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Abstract — Inverter operation significantly reduces
sensitivity of rotor bar detection methods based on current
signature analysis (CSA). Considering the high frequency and
transient electrical properties of the machine a very sensitive
detection was proven possible by different authors recently.
These methods apply high frequency or transient voltage
signals to the machine terminals using the inverter and
measure the current reaction. For on-line detection however
these high frequency and transient electrical properties are
usually superposed with inherent asymmetries like slotting or
spatial saturation. To ensure a fault detection in all operating
states and to keep sensitivity high the flux/load dependencies of
these inherent asymmetries have to be identified during a pre
commissioning procedure using for example neural network
approach. After this procedure an accurate compensation is
possible in all operating states. In this paper a measurement
and signal processing chain is described to directly separate the
different inherent asymmetries from the fault induced
asymmetry without pre commissioning. This signal processing
chain is based on repetitive data sampling during normal
operation of the drive and applying a set of Fourier transforms.
Measurements on a special manufactured machine are
presented. The cage of the test rotor allows a single
replacement of each individual bar thus enabling to investigate
the effect of even partially broken bars. Measurement results
prove the efficiency of the proposed method to accurately
eliminate the inheremt asymmetries caused by slotting and
spatial saturation in various points of operation.

Index Terms-- AC motor drives, Discrete Fourier
transform, Fault diagnosis, Harmonic analysis, Induction
motor protection, Monitoring, Pulse width modulated
inverters, Squirrel cage motors, Switching transients, Transient
response

L. INTRODUCTION

OWADAYS inverter fed variable speed drives are
more or less standard in modern industrial drive
applications and the maximum power is steadily
increasing to levels clearly above 1 MW. Dynamic
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properties are excellent when operated under field oriented
control. One drawback of this configuration is the additional
stress put to machine components like insulation or bearings
resulting from the combination of dynamic operation, pulse
width modulation (PWM) and fast switching power
electronics.

As investigations of drive reliability have shown rotor
cage defect are responsible for about 10% of all drive
breakdowns [1]-[2]. While induction machines with higher
power rating usually have brazed copper cages that are more
robust, low power machines are manufactured using die cast
technique in combination with aluminum and copper. As a
result of non ideal die casting process together with the
difference of the lamination steel and the aluminum or
copper with respect to the coefficient of thermal expansion
machines thermal fatigue cycles may deteriorate the
structure of the cage. Especially machines of low power
rating are thus more frequently affected from rotor defects
[3]

Much work has been done in the field of broken rotor bar
detection recently as reported in [4].

Mains fed operation was the aim of the majority of the
published methods in the past. As a consequence the side
bands in the stator current are considered the dominant fault
indicator leading to a group of methods that are also denoted
current signature analysis (CSA) in literature. The ways to
extract the fault indicators from the measured signal are
based on algorithms of Fourier [5]-[6] or wavelet transform
[71-[8]. In addition also neural network approaches [9], [10],
genetic algorithms [11] and signal processing techniques
derived form pattern recognition [12] are proposed.

Detection sensitivity of CSA based methods is high when
machine is fed by ideal sinusoidal voltages and under steady
state operating conditions. Issues of changing load levels
and asymmetrical supply voltages are frequently addressed
by neural network, genetic algorithm and/or the additional
measurement of supply voltage.

Considering inverter operation under variable frequency,
accuracy is further decreased and a detection usually only
possible under steady state frequency and load.

Detection of the side bands or even the fundamental wave
frequency in the presence of inverter non-linearity, the
frequencies introduced by the pulse width modulation
(PWM) method and the control loops for current, speed
and/or position gets really difficult.

As a consequence a separate group of methods is
proposed able to handle the disturbing effects of inverter
operation.



The space phasor of the stator current is measured and
transferred to the rotor fixed reference frame where the
modulus of the phasor is independent of the machine’s
fundamental wave frequency [13], [14]. As a consequence
the masking of the two slip-related side bands by the
fundamental wave is eliminated.

Wiegner distribution enables the detection at slow
changing stator frequency [15]. Torque pulsations
introduced by the fault are detected in [16].

A comparison of the machine torque calculated by
fundamental wave models is performed to extract a fault
indicator in [17]. In [18] rotor defects are detected using the
virtual current of a fundamental wave model.

All of the methods mentioned are based on the interaction
of the defect bar with the machine’s fundamental wave. As a
consequence a minimum load level of around 30% is needed
to detect the rotor asymmetries. Methods able to detect faults
at zero load are presented in [19]-[22], some are however
limited to off-line measurements.

