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Monitoring of Rotor-Bar Defects in Inverter-Fed
Induction Machines at Zero Load and Speed

Thomas M. Wolbank, Member, IEEE, Peter Nussbaumer, Hao Chen, Senior Member; IEEE, and Peter E. Macheiner

Abstract—Rotor-cage fault detection in inverter-fed induction
machines is still difficult nowadays as the dynamics introduced by
the control or load influence the fault-indicator signals commonly
applied. In addition, detection is usually possible only when the
machine is operated above a specific load level to generate a
significant rotor-current magnitude. This paper proposes a new
method of detecting rotor-bar defects at zero load and almost at
standstill. The method uses the standard current sensors already
present in modern industrial inverters and, hence, is noninvasive.
It is thus well suited as a start-up test for drives. By applying an
excitation with voltage pulses using the switching of the inverter
and then measuring the resulting current slope, a new fault indi-
cator is obtained. As a result, it is possible to clearly identify the
fault-induced asymmetry in the machine’s transient reactances.
Although the transient-lux linkage cannot penetrate the rotor
because of the cage, the faulty bar Jocally influences the zigzag
flux, leading to a significant change in the transient reactances.
Measurement results show the applicability and sensitivity of the
proposed method.

Index Terms—AC motor drives, discrete Fourier transform,
fault diagnosis, harmonic analysis, induction-motor protection,
monitoring, pulsewidth-modulated inverters, squirrel-cage
motors, switching transients, transient response.

NOMENCLATURE

Vg Space vector of the stator voltages in the stator
reference frame [in per unit (p.u.)].

ig Space vector of the stator currents in the stator
reference frame (in p.u.).

AR Space vector of the rotor-flux linkages in the stator
reference frame (p.u.).

Tg Stator resistance (in p.u.).

l Leakage inductance (fundamental wave) (in p.u.).

Iy Transient leakage inductance (in p.u.).

{min Minimum value of transient leakage (in p.u.).

{max Maximum value of transient leakage (in p.u.).

loffset Symmetrical part of transient leakage (in p.u.).

{ tnod Angle-dependent part of transient leakage (in p.u.).
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Yoftset Symmetrical part of inverse of transient leakage
(in p.u.).

Y mod Angle-dependent part of inverse of transient leak-
age (in p.u.).

T Time (in p.u.).

WR Angular rotor speed (in p.u.).

¥ Angle of asymmetry in stator fixed frame.

g Angle between asymmetry and axis of excitation.

e Angle of defective rotor bar in the rotor fixed frame.

d Derivative operator,

A Difference operator.

arg Argument of complex number,

U,V,W Machine phase.

a, B Stator fixed-frame quantities.

Subscripts

Is IT Index of first, second pulse, and measurement.

I-IT Quantity of first pulse minus quantity of second
pulse,

Vivo Quantity when positive or negative pulse is applied
to phase V.

Superscripts

*

Complex conjugate value,

I. INTRODUCTION

N MODERN industrial drives, dynamic performance is

excellent due to field-oriented control methods that can be
considered as standard today. The next steps in drive devel-
opment are going to be driven by attempts to increase relia-
bility and reduce maintenance costs. Although still considered
proverbially robust, all components of induction machines arc
subject to increased stress, particularly when operated in a
controlled mode and with repeated load cycles. According to
studies, defects in the rotor cage are responsible for about 5%
of all breakdowns [1]-{4]. In literature, many attempts have
been made to identify rotor defects [5]. The majority of these
methods work well if applied to mains-fed machines with
stationary load. These main faylt indicators are sidebands in
the stator current, which are detected using different types of
spectrum analysis such as Fourier transform [6], [7], zoom
Fourier transform [8], wavelet approaches [9]-[11], pattern-
recognition techniques [12], neural networks [13], [14], or
Hilbert transform [15]. The load dependence of the sidebands
is addressed using genetic algorithm in [16]. A further develop-
ment to these is proposed in [17] where vibration and external
leakage-flux measurement are included, These techniques are
all based on stator current-gignature analysis (CSA).
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Some alternative methods closely related to CSA are the
following. The spectra of active and reactive power are the basis
for the fault indicator used in [18] for mains-fed and inverter-
fed machines [19]. The line-to-neutral voltage spectrum is
processed in [20]. Classical CSA and the pendulous oscillation
technique are compared in [21]. The envelope of the three-
phase currents is employed as fault indicator in [22]. A combi-
nation of short-time Fourier transform, wavelet transform, and
power-spectral-density techniques is used in [23].

With regard to inverter-operaled machines, these techniques
are usually limited to steady-state or slowly changing operating
conditions of both load and frequency. Fault-induced torque
pulsations are detected in [5] by measuring the stator-current
spectrum. Wiegner distribution [24] is applied to enable opera-
tion at changing stator frequency (10 Hz/sec). In [25] and [26],
the phasor of the stator current is processed. In the synchronous
frame of reference, the modulus of the phasor is independent
of the fundamental-wave supply frequency. Changes introduced
by a rotor fault are expressed in the two slip-related sidebands
that are then no longer masked by the fundamental wave.

