorted turngié;,, whereL, is the per-phase

fects on them, from sources other than the faults themsely, e‘eéikage inductance, and the fault impedance is resistiyg (
The machine-specific models derived in [1] and [2] need motor '

design parameters like number of slots and stator and rotor c@n-pachine Equations inbe Variables

ductor distributions. In the steady-state model proposed in [3], . L .
the shorted turns are considered as a secondary winding an-(ghe_ statpr and rotor equations for a symmetrical induction
ampere-turn balance is used to derive an approximate exp?@?—cmne with turn faults can be expressed as [5]

sion for the negative-sequence component of stator currents as vs =Rgis + dAg/dt

a function of the number of shorted turns. However, the effect

. INTRODUCTION

0 =Rpiy + dA,/dt (2.1)
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a where

V; = [Uas Vps Ves ]T
i/s = [ias ibs ics ]T
A/s = [ ()‘asl + )\asz) )\bs )\cs ]T

=L ig + L e + pnAzip
Ar =LZ + Lyl + pAsis
A =-[R, 0 0]F
Ag =[—(Lis+ Lims) Lms/2 Lps/2]"

Az =—L,s[cosb,. cos(f,.+27/3) cos(f, —2x/3)]".

The modified inductance matrices are given by

C
Lls + Lrns _Lrns/2 _Lrns/2
Fig. 1. Three-phase stator winding of an induction machine with turn fault -
a single phase. qu-‘/ss - _LmS/2 Lis + Lns _Lms/2
_Lrns/2 _Lrns/2 Lls + Lrns
The resistance matrices of (2.1) are given by L. =L,
R, =R.diag[l—pu 5 0 0] cos 0, cos(f,+27/3) cos(8,—2n/3)
Rr = R7*I3><3- (22) : COS(Q"’ _27r/3) cos 97’ COS(97’+27F/3)
) ) . cos(6,+27/3) cos(8,—27/3) cos 6,
The inductance matrices of (2.1) are given by (2.3), shown at 2.5)

the bottom of the page.
On adding the first two rows of (2.1) and rearranging terms,

the machine equations can be expressed as For the shorted turng:), the voltage and flux linkage equa-

tions are
dA.
vl =R, + ds + nAqiy
d; Vasy = NRs(ias — if) + d)\,wz/dt = Rfif
0=HRole 5 (2:4) Nasy = —HALY, — pAZL — p(Lis + pLins)is. (2.6)
- 1 _ u 1 _ u -
1—p)? p(l—p) —-—H ———F
(1 =p)* p(l—p) 5 5
0 0

n(1— ) I ) )

Les =L diag[1—p o 0 0]+ Ly 1

— i 0
S 1 ~1/2
2 2
1—
S ~1/2 1
L 2 2 i
(1—p)cosb,. (1—p)cos(f, +2n/3) (1— p)cos(f, —2x/3)
L pcosf, pcos(6,. + 27 /3) pcos(8, — 2w /3)
T cos(8, — 27 /3) cos 6, cos(6,. + 27 /3)
cos(f,. + 27 /3) cos(6,. — 27 /3) cos 6,
Llr + Lrns _-LrnS/2 _-LrnS/2
er = _Lrn,s/2 LlT + Lrn,s _Lrn,s/2 (23)

_Lrns/2 _Lrns/2 Llr + Lrns



634

The electromagnetic torque can be expressed in maehine

variables as

P .. oL
T—> T sr .r'
2 ' 9p, !
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2.7)

The second term in (2.11), which represents the effect of a
turn fault, produces a double-line-frequency torque pulsation.
The electrical dynamics of an induction machine with stator
winding turn faults is completely described diy variables by
(2.9)—(2.11).

Onrearranging terms in (2.7), the electromagnetic torque can

also be expressed as

P T aLiw .

T="2 .
2's 90, !