From the customer side a high sensitivity is usually
demanded in order to detect a defect in an early stage and
also without limitation to the machine operating state.

To achieve this usually the ‘healthy’ machine has to be
identified during a commissioning stage to set all the
threshold values and to eliminate load and speed dependent
disturbances.

The method presented in the following is based on an
online identification of the machine transient reactances.
While the extraction of a very precise fault indicator is
possible at low or zero load, the indicator is superposed with
disturbing signal components when the machine is loaded.
To keep the sensitivity high it is thus necessary to identify
the disturbing components during commissioning. The
signal processing proposed here enables a separation of the
fault induced signal component from all disturbing
components of the ‘healthy’ machine without any
knowledge of the machine parameters and without any test
measurements. High sensitive detection of rotor bar faults is
thus possible in all operating states.

II.  ONLINE ESTIMATION OF THE TRANSIENT LEAKAGE
INDUCTANCE

In the following, the structure and signal processing
necessary to carry out the measurements is explained. A
more detailed description is given in [23].

The standard way of identifying the dynamic parameters
of a system is to observe the step response. In case of an
electrical machine the step excitation can be easily realized
using the dc link of the voltage source inverter. When
changing the inverter output state from inactive to any active
switching state a step is applied to the machine terminals
with a magnitude equal to the dc link voltage. The system
response can be detected using the built-in current sensors of
the inverter.

Assuming an ideal symmetrical machine the step response
can be calculated using the stator equation of the machine

(1.
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The three voltage drops influencing the current reaction of
the machine are influenced by the parameters stator
resistance rs, leakage inductance /;, and the back emf (time
derivative of the rotor flux Ag).

In the first transient reaction to the voltage step (some ten
us) the dominant voltage drop will be the transient leakage
times the time derivative of the current and eventually the
back emf (if the machine is running at high speed). An
accurate identification of the transient leakage inductance is
thus only possible after eliminating the possible influence of
the back emf.

This elimination can be realized by evaluating the step
responses of two voltage steps with different inverter output
states. If these two output states are subsequent the
fundamental wave point of operation and especially the
direction and magnitude of the back emf will not change
significantly. In addition the dc link voltage can be
considered constant during the short time period of the
pulses.

If the voltage pulses and the sampled current reaction of
the two inverter output states are denoted with the indexes I
and II the following equations are obtained.

The fundamental wave point of operation of the stator
current is as well as its time derivative can be directly
measured. The back emf does not change significantly
between the two subsequent pulse excitations thus its
influence is eliminated by simply subtracting the two
equations (denoted with index / and II). The same applies
for the influence of the stator resistance.

Up to now an ideal symmetrical machine has been
assumed with the leakage inductance /; equal the transient
inductance according to (1).

As the transient inductance of the machine differs from
the fundamental wave leakage it is denoted /, in the
following.

Vsi—Ysu = /1,1(
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If in a machine a fault is developing it will no longer be
symmetrical. Due to the existing asymmetry the parameter of
the transient leakage must thus be changed from a scalar
value in (2) into a complex one. Now the directions of
applied pulse voltage (vg~vs ) and the resulting current time
derivative (slope) will no longer be the same.

This complex transient leakage inductance /;, is composed
of a scalar offset value /,,, and a complex value /.4 The
offset value is representing the symmetrical machine while
the complex value represents the fault induced asymmetry
with its magnitude and spatial direction.

dig, _ disy J

+ lmod 4 s (3)
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The angle y of the asymmetry portion gives the spatial
position of the maximum inductance within one pole pair.




The asymmetry has a period of two with respect to one
electrical revolution, 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 windings.

When applying a voltage pulse sequence and evaluating
the current reaction the overall time derivative of the
machine current can thus be separated into a ‘symmetrical’
portion determined by /5., that corresponds to the scalar
value /;, and an ‘asymmetrical’ portion that is influenced by
ILuos, leading to an angle-dependent cross-coupling.

Separating the value of 04 it is thus possible to determine
magnitude and position of the asymmetry what, in case of a
rotor bar defect corresponds to the position of the defect bar
with respect to the stator windings and the severity of the bar
defect (starting from only increased bar resistance of a single
bar to one or even more broken bars).

