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Abstract

This paper focuses on monitoring and predicting the short circuit faults of the rotor windings of large turbo-generator systems.
For the purpose of increasing efficiency and decreasing maintenance cost, a method that combines the HHT (Hilbert Huang
Transform) with a wavelet has been studied. This method is based on analyzing a classical Albright detecting coil. Due to the
Empirical Mode Decomposition (EMD) and the Intrinsic Mode Functions (IMF) of the HHT the exact location of a short circuit
of rotor windings may be given. However, a part of the useful information is eliminated by the unreasonable decomposing scale
of the wavelet. Based on the thermodynamics modeling method, this study was illustrated with a 50MW turbo-generator system
that is installed in Northern China. The analysis results, which have very good agreement with those of a previous study, show
that the method of combining the HHT with a wavelet is an effective way to analyze and predict the short circuit faults of the
rotor windings of large generators, such as supercritical turbo-generator systems and wind turbo-generator systems. This work
can offer a useful reference for analyzing smart grids by improving the power quality of a distribution network that is supplied
by a turbo-generator system.
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I. INTRODUCTION

Considering that the short circuits of rotor windings of a
turbo-generator have a strong influence on the power quality
of the power system, this paper focuses on analyzing and
predicting the short circuits faults of turbo-generator systems.
A study by Conolly, Byars and Grant shows that a key
problem in this field is how to distill exact fault information
from the sampling data obtained by an Albright detecting
coil. Due to faults, windings are affiliated with the amplitude
and frequency of the sampling voltage. The development of
effective algorithms for decomposing amplitude and frequency
has become an important goal in system design. The HHT has
been successfully applied to analyze data that is both nonlinear
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and non-steady state, such as power system transient data, low
frequency oscillations and surge current analysis [1]–[5]. The
HHT may overcome the disadvantages of the classic Fourier
transform or the wavelet which only decompose complex
sampling data on either different frequency bands or the
amplitude of one of them. Combining the HHT with another
method may be the most effective way to obtain accurate
position information on the short circuits of generators [6]–
[8].

The key part of the HHT is the EMD with which any
complicated data set can be decomposed into a finite and often
small number of IMFs that admit the well-behaved Hilbert
transforms. Since the decomposition is based on the local
characteristic time scale of the data, it is applicable to nonlin-
ear and non-stationary processes [9]–[12]. The amplitude and
frequency of the sampling voltage can be decomposed by an
IMF. Comparing the HHT with other similar methods shows
that the main advantage of this method is that it does not
really involve selecting the wavelet group and scale function.
Theoretically, the position of a rotor short circuit of a generator
can be given by the HHT. In order to put this method to the
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proof, without performing an experiment, an effective model-
ing method that described the dynamic behaviors needs to be
studied. In view of the effect of the coupling magnetic field
between the stator and the rotor of a generator on a detecting
coil, a thermodynamics modeling method was proposed for
analyzing the complex topology of turbo-generator systems
[13], [14]. The thermodynamics model is represented in terms
of a network of primitive elements which are associated with
some elementary phenomena and are interconnected through
edges representing the flow of energy. Combining the HHT
with the thermodynamics modeling method may form the basis
of monitoring and predicting the fault locations of rotor short
circuits of a generator.

In fact, the sample inductive waveform described by the
short circuit of a rotor winding, obtained by an Albright
detecting coil, is often distorted due to the surge current and
the flash of the voltage of power systems. How to give the
exact fault location of short circuits of rotor windings is the
aim of this paper. However, due to the strong noise interference
of the generator, the precision of the detecting coil is sensitive
to the distortion of the obtained inductive waveform. It is
difficult to judge the position of a short circuit of a rotor
winding according to the sampling voltage. Due to a function
that can extract the fundamental and harmonic signals of every
order, the amplitude and frequency of a complex sampling
signal may be analyzed by the HHT. The location of a fault
of the short circuit of rotor windings can be calculated by the
IMF. It is implemented on a 50MW turbo-generator system
installed in Northern China. The feasibility and validity of the
proposed method can be verified by actual experiments and
a simulation model in this paper. This work is of benefit to
improving the power quality of a power system that is supplied
from a turbo-generator system.

