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Abstract

In this paper a physical model of a squirrel cage induc
tion machine with rotor topology model is presented
The parameters of the induction machine are discuss
and the issue of rotor fault detection is addressed. F
a machine with one broken rotor bar a Modelica sim
ulation model is compared with measurement results
Keywords: Electric machines, squirrel cage, rotor
asymmetries

1 Introduction

The squirrel cage of an induction machine consists «
N; bars and two end rings, connecting the bars on bo
ends, as depicted in Fig. 1. The fins located on the el
rings are required to force the circulation of the air in
the inner region of the machine. Figure 1: Rotor cage of an induction machine
In the manufacturing process it is intended to fabricate

a fully symmetrical squirrel cage. Due to manufactur- ) _ _ _
ing problems or certain operating conditions, electrick) the Modelica Standard Library (MSL) the induction

rotor asymmetries can occur. The causes for such rdfgichines are based on the assumption, that the num-
electrical asymmetries are: ber of phases is limited to three and that stator and

rotor windings are fully symmetrical. Electrical rotor

¢ shrink holes and voids in the aluminum of thasymmetries can therefore not be modeled using the
bars or end rings, MSL. For modeling electrical rotor asymmetries of the
squirrel cage induction machines the full topology of

e improper junctions of the bars and end rings,  the rotor cage has to be taken into account. Appro-

« heavy duty start-ups that the machine is not dgr_iate models are provided by the ExtendedMachines
signed for, Library [1].

¢ thermal overloading of the machine,

e high temperature gradients, causing cracks. 2 Stator Winding M odel

Electric rotor asymmetry can be classified as rotor daor the investigated fault cases it can be assumed that
or a rotor end ring segment fault. These cases cantlve stator winding is fully symmetrical. Additionally,
modeled by a ohmic resistance increase of either a itawill be assumed, that number of stator phases is lim-
tor bar or an end ring segment. ited to three. In this case the stator voltage equation
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can be written as

dls[i]
dt

lpji+1]

I Roji+1]

Vi) = Relgjj + Lso

3 digj) | & dhsrijjlr)
+ 5 Lo + S —2E0 (1)
le smil. j] " Z dt

=1 L by Lbji+q
In this equationVg;; and lg; and I, are the stator
voltage and current and the rotor current, respectively. — —1 NDE
Due to the symmetry of the stator winding the stator Legﬁfl} Retii)  Lenj] Retii-+1)

resistanceRs and the stator stray inductantg; are leb
symmetrical, too. The matrix of the main field induc-

tances of the stator winding, . .
Figure 3: Topology of the rotor cage (DE = drive end,

(i— j)ZH} NDE = non drive end)

Lsr’r[i,j] = LoVVﬁEgCOS|: (2)

. L turns equal to one. Using the winding factor of a ro-
and the matrix of the mutual coupling inductances bg- . . :

tor mesh (4), the matrix of the main rotor field can be
tween the stator and rotor,

expressed as
(i-12m (j—l)2n_ym]’ (i—j)ZT[]
3 Nr N .

3) '

are fully symmetrical, since it is assumed that the coyipe rotor voltage equation can be derived from the
pling over the magnetic main field is not influenced b&SpoIogy of the squirrel which is depicted in Fig. 3.
the rotor asymmetries. In this equatidr, indicates Considering constant leakage inductantgg and
the base inductance of a coil without chording, i.e., trp_% | andLe; of the bars and the end rings on both
coil width is equal to the pole pitch. The parameteggyeg (indexa = drive end side, DE; indek = non

ws andés are the number of series connected turns agg e end, NDE), the rotor voltage equations yields:
the winding factor of the stator winding. The prod-

uctwgés is theeffective number of turng.he winding 0 = (Regi] + Repjij + Rofij + Rofi+)rji

L j) = LoW&s&r COS[

Ly i.j] = LoE?COS[ (5)

factor of the rotor winding —Rojilri—1 — Rojiglrj + Repileb
in( 22 (L) + Lot + Lo & Lojro) 2l
& =sin N 4) eali] T Lebii) + Lofi] + Lofi+1]) —
r
d
— —(Lpitlrri_a1 + Lyt — Lapitl
is a pure geometric factor, which is derived in [2]. In dt( ofj i)+ Lofe ey — Letijeb)
this equation, however, it is assumed that no skewing 3 ALy, s L dlyjj) 5
occurs [3]. The rotor anglg, represents the relative +gl dt + Z rrlii] T (6)

movement of the rotor with respect to the stator.