The value of the transient inductance associated to the
faultless machine /4., can be identified in advance. Thus for
the evaluation algorithm it is sufficient to monitor the
resulting current slope of two switching states after
elimination of stator resistance and back emf according to
(2).

This leads to (4) where the complex conjugate is marked
with .

The measured current slope of the excitation sequence is
thus directly influenced by the magnitude and position of

Imoa according to (4),
@- )+ s —vin) @
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with the values of Yo and y,,4 obtained from inversion
as depicted in (5).
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As can be seen in the previous equations the difference

between the two inverter switching states determine the

‘main’ direction of the resulting current change. In

symmetrical machines the value of y,p. is always clearly

dominant with the magnitude of y,.s even for a faulted

machine being only up to 10% of the symmetrical yopier-

I

Fig. 1: Influence of yome and Yuoa on the resulting transient current change
for a given pulse sequence (Vs; - Vsii= Vs )-
Asymmetry position assumed to 45°.
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Assuming an ideal symmetrical machine only the inverse
inductance y,g., influences the time derivative of the current
leading to a measured current slope after signal processing
(elimination of back emf according to (2)) in the horizontal
direction (black dashed phasor).

In Fig. 1 the same resulting excitation direction and the
symmetrical current slope are depicted together with an
asymmetry caused by a broken bar. The position of the
asymmetry is marked by the dashed black phasor denoted
“broken bar” pointing in the direction of the maximum
inductance. The angle 8(=45°) defines the spatial direction
of the maximum transient inductance (broken bar) with
respect to the direction of the resulting excitation voltage
(vs,.u) as indicated. To give a clearer geometrical impression
of the influence of the fault induced asymmetry, the value of
Ymoa has been clearly increased with respect to yop. in the
figure.

As depicted the fault induced asymmetry leads to a current
slope (black dotted) orthogonal to the direction of excitation
corresponding to twice the angle of the asymmetry (45°).

The resulting current slope after the signal processing is
thus the summation of the symmetrical and the fault induced
portion. This phasor (red solid) is obtained from the
excitation, measurement, and signal processing structure.

The asymmetry depicted (broken bar) is assumed to lead
to an ideal sinusoidal distribution of the inductance with a
period that equals twice that of one electrical revolution, If
the direction of the asymmetry is the same or opposite as the
direction of the resulting excitation voltage (6=0%180°), the
resulting current slope obtained has the same direction as the
applied resulting voltage as if the machine was symmetrical.

However, compared to the symmetrical machine its
magnitude is either greater or smaller than for the
symmetrical case.

The tip of the resulting phasor (red solid) moves along the
dotted circle twice when the position of the broken bar
(rotor) is changed over one electrical period.

The fault indicator signal can thus be obtained considering
the modulation of the resulting current slope phasor with
respect to the position of the fault induced asymmetry.

1L

As was shown in the previous section the resulting current
slope resulting from a pulse sequence shows a distinct
modulation that contains the information on the machine’s
asymmetry. For exploitation of this information for high
precision monitoring it is necessary to follow some specific
signal processing steps.

Usually control electronics is used to generate both, the
excitation and the trigger signals for the measurement. The
easiest way for the excitation and the resulting signal
processing is to apply a sequence of two active inverter
switching states with some ten ps duration each. When the
two generated voltage phasors point in opposite directions,
the excitation axis and the resulting voltage phasor (vs.y) is
always parallel with one phase axis.

MEASUREMENT AND SIGNAL PROCESSING



The current time derivative is approximated by two
current samples taken during each voltage pulse. Therefore a
replacement of the continuous time derivative di/dt by the
difference Aig/At is possible.

The elimination of the back emf is done by subtraction of
the two pulses (2). The resulting current slope obtained
contains information of both the symmetrical as well as the
asymmetrical portion of the inductance. In a real machine
the allocation between symmetrical and fault induced part is
90% to 10%. Furthermore the symmetrical part is a function
of the load level. It is thus necessary to clearly separate these
two shares in the measured signal.

There are two options to determine or separate the share
of the symmetrical inductance in the resulting signal. One is
to identify its value in advance on the symmetrical, faultless
machine. The parameters to be observed for the
identification are the flux as well as the load level of the
machine. The second option is to eliminate the symmetrical
part using a voltage excitation that sequentially changes its
direction in the three phases. Then it is possible to calculate
one resulting phasor from three different spatial directions.
The share of the symmetrical machine then leads to a zero
sequence component that is eliminated.

