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Resumen — The application of Finite Element Method
(FEM) to the analysis of the magnetic flux in power
transformers and asynchronous motors has allowed the
design of two new diagnosis procedures for the early
detection of failures. These new methods are by its
simplicity and low cost very suitable tools for remote
monitoring of power transformers and motors. In the case
of transformer diagnosis the installation of search coils on
the machine windings for the measurement of leakage flux
allows the detection of interturn shortcircuits and winding
deformation. For motor condition monitoring the
measurement of the magnetic flux linked by a stator tooth
permits the detection of broken bars even in the case of
oscillating mechanical loads. This is an important advance
with respect to the conventional motor current signature
analysis techniques (MCSA), which are not reliable when
the driven machine provokes mechanical oscillations in the
rotor shaft. The results of simulations have been validated
by means of experimental measurements on actual motors,
and the utility of both methods has been demonstrated.
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I. INTRODUCTION

Previous research in the field of using magnetic flux
for fault detection can be easily found in the scientific
literature. Leakage flux has been proposed by different
researchers as a tool for the detection of faults in
different types of industrial devices by using different
probes and measurement techniques. In fact, it has been
employed for fault detection in pipes and mechanical
structures by means of non-destructive tests [1], [2], in
electrical circuits [3], [4] and rotating electric machinery
[5]-[8]. However, to the authors aware no previous
studies exist where leakage flux has been applied to
insulation fault detection in power transformers.

As it will be latter shown, the use of leakage flux for
diagnosis does not require the employment of expensive
sensors, measurements results are very easy to analyse
and its sensitivity for the detection of minor or punctual
defects is high.

Broken bar detection in squirrel cage induction
motors is also possible by means of leakage flux
analysis [6]-[8]; however, the most commonly used
techniques for the diagnosis of these faults are those
based in current spectral analysis (MCSA). These
methods have been studied since the early 80’s [9]-[12],
nevertheless, a simple and reliable fault diagnosis
method capable of discriminating between the bar

breakage and the influence caused by an oscillating
mechanical torque is not yet available for machines
operating in the steady state (in the case of using
transient records of the machine start up an excellent
method has been recently presented, [13], but it requires
much more complex calculations).

Since industrial induction motors driving loads
capable of producing torque oscillations are very
common (machines coupled to the motor through gear
trains, mills, fans, etc.) the utility of a new method with
capability to separate load influence of the rotor fault is
unguestionable.

Il. LEAKAGE FLUX FOR THE DIAGNOSIS OF
POWER TRANSFORMERS

In power transformers, not all the magnetic flux
produced by the primary windings links the secondary
and viceversa. A small part of the flux closes around
itself through the air. This portion of flux that links only
one of the windings is called leakage flux. The amount
of leakage flux that is present in the transformer
depends on the ratio between the magnetic circuit path
and the leakage path, [14]. The lines of leakage flux are
curved at the end of the windings and flow through the
air in an almost parallel fashion to the axis of the
winding [15]. Its degree of curvature is a function of the
distance between the windings and the machines’ shield
and its spatial distribution is strongly influenced by the
type of winding used in the transformer design [16].

The foundations of diagnosis for transformers by
means of leakage flux are very simple [17]. Leakage
flux in a three-phase power transformer presents a
horizontal symmetry axis that passes by the medium
point of the magnetic core. When an interturn
shortcircuit appears or a significant winding
deformation exists, the symmetry of the leakage flux is
lost and under these circumstances the fault will be
detectable by using the suitable sensors.

In order to verify the reliability and accuracy of the
proposed method a FEM model of a 12kVA transformer
previously built was developed. In this way, the analysis
of leakage flux with the machine working under
different conditions of load and fault level could be
carried out. In order to introduce different level of faults
the transformer incorporates a serial of leads connected
to the windings. By short-circuiting these leads it is



possible to apply different levels of failure to the
machine. The results of the study demonstrated that
leakage flux lines in a healthy machine present a
symmetry axis that passes through the medium point of
the magnetic core. This symmetry of the leakage flux is
kept for every instance of time in the operating cycle of
the machine. Fig. 1. shows the cross-section of the
transformer in the region internal to the shield. The
symmetry in the case of the healthy machine can be
appreciated, while in the case of a faulty transformer a
clearly asymmetrical distribution around the faulty zone
can be observed. Two coils formed by 300 turns each
can be also seen on the surface of the transformer
windings. These coils will be used for the measurement
of leakage flux.
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Fig. 1. Left: detail of leakage flux in the internal region of the shield
before and after shortcircuiting one turn. Right; electrical diagram of
the coils installed on the R-phase

