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Modeling and Simulation of Broken Rotor Bars in
Squirrel Cage Induction Machines

C. Kral, A. Haumer, and C. Grabner

Abstract—This paper presents a physical model of a squirrel cage
induction machine with rotor topology. The machine is modetd
in Modelica, an object oriented multi physical modeling sysem.
The presented machine model is used to investigate electaic
rotor asymmetries in induction machines. For the case of a
single broken rotor bar a simulation model is compared with
measurement results.

Index Terms—Modelica, induction machines, squirrel cage, rotor
asymmetries, broken rotor bar

I. INTRODUCTION

The squirrel cage of an induction machine can be seen as a
multiphase winding with shorted turns. Instead of a wound
structure the rotor consists a¥, bars and two end rings,
connecting the bars on both ends, as depicted in Fig. 1 8fglye 1. scheme of a rotor cage of an induction machine
2. At the end rings fins are located to force the circulation of
air in the inner region of the machine.

In the production plant it is intended to fabricate a fully
symmetrical squirrel cage. Yet, manufacturing toleraraes
technological uncertainties give rise to inhomogeneous ma
terial densities. These inhomogeneities cause unequal rot
bar and end ring resistances — the so called electrical rotor
asymmetries. The causes for such rotor electrical asynesetr
are:

« shrink holes and voids in the material of the bars or end
rings,

« improper junctions of the bars and end rings,

« heavy duty start-ups that the machine is not designed for,

« thermal overloading of the machine,

« high temperature gradients, causing cracks.

The presented machine topology is modeledviodelica an

acausal object oriented modeling language for multi pfysiGs restricted to three. In this case the stator voltage éauat
systems [1]. In théMlodelica Standard LibraryMSL) a stan- ¢an pe written as

dard set of physical packages for electric, mechanic, takrm

Figure 2. Rotor cage of an induction machine

control and logic components is collected. TMachines dlsp)

package provides models of electric machines based on text o1l = Folsti] + Loo—g

book equations. The modeled three phase induction machines 3 dI; Ny AL (i 115

rely on space phasor theory and a full symmetry of the stator + Z Lgmiig q + Z d7t (1)
and rotor winding. Electrical rotor asymmetries can theref j=1 j=1

not be modeled using the MSL. _ whereV,;; andI,;) andl,; are the stator voltages and stator
In order to model electrical rotor asymmetries the full topo .\, rants and the rotor currents respectively. The statsiss

ogy of the rotor cage, respectively_has to be takep in{gnceRs and the stator stray inductangg, are symmetrical,
account. Such models are developed infxeendedMachines . 1o the symmetry of the stator winding. The coupling of

Library [2]. the stator windings is represented by the main field indwetan

matrix
(i - mw}

2
It is assumed in the following that the stator winding is 3

fully symmetrical. Additionally, the number of stator peas The mutual coupling between the stator and rotor is repre-
sented by the matrix

II. MODEL OF STATOR WINDING 2.2
Lsm[i,j] = LOwsgs cos
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1+ DE
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Both these matrices are fully symmetrical, since it is as-
sumed that the coupling over the magnetic main field is
not influenced by the any electric asymmetry. The tdrm
indicates the base inductance of a coil without chordirgg, i.
the coil width equal to the pole pitch. The number of series
connected turns and the winding factor of the stator winding
are represented by the parameters and £,. The product
ws&s is thus theeffective number of turn3.he winding factor

of the rotor winding

Ryjiqq

Lyjiv1)

NDE
& =sin (i]—ﬂ) (4) Leppi—1 Repyp  Lepyy) Replivy

T

is a pure geometric factor, which is derived from the mesh

width of two adjacent rotor bars [3]. In this equation, hoeev

skewing is not considered [4]. The quantity, represents the Figure 4. Rotor cage topology (DE = drive end, NDE = non drine)e
electric displacement angle of the rotor with respect to the

stator. - .
can be indicated by the rotor resistan® and the rotor

The effective number of turnsy;&,, can be determined fromI K . | valentl ‘ h
a winding topology, which is indicated by the begin and en§2<a9€ inductanc, ,, equivalently transformed to the stator

location and the number of turns of the stator winding coils $d€- These are the typical parameters as they appear in the
as depicted in Fig. 3. Alternatively, a symmetric statoraiity an equivalent circuit of the induction machine. The same

may be parametrized by entering the effective number gprameters are also us_ed for the Machme; package of the
MSL. Second, each resistance and leakage inductance of the

rotor bars and the end ring segments on both sides can
be parametrized (Fig. 2) — which is how the squirrel cage