After this step, the remaining phasor thus only contains
information on the machine’s asymmetry and is also denoted
asymmetry phasor. Before it can finally be used as fault
indicator it is however, necessary to apply some further
signal processing.

The reason is that the asymmetry induced by a broken
rotor bar is superposed by further inherent asymmetries,
which are present in every machine even when healthy.
These inherent asymmetries are caused by spatial saturation,
slotting, rotor anisotropy. To ensure a high sensitivity, the
detected asymmetry phasor has to be split up into the several
components,. An identification and separation of these
inherent asymmetries however, is possible as each of them
has deterministic behavior.

A.  Inherent asymmetries

As already described the asymmetry phasor is composed
of several parts. The main asymmetry in healthy induction
machines with skewed rotor is the saturation saliency. It is
caused by different levels of saturation arising from the
spatial distribution of the fundamental wave along the
circumference. The modulation period equals twice that of
the fundamental wave. This corresponds to the machine’s
number of poles. The magnitude of the saturation saliency
depends on the flux and load level of the machine.
Furthermore, there is also a dependence of its angular
position with respect to the current phasor.

Another inherent asymmetry is caused by the openings of
the slots in the lamination. The number of rotor slots
determines the period of this modulation. The operation
point has only marginally influence on this modulation. On a
machine with closed rotor slots, that asymmetry is very
small or even negligible.
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In case of a rotor bar fault the modulation period of this
asymmetry is the same as, or close to the modulation period
of the saturation saliency depending on the load. For fault
detection separation of the fault induced asymmetry and the
saturation saliency has to be ensured. Therefore special
signal processing steps are needed which will be described
hereafter.

B.  Signal processing for separation of inherent
asymmetries

As already mentioned an asymmetry phasor can be
detected for each point of operation (i.e. rotor position and
flux position). In a first step a set of asymmetry phasors is
collected each with a fixed flux position with respect to the
stator. This set of measurements is arranged to form a full
revolution of the rotor. This step is repeated for all flux
positions with respect to the stator.

The resulting set of phasors is arranged to a two
dimensional field further denoted as phasor matrix. Each
field of this matrix now contains an asymmetry phasor for a
certain rotor and flux position. Thereby rows of the phasor
matrix contain all asymmetry phasors for one flux position,
each with a different rotor position. On the other side
columns contain all asymmetry phasors for one rotor
position, each with a different flux position. The Fig. 2
schematically depicts the phasor matrix with its elements. In
the upper left corner of the matrix, flux- and rotor angular
positions are indicated by phasors.

%
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Fig. 2: Schematic diagram of the phasor matrix.

The data acquisition thus requires several signal
processing steps. In Fig. 3 a block diagram of the whole
signal processing is depicted. At first the control system
initiates the fault examination. This leads to generation of
test pulses (voltage pulses). During this pulses, current
response measurement is done and the asymmetry phasor
calculated. After that the asymmetry phasor, flux angle, and
rotor angle are forwarded to the phasor matrix. Based on the
angles of flux and rotor the position within the matrix is
determined and the asymmetry phasor value is stored.
Meanwhile rotor and flux angle have changed according to
the point of operation. Test pulse generation, measurement,
data acquisition then is repeated till the matrix is filled with
data.




Subsequently a complex Fast Fourier Transformation
(FFT) is done for each row of the matrix and clustered as
indicated on the right side of Fig. 3.

As already described, the number of periods of the
saturation saliency along the circumference equals the
number of poles of the machine as saturation level is
detected only, not its direction. On the other side a broken
rotor bar leads to the same change in transient flux
distribution under every pole. At zero or low load both
asymmetries thus have the same or almost same period and
have to be separated precisely to ensure high sensitivity.
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Fig. 3: Block diagram of measurement, signal processing and data
acquisition.

The separation of these two parts is now realized by the
phasor matrix. A FFT over one row represents the spatial
distribution for a window length of one mechanical
revolution and a fixed flux position. Thus the saturation
saliency shifts to offset position caused by fixed flux
position for each row. However, the number of the harmonic
induced by the rotor bar fault equals the number of poles.
The corresponding harmonic is also denoted fault harmonic
in the following.

The fault indicator can finally be obtained from the fault
harmonic of each row.

Basically one row of the matrix is sufficient for detecting
rotor bar faults with very accuracy. However, in order to
verify also the statistical properties of the fault indicator the
whole matrix has been measured and evaluated in the next
paragraph.