Fig. 2 shows the actual measurements of Vo taken
from the experimental transformer operating at 50% of
its rated load. In this graph the capacity of the method to
discriminate between the healthy and the faulty status is
absolutely clear.
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Fig. 2. Vour obtained for the transformer operating at the 50% of the
rated load. The short-circuit test was carried out with a shorted turn in
the most internal layer of the primary winding

I1l. DIAGNOSIS OF BROKEN ROTOR BARS BY
MEANS OF THE FLUX LINKED BY A STATOR
TOOTH

Detection of broken bars by means of MCSA
methods presents certain limitations when the motor is
driving a machine capable of producing an oscillating
load torque. In these cases, if the load torque presents an
oscillating frequency close to 2sf, s being the motor slip
and f the supply frequency, rotor diagnosis may be
erroneous. The cause of error is the modulation
produced in the motor currents by the torque oscillation.
It is well known that if load torque oscillates with a
frequency of 2sf Hz this oscillation will produce the
appearance of two sidebands in the current spectrum at
the frequency of (1+2s)f. These sidebands will be
superimposed to the ones used for diagnosis, thus
inducing an error in the evaluation of the degree of fault.

The above method, based on the measurement of
magnetic flux linked by a stator tooth allows the
detection of broken rotor bars even under the influence
of torque oscillations. The method is based on the
measurement of the deformation caused in the magnetic
poles of the motor by the breakage of a rotor bar. In a
healthy symmetrical p poles machine the magnetic axis
of every pole is located at 360/p geometrical degrees,
and the arc of circumference comprised for any of these
poles is 2nr/p, r being the stator internal radius.
However, the magnetic poles present a different
behaviour when the rotor has one or more broken rotor
bars [18]. In these cases the positions of the poles’
magnetic axes are no longer stable and the length of
every pole fluctuates around 2zr/p when the field during
its rotation reaches the rotor region where the fault is
present (fig. 3.).

The practical procedure for the detection of the
above phenomenon is very simple. The variations
caused in the length of the poles can be detected by
measuring the magnetic flux of a stator tooth by means
of an additional coil wound around it.

Both simulation results and laboratory measurements
have demonstrated that the behaviour of magnetic poles
is not affected by the presence of load torque
oscillations. When load torque presents periodical
oscillatory components the position of the magnetic
poles as well as its length is not modified. Therefore, the
detection of length fluctuations in the magnetic poles
allows an unambiguous rotor diagnosis to be made.

In order to study the behaviour of the described
method a FEM model of a 4 pole 11 kW asynchronous
motor was designed. The obtained results demonstrated
that a rotor bar breakage induces important changes in
the magnetic flux line distribution. Fig. 3 shows the
field lines and the position of every magnetic pole. In
the left hand side a healthy motor operating at the rated
load with a constant torque is presented. In this case no
changes at the poles can be observed. In the right hand



side the same motor is shown in the same operating
conditions after breaking two bars. In this case, a clear
displacement of one of the poles and a length
modification in two of them can be clearly observed
while the other two poles remain stable. The observation
of a complete turn of the magnetic field around the rotor
allowed us to verify that the abovementioned process is
periodical and affects to the pole that reaches during its
rotation the region of the faulty bars.
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Fig. 3. Field lines and poles position at the same time instance before
and after breaking two rotor bars.

While the presence of broken bars affects the length
of only some of the poles, load torque oscillations affect
all of them the same, therefore, no alteration appears in
the magnetic field lines distribution during the rotation
of the magnetic field. Fig. 4. shows this phenomenon.
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Fig. 4. Field lines and position of the poles, at the same instante with
the motor operating with a constant and oscillating load torque

By simply winding a few turns coil around one of the
stator teeth it is possible to measure the electromotive
induced force in the coil and from it, it is also possible to
calculate the airgap flux and analyse its size and
behaviour. In the airgap flux waveform the times between
successive zero crossings (TSZC) will not be constant for
a motor with a broken bar since they depend on the pole
length. However, they will be constant for a healthy
machine. The following results have been obtained with
an 11 kW motor that incorporates a 4 turns coil wound
around one of its stator teeth. Fig. 5 and 6 clearly
demonstrate that an oscillating component in the load
torque has no influence over the TSZC’s. However, if a
broken bar exists the TSZC’s present periodical changes.
This result ratifies the simulations and validates the
proposed diagnosis method.
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Fig. 5. TSZC’s values obtained with the healthy motor operating at
rated load.
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Fig. 6. TSZC’s values obtained with the motor with a broken bar
operating at rated load. Constant and oscillating torque
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V. REMOTE ON-LINE MONITORING

A further aim of this study was to design the
hardware needed to enable multiple machines at
different locations to be monitored from a control
centre. In this way, the diagnosis procedure might be
applied to distribution transformers and asynchronous
motors that could otherwise only receive corrective
maintenance after complete breakage. Two devices are
needed to perform the remote monitoring of a
transformer: an electronic card that calculates on-line
the DC severity factor for every pair of coils installed at
the transformer windings, and a communication device
to send the signal obtained to the control centre. For the
remote monitoring of asynchronous motors a portable
electronic device that can be permanently installed on
the monitored motor and the same communications
system must be used.