1. M oDEL OF ROTORWINDING . . . .

o . . modeled internally. The relationship between the symmetri

The winding topology of th? squwre_l Eage r(#or \_Nm’ rotor  st0r bar and end ring resistance and the rotor resistantte wi
bars can be seen as a winding with an effective humber r%fspect to the stator side is determined by

turns equal to one. The matrix of the main rotor field can be Su.26.2 2

expressed as ‘ - R; =2 Nj€72 {Re,sym + Rb,sym[l - COS( N7' )]}a (8)

m] . (5) wherep is the number of pole pairs. A similar equation can
Ny be obtained for the rotor leakage inductance with respect to

For the bars and the end rings on both sides (indexdrive the stator side,

end side, DE; indek = non drive end, NDE) constant leakage 3wy2¢,2 27p

inductancesL,;; and L.,(; and L;) are considered. The Lro =2 N,E,2 {Leo,sym + Libo,sym[1 — cos( N )Nt 9)

rotor voltage equations can be derived form the equivalept > i

circuit of a rotor mesh as shown in Fig. 4: 0

er[i,j] = L0§3 Cos |:

r the symmetric cage the ratios of the resistanpgsand
leakage inductanceg;, each with respect to the rotor bars

0 = (Reapi] + Repfi) + Rufi) + Ryjiv11) Irpi) over the end ring segments, can be specified,
-R % Ir i—1] — R 2 Iri + Re 7 Ie Rb,s m
bla4r[i—1] blit+1]4rd] b ]dIb.[-] pr = ?Sim, (10)
+(Leapi) + Levfi) + Loy + Lb[i+1])F Ly
— bosym. (11)
d Pl T
*&(Lb[i]ﬂ-[i—u + Lojit1)Lri) — Lepfijde) . _ cosym .
5 This way, the symmetric cage resistance and leakage in-
Z dL g, Ls[5) n ZL - dhy) ©) ductance parameters can be determined f@m L’ _, p.
— dt rrlial gy (rati oCageRin Fig. 6) andp; (r ati oCageL in Fig. 6).
i=

An electric rotor asymmetry can be modeled by increasing
In this equationiz,; are the bar resistances, afitl,;; and the resistance of a rotor bar or and end ring segment, respec-
Ry are the resistances of the end ring segments on befely. Alternatively the equation structure could be atbup
sides. Due to the topology of the rotor cage (Fig.®),+1 py removing a completely broken bar or end ring segment

linearly independent meshes have to be taken into accolfeordingly — this case is, however, not considered in this
The mesh currenf,;, is thus introduced and the additionabaper_

voltage equation
IV. TORQUEEQUATION

N, N,
0= Z Repp) (Irpi) + 1ep) + % Z Leyii)(Lrpg + Iev)  (7) The inner electromagnetic torque of the machine is detexdhin
i=1 i=1 by
. . 3 N
has to be considered, accordingly. _ S dLgr(i )
As the air gap of the induction machine is modeled with Ta = lel dvym L dryj)s (12)
=1 )=

smooth surface, the main field inductandes; ; and L,.,; ; L
are constant and only the mutual inductances (3) are a mnctiNhereﬁ can be expressed analytically from (3). Even if
of the rotor angley,. friction, ventilation losses and stray load losses are alo¢n
The rotor cage can be parametrized in EhedendedMachines into account in the presented paper, they could be considere
library in two different ways. First, a symmetric rotor cagas a breaking torque in the angular momentum equation.
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Figure 3. Parameters of the stator winding of a squirrel dadection machine
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Figure 5. Parameters of the resistances and the leakagetandes of the rotor bars and end ring segments
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VI. INVESTIGATED MACHINE

The investigated simulation and measurement results refer
to a 18.5kW, four pole induction machine with 40 rotor
bars (Fig. 7). The experiments were performed for nominal
load torque, nominal line-to-line voltage (400V) and noatin
frequency (50Hz). For experimentally investigating diiect
asymmetries one rotor bar was fully broken by drilling a hole
into the aluminum part of the rotor as shown in Fig. 7(b).
For the investigated machine and design geometry the param-
V., eters of the rotor bar and end ring segmemS,ym, Ly sym,