It is also possible o use fundamental-wave models Lo exiract
a fault indicator. For example, in [27], a comparison of the
torque calculated by the stator equation and the torque cal-
culated by the rotor equation is made, and the data clustered
along the rotor angle. The virtual current of a fundamental-wave
model is used in [28] to detect rotor defects.

A combination of CSA and a special adaptive algorithm for
calculating the magnitude and frequency is used in [29] to
eliminate the fundamental wave. The remaining signal is then
processed using wavelet analysis. A demodulation technique is
applied in [30] to extract the fault-related sideband component
in the currenl spectrum by employing the motor speed obtained
from an optical encoder and the stator frequency.

The low-order harmonics 6k = 1 of the pulsewidth modu-
lation (PWM) are identified as producing fault signatures in
[31]1-[33]. In the case of one fundamental half-wave, a rotor
fault introduces even harmonics, which can be used to detect
defects.

The pendulous oscillation of the rotor flux is used as a
fault indicator in [34]. The slip-dependent modulation of the
measured load-current component and its reference value serve
as a fault indicator in [35].

Only a few of these methods, however, are also able to deal
with the problem of a load torque that is changing with the same
frequency as the mechanical angle. For example, this kind of
load is usually found when driving compressors.

All of the aforementioned methods require a minimum ma-
chine load level in order to detect rotor asymmetries. As the
rotor cage is not “operating” in terms of fundamental-wave
considerations at zero load, most standard fault indicators fail
at this point of operation.

The method presented in [36] is able to detect rotor asym-
metry at zero load by identifying the rotor time constant in
different spatial directions. However, in order to carry out this
identification, the rotor speed has to exceed a configuration-
specific minimum level.

In [37] and [38], a pulsating signal is injected in different spa-
tial directions of the machine, and the impedance is calculated.

In the case of a broken rotor bar, the impedance is no longer
independent of the pulsating-signat direction.

In [39], a rotating voltage phasor is injected with low mag-
nitude to reduce the torque. The harmonic spectrum of the
resulting current is analyzed and compared with the healthy
machine’s spectrum.

The methods presented in [40] are based on rotating injected
signals of low magnitude applied to reduce the torque and
on pulsating injected signals with changing directions. They
observe the angle dependence of the machine parameters in the
time domain.

The methods proposed in [41]-[43] are based on an exci-
tation of the machine through special signals such as discrete
interval binary sequence and multisine. By analyzing the stator
current and the stray flux measured by an external flux sensor,
it is possible to detect rotor faults at standstill.

In this paper, a new method is proposed which works at zero
load and at zero speed. The difference with the methods applied
in [41]-[43] is that no special excitation source or flux sensor is
necessary. The method only uses the inverter to establish a volt-
age pulse excitation and the built-in current sensors to extract
the fault indicator. As reported in [44], Cu bars particularly will
break over time due to thermal-fatigue cycles, which indicates
a slow development of a fault. Therefore, it is not necessary
to monitor a drive continuously for that type of fault. The
proposed method is also well suited as a start-up test of the drive
before commencing normal operation. In standard applications,
it is sufficient to carry out such a test every couple of weeks.
As the identification is done during startup at zero torque and
standstill, oscillations of the load torque as well as dynamic
changes of the point of operation due to the dynamics of the
curreni- and/or speed-controller do not influence the obtained
fault-indication signal.

The basic idea of the method is to not only limit considera-
tions to the machine’s fundamental-wave properties but to also
include transient electrical behavior. By applying voltage pulses
to the terminals of a machine using the different output states
of a voltage-source inverter, transient leakage inductance will
dominate the resulting current change. A considerable part of
the transient leakage flux is stator-slot leakage and zigzag flux
crossing the air gap to bypass the stator-slot openings. In a sym-
metrical rotor configuration, the cage will prevent the zigzag
flux from penetrating the rotor along its whole circumference.
With one defective bar, however, there will be a specific change
in the transient-flux paths, leading to a measurable asymmetry
that is detectable despite operation at no load or even zero flux,
as will be shown.

II. TRANSIENT EXCITATION AND
ASYMMETRY DETECTION

The basic pririciple of the proposed detection method is
to identify inherent asymmetries in the machine’s transient
reactances by comparing the current responses of the three
phases to voltage steps.

A simple but very effective way to achieve this is to use
the inverter to generate the voltage excitation and the built-in
current sensors of the drive for evaluation.
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Fig.1. Symmetrical pulse cxcitation in one phase axis and sampling of current
change.

If a machine is perfectly symmetrical, the well-known stator
equation (1) in space phasor representation describes its elec-
trical behavior

dis  dAp

dr L dr 0

Vg=Ts 45+l -

Obviously, the applied voltage phasor vg, generated by any of
the active switching states of the inverter, leads to a transient
current change dig/dr. The actual inverler swilching state,
the dc-link voltage, the value of the leakage inductance [,
and the stator-resistance voltage drop 7s - 2g, as well as the
time derivative of the rotor flux A [back electromotive force
(EMF)], they all influence this current change.