II. ANALYSIS OF INSTANTANEOUS FREQUENCY

The IMF basic sequence data sets that contain only useful
signals may be obtained by decomposing the complex original
sampling signals based on the instantaneous frequency analy-
sis of the EMD. There is only a zero-crossing and a sampling
data mode in every cycle which may describe the trend of
the amplitude and phase of the signal at the same time. The
characteristics of the effective signals must be described by
the above procedure [15]. For an arbitrary time seriesX (t),
the Hilbert transform Y (t)can be expressed as:

Y (t) =
1
π

P
∫ ∞

−∞

X (t ′)
t− t ′

dt ′ (1)

where, P indicates the Cauchy principal value. This transform
exists for all functions of the class LP. With this definition,
X (t) and Y (t) form a complex conjugate pair, and the analyt-
ical signal can be expressed as follows:

Z (t) = X (t)+Y (t) = α (t)e jβ (t) (2)

where, α (t)and θ (t) are functions of t, which can be written
as:

α (t) =
[
X2 (t)+Y 2 (t)

]1/2
(3) θ (t) = arctan [Y (t)/X (t)] .

(4)

Based on the Hilbert transform, the instantaneous frequency
is defined as follows:

ω =
dθ(t)

dt
. (5)

Its bandwidth may described as follows:

V 2 =
1

〈ω〉2
[∫

a2(t)dt +
∫ (

a(t)−〈ω〉2
)2

a2(t)dt
]
. (6)

By supposing the spectrum is S (ω), the intermediate fre-
quency 〈ω〉can be expressed as:

〈ω〉=
∫

ω |S(ω)|2 dω =
∫

θ̇(t)a2(t)dt. (7)

Then Z(t) is the following Fourier transformation:

W (ω) =
∫ ∞

−∞
a(t)e j(θ(t)−ωt)dt. (8)

The effect of the greatest boundary W (ω)satisfies the fol-
lowing frequency conditions:

d
dt
(θ(t)−ωt) = 0. (9)

The HHT deals with nonlinear and instable data from the
IMF. Compared to the other classical methods, the IMF is
intuitive, direct and adaptable. An intrinsic mode function
(IMF) is a function that satisfies follwoing two conditions [15]:

(1) In the whole data set, the number of extrema and the
number of zero crossings must either equal or differ by at most
by one.

(2) At any point, the mean value of the envelope defined
by the local maxima and the envelope defined by the local
minima is zero.

The decomposing process of the IMF is based on the
following assumptions: (1) There are at least two extrema,
one maximum and one minimum, in the studied signal.

(2) The characteristic time scale is defined by the time lapse
between the extrema.

(3) If the data is totally devoid of extrema but contains only
inflection points, then it can be differentiated one or more
times to reveal the extrema.

Once the extrema are identified, all the local maxima are
connected by a cubic spline line as the upper envelope. Repeat
the procedure for the local minima to produce the lower
envelope. The upper and lower envelopes should cover all the
data between them. Their mean is designated as m1, and the
difference between the data and m1 is the first component h1,
which satisfies:

h1 = X(t)−m1. (10)

The initial data X(t)can be used instead of h1. Then by
repeating the above process, following equation may be given:

h11 = h1−m11. (11)

where h11 and m11 indicate the sifting component and the
mean of h1 which are obtained by the second step.

Repeat above sifting procedure k times, until h1k is an IMF,
that is:

h1k = h1(k−1)−m1k. (12)
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Fig. 1. Turbo-generator of a power substation.

Define:
c1 = h1k (13)

where c1 is one component from the IMF.The standard devi-
ation SD, computed from the two consecutive siftings results
in:

SD =
T

∑
t=0

[∣∣(h1(k−1)(t)−h1(k)(t)
)∣∣2

h2
1(k−1)(t)

]
. (14)

The typical value of the SD is between 0.2 and 0.3. The
variable T is the period of the sample. Separate c1 from the
rest of the data by:

r1 = X(t)− c1. (15)

If r1 still contains the elements of the long period, they may
be used as a new data to be processed, repeat the process,
where the relations are:

r1− c2 = r2, · · · ,rn−1− cn = rn (16a)

X(t) =
n

∑
i=1

ci + rn. (16b)

The finest local mode from the data, at first based only
on the characteristic time scale, can be separated by the above
steps. However, the above sifting process may eliminate riding
waves and give smooth uneven amplitudes.

III. APPLICATION OF HHT FOR ANALYZING A 50MW
TURBO-GENERATOR

As shown in Fig. 1 and Fig. 2 the turbo-generator of a
power substation with rated power of 50MW that is installed in
Northern China has been studied for validating the feasibility
of proposed method.

The parameters of this generator are shown in Table I
and Fig. 2. The rated power capacity of generator is 50MW.
The normal operating voltage and excitation voltage of the
generator are 10.5kV and 400.0V, respectively. The length of
the air-gap is equal to 75mm and 28 respectively [16].

Considering the long operating life and the lower efficiency
of the fault turbo-generator, a small detecting coil has been
mounted between the stator and the rotor in order to analyze
the exact position of short circuits of the rotor winding.

Fig. 3 shows that the fault data of short circuits of the
rotor windings are measured by a detecting coil online. As

Fig. 2. Topology of 50MW turbo-generator system.