/ Re sym and Le, sy are estimated according to (8)—(11) for
(a) FEE (0) a given rotor resistanc®’. and a leakage inductandg., .
Figure 7. (a) 18.5kW four pole induction machine in the ¥, driling a  In the simulation the broken bar was modeled by setting the
hole into the aluminum part of the squirrel cage rotor faulty bar resistance with index 1 to

Ryp1p = 100 Ry sym- (19)

V. THEORETICAL BACKGROUND OF ROTOR FAULTS This is enough resistance increase for the respective bar

An electrical rotor asymmetry gives rise to a distortion ofurrent to sufficiently vanish.
the rotor bar currents and the fundamental wave of the rotor
magneto motive force (MMF) Therefore, the fundamental VI1l. SIMULATION RESULTS

rotor MMF can b_e decomposed into f(_)rward and baCkwai%e distortion of the current distribution of the rotor bars
traveling wave with respect to the rotor fixed reference am ! :

. . nd end ring segments due to an electrical rotor asymmetry
The forward travelling wave represents the main magneflic .
) . . IS evident. The rotor bar currents can be computed from the
field and the backward traveling wave is due to the electrlcral
rotor asymmetry. For infinite inertia drives the backward’
travelling wave induces a stator voltage harmonic compbnen Lyji) = Lrpi) — Ljiz- (20)

at the frequency

tor mesh currents according to Fig. 4,

Under nominal and steady state operating conditions thke pea

fi=(1=25)fs. (13) values of the the sinusoidal currents of the rotor bars are
In this equationf; is the stator supply frequency and depicted in Fig. 8. In Fig. 9 a time domain plot of selected
these currents (index 40, 1, 2 and 3) is shown. The current
5= fs —pn (14) of the broken rotor bar (index 1) is almost zero. Additiopall
fs an interesting phenomenon can be observed. The currents of

is slip, expressed in terms of rotor speednd the number of the adjacently located rotor bars (e.g. index 40 and 2) are
pole pairs. The impedance of the machine (including supplsignificantly larger than the currents of the remaining tigal
leads to a stator current harmonic with the same frequen@ytor bars. Due to increased currents in the adjacent rotor
as the induced stator voltage harmonic. Since the frequemzys the associated heat losses increase. If the adjaaent ba
of this harmonic component is less than the frequency of tfal as a result of the increased thermal stress, the extent
fundamental wave this stator current harmonic componentdfthe fault may spread in an avalanche-like way. Electrical
called thelower side bandharmonic. A finite inertia of the rotor asymmetries spread relatively slow compared to other
drive causes an additional upper side band harmonic curremchine faults. It will thus take weeks, months or even years
at frequency for a rotor failure to significantly increase.

fu=(1428)fs, (15) Caused by the distortion of the current distribution in thr

. . _ . bars, the end ring current are distorted, too. Matheméfjcal
the upper side band harmonifS]. Due to the interaction of o oiqr end fing currents of the A- and B-side can be
these side band currents with flux and the inertia Sped@?(pressed by

speed ripple, additional harmonics arise,
font = (1 2ks) (16) leai) = Lrpips (21)
¢ > Iopg = Iopg + Ieo. (22)

. ) Without any asymmetry on either side of the end rings, the
where f is an integer order number. Between no load andesh currentr,, = 0 and thus the currents of the end ring

rated operating conditions slip varies between zero anesogsgments of the A- and B-side are equal. The peak values of

per cent. the currents of the rotor end ring segments are depicted in
The side band currents of stator currents are also reflentedsjg. 10 for the case of one broken rotor bar.

the the flux linkages of the main field (air gap) [6] and th§he rotor asymmetry specific lower and upper side band
stray flux [7]. The interaction of the fundmental and harngonygrmonics of the current arise close to the fundamental wave
waves of the currents and flux linkages gives rise to doublgcording to (13) and (15). For the investigated 50 Hz machin
slip frequency oscillations the Fourier spectrum of a stator current (phase 1) is depicte
£ =25, (18) in Fig. 11. The lower and upper side band harmonics clearly
appear at 48.6 Hz and 51.4 Hz. Since the magnitudes of these
of the electrical power and torque [8], [9]. The magnitudkes gide band components are much smaller than the magnitude
these fault specific oscillations are much smaller the @eeraof the fundamental, electrical rotor asymmetries are diffic
values of the electrical power and torque, respectively.  to detect. Nevertheless the envelope of the stator currents
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Figure 9. Rotor bar currents; broken rotor bar with index ityuation
results
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Figure 10. Peak values of the currents of the end ring segmbnbken
rotor bar with index 1; simulation results

show slight double slip frequency modulations which can Qg

observered by pointer instruments or time domain plots.