When applying an active inverter switching state to the
terminals of the machine and considering the first transient
reaction of the machine current only, there will be two dominant
voltage drops: the transient leakage inductance of the machine
multiplied by the dig/dr and, if the rotor is magnetized and
with the machine running at high speed, the time derivative of
the rotor flux (back EMF).

The back EMF, with its magnitude and orientation, will act
as a disturbance when identifying the transient reactances.

If two subsequent pulses whose voltage phasors point in
opposite spatial directions are applied, the fundamental-wave
operating point of the machine is almost unchanged due to the
symmetrical nature of the excitation, as can be seen in Fig. 1.

The figure shows a symmetrical pulse sequence consisting of
positive and negative switching states of one phase (e.g., —V,
+V, =V, +V, at low speed) and the resulting time trace of a
corresponding phase current. It is then possible to carry out the
measurement (of the resulting current change Ai; and Airr),
‘which is symmetrical with respect to the fundamental-wave
operating point, using the built-in current sensors of the inverter.
The value of the fundamental-wave operating point is indicated
by the horizontal time axis in Fig. 1. The switching states are
indicated by the dashed lines, and the corresponding voltage
phasors (1), the duration (A7) for taking the current samples,
and the resulting current change (A7¢) are marked in gray.

The value of the dc-link voltage and the back EMF can be
considered constant during the short periods, (some 10 us)
necessary Lo generale the pulse sequence and perform the mea-
surement. As a result, it is possible to eliminate the influence
of back EMF as well as that of the stator resistance using
an excitation sequence consisting of two different switching
states, as seen in Fig. 1. If the two measurement durations A7y
and A7y are equal, the elimination is performed simply by

taking the difference between the two results Ai; and Aig;.
By combining the phase values of the current changes to one
phasor, it is possible to obtain a space phasor of the current
difference.

After elimination of the back EMF, the relation between the
voltage of the pulse sequence and the measured current change
can then be rewritten according to (2). The fundamental-wave
operating point is assumed to remain unchanged, which leads to
the elimination of the influence of the stator resistance. As the
duration of the pulses is only some 10 us, the change of the back
EMF during the measurement can also be disregarded. As a
result, the inductance /, ; is the only remaining machine param-
eter. The value of the fundamental-wave leakage inductance
l; according to (1) differs from the transient leakage inductance
responsible for the current change. It is denoted as transient
leakage I; ; in the following:

.y A_Z_S,I AES,H
Vs 1 — Vg1 =l Ar  Ar = UsrIr

Aigrr
i, <—AT . 2)

If the machine is perfectly symmetrical as was assumed, the
value of {; ; will be a scalar, and the direction of the resulting
current slope is parallel to the overall pulse voltage. However,
on every real machine, even if faultless, there are always some
inherent spatial asymmetries, which also influence the phase
values of the transient leakage. As a result, the direction of
the applied pulse voltage and current slope will no longer
be collinear. In (2), an asymmetry of the machine can be
considered by introducing a complex value for the transient
leakage lr,t that combines the asymmetry of the three phase
values in one parameter.

Using a two-axis representation, the magnitude of the tran-
sient leakage IQJI now becomes angle-dependent and can be
described by an offset value logset, and an angle-dependent mod-
ulation ! o4 . Assuming only a single dominant asymmetry of
the inductance and only taking into account its fundamental
wave, the offset and modulation values can be described

l _ lmax ~+ lmin
'offset — —2_
[ e s . .
émod = w » 6327; ' mod * €j27. (3)

In (3), lmax and iy define the maximum and minimum values,
respectively, of the transient inductance along the air gap. The
angle v of the modulation gives the spatial position of the
maximum inductance within one pole pair. The asymmetry has
a period of two with respect to the fundamental wave, which
corresponds to the expected modulation of a rotor fault, The
influence of a broken rotor bar on the transient leakage is
repeated for every pole of the stator winding.

By applying a vollage pulse by the inverler, the overall
transient change of the machine current can thus be separated
into a “symmetrical” portion determined by logset and an
“asymmetrical” part determined by [ .4, which leads to an
angle-dependent cross coupling in the stator equation, as shown
in (4).
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Here, the dynamics of the rotor flux A, with respect to the
rotor are disregarded due to the rotor time constant that is
usually around 10% times the time duration considered in the

- measurements, Its overall time derivative is thus approximated
using the term wrAg, with wg, as the rotor speed

‘ di e di
Vg =T5" 15 + loﬁ'set : df + l mod 6327 : Cl—’f
. d : e .
+J ‘2'CTZ'lmodem ‘is+J wr Ap. (4)

The complex conjugate of the stator current is denoted as
i5. The goal of the fault-detection method proposed is thus
to calculate a fault indicator using the magnitude and angle of
I mod - e,

Theoretically, it is possible to calculate this fault indicator
directly using (4). However, due to limited sensor accuracy
and errors in the machine state variables as well as in the
parameters, this direct calculation is not practical.