TABLE I
PARAMETERS OF THE TURBO-GENERATOR

type TQQ-50-2
Rated power 50MW

Stator voltage 10.5kV
Stator current 3440A
Power factor 0.8

Number of rotor slot 28
Rotational speed 3000rpm

a result, the maintenance cost and efficiency may be reduced.
Moreover, the exact location of a short circuit of the rotor
windings may be obtained by the proposed method in this
paper.

For the 50MW turbo-generator described by Fig. 1, the
actual sampling voltage of phase A of the stator generator is
shown as Fig. 4 [16]. It includes 960 sampling data for which
more detail information can be seen in Fig.5, which includes
four sampling periods. It shows that the high-frequency signal
of the inductive voltage consists of harmonics with a frequency
which ranges from 50 Hz to 900 kHz.

Fig. 6 show the result obtained with only the wavelet studied
in [16]. It described a half period of the inductive voltage
and the detailed location of the corresponding short circuit
slot of the diagnosis rotor winding after eliminating the low-
frequency signal from the source data that is shown in Fig. 4
and Fig. 5. By neglecting the perturbation of the low-frequency
signal, a total of 16 slots and the corresponding inductive
voltage are identified as in Fig. 5. It shows that the amplitude
of the sampling voltage of the 9th slot is greater than that of
the other slots. It means that a short circuit may occur in the
9th slot of the rotor windings of this turbo-generator.

Considering large volume of the generator (length greater
than 5m, diameter greater than 3m), it is necessary to obtain
more detailed fault information of the short circuit of the
rotor windings than just the 9th slot. In order to increase the
examination efficiency and to reduce the maintenance costs,
more fault information may be obtained by the HHT based
on the wavelet. When compared with the other methods, the
sampling voltage can be decomposed and constructed by the
energy-frequency-time distribution designated as the Hilbert
spectrum. It is the greatest advantage of the proposed method
over other similar methods.

Fig. 7 shows the identification result of the short circuit of
the rotor windings by combing the HHT with the wavelet.
The first control decomposition scale of the wavelet makes it
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Fig. 3. Front view of turbo-generator mounted detecting coil.

Fig. 4. Sample voltage of phase A of stator of generator.

maintain a lot of useful information when the high-frequency
information is reconstructed. This information has further
amplitude and frequency analysis. By combining the wavelet
algorithm with the HHT, a complete algorithm of the short
circuit of the rotor winding of a turbo-generator is given. It
indicates that when the power factor of the generator is 0.9,
except for the 9th slot, the short circuit of the rotor windings
may occur in the 8th and the 15th slots. It denotes that the
fault information that is described by Fig. 7 is greater than
that of Fig. 6.

Fig. 8 shows that when the wavelet decomposing scale is 4,
the amplitude of the inductive voltage corresponding to the 9th
slot is significantly higher than the other one. It again indicates
that the short circuit of the rotor windings may occur near the
9th slot.

Fig. 9 shows that when the wavelet decomposing scale is 2,
there is a fault of the short circuit of the windings at about the
9th slot of rotor. Except for the 9th slot, the peak values of the
amplitude of the inductance voltage of the first, 6th and 13th
slots are also greater than that the other slots. It denotes that a
short circuit of the windings of these slots may occur. Based
on the above discussion it is known that a short circuit fault
of the windings may occur in the first, 6th, 8th, 9th, 13th and
15th slots. It can provide a beneficial reference and prediction
for the monitoring and maintenance of the generator.

Fig. 10 shows that when the generator is in a light condition,
similar to the above analysis, except for the 9th slot about
which the short circuit of the windings may occur, the peak
value of the amplitude of the inductive voltage of the 10th,
15th and 16th slots is greater than that of the 9th slot. It denotes
that a short circuit of the windings may occur near the 15th
slot as well.

Neglecting that there is distortion waveform due to the

Fig. 5. Sample voltage and its spectrum analysis.

Fig. 6. Analysis of short circuit of rotor windings by wavelet.

Fig. 7. Analysis results by HHT when wavelet scale is 2.
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Fig. 8. Analysis results by HHT when wavelet scale is 4.

Fig. 9. Analysis results by HHT when wavelet scale is 2.

higher wavelet scale which obtained by a high frequency
reconstruction of the wavelet, the same fault location of the
short circuit of the windings may be given by the proposed
method.

The above analysis means that in order to obtain and predict
more complete information of the short circuits of the rotor
windings by combining the HHT with the wavelet, the wavelet
scale must be less than or equal to 4.