Il. STATE-SPACE MODEL FORDIGITAL SIMULATION

The dynamic equations of the induction machine must be ex-
pressed in state-space form for the purpose of digital simulation.
Letx = [A2, A3, AL A3, Aas.|”be the state vector. The flux

P 3 3 i i
ey Loty {5 i sin 9T+§ (in—ir) cOS 97‘} . (@28) linkages can be expressed in terms of the currents as
x=M[i3, 3, il i3 ig]” (3.2)
The first term in (2.8) is the standard expression for torque de-here
veloped by a symmetrical induction machine. The second terW'n,
which is the effect of the turn fault, results in a double-line-fre- (L. o L, o _ENLS i
guency pulsation in the torque and speed. 3
Ly 0 Ln 0
B. Reference Frame Transformation 2
. . M = Lrn 0 Lr __NLnl

On transforming (2.4) and (2.6) to the stationary reference 3
frame, the machine equations can be expressed in comiplex 0 L, 0 L, 0
variables as follows: 2

uLs 0 NLm, 0 — <Lls + gﬂan>

s s s 2 }
qus = Rslqu +p)‘qd5 - gleRs'Lf
5 1 ; 5
vl = —guRS'Lf + pAl,
0= RTif]dr + (p - ij))\f]dr
} } 2 }
Agas = Lotgas + Lintgay =5 1Lsiy
E 1 .
A, = —guLS'Lf
s s s 2 )
qdr = Lrigar + Liniggs — g/iLm'Lf
wherep represents the operatdydt, and
3
Ls :Lls + _Lrn,s

2

3
Lr :Llr + ELrns

wy = pb,..

(2.9)

If 11 # 0, then the matridVI is invertible. SettingN = M1,
the machine equations can be expressed in state-space form as

dx 100 0 0] [v
E‘AH{O 100 0} L};L

RN, + ZuRN
E,N>
A=1 RN3;+wl [00010] 3.2)
RNy —w,[00100]
L RNy + pu(Rs + Ry)Ns

wherelN,; denotes théth row of matrixIN.
The zero-sequence component of stator voltages is given by
1 1 dx
S = ——uR,Nzx — = nLi;Ny—. 3.3
Vos 3 H X 3 Hiog dt ( )
For an induction machine without any asymmetry, such as turn
faults, the zero-sequence component of stator voltages is zero,
regardless of the unbalance in the supply voltages. A stator
winding turn-fault detection scheme based on monitoring the

The voltage equations for the faulted turns (2.6) can be &%ro-sequence voltage component has been proposed in [6]

pressed iniq variables as follows:
Vassy IRfif = LLRS(iZS + tos

)\asz = I’LLIS (LZS + ios - Lf)

s s 2.
+ pLy, <'L'qs +ig — 5“”) .

- if) + pAas,

(2.10)

The electromagnetic torque (2.8) can be expresséd vari-

ables as

T =

3P 5 . s
5 5 Lrn("’f]sz(slr - Zflszf]?‘) -

P .
5 uLnl'szfI,,.

(2.11)

for wye-connected induction machines. The method requires
a signal-level connection to the neutral point of the stator
winding.

IV. ANALYSIS OF STEADY-STATE OPERATION

In general, turn-fault detection schemes are based on moni-
toring the negative-sequence component of line currents, to de-
tect an asymmetry caused by the fault. By performing a steady-
state analysis of (2.9) and (2.10), an estimate of the sequence
components of line currents can be obtained, for different load
levels and fault conditions.
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Fig.2. Steady-state equivalent circuits of an induction machine with stator winding turn fault. (a) Positive-sequence line current compgstivésdequence
line current component. (c) Fault current.

A. Phasor Equations matrix relating the sequence components of machine voltages
In sinusoidal steady state, the complex variagjg, can be and currents can be obtained from (4.2) and (4.3) as
expressed in terms of the positiy&},) and negative-sequence I Y. v \
(F,,) component phasors as [7] S = { op p"} T (4.4)
Isn an Ynn ‘/sn
P V2 (Fpej“’et + F:e_j“"et) . (4.2) where
Yop =Yp + Y
On applying (4.1) to (2.9), the steady-state stator and rotor Y. =Y, +Y,
equations for an induction machine with turn faults are e 213
Yo =Y, = - .
1 r r Rf + N(RS +jweLls)
Vip =(Rs + jweLs) <Isp - gﬂ—’f) + jweLimIrp Y, andY, are the positive- and negative-sequence admit-
tances of an ideal symmetrical induction machine and are given
. - 1 - - ;
Vin = (Rs + jweLs) <Im — gulf> + jweLimIrn, by (see Fig. 2)
jS jSTL
. . 1 . Y, =22 Y, =22t (4.5)
0= (R,/S + jweL,,) Irp + jweLrn <Isp — 3/,LIf> ‘/sp ‘/sn

