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Abstract. This paper completes the existing Diagnosis
Systems of synchronous machines. In order to avoid break
downs caused by broken damper bars, a method to diagnose
such failures is presented. The main idea of this method is the
separation of pole voltages of the field winding according to its
polarity. By it, the difference of the pole voltages can be deter-
mined. This difference voltage is caused by the noise field of
the missing damper bar because the main field of a symmetrical
built machine disappears in the difference voltage. The broken
damper bar is fixed on the rotor and the field winding is fixed,
too. Moreover, the difference voltage depends as well on the
position of the missing damper bar as on the distribution of the
field winding. In the case of a distributed field winding, the
damper bars under the edges of each pole can be detected exact.
In order to check the bars in the middle of each pole additional
measuring coils of each bar are needed. These coils work ac-
cording to the measuring method of the field winding. The
theoretical ideas are checked by measurements at a special
adapted test machine.
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1. Introduction

Increased reliability, variable maintenance intervals and
minimised downtimes of electrical machines are results
of an online diagnostic system. The requirement criterion
of a synchronous machine in a power station is the reli-
ability. As a result, all critical components of the machine
must be checked by a life cycle analysis. The require-
ments of an online diagnostic system are a high service
reliability of the machine and a low cost construction of
the online diagnostic system.
A lot of critical components such as the three phase stator
winding and the field winding and bearings are moni-
tored by a modern diagnostic system. In this paper a
method to detect broken damper bars of a complete
damper cage in a turbo generator is described. Therefore
the machine must be loaded asymmetrical or the opera-

tion must be transient. Because during these two opera-
tion states the built in damper cage works.
The primary aim of the built in damper cage in a syn-
chronous machine is to minimise the negative sequence
of the rotating field to zero. This idealised condition leads
to an armature reaction of the positive sequence of the
rotating field, because the negative sequence is damped
to zero. So the machine is only loaded by the positive
sequence of the rotating field. But we know that the
negative sequence of the magnetic field can be never
damped to zero, because of the leakage inductance of the
damper winding.
More often than a defect damper cage is caused by an
overloaded machine or a defected construction of the
built in damper cage. Such defects lead for a moment to
one broken damper bar. One broken damper changes the
original damper bar current distribution in the machine.
In other words the current of the broken damper bar
flows in the both closed neighbouring bars. The fre-
quency of the interference field is the same as the fre-
quency of the negative sequence of the field related to the
rotor.
Now broken damper bars can be detected by the interfer-
ence field. As stated above, this interference field be-
comes visible when the damper cage works within limits.
These limits are determined by a loaded test. In other
words a broken damper bar can only detected by an inter-
ference field.
To detect the interference field caused by a broken
damper bar two methods are used. Both methods are
known from diagnostic systems of asynchronous ma-
chines. First, the interference field can be detected by the
use of air gap windings. But the mounting of air gap coils
is expensive. Second, faults are detected by the frequency
spectrum of the Fourier analysed stator currents. But the
second method isn’t really a practical method.
A turbo generator with a distributed field winding made a
new method possible. And this method is described in
this paper. This method bases on the induced voltages of
the interference field in the field winding. Due to the fact
that the broken damper bar is fixed to the rotor, only the
edge bars under each pole pitch can be detected. The bars
in the middle of each pole are undetected.
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The central point of this method is a very easy imple-
mentation to an existing diagnostic system of machines
because only one additional slip ring must be mounted.
Therefore the interference field can be filtered out from
the main field.
The detection of a broken damper bar is nearly independ-
ent of the loading conditions of the machine.

2. Determination of the interference field
distribution

A. The spatial field distribution

The faulty behaviour of a machine can be described by
the summation of an error-free machine and by a ma-
chine with only the error [2]. The amplitude of the inter-
ference current is determined by the fact that the current
which flows through the broken damper bar is zero. This
means that the interference current is equal to the original
bar current with an inverse sign. If the bar with the num-
ber 3 is broken the caused interference field is given in
Fig. 1. Here the air gap is idealised, this means that the
slotting effects are neglected.

Fig. 1.  Idealised interference field distribution

The slotting effects are taken into consideration by the
next figure. The increased air gap is caused by the
opened rotor and stator slots. This air gap field distribu-
tion is valid for a defined rotor position and at a moment.

Fig. 2.  Real interference field distribution

Compared with Fig. 1 the stator and rotor slotting effects
can be seen well.