For transformer diagnosis a card for real-time
calculation of the DC severity factor was constructed. In
order to reduce the cost of the designed hardware,
conventional analogue circuits were used to make the
card. The card consists of three independent modules,
one per each phase of the transformer. These three
stages receive the voltage Voyr from each pair of coils
installed in each phase of the transformer as input, and
produce the value of the DC severity factor calculated
from Vour as output. To do this, the three stages are
divided into two blocks that perform the following
functions:

e Voltage to current conversion and precision
rectifying of the Vour signals obtained for the
three phases of the transformer.



e Low-pass filtering and current to voltage
conversion of the above signals for the
calculation of the DC severity factors.

The following figure is a photograph of the card that
was designed, showing three independent modules, one
per each phase of the transformer.

o

Fig.7. Electronic card for real-time calculation of the DC severity
factor of a transformer

The card for the DC severity factor calculation has
been designed to be used together with a communication
system previously developed by our Department to
perform on-line remote condition monitoring of
electrical equipment. The system, called SISREM™,
consists of a communication card independently
powered by a 12V battery charged from different
external sources. The card can establish series
communication with other devices via an RS485
interface.

A GSM/GPRS modem can also be used as the
communication device. The communication module has
been designed with 8 analogue or digital inputs, any of
which can be connected to the designed diagnosis card,
thereby enabling the value of the DC severity factor to
be monitored remotely. Fig. 8. shows the
communication card configured with the option of
GSM/GPRS modem and powered by a battery (the
black device on the left of the photograph).

Fig. 8. Communication card for remote condition monitoring —
communication via GPRS

The above communications module is also
compatible with the instrument designed for rotor
diagnosis. In this case the designed monitoring
instrument is connected to one of the available inputs of
the communication card through one of its analogue
inputs.

The On-Line rotor diagnosis instrument has been
designed with two different functions: on the one hand it
can be used independently of the communication card to
perform direct fault detection of an individual motor of
a set machines. On the other hand it can connected to
the communication card and the results obtained for the
monitored motor are sent to the remote control centre.

The operation of the instrument is based on TSZC’s
measurement and analysis. For these reason the values
of TSZC’s obtained during the test are stored in a non-
volatile EEPROM. Once the data have been recorded
into the memory the equipment is able to process them
and generate a field- diagnosis of motor status that is
directly shown to the user in the LCD. Optionally, all
the measured data can be transferred to a personal
computer by means of a RS232 serial connection.

The instrument can be easily adapted and connected to
the motor conventional protections in order to generate a
motor stop order in the case of the presence of a rotor
fault if the user has selected this option. The overall
structure of the instrument designed and built is
presented in figure 10.

Fig. 9 presents a view of the designed instrument. As
can be concluded from the view of the photograph of the
device is easily portable because of its reduced
dimensions. A 9 volts battery powers the whole
instrument, hence the results stored in its EEPROM can
be downloaded to a personal computer after performing
the test and thus motors at any location can be analysed.
The instrument can also be associated to a particular
motor and its conventional protection in order to trigger
a stop signal in the case of a faulty rotor is detected.

Fig. 9. External appearance of the designed instrument
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Fig. 9. Overall structure of the designed instrument including the
main connections of the microcontroller

VI. CONCLUSIONS

Two methods for the diagnosis of faults in power
transformers and asynchronous motors have been
developed by means of FEM simulations and
experimental tests. Both methods are based on the
measurement of magnetic flux and the use of very low
cost sensors and very simple signal processing methods.

It has been demonstrated that for power transformer
diagnosis the installation of coils at the surface of the
machine’s winding allows the diagnosis of interturn
shortcircuits by detecting the lost of symmetry caused
by the fault on leakage flux.

In the case of induction motors a simple coil wound
around a stator tooth permits the detection of changes
produced by the bar breakage in the length and position
of the magnetic poles. The main advantage of this
method is that rotor diagnosis is possible even when the
motor is driving a load with an oscillating load torque.
In this case a perfect discrimination between the
influence of the load and the rotor fault is achieved.

Electronic equipment has been designed in order to
receive the signal produced by the sensors installed at
the motor and transformer. The designed devices can be
directly connected to a communication module that
incorporates a GPRS/GSM modem for the signal
transmission, thus diagnosis can be performed from a
remote control centres and applied to machine on
different locations.
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