VIIl. M EASUREMENTRESULTS
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Figure 11. Fourier spectrum of the stator currép); simulation results
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Figure 12. Fourier spectrum of the stator currég;; measurement results

the magnitudes of the side band currents. With respect to the
comparison of measurement and simulation results it should
also be noted that in a real motor with die-cast rotor interba
currents arise [12]. These effects are however not yet taken
into account in theextendedMachinekbrary. These interbar
currents lead to a tangential current flow through the rotor
iron — in particular close to the broken bar — and thus also
influence the magnitudes of the side band currents.

IX. ROTORFAULT DETECTIONMETHODS

Since the magnitudes of the fault specific current harmonics
are much smaller than the fundamental wave current, only
severe rotor asymmetries can be detected through visual
observations of fluctuations of the current or power pointer
instruments. For the detection of upcoming electric rotor
asymmetries require some more sophisticated detectiom-met

s have to be used. The most common rotor fault detection
methods are based on the measurement of one stator current
— this class of methods is callenirrent signature analysis
(CSA) methods [13], [14], [15]. Then a fast Fourier transfior

In Fig. 12 the measured Fourier spectrum of a stator phg4é] or a wavelet transform [17], [18] or some other signal
current is depicted. This plot reveals compared to the simuprocessing techniques are performed in order to determae t
tion results of Fig. 11 the same frequencies of the side bafadilt specific current harmonic side bands.

harmonics, but slightly deviating magnitudes. The diffexes

Another class of methods usemwer signature analysis

of the magnitudes are mainly due to the inertia of the drif@SA), evaluating either total or phase power [8]. For the
which is not exactly estimated [10], [11]. Some additionassessment of the fault severity — in combination with eithe
deviation of the modeled rotor bar and end ring resistanG&SA or PSA techniques — neural networks [19], [20] or Fuzzy
ratio from the real machine cage, also have an impact based methods [21] may be applied.
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A third class of fault detection methods uses model bas€d] H. Henao, C. Demian, and G.-A. Capolino, “A frequencyvgon

techniques for the detection of rotor faults. One model thase detection of stator winding faults in induction machinesngsan
. . L . external flux sensorIEEE Transactions on Industry Applications
technique is the Vienna Monitoring Method (VMM) which 5 "39 " o5 1272-1279, 2003. v Appleatia

was introduced in 1997 [22]. The VMM compares the calcu{8] z. Liu, X. Yin, Z. Zhang, D. Chen, and W. Chen, “Online roto

lated torques of a voltage and a current model to derive & faul ~Mixed fault diagnosis way based on spectrum analysis oditsbeous

indicator. If the models are well tuned. both models compute power in squirrel cage induction motor$EEE Transactions on Energy
: ! Conversion vol. 19, pp. 485-490, Sept. 2004.

the same torque in case of a fully symmetrical rotor cagg9] S. F. Legowski, A. H. M. S. Ula, and A. M. Trzynadlowski,ri$tan-

An electrical rotor asymmetry excites double slip freqyenc ~ taneous power as a medium for the signature analysis of fioduc
motors,” IEEE Transactions on Industry Applicatignsol. 32, no. 4,

torque oscillations in both models — with different magdéu pp. 904-909, 1996
and phase shift, however. The magnitude of the derived &rdquo] C. Kral, F. Pirker, and G. Pascoli, “Influence of inertia general effects
difference is directly proportional to the average Ioadqtmr. of faulty rotor bars and the Vienna Monitoring MethodZonference

. . . Proceedings of the IEEE International Symposium on Diafic®s
This relatlonshlp can be used to calculate a robust fault of Electrical Machines, Power Electronics and Drives, SDHERD,

indicator. For this purpose the torque difference is didide  pp. 447-452, 2001.
by the estimated load torque which leads a new quantity: tHal C. Kral, F. Pirker, and G. Pascoli, “Th_e impact of ingrb’n rotor fault