B. Characteristics of the interference field

The spatial interference field distribution depends most
on its frequency and with it from the slip frequency. In a
synchronous machine the slip of the negative sequence of
the rotating field is 2. This is equivalent to an interfer-
ence field which is pulsating with double power fre-
quency.
Furthermore the spatial field distribution depends on the
ohmic resistance and the self- and leakage inductance of
the damper cage. And both electrical values depend on
the one hand of the construction of the damper cage. The
spatial field distribution in Fig. 2 bases on a high ratio
between the self- and leakage inductance of the damper
cage and its ohmic resistance. For it the splitting of the
magneto motive force (MMF) into parts of the damper
cage ring and bars. As a result, the limiting condition
between an uniform field distribution along the rotor
circumference and a field distribution in Fig. 2 is given in
(1)
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3. Voltage induction into the field winding
of a synchronous machine

A. The spatial field distribution

In turbo generators the field winding is distributed. In
order to get a sine-shaped excitation curve the rotor slots
must be two thirds wrapped. The test machine is two pole
and it has 24 rotor slots. So, we see, that one pole pitch
has 6 slots and 4 out of these 6 are wrapped (Fig. 1).
The distribution of the field winding is important due to
the fact that the induced voltage into the field winding by
the interference field causes by the integration of the
magnetic flux density within the field winding. Full fa-
cilities of the interference field distribution within one
pole pitch are given in Fig. 3.

Fig. 3.  Idealised interference field distribution

The field distribution is idealised as in Fig. 1. Now, let
me give two classic examples. First, the damper bar with
the number 2 is defect. The field winding of one pole
pitch is the sum of two coils. One is in slot 1 and slot 6
with wa turns and the other one is in slot 2 and slot 4 with
wa turns, too.
Both are serial connected. The negative half of the inter-
ference field distribution is within both coils but the
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positive half is only within coil 2. The total flux within
the field winding of one pole is described by (2):
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Second, the damper bar with the number 3 is defect. We
can see, that the interference field is complete surrounded
by both coils. As a result the total flux is zero and no
voltage can be induced into the field winding of the pole.
This fact means that only such damper bars which are
broken within the pole ends can be detected by the field
winding. The damper bars number 1, 2, 5 and 6 can be
detected by this system. The bars 3 and 4 can be detected
by additional measuring coils. The number of the detect-
able damper bars in a synchronous machine depends on
the number of wrapped rotor slots, on the number of pole
pairs and on the number of rotor slots.

B. The time dependence of the interference field

The frequency of the interference field caused by a bro-
ken damper bar is equal to the frequency of the negative-
sequence field. The behaviour of the first harmonic of the
flux density of the interference field is given in (3):
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C. Voltage induction

In order to analyse the induced voltage into the field
winding, the serial connected field winding must be di-
vided into their pole pairs. So, the induced voltage caused
by the negative-sequence field is eliminated and the rest
of the induced voltage is caused only by the interference
field. If the machine is free from defects the induced
voltage into the field winding is zero.

Fig. 4.  The difference voltage of the pole voltages when
the bar with the number 1 is broken

Fig. 4 shows the induced voltage into the field winding
when the damper bar with the number 1 is broken. The
two higher curves mark the induced voltage divided into
the north and south poles of the machine. In the case of a
symmetrical machine when no damper bar is broken the
difference of these voltages must be zero. In Fig. 4 one

damper bar is broken. As a result the difference voltage
of the pole voltages is given by the last curve. The time
position of the resulted curve depends on the position of
the broken damper bar in reference to the spatial position
of the field winding, because both are fixed to the rotor.
The amplitude of the curve depends only on the current
of the broken damper bar, before it is broken. This is
valid when the interference field distribution base on Fig.
1. Fig. 5 shows the sum of the pole voltages. This curve
is the result when all poles of the field winding are serial
connected as usual.

Fig. 5. The sum voltage of the pole voltages when the bar
with the number 1 is broken

There is no information about a defect damper bar in the
analyse of the sum of the pole voltages neither in the
amplitude spectrum nor in the frequency spectrum. This
is because the effects of one broken damper bar is to
small and the produced interference field is averaged
along the whole circumstance. The ratio between the sum
of the pole voltages and the difference of the pole volt-
ages is nearly 10. The curves in Fig. 4 and Fig. 5 base on
a standstill test of the defected model machine. This
means that the stator is supplied by a three phase system
and the rotor stands still. Further the field winding is
open-ended. A result of the open-ended is the missing
reaction of the field winding to the stator.
The negative-sequence field in the machine induces into
a closed field winding a voltage with the first harmonic,
the fourth harmonics, the sixth harmonics etc. This is,
because the field winding is uniaxial. But if the field
winding is open there are no higher harmonics in the
induced voltage. This means that the sum of the pole
voltages contains only the fundamental frequency. Its
amplitude is independent of the failure in the machine.
The influence on the sum of the pole voltages caused by
a broken bar is almost non-detectable.
In the case of the difference of the pole voltages the am-
plitude depends strong on the failure of the machine. The
dominant voltage of the difference pole voltage is the
second harmonic too. Higher harmonics are negligible.

4. Measuring

A. The measuring equipment

In order to measure each pole pair voltage separately an
additional slip ring is required.
Fig. 6 shows the winding diagram of the field winding.
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Fig. 6.  Winding diagram of the distributed field winding
of the test machine

The measuring circuit is given in Fig. 7. The synchronous
machine operates isolated and the DC machine is the
prime mover of the synchronous machine. The test ma-
chine is asymmetric loaded. The different of the pole
voltages is measured by an oscilloscope.