The effective number of turnsys&s, may be deter- Additional parameters of this equation are the bar re-
mined from a winding topology, which is indicatesistancesx,;; and the resistances of the end ring seg-
by the begin and end location and the number wientsRey; andRey;. The topology of the rotor cage
turns of the stator winding coils — as depicted ifFig. 4) leads td\; + 1 linearly independent meshes.
Fig. 2. Alternatively, a symmetric stator winding cafherefore, the mesh currehy, is introduced and the
be parametrized by entering the effective number additional voltage equation

turns.

N, d N,
OZ_ZlReb[i](lr[i]+|eb)+a_zl|—eb[i}<|r[i}‘Heb) )
3 Rotor Winding M odel - -

has to be taken into account.
The squirrel cage rotor witNl, rotor bars can be seerlt should be noted that the main field inductances
as a winding topology with an effective number dfsg; ; andL,; ; of a squirrel cage induction machine
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" AIMC_EM in Modelica2008CK.AIMC_no_sampling <

General | Mechanical | Statorwinding IStator | Magnetization | Rotor cage |Rotor |Add modifiers

General

s final ms=ms ES »  Number of phases

as final as=as 8 » Number of internally parallel connected branches per phase
—Topology

statorwindingtype [ines.Interfaces.Enumerations windingType TOP j »  Type of winding

p 2+ MNumber of pole pairs

Ns 48 »  Mumber of slots

nCoils fill{12|as*ms) EE »  Nurnber of coils per winding

coilBegins [ 14,15, 15,17, 18, 19,38, 30, 40, 41, 42, 43] E2» i:s;%mbers indicatlig thesheginddolipticolthelongiug o a

o I 13, 42: 7. 6.5, 78, 27, 26, 31, 30, 25, 4. 3, 2] 2 S!ot numbers indicating the end {return) of coils belonging to a

winding

wCoilg ; 36,36, 72, 72, 36, 36, 36, 36, 72, 72, 36, 36] E3 »  Mumber of turns of each coil

alphacCoils -0.850248 »  Angluar offset of windings
—Refererice

e ’ i :
wiisRat 530810 N.um.ber of turns per phase * winding factor (alternatively 0 for specifying reference index of topology
winding)
indexsFef I v Index of a symmetric reference winding

oK | Infa | Cancel

Figure 2: Stator winding parameters of a squirrel cage itidaecnachine

are constant and the mutual inductances (3) are depéiig. 5),
dent on the rotor anghgy,.

In the ExtendedMachines library, the rotor cage can ratioCageR = M’ (10)
be parametrized in two different ways. First, the re- Ee,sym
sistances and I_eakage inductances of the rotor bars ratioCagel = Lbcr,sym_ (11)
and the end ring segments of both sides can be €o,sym

parametrized (Fig. 4). This is how a squirrel cage is

internally modeled. Second, a symmetric rotor caag's_ way, the symmetric cage re5|stanc§ and leak-
can be indicated by the rotor resistarReand the ro- 29€ inductance parameters can be determined®Rom

h : )
tor leakage inductanck/,, equivalently transformed Lig, rati oCageRandrati oCageL.

to the stator side. The same parameters are used for
the Machines package of the MSL. The relationsh'@
between the symmetric rotor bar and end ring resis-

tance and the rotor resistance with respect to the Staffg, gjectromagnetic (inner) torque of the machine is
side is determined by computed by

Torque

Bws?Es? 21p 3 N dlgy
R =25 {Resym+ Rosyml1— cog—=)I}. (8) Tei = DINpyi 12
N2 Y y N, e P4 le dyim sfi] 'r[j] (12)
A similar equation can be obtained for the rotor leaka the presented investigation neither friction nor ven-
age inductance with respect to the stator side, tilation losses nor stray load losses are taken into ac-
count.
3we%E 2 21p
Lig = Zﬁ{l—easmer Lo, sym(1 — COS(W,)]}'