As already mentioned, the whole measurement cycle takes
only a few 10 ps. Thus, it is also possible to eliminate the time
derivative of the angle -y in (4), assuming that the rotor position
(and thus the position of the defective bar) does not change
within that short period. As the magnitude of the asymmetry
{defective bar) can be considered constant, its time derivative
can therefore also be disregarded.

By applying two subsequent voltage phasors (indexes ; and
7). it is thus possible to obtain a set of two equations

A'LSI

. 13, e
Vg1 =Ts g1+ lofiset - Ar + 1 moa €77
A_Z.s,j +jwrA
' JWRA
AT R,I
Aj
. 18,11 9
Ysg,rr =75 tsIr + lofses - A + 1 inod )
T
JAVY:
1507 .
‘ + JwrAR,1T- (5

7

According to the considerations made, (fundamental-wave
current g p & tg ;y and flux Ag ;= Ap ;; = Ag), it is again
possible to eliminate the influence of stator resistance and back
EMF. By taking the difference between the measurements of
the first and the second voltage pulse, (6) is obtained

Adgr rr

JAYY:
oy Dlsrepr
YUs1—11 — loiset, - T + lmog €°7 - R {

AT o)

Using (6) to calculate the. position - of: the asymmetry
implies an exact knowledge of the parameters [ moa: and logset;

which is nof practical for the detection of the fault. In order

to-reduce:the number of mathematical operations as well as
the parameter dependence, it is thus advantageous to. invert
the equations, leading to (7) and finally to (8). In (4)—(7), the
complex conjugate is marked with *

Aigr rr ;
2 —Ysfeet Vs prt YUmoa % '.’Q* Z 7
Ar b S I=IT

Digirr
A Y tsinn (8)

Fig. 2. Transient-current change for pulses in phase direction V(vg s =
V4, vs,11 = V) with assumed asymmetry position y = 70°.

¥

Fig. 3. Resulting transient-cuirent change after signal processing for a given
pulse sequence (vg,; = V+ and vg jy = V—) with assumed asymmetry
position y = 70°.

‘The variable y .y contains all the information regarding the
asymmetry’s magnitude and position

Yy_pp T Yoltset TY g

loffset

B~ e

offset ~ " mod
_ ZZALE%__ (el ) (g
offset mod

This can be detected, and the position of a possible asymme-
try can be tracked by solving (10); a simple calculation for a
DSP as the applied pulse sequence is known, and the phasor of
the current difference Azg is obtained according to Fig. 1

(10)

The minimum number of necessary calculations, which can
be performed in real time by every microcontroller, is reached
by using a symmetrical excitation in one phase direction (V,
see Fig. 1) as shown in Figs. 2 and 3.

As shown in Fg. 2, the two voltage phasors (solid, black)
showing the positive and negative axis of phase V(vg =
V+,vs 11 = V—) are applied. The asymmetry of the transient
inductance is assumed to have its maximum at v = 70°. The
asymmectry of the inductance is represented by an ellipse, and
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the main axis is denoted by “broken bar.” The corresponding
phase inductances can be obtained by the intersection of the
ellipse with the phase axes. Due to the resulting asymmeitry, the
measured current changes Aig /AT and Aig 11/ AT (gray)
are not aligned with the direction of the cxcitation. (back EMF
is disregarded in Fig. 2).

In Fig. 3, the resulting phasor of the current change after sig-
nal processing (6) is shown (Aig ;7 /A7, gray). The resulting
difference voltage phasor, (vg ;—y» thin, black), is pointing
in the positive direction of phase V. As each of the voltage
pulses has the same magnitude of 1 p.u., (dc-link voltage), the
difference voltage phasor results to

_ _ j2m /3
Ts-11 =Yg vy —Ugy_ =2-¢ /3, (11)

In (3), the inductance is separated into a symmetrical portion
denoted as offset and an asymmetrical one denoted as mod. The
symmetrical portion leads to a direction of the resulting current
change phasor thatis aligned with the direction of the difference
voltage phasor. This symmelrical portion of the current change
is shown as phasor denoted as v S,1-IT " Yy e, (Plack dashed).

The asymmetrical portion leads to the phasor v SI-11 Y oa
(black dashed). The asymmetry assumed in the figure is the
same as in Fig. 2 and is represented by the phasor denoted as
broken bar, The angle ¢ = —50° defines (he spatial direction
of the maximum transient inductance (broken bar) with respect
to the direction of the resulting excitation voltage (v S,1-1T)
as indicated. This assumed asymmetry leads to an ideal sinu-
soidal distribution of the inductance with a period that is equal
to twice the fundamental wave. If the axis of asymmetry is
aligned with the direction of the resulting excitation voltage
(6 = 0°/180°), the resulting current change points in the same
direction as the applied resulting voltage as if the machine
was symmetrical. However, compared with the phasor v S, I—IT"
Yoftset, ils magnitude is either smaller or greater than in the
symmelrical case. The value of § = —50° shown in (he figure
thus leads to a resulting (gray) current-change phasor denoted
as Aigr rr/A7. If the angular position of the asymmetry
changes, the tip of this resulting current-change phasor moves
along the dashed circle as indicated in the figure.