Fig. 7.  The measuring circuit of the test machine

B. The evaluation of the measurements

First the synchronous machine is speeded up to the rated
speed by the DC machine. Then the synchronous gen-
erator is asymmetric loaded by a three phase variable
resistance. This means that each phase is loaded different.
The relative asymmetric load varies between 3% and 25
%. In general, when the negative-sequence field can be
detected in the pole voltages the interference field caused
by a broken damper bar can be detected, too. This means
that a 3% asymmetric load is needed to detect broken
damper bars.

5. Results

A. The sum of the pole pair voltages

Here two different cases are analysed. First, the machine
is free from defects and second, on damper bar is broken
in the test machine.
At the beginning, the sum of the pole pair voltages are
measured (Fig. 8). There are two curves in this figure.
One curve presents the error free machine and the other
curve marks the machine with a broken damper bar.

Because of a clear presentation one curve is time shifted.
From Fig. 8 can be derived that both curves are identical.
This means that a broken damper can’t be known by
these curves.

Fig. 8.  The sum of the pole voltages when the machine is
error free and when the machine has a broken bar.

As a result both curves are analysed by a Fast Fourier
Transformation. The first order is equivalent to the mains
frequency (50 Hz). From Fig. 9 we can learn that only
this frequency is dominant. The other harmonic orders
can be neglected. In both cases the amplitudes are nearly
the same. So, it is true that the effects of a broken damper
bar in synchronous machines can’t be detected by the
sum of the pole voltages.

Fig. 9.  Fourier analysed sum of the pole voltages

B. The difference of the pole pair voltages under
asymmetric load

The difference of the pole voltages is presented in Fig.
10. On the one hand there is the curve of the error-free
machine and on the other hand one damper bar is broken.
It can be derived that the error-free machine doesn’t
produce a difference voltage.
By way of contrast, the machine with the broken damper
bar produces a measurable difference voltage. Now the
synchronous machine is asymmetric loaded and the
machine works in the lock mode.
This fact can be derived from the curves in Fig. 10 too,
because the influence of the slot ripples gets visible.
Furthermore the effects of a connected uniaxial field
winding are given in Fig. 10.
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Fig. 10.  The difference voltages of an error-free machine
and a defected machine when the machine works in the

lock mode.

The Fourier analysed voltage curves are shown in Fig.
11. First, all harmonic numbers of the difference voltage
when the machine is free of defects are nearly zero, be-
cause the analysed voltage is almost zero. But for the
difference voltage of the machine with a broken damper
bar it resulted in an interest harmonic spectrum (Fig. 11).
This harmonic spectrum is equal to the spectrum of a
synchronous machine without an additional built in
damper cage.

Fig. 11.  Fourier analysed difference voltage of the syn-
chronous machine (error-free and defected)

The second harmonic order bases on the frequency of the
excitation field. As stated above, in the case of a broken
damper bar is the excitation field of the interference field
the negative-sequence field. Now, the field winding is
closed. This means that their ends are connected to an
excitation equipment. So, the negative-sequence field
can’t be compensated by the field winding because it is
uniaxial. As a result the fourth harmonic, sixth harmonic,
eight harmonic, etc. appearance in Fig. 11. The other
harmonics are rotor slot harmonics which are given by
(4).
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The harmonic numbers caused by the rotor are 10, 12, 14,
etc..

6. Conclusion

An online diagnostic system of electrical machines with
large power is important. Among the reduction of the
maintenance intervals the reliability of the machine will
be increased by such a system. Today a great number of
critical components of a machine are monitored by an
online diagnostic system. But not all are monitored. One
critical component of an asynchronous and a synchro-
nous machine is the built in damper cage in the rotor.
There are methods to determine broken damper bars in
the rotor of an asynchronous motor. But there are no
methods for a synchronous machine. So a new method to
detect broken damper bars in a synchronous machine is
given in this paper. The presented method becomes valid
in the case of a dynamic run of a synchronous machine
and in the case of an asymmetric load of a synchronous
generator.
A broken damper bar produces an interference field
which is fixed to the rotor. This field induces a voltage in
the field winding which is fixed to the rotor too. It is
obvious to use the field winding as measuring winding,
because the induced voltage caused by the broken
damper bar is small and the field winding is next to the
fault. But as stated before, the field winding must be
divided into two parts. One part consists out of all poles
which are positive and the other part consists of all nega-
tive poles. Further the construction of the measuring
system is very simple, because only one additional slip
ring at the rotor of the test machine is used. The differ-
ence of the two measured voltages can be analysed by a
conventional two channel oscilloscope.
A disadvantage of the new method is that not all damper
bars can be detected, because the field winding and the
failure is fixed to the rotor. The number of bars which
can be detected depends on the rotor slots, the pole pairs
and the design of the field winding.
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