© S Theoretical Background of Rotor

Additionally, the ratios of the resistances Faults

(rati oCageR) and leakage inductances

(rati oCageR), each with respect to the rotoiThe distorted rotor bar currents have an impact on the
bars over the end ring segments, can be speciffeddamental wave of the rotor magneto motive force
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_ AIMC_EM in Modelica2008CK.AIMC_no_sampling

General | Mechanical | Stator winding | Stator | Magnetization | Rotor cage IRotor | Add modifiers

General

mr | final mr=mr EE/» Number of phases (min = 3)
—Bar

Rb e-5,1.396e-5,1.396e-5,1.396e-5,1.396e-5,1.396e-6 » Ohm Resistances

Lb e-8,1.438e-8,1.438e-5,1.438e-5,1.438e-8,1.438e-8} H Stray inductances

useDeepBar falsej 3 Enablefdisable deep bar effect

nb » Number of radial sections for considering the deep bar effect

whb W mn ‘Widths of bar segments

hb | N Heights of bar segrments

Wwo P m width of slot opening

ho P m Height of slot opening

—End ring segment, A side {drive end)

Rea fill1.551e-7, mr) E2 » Ohm Resistances

filll1.597e-9, rmr) EE» H

Lea Stray inductances

—End ring segment, B side {non drive end)
Reb
Leb

fill1.551e-7, mr) B2 » Ohm Resistances

fill1.587e-9, mr) EE » H

Stray inductances

oK | Infa | Cancel |

Figure 4: Parameters of the resistances and the leakagetamdes of the rotor bars and end ring segments

_ AIMC_EM in Modelica2008CK.AIMC_no_sampling

General | Mechanical | Stator winding | Stator | Magnetization | Rotor cage | Rotor IAdd rmodifiers

~Model
rotorcagetype I E><tended|'v‘|achines.Inter‘Faces.Enumerations.CageType.TOPj » Cage model
Resistor
Rr » Ohm Rotor resistance per phase {with respect to the stator side)
ratioCageR » Ratio of bar ta end ring segment resistance
TrRef Ty K Reference termperature that the resistances Rb. Rea and Reb refer to
alphazor T|» YK Lineartemperature coefficient of the electric resistance at 20 degC
useHeatPortr 20 [0 Enable/dizable heat ports
ThOperation Madelica.Slunits.Corversions from_degC{201 » K Operating temperature of resistors of bars

Operating termperature of resistors of end ring segments, A side (drive
end)

Operating termperature of resistors of end ring segments, B side {non
drive end)

TeaCperation | Madelica.Slunits.Corversions from_degC{201 v K

TebOperation I Modelica.Slunits.Corversions.from_degC(20) » K

—Stray inductance

Lrsigma » H Rotor stray inductance per phase [with respect to the stastor side)

ratioCagel 3 Ratio of bar to end ring segment stray inductance

(a]4 Cancel

Figure 5: Parameters of the squirrel cage
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Figure 6: 18.5 kW four pole induction machine

(MMF). The fundamental rotor MMF can be consid-

ered to be composed of a forward and backward trav-
eling wave. The backward traveling wave is caused
by the electrical rotor asymmetry and induces a stator

voltage harmonic component at the frequency Figure 7: For broken one rotor bar a hole is drilled into
fi = (1—29)fs (13) the aluminum part of the squirrel cage rotor

for infinite inertia drives. In this equatiofy is the sta-

tor supply frequency and 6 Investigated Machine
s= fs; en (14)
° Simulation and measurement results refer to a

is slip, expressed n terms of rotqr speednd the 18.5kw, four pole induction machine with 40 rotor
number of pole pairp. Due to the impedance of th . . . .
ars (Fig. 6). In this paper simulation and measure-

machine (and the supply) the stator voltage harmonic . )
. . N ment results are obtained for nominal load torque,
gives rise to a stator current harmonic with the same . . . .
. . nominal line-to-line voltage (400 V) and nominal fre-
frequency. To this stator current harmonic componen

literature refers albbwer side bancharmonic. A finite quency (50 Hz). The investigations refer to a squirrel

- . . . " . cage with one fully broken rotor bar. For the experi-
inertia of the drives gives rise to additional upper side . .