1V. MEASUREMENT RESULTS AND DETECTION SENSITIVITY

The measurement set up consists of a test machine, a
voltage source inverter and a measurement and control unit
realized by a computer system.

The test machine is a SkW machine with 2 poles and 36
stator slots. The rotor is a specially designed and
manufactured one, in order to enable a non-destructive
realization of rotor asymmetries. The cage consists of 28
unskewed rotor bars made of solid copper and two copper
end rings. This rotor design allows removing or changing
each of the 28 rotor bars. Thus several fault configurations
can be realized easily by removing or changing a copper bar
to a bar made of another material. Unlike with a cast rotor
cage, this rotor design allows an individual adjustment of

rotor fault severity without destroying the rotor by drilling
holes in the end rings or lamination.

The measurements were carried out using the control unit
programmable under Matlab/Simulink. The excitation and
data acquisition sequence was done as described in the
previous section.

To produce a fault induced asymmetry the resistance of
one rotor bar at least must be increased. For sensitivity
verification of the investigated method, different fault cases
were examined. Therefore one rotor bar was changed. The
so done variation of the rotor bar resistance is done in five
steps starting from symmetrical cage till the removal of a
single bar. The different fault levels were obtained using
bars made of copper, aluminum, brass and steel. The
resulting increase of the bar resistance with respect to the
solid copper bar is measured from +79% up to +762%.
Table I shows the variation steps applied and their resistance
levels.

As previously described, data acquisition/storage is done
by a phasor matrix. Rows of the matrix represent different
rotor positions (each for constant flux position) and columns
different flux positions (each for constant rotor position).
Flux angle is partitioned to 72 steps while the rotor position
to 256 steps. Thus the matrix size is 72x256 elements. It has
however to be stressed, that this high amount of data was
only taken to show the overall properties of the method.
Detection is already possible with only one row of much less
than 256 elements.

TABLE1
ROTOR BARS AND THEIR RESISTANCE INCREASE APPLIED FOR THE
MEASUREMENTS
abs. resistance [Q] | rel. res. increase [%]
copper 44.1-10° 0
aluminum 79.2:10° +79
brass 209.8:10° +374
steel 380.3-10° +762
removed - -
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Fig. 4: Real part of phasor matrix at rated flux and 25% load.
Left: fauitless rotor, Right: rotor with one bar made of steel.

Fig. 4 depicts real values of the phasor matrix for two
cases. Left diagram shows faultless case and right diagram
rotor with implemented steel bar. All measurements were
taken at rated flux and load level of 25%.

The horizontal axes represent flux angle and rotor angle
respectively. The vertical axis displays magnitude of real
asymmetry phasor value. If the two cases are compared than
an increase of the fault harmonic (period equals number of
poles) with respect to the rotor angle is well seen. The



modulation of the saturation harmonic is only visible when
changing the flux angle.

The complex fault harmonics for all investigated fault
cases are depicted in Fig. 5 as vectors. The faultless case
serves as reference thus its value equals the zero vector (the
point of origin). As can be seen, the removal of one bar
(denoted ‘broken’) and the replacement of a copper bar with
a steel bar lead to a very distinct change and a clear
detection of a broken or almost broken bar.

On the other side the proposed measurement and signal
processing method allow a very precise monitoring of rotor
bar faults. Even a fault in the early stage can clearly be
detected, as shown in the zoomed area near the origin where
the results of a brass bar and an aluminum bar are located -
still clearly distinguishable from the symmetrical rotor.
Further measurements for different load levels have proven
that the influence of load level is negligible.
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Fig. 5: Resulting fault indicator values for the investigated fault cases

V. CONCLUSIONS

This paper presents a new measurement and signal
processing setup to calculate a fault indicator for rotor bar
faults, It is based on transient excitation of the machine with
voltage pulses. The resulting current response is measured
and hence an asymmetry phasor is calculated which consists
components originating from rotor bar asymmetries as well
as inherent saliencies.

The asymmetry phasor values are collected for several
rotor and flux positions in a phasor matrix. After a fast
Fourier transformation the fault harmonic delivers the fault
indicator while inherent saliencies reside as offset values or
higher harmonics. Thus separation of rotor bar asymmetries
and inherent asymmetries is performed and fault detection is
established. The measurements have proven that even an
increase of resistance in only a single bar of only 72% is still
clearly noticeable. Thus rotor bar faults in an early stage are
well detectable during normal operation of the drive.
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