For all practical purposes, it is thus possible to determine the
magnitude as well as the spatial position of the asymmetry from
the measured trace of the current-change phasor. In order (o
make the influence of the asymmeiry on the transient current
slope clear, the magnitude of the asymmetry I moq (circle) has
been enlarged in Fig. 3 (compared with the value of lofiset ).
Considering an asymmetry introduced by a broken rotor bar,
the modulation will be in the range of a few (5-10) percent.

III. SIGNAL PROCESSING AND MEASUREMENT SETUP

In a practical setup, a processor takes care of the excitation
as well as the measurement. The excitation-vollage sequence is
well defined in advance. It is thus possible to obtain the values
of the difference voltage phasors directly from stored values.
For the realization in a processor system, the measurement
determines the current difference phasor Adgy_pr/AT using
two current samples of cach pulse voltage.

The measured phasor of the current difference contains infor- .

mation on both the value of the symmetrical inductance logset
as well as that of the modulated inductance [ 4 caused by the
asymmetry. The magnitude and angle values of the phasor are
thus composed of an offset and a modulation portion that have
to be identified separately.

In Figs. 1-3, the signal generation is shown for a resulting
difference voltage phasor pointing in phase direction +V.

The value of the symmetrical inductance logee, however is
only dependent on the fundamental-wave point of operation.
The measurement usually only takes a short time compared
with the changes in the fundamental wave. The value of lofiset
can thus be identified by combining subsequent excitation

_in different phase directions. If, for example, the excitation

includes pulse sequences in the three main phase directions,
one resulting phasor can be calculated by adding up the three
current-difference phasors. The share of the current difference
phasor related to logeet then leads to a Zero-sequence compo-
nent and is eliminated.

The remaining phasor v SI-11"Y poq TOW only contains
information on the asymmelry of the machine reactances and
is denoted as asymmetry phasor in the following. It will serve
as fault indicator in the proposed method.

In order to use the signal for detection of rotor-bar faults, it
is necessary to consider and separate all inherent asymmetry
components that are present in standard machines.

As even a symmetrical and faultless machine shows some
inherent asymmetries, consequently, there are always some
modulations detectable in the asymmetry phasor. The reasons
for these modulations are spatial saturation, slotting, and rotor
anisotropy. These asymmetries superpose on the asymmetry
phasor. Identification and separation, however, is possible, as
cach of the inherent asymmetries show clear deterministic
behavior,

The main asymmetry in skewed induction machines is the
saturation saliency that is caused by the different levels of
saturation arising from the fundamental wave along the circum-
ference. It has a modulation period that is equal to twice that
of the fundamental wave (which corresponds to the machine’s
number of poles). The same modulation period is detectable
in the case of a rotor-bar fault as mentioned previously. As
the fundamental wave is well known, the identification of the
saturation saliency is straightforward. In addilion, the magni-
tude of the saturation saliency depends on the flux and load
level of the machine. There is also a dependence of the an-
gular position on saturation with respect to the fundamental-
wave current phasor. If necessary, it is possible to identify
these dependences in advance. However, as will be shown,
it is possible to clearly identify and separate the satura-
tion influence from the fault induced by performing specific
measurements,

Another inherent asymmetry results from the openings of
the slots in the lamination that cause the slotling modulation,
and their number determines the period of this modulation. The
point of operation has only negligible influence. If a machine
has closed rotor slots, that asymmetry is negligible.

The intermodulation between slotting and saturation asym-
metry creates an additional modulation component that also
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Fig. 4. Harmonic content of the asymmetry phasor of the magnetized fauitless
induction machine at zero load (horizontal axis: harmonic order scaled to one
mechanical revolution).

depends on the point of operation. Its harmonic number is
determined by adding the slotting and the saturation harmonic
numbers.

The harmonic content of the asymmetry phasor is shown
in Fig. 4 for the machine used in this paper. The horizontal
axis of the diagram shows the harmonic number where the
fundamental wave corresponds to one mechanical revolution
of the rotor. It is a two-pole-pair machine with an unskewed
rotor and 28 open rotor slots. The machine’s point of operation
was. rated flux level and zero load. As can be seen in the
figure, there is a clear, visible, and dominant +28th harmonic
together with a small —28th harmonic resulting from the slot-
ting. The +4-4th harmonic is caused by spatial saturation. The
machine has two pole pairs, and thus, the saturation asymmetry
results in a second harmonic with respect to the fundamental
wave. (Only saturation is detected, not its direction). Thus,
the corresponding component is the -+4th harmonic shown. In
loaded operation, the magnitude of this harmonic will increase
considerably, however, always staying below that of the slotting
+28th harmonic for unskewed machines.

The —28th harmonic indicates a slight asymmetry in the
slotting modulation, and the —32nd harmonic results from the
aforementioned intermodulation of saturation and slotting.
The spatial difference in the saturation level of the tooth tips
is the main reason for this asymmetry.