. ment, the faulty bar was broken by drilling a hole into
band harmonics at the frequency

the aluminum part as shown in Fig. 7.

fu=(1+29fs, 15 For the investigated machirmeat i oCageR=9 was
the upper side band harmoni!]. Between no load estimated from the geometry, and in the same way,
and rated operating conditions slip varies between z&vithout getting into details, it was assumed that
and some per cent. rati oCageL=9, too. With these parameters the
Electrical rotor asymmetries give also rise to a distoletor bar and end ring segment parametBgsym,
tion of the magnetic field of the air gap [5] and thebs sym: Resym andLessym are computed according to
stray flux [6]. Additional effects are caused by the i{8)—(11) for a given rotor resistané® and a leakage
teraction of the current side band harmonics with tiieductance.; . In the Modelica simulation the broken

fundamental wave of the voltage, which gives rise t@r was considered by setting the faulty bar resistance
double slip frequency oscillations with index 1

f = 2sfs (16)

of the electrical power and torque [7], [8]. The mag-

nitudes of these fault specific oscillations are much

smaller the average values of the electrical power aflis resistance increase causes the current through this
torque, respectively. bar to sufficiently vanish.

Rb[l] = 100Rp sym. 17)
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Figure 8: Peak values of the rotor bar currents; brokEigure 9: Rotor bar currents; broken rotor bar with
rotor bar with index 1; simulation results index 1; simulation results
. . 8
7 Simulation Results g |
An electrical rotor asymmetry gives rise to a distortion 5 S TG i
of the current distribution of the rotor bars and end §
ring segments. The rotor bar currents can be computedS 4}

from the rotor currents according to Fig. 3,

i) = leji) — lri-1- (18)

rotor peak ¢
N

For nominal load and steady state operating conditions
the peak values of the the sinusoidal currents of the ro- 1 10 20 30 40

tor bars are depicted in Fig. 8. A time domain plot of indexi of rotor end ring segment

some these currents (index 40, 1, 2 and 3) are shown in )
Fig. 9. The current of the broken rotor bar (index 1) [§9ure 10: Peak values of the currents of the end ring
almost zero. Additionally, an interesting phenomendif9ments; broken rotor bar with index 1; simulation
can be observed. The currents of the directly adjacEREU!S

rotor bars (e.g. index 40 and 2) are significantly larger

than the currents of the remaining rotor bars. Due Beside are equal. The peak values of the currents of
this effect and the associated heat losses, the therthalrotor end ring segments are depicted in Fig. 10.
stress of the directly adjacent rotor bars increases. Thise lower and upper side band harmonics of the cur-
may also cause a damage of the adjacent bars whight arise a few Hertz differing from the fundamental
gives rise to an avalanche-like increase of the exteneve according to (13) and (15). For the investigated
of the damage. Nevertheless, electrical rotor asymnagachine 50 Hz machine the Fourier spectrum of a sta-
tries spread relatively slow compared to other machittg current (phase 1) is depicted in Fig. 11. The lower
faults. A significant rise of the fault extend may thugnd upper side band harmonics clearly arise at 48.6 Hz
happen within weeks, months or even years. and 51.4 Hz. The magnitudes of these side band com-
Due to the distortion of the current distribution in thponents are, however, much smaller than the magni-
rotor bars, the end ring current distribution changagsde of the fundamental. Therefore, electrical rotor
too. The rotor end ring currents of the A- and B-sidgsymmetries can usually not be determined from the

can be defined by time domain waveforms.
leqiy = v (19)
legip = i)+ leo 20) 8 Measurement Results

Without any asymmetry of either of the end ring§,he measured Fourier spectrum of on stator phase cur-
leb = 0 applies and therefore the currents of the A- amént is depicted in Fig. 12. Comparing this plot with
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107 9 Rotor Fault Detection M ethods