TABLE II shows a statistic analysis of the short circuit of
the rotor winding in every condition by the proposed method.
Where the notation ”

√
” means that a short circuit of the rotor

windings may occur near the corresponding slot. It indicates
that regardless of whether the generator is in the empty waiting
state or how much its power factor is, the exact location of a
short circuit of the fault rotor windings may be given by the
proposed method.

Fig. 10. Analysis results by HHT when wavelet scale is 4.

TABLE II
STATISTIC ANALYSIS OF SHORT CIRCUIT OF ROTOR WINDING

scale 3 2 4 2 4
figure Fig.6 Fig.7 Fig.8 Fig.9 Fig.10

method
slot

wavelet HHT HHT HHT HHT

1
√

6
√

8
√

9
√ √ √ √ √

10
√

13
√

15
√ √

16
√

The actual experimental analysis shows that the short circuit
occurs near the 15th slot except the 9th slot. It is the outstand-
ing advantage of proposed method when compared with the
wavelet only. It denotes that the lower the scale of the wavelet
decomposition is, the richer the information will be obtained
while neglecting a lot of perturbations. Combining the wavelet
with the HHT may be the best way to monitor and predict a
short circuit of the rotor windings of a turbo-generator system.

IV. THERMODYNAMIC MODELING METHOD ANALYSIS

In order to make up for the shortcomings of the proposed
method, which cannot give the variation relation of the mag-
netic flux of the turbo-generator to the rotor speed or the stator
current, the thermodynamics modeling method was used to
analyze the topology of the turbo-generator system.

The thermodynamics model of the turbo-generator system
consists of the turbine system, an equivalent circuit of the
rotor, an equivalent circuit of the detecting coil, an equivalent
circuit of the stator and the interconnect synchronous circuit,
as shown in Fig. 11. Due to the fact that the turbine and the
generator were connected in coaxial, the mechanical energy
of the turbine may be transmitted to the power energy of the
generator. Network3, which denotes the equivalent circuit of
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Fig. 11. Thermodynamics model of 50MW turbo-generator.

Fig. 12. Simulation of thermodynamics model.

the detecting coil was in the circular rotating field between the
stator and the rotor.

If there is an asymmetric magnetic field induced by a short
circuit of the rotor windings, the distortion inductive voltage
will be obtained by the detecting coil. As shown in Fig. 11, the
per-unit value of the equivalent impedance and the equivalent
inductance of the stator are 0.0045 and 0.14, respectively. The
short circuit faults of the turbo-generator were simulated by
adjusting the parameters of the equivalent inductance of the
generator in Fig. 12.

Fig. 12 denotes a simulation model that was obtained based
on Fig. 2 and Fig. 11. Fig. 13 and Fig. 14 show that the THD
of the stator current and the voltage of the 50MW generator are
less than 8.0% and 4%, respectively. The curve trend of Fig.
14 was in line with Fig.4 and shows that, the simulation model
can describe an actual short circuit fault of the generator.

Fig. 15 and Fig. 16 show the limit cycle of the mutual
flux to the per-unit value of the rotational speed and the stator
current of phase A, respectively. It indicates that a short circuit
of the rotor windings deforms the magnetic flux cycle. In
particular, Fig. 17 shows that the short circuit information of
the windings may be obtained by analyzing the limit cycle of
the electromagnetic torque to the rotational speed. This work
is made only to supplement the analyzing and forecasting of
the short circuits of the rotor windings of a generator based on
proposed method. It can significantly decrease the maintenance
cost of the faults in a generator by increasing maintenance
efficiency.

Fig. 13. Current and frequency spectrum of phase A of stator.

Fig. 14. Voltage and frequency spectrum of phase A of stator.

Fig. 15. Limit cycle of mutual flux to rotational speed.
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Fig. 16. Limit cycle of mutual flux to current of phase A.

Fig. 17. Limit cycle of electromagnetic torque to speed.

V. CONCLUSIONS

A method that combines the HHT with the wavelet was
applied to monitor and predict the short circuit faults of
the rotor windings of large generators such as supercritical
turbo-generator systems and wind turbo-generator systems.
Following conclusions may be given:

(1) It is indicated that combining the wavelet with the HHT
may be the best way to obtain the exact location of a short
circuit of the rotor windings of a generator.

(2) Due to the IMF and the EMD of the HHT the fault
locations of a short circuit may be given neglecting a lot of
useful information, which is eliminated by the large scale of
the wavelet.

(3) Considering that the short circuits of rotor windings
have a disproportionate influence on the asymmetric excitation
field, the output voltage distortion of a turbo-generator can be
indirectly improved by the proposed maintaining principles.

This work can increase the maintenance efficiency and
decrease the maintenance cost of a turbo-generator. It may
offer a beneficial reference and experience on how to analyze
a smart grid by improving the power quality of the distribution
network.
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