In Fig. 5, a block diagram of the proposed detection method
is shown. First, the voltage pulses are generated by the switch-
ing of the inverter. During this pulse sequence, the current is
sampled to obtain the current change during a defined period.
Then, the phase values of the current changes of different
excitation directions are combined to produce a resulting space
phasor called an asymmetry phasor. In a separate step, the rotor
position of the machine is changed, preferably done using the
inverter. The pulse generation and sampling is then repeated
until sufficient measurements of different rotor positions are
available for a spectral analysis. After applying a Fourier trans-
form, any remaining offset is eliminated. In the final step, the
harmonic with the number equaling the pole number of the
machine is attained. The magnitude of this harmonic is the fault
indicator. As will be shown in the following measurements,
the magnitude of this harmonic will experience a very distinct
change in case of a broken rotor bar. As alrcady mentioned,

N
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Fig. 5. Block diagram of pulse excitation, measurement, and signal-
processing structure.

the asymmelry phasor is also modulated by the slotting of the
machine (428th harmonic). This information can be used to
determine how much the rotor has turned if no position or speed
sensor is available.

In the case of an inverter structure not allowing repetitive
sampling of the current within one PWM period, the whole
setup according to Fig. 1 can be extended into subsequent
PWM cycles. Then, one whole PWM period is scheduled for
each pulse voltage (A7), and the resulting current change (A1)
during this cycle is obtained as the current difference between
two cycles.

IV. DETECTION OF ROTOR-BAR FAULTS USING THE
ASYMMETRY PHASOR ’

When voltage pulses are applied to the machine, a transient
change in the stator-flux linkage is imposed. In a symmetrical
machine, the rotor cage, with its long electrical time constant
typically of some hundreds of milliseconds, prevents any tran-
sient changes of the rotor flux by blocking the transient flux to
the rotor surface.

Stator-slot leakage and zigzag flux, passing the air gap be-
tween stator and rotor to bridge the slot openings of both stator
and rotor, are thus the dominating transient-flux components,
Looking at the harmonic content of the asymmetry phasor
(Fig. 4), a strong rotor-slotting harmonic is visible, indicating
that there is a considerable portion of the transient flux crossing
the air gap to the rotor surface and thus bypassing the stator-
slot openings. Measurements on the machines with closed
rotor slots only show negligible rotor-siot modulation, which
indicates the dominating parameter for this modulation to be the
lamination geometry and not the linkage to the loops of the rotor
cage. It has to be stressed however that these considerations are
limited to the transient flux and differ from fundamental-wave
considerations. Simulations of these effects are currently being
performed but have not been finished yet, as the calculation
of transient magnetic lamination properties including transient
hysteresis effects is still very challenging.
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Fig. 6. Spatial distribution of the transient-flux linkage in (left) a faultless
machine and (right) machine with (white bars) broken rotor bars on two spatial
positions.

In the case of a broken rotor bar, a distinct change in
the spatial distribution of the transient-flux linkage can be
observed. If one of the rotor bars is broken, the transient zigzag
flux can now bypass the rotor-slol opening below the broken
bar. This effect is shown in Fig. 6. The left figure shows the
spatial distribution of the transient-flux linkage in case of a
faultless rotor. Only one pole of the four-pole machine is shown,
and an excitation in one single-phase direction is applied. As
shown, the transient flux is limited to the air-gap arca consisting
of stator-slot leakage and zigzag flux. The right figure shows
the spatial distribution of a machine with missing rotor bars
in two spatial positions. The magnitude of the transient flux
bypassing the broken rotor bar at “Position 2" is lower than
that bypassing the broken bar at “Position 1.” As there is a
symmelrical distribution of the machine winding along the air
gap, this results in a modulation detectable in the transient flux
that correlates with the mechanical angle of the defective bar in
the stator-fixed coordinate system. In the case of a machine with
two pole pairs, as depicted and used in the measurements, the
modulation of the asymmetry phasor has a period equal to four
with respect to the mechanical rotor angle, which corresponds
to the machine’s number of poles.

As mentioned in Section III, the modulation caused by spatial
saturation also has a period corresponding to the number of
poles. The effect of the broken bar will thus be detectable in
the same harmonic order as the saturation harmonic. As the
machine considered has four poles, the harmonic to track for the
rotor fault detection is the fourth harmonic. A clear separation
of the two effects is however possible in different ways.

In one way, the separation is based on the knowledge that the
broken rotor bar’s fourth harmonic is fixed to the rotor and thus
to the mechanical angle, whereas the saturation fourth harmonic
is fixed to the stator current phasor and thus to the electrical
angle.

A different way of separating the signal components is used
in this investigation. It is possible to determine the asymmeltry
phasor for different angular positions of the defective rotor bar,
This leads to separate asymmetry phasors, each at zero load
and zero flux level and each for a different angle. As the flux
level is zero, the only reason for the fourth harmonic is now the
defective rotor bar.

Fig. 7. Rotor with detachable rotor bars. Left ring removed, and the cage and
right ring are shifted to the right.

V. MEASUREMENT SETUP AND RESULTS

The measurement setup consists of a machine, a voltage-
source inverter, and measurement/control electronics.