. . . . . effects - theoretical aspects of the vienna monitoring wetthlEEE
relative torque difference. A SpaCIaI data CIUSte”ng mhe’ Transactions on power electronjogol. 23, No. 4, pp. 2136-2142, 2008.
applied to the relative torque difference, then eliminateg [12] R. Walliser, “The influence of interbar currents on thetattion of
harmonic components which is not an integer multiple of slip_broken rotor bars,ICEM, pp. 1246-1250, 1992.

f Th itude of dh ic of th lati 13] M. E. H. Benbouzid, “A review of induction motors sigona¢ analysis as
requency. € magnituae of secon armonic of the relative a medium for fault detectionAnnual Conference of the IEEE Industrial

torque difference can the be determined by applying a discre  Electronics Society, IECONp. 1950-1955, 1998.

Fourier analysis of the clustered data values, and serv&d A. Bellini, F. Filippetti, G. Franceschini, C. TassorR. Passaglia,
. . M. Saottini, G. Tontini, M. Giovannini, and A. Rossi, “On{fileex-

as fault indicator for the VMM. The part'CUIar advamage perience with online diagnosis of large induction motorgecéailures

this technique is that it provides a reliable fault indicato  using mcsa,lEEE Transactions on Industry Applicationsol. 38, no. 4,

independent of load torque, speed, supply and inertia of t[qg pp. 1045-1053, 2002.

. ] G. Didier, E. Ternisien, O. Caspary, and H. Razik, “Falétection of
drive [23], _[24]* [11] ] ) broken rotor bars in induction motor using a global faulterd IEEE
The VMM is applied to both the simulation and measurement Transactions on Industry Applicationsol. 42, pp. 79-88, Jan.-Feb.

results. The fault indicator determined from the simulamd 2006 : : .

. . _PhG] I. M. Culbert and W. Rhodes, “Using current signaturalgsis technol-
measurement results is 0.0093 and 0.0105, reSpeCtNe@- ogy to reliably detect cage winding defects in squirrelecagduction
deviation of these two quantities is about 11%. motors,”IEEE Transactions on Industry Applicationeol. 43, pp. 422—

428, March-april 2007.
[17] H. Douglas, P. Pillay, and A. Ziarani, “Broken rotor baetection in
X. CONCLUSIONS induction machines with transient operating speedEE Transactions
i . . i . on Energy Conversigrnvol. 20, pp. 135-141, Mar 2005.
For induction machines with squirrel cage rotors the backs] J. A. Antonino-Daviu, M. Riera-Guasp, J. R. Folch, and Bl M.
ground of electrical rotor asymmetries is introduced and Palomares, “Validation of a new method for the diagnosis atbrr

: PP : bar failures via wavelet transform in industrial inductiomachines,”
discussed. A rotor t0p0|0gy model as it is |mplemented In IEEE Transactions on Industry Applicatignsol. 42, pp. 990-996, July-

the ExtendedMachingss presented. August 2006.
For a 18.5kW induction machine with one broken rotdf9 B. Ayhan, M.-Y. Chow, and M.-H. Song, “Multiple discrimant anal-

_ e ysis and neural-network-based monolith and partition tfdetection
bar out of 40 bars simulated and measured results are schemes for broken rotor bar in induction motol&EE Transactions

compared and shown good coherence. The results refer to the on Industrial Electronicsvol. 53, pp. 1298-1308, June 2006.
Fourier spectra of the stator currents and a model based rd2g] W. W. Tan and H. Huo, "A generic neurofuzzy model-baspgraach

: ; P for detecting faults in induction motorslEEE Transactions on Indus-
fault detection method — the Vienna Monitoring Method. The =, Electronics vol. 52, pp. 1420-1427, Oct. 2005.

comparison of the fault indicators determined by the Viennay] E. Ritchie, X. Deng, and T. Jokinen, “Diagnosis of rotaults in squir-
Monitoring Method for the simulation and measurement case, rel cage induction motors using a fuzzy logic approaéhigceedings of

reveals a deviation of about 11%. Considering that no param- g@'”{g;’;a“o”a' Conference on Electrical Machines, ICEg. 348—

eter tuning of the simulation model has been performed, thi®] R. wieser, C. Kral, F. Pirker, and M. Schagginger, “@relrotor cage
is a satisfactory matching result. monitoring of inverter fed induction machines, experinaénesults,”
Conference Proceedings of the First International |IEEE Sgsium
on Diagnostics of Electrical Machines, Power Electronigsderives,
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