Only severe rotor asymmetries can be detected

through significant fluctuations of the amperemeters

or wattmeters connected in the feeders of the ma-

chine. Upcoming electric rotor asymmetries require
some more sophisticated detection methods. The most

I usual rotor fault detection methods are solely based
55

103 - ....................................... .................. i

2 l
10740 45

stator currentgy; [A]

on the measurement of one stator current. This class
of methods is calledurrent signature analysi€CSA)

50 60 methods [10], [11], [12]. The measured current is then

frequency [Hz] processed by either a fast Fourier transform [13] or a

_ . wavelet transform [14], [15] or some other signal pro-
Figure 11: Fourier spectrum of the stator currept; cessing techniques.

simulation results

A second class of methods is basedomwer signature
analysis(PSA), evaluating either total or phase power
[7]. Additionally to CSA or PSA techniques, neural
10° networks [16], [17] or Fuzzy based methods [18] may

: : : be applied.
A third class uses model based techniques for detect-
ing a rotor fault. One model based technique is the
Vienna Monitoring Method (VMM) which was intro-
duced in 1997 [19]. This method evaluates two mathe-
matical machine models and calculates torque for each
model. In case of a fully symmetrical machine both
models calculate the same torque and torque differ-
10-2 . . ence is zero. An electrical rotor asymmetry gives rise
40 45 S0 55 60 {5 side band currents and double slip frequency torque

frequency [Hz] oscillations. These torque oscillations are differently
sensed by the two mathematical models due to the dif-
ferent model structure. This leads to different mag-
nitudes and phase shifts of the double slip frequency
torque oscillation derived by the two models. There-
fore, torque difference shows a double slip frequency

the simulation results of Fig. 11 reveals, that the frg_scillation which indicates an electrical rotor fault.
quencies of the side band harmonics are the same, Big¢ torque difference, divided by the average load
the magnitudes show small deviations. The differeif'que, serves as quantity to determine the fault indi-
magnitude of the side band harmonics is mainly réator through a certain data clustering technique. The
lated with the inertia of the drive which is not perfectijault indicator is basically the magnitude of the dou-
tuned such way that the magnitudes match. Additiople slip frequency oscillation of the torque difference,
ally, due to the deviation of the modeled rotor bar ativided by the average load torque. The particular ad-
end ring resistance ratio from the real machine cag@ntage of the VMM is that it provides a reliable fault
some deviations in the simulation results may aridgdicator independent of load torque, speed, supply
With respect to the comparison of measurement a#ed inertia of the drive [20], [21], [22].

simulation results it should also be noted that in a rédhe VMM has been applied to both the simulation and
motor interbar currents can arise [9], which are noteasurement results. For the simulation results the de-
modeled in the ExtendedMachines library. These itermined fault indicator is 0.0093 and the VMM ap-
terbar currents lead to a current flow through the rplied to the measured data leads to a fault indicator of
tor teeth, first, in general, and, second, adjacent to th@105. This is a deviation of about 11%. Considering
broken bar. Therefore, interbar currents may have ram parameter tuning of the simulation model this is a
impact on the magnitudes of the side band currentssatisfactory result.

10°}

stator currentgy; [A]

Figure 12: Fourier spectrum of the stator currggt;
measurement results
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Conclusions

For squirrel cage induction machines the background
of electrical rotor asymmetries is discussed. A rotor
topology models for handling cage asymmetries is in-
troduced and the implementation in the ExtendedMd~] Z. Liu, X. Yin, Z. Zhang, D. Chen, and W. Chen,
chines library is presented.

A 18.5kW induction machine with one broken ro-

tor bar out of 40 bars is investigated.

The simu-

lated and measured stator current Fourier spectrum are
compared and shown good coherence. Additionally,

the simulation and measurement data are applied to
a model based rotor fault detection method — the Vi[8] S. Legowski, A. S. Ula, and A. Trzynadlowski,
enna Monitoring Method. The comparison of the two
fault indicators determined by the Vienna Monitoring

Method reveals a deviation of about 11%. Considering
that no parameter tuning of the simulation model has

been performed, this is a satisfactory matching result[.9
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