The machine has two pole pairs, 36 stator slots, and a
specially designed rotor with 28 unskewed bars. In order to
enable a nondestructive realization of rotor asymmetries (with-
out drilling holes in the lamination and bars), the rotor cage
is built with detachable solid copper bars and two copper end
rings. The ends of each bar have one outer and one inner
thread, respectively. It is thus possible to insert the bars in the
lamination and screw them directly into the end ring that offers
the corresponding inner threads. The other end ring has holes
drilled to fit the bars exactly. This second ring is fixed by screws
to the bars’ inner threads. The arrangement is shown in Fig, 7.
To make the bars and end ring visible, the cage is shifted to the
right,

Unlike a cast rotor cage, this setup allows an individual
adjustment of asymmetries without drilling holes in the lamina-
tion or end rings. The threads in the bars guarantee good contact
with the end rings, also proven by the measurements using the
symmetrical cage with all 28 bars inserted.

The measurements were carried out using control electronics
programmable under Matlab/Simulink. Pulse excitation and
measurement were realized as described in Figs. 1-3 and
consisted of a set of two pulses with equal duration pointing
in positive and negative directions of one phase. The corre-
sponding sampling of the current was done to determine the
current difference phasor Aig ;_;;/AT (using standard indus-
trial current sensors). In order to eliminate the share of the mean
value (yofset ), the excitation was changed to the three different
phase directions. Combining the phasors of all three excitation
directions to one resulting phasor eliminates the zero-sequence
componcent as described in Section IIL. This resulting phasor is
denoted as asymmetry phasor in the following.

The first set of measurements was performed on a symimetri-
cal rotor with all bars well fixed in the cage. The machine oper-
ating condition was standstill at no load with rated flux level.
After injecting the pulse sequences, the asymmelry phasor
was calculated; then, the rotor position was changed stepwise
using the inverter, and the pulse sequence was injected again
to obtain results from one mechanical revolution (see Fig. 5).
The best way to show the influence of inherent asymmetries
as well as that of a rotor-cage asymmelry is to use spectral
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Fig. 8. Harmonic content of the asymmetry phasor of the magnetized machine
with one broken bar (horizontal axis: harmonic order scaled to one mechanical
revolution; vertical axis: magnitude).

analysis of the asymmetry phasor. It has to be stressed however
that the spectral analysis is not the only way to detect bar
faults.

As mentioned in Section III, saturation asymmetry will influ-
ence the fourth harmonic of the asymmetry phasor with respect
to the mechanical period, as the machine has four poles. The
harmonic content of the asymmelry phasor for the symmetrical
cage is shown in Fig. 4 using Fourier transform. The horizontal
axis of the diagram gives the harmonic number where the
fundamental wave corresponds to one mechanical revolution of
the rotor. The vertical axis has p.u. scaling and represents the
magnitude of the harmonic components. The time duration of
the excitation is constant throughout the measurements.

The magnitudes obtained with the symmetrical rotor can be
identified as 16 - 10~ for the +28th (slotting) harmonic, 2,1 -
1073 for the +4th (saturation) harmonic, and 6, 34 - 103 for
the —32nd (intermodulation) harmonic.

Repealing the same measurement with one rotor bar removed
reveals the impact of a rotor asymmetry, As can be seen in
Fig. 8, the main harmonics except for the +4th remain almost
unchanged.

The +28th harmonic (slotting) changes from 16 - 1073 to
151073, The —32nd harmonic (intermodulation) changes
from 6,3 - 1072 to 8- 1073, The biggest change however, as
expected, is visible in the +-4th harmonic (saturation and broken
bar) that rises from 2-1073 to 40 - 1072 by a factor of 20
and now becomes by far the most dominant modulation of
the asymmetry phasor. This very distinct change shows how
sensitive the proposed faull indicator is.

Repeating the measurement with two broken rotor bars addi-
tionally shows the influence of different fault severities. The
results are shown in Fig. 9. As can be seen, the harmonics
caused by slotting and intermodulation again remain almost
unchanged. The increase of the asymmetry, however, has lead
to an additional prominent rise of the +-4th harmonic from
40 - 1073 (one broken bar) to 140 - 103 (two broken bars).

To show the detection sensitivity, a final measurement was
performed with one copper rotor bar being replaced by a rotor
bar made of steel. Due to the eight times higher resistivily of
steel compared with that of copper, a crack in one rotor bar
can be imitated. As before, this still results in a significantly
increased -4th harmonic of the asymmetry phasor from 2 -
1073 to 25,2 - 1073 by a factor of 12. In literature, partially
broken bars are so far only considered for mains-fed machines.
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Fig.9. Harmonic content of the asymmetry phasor of the magnetized machine
with two broken bars (horizontal axis: harmonic order scaled to one mechanical
revolution; vertical axis: magnitude).