R 1 For a machine with no stator asymmetry, the tetrps and
0— < . +jweLr> o+ jwe L, <_f8n__ u—ff> (4.2) Yy, are identically zero. Hence, it is also possible to detect a
2-s 3 turn fault by monitoring the off-diagonal terms of the admittance
.. . . » ) matrix.
wherelp, Isn, Iy, and1,, are the positive- and negative-se-  From the equivalent circuits of Fig. 2, itis clear that the effect
quence component phasors of the stator and rotor curigis, of 5 turn fault is to inject a component of current into the posi-
the phasor of the fault current, asds the slip. The fault current e and negative-sequence equivalent circuits of a symmetrical
phasor is given in terms of the stator voltage sequence COMpQ;schine. This is in agreement with the experimental observa-
nents by tion made in [4]. The magnitude of the injected negative-se-
quence current as predicted by Fig. 2 is identical to the estimate
1(Vap+Van) =10 (1 = 20/3)(Ry + jwe L) Iy + Rpl;. (4.3) obtained in [3]. Itis clear that the measured negative-sequence
current component is the phasor sum of the contributions due to
the turn fault and the unbalanced supply voltages

B. Steady-State Equivalent Circuits io— : s+ YoV, (4.6)

Equations (4.2) and (4.3) can also be elegantly expressed in
terms of sequence-component equivalent circuits for an indugince the negative-sequence voltage can have an arbitrary phase
tion machine with stator winding turn faults, as shown in Fig. 2vith respect to the positive-sequence voltage, the measured neg-
In obtaining Fig. 2(c), it is assumed that« 1. An admittance ative-sequence current could reduce when a turn fault occurs.
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fault applied, even for balanced voltages. Further, this asym-
metry was also dependent on the load (slip). In order to perform
a meaningful comparison between experimental and simulation
results, the measured negative-sequence component of currents
was compensated for the effects of unbalanced supply voltages
and machine nonidealities. From (4.4), the negative-sequence
component of currents can be expressed as

where k; and k. are load-dependent complex numbers. Six
sets of data were obtained, one set for each of six different load
levels, with no turn fault applied, and the complex constants
were determined using least-squared-error estimation. Then,
with a turn fault applied, the negative-sequence current due
to unbalanced voltages and inherent asymmetry effects, as
estimated by (5.1), was subtracted to obtain the fault signature.

From the results shown in Fig. 3, it is clear that the experi-
mental and simulation results for the sequence components of
line currents and the fault current follow the same trend. How-
ever, the predicted magnitudes differ slightly from the experi-
mental observations. This is largely due to the error in the es-
timate of the leakage reactance of the faulted turns, as noted in
[1]. The leakage reactance depends on the physical location of
the faulted turns in the stator winding.

VI. CONCLUSIONS

A transient model for an induction machine with stator
winding turn faults on a single phase has been derived using
reference frame transformation theory. The dynamic equations
were presented in state-space form, which is suitable for
digital simulation. Steady-state equivalent circuits have also
been derived, to estimate the sequence- components of line
currents as a function of fault severity. Experimental results,
with correction applied for the effects of inherent asymmetry,
have been shown to exhibit the same trend as predicted by
the model. This model is expected to find applications in the

Fig. 3. Experimental and simulation results for the sequence componentsd%fvebpmem of stator winding turn-fault detection schemes for

line currents and the fault current. (a) No load. (b) Rated slip.

Hence, neither the measured negative-sequence current nor the

induction machines.
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