TABLE 1
MAGNITUDE COMPARISON OF THE ASYMMETRY PHASOR’S DOMINATING
HARMONICS AT DIFFERENT ROTOR CONDITIONS

Harmonic | Symmetric steel bar | bar 2 bars
na. 1073 107 107 107
-3 6,3 7 8 9
+4th 2,1 25,2 40 140
+28th 16 15,4 15 12,3

For practical measurements, holes are usually drilled in the
bar/lamination or end ring of the casted cage to simulate a
crack. This practice always leads to a combination of broken
bar and damaged lamination/end ring.

The proposed method is thus the first by which the detection
of only a resistance increase in a single bar without additional
lamination/end ring asymmetries is verified on an inverter-fed
drive.

Table I summarizes the stated results and lists the magnitude
of the asymmetry phasor’s dominating harmonics for different
rotor conditions. The magnitude of the --4th harmonic varies
strongly, whereas the other harmonics remain in the same range.
Thus an increase in the magnitude of the asymmetry phasor’s
+4th harmonic corresponds to an increase in the severity of the
rotor defect,

It is however not only possible to detect an asymmetry in the
rotor using the asymmetry phasor but also possible to locate
the position of the faulty bar on the rotor surface within one
pole period by using the angular position of the +4th harmonic
with respect to the mechanical rotor angle. Due to this. fourth
harmonic with respect to the rotor surface, there are, however,
four possible positions of the defective bar which lead to the
same results. This number four again arises from the pole
number of the machine. The following measurement results
illustrate this option. Each bar was assigned an index number. A
rotor angle of 0° defines the position where the bar with index 1
is aligned with 0° in the stator fixed reference frame (phase
axis U). To determine the position of the bar with respect to
the phase axis, a digital camera with a special lens was placed
near the air gap. Several measurements were taken, each with a
different rotor position to reach one mechanical revolution. The
resulting data were processed by a harmonic filter to remove all
harmonics except the +4th harmonics. The result is shown in
Fig. 10.
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180 T different spatial positions, an asymmetry phasor is obtained

. which represents asymmetries in the transient inductance of

E gof : lsw"““ the machine. A broken rotor bar leads to a distinct change

5 in the distribution of the transient-flux linkage and, thus, to a

E ot 3 modulation of the asymmetry phasor when the rotor is turned.

% ® This modulation is repeated for every pole of the machine. By

f-; 449 identifying the harmonic of the asymmetry phasor that corre-

& %0 sponds to pole number of the machine, a bar fault indicator is
e ]| Obtained

o o 780 Measurement results on a four-pole 28-rotor-slot machine

0
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Fig. 10. Angle of the +4th harmonic as a function of the mechanical rotor
angle in the case of one broken bar at two different positions (Index no. I
and IV). Horizontal axis: mechanical rotor angle; vertical axis: angle of fourth
harmonic.

The measurements represent operation without fundamental-
wave excitation of the machine at zero-flux level. The horizon-
tal axis of the diagram represents the mechanical angle of the
rotor, and the vertical axis shows the angle of the asymmetry
phasor’s +4th harmonic. Zero degree for the rotor angle means
that the position of the rotor bar with index I is aligned with
the direction of phase axis U. The solid trace shows the results
obtained when the bar with index I is removed. It shows
the movement of the fourth-harmonic angle when the rotor
is turned by one mechanical revolution. As can be seen, the
harmonic angle 0° is obtained for the mechanical positions 0°,
+90°, and 180° (denoted 1..4 in the figure). This trace can also
be identified in advance without measurements and can now act
as reference for the fault-position detection.

Next, the bar with index I was inserted again, and the bar with
index IV was removed. The corresponding results are given by
the dashed (race in the figure. The change of the missing bar’s
position # can be determined in two ways, as shown.

One way is to take the rotor-angle position where the fourth
harmonic angle is equal to zero. This directly delivers the angle
6 as shown on the horizontal axis of the figure. The other option
is to determine the angle difference of the fourth harmonic with
respect to reference trace for one rotor position. This delivers
four times the angle ¢ as shown in the figure.

The machine considered has 28 rotor slots, resulting in
an angle difference of ~ 12,8° between two rotor bars. The
identified angle difference of ~ 51° between the reference trace
and the result for the missing bar with index IV is thus correctly
identified.

If machines with pole numbers other than four are used, the
harmonic corresponding to the pole number has to serve as fault
indicator instead.

VI. CONCLUSION

This paper has presented a new technique to detect rotor
faults in inverter-fed induction machines. It is based on a
transient excitation of the machine with voltage pulses applied
by the inverter with a duration of some 10 ps. The resulting
current change is measured and evaluated and is strongly in-
fluenced by the machines’ transient slot leakage and zigzag
flux. Combining the results obtained from voltage pulses in

equipped with a detachable copper rotor cage showed a distinct
increase in the fault-indicator magnitude in the case of a broken
bar. This increase corresponds to a factor of 20 in the case of
one broken bar and a factor of 70 in the case of two broken
bars. As proven by measurements, it is possible to identify the
position of the broken bar to within one pole using the angle of
the fault indicator.

The method presented is noninvasive, as it uses only the
current sensors available and is well suited for initial start-up
tests of machines as it works at zero speed and load.
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