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Abstract This article proposes a protection scheme for turbo generators to detect
stator ground faults in particular closer to neutral. The scheme considers total gen-
erated voltage of the machine and makes use of wavelet multi-resolution analysis.
A fault index is defined in terms of peak and valley values of the highest-level wavelet
decomposition, which is compared with a threshold value to discriminate from other
transients, like sudden unbalance, in load. To identify the faulty coil, an ANN employ-
ing back propagation algorithm is used with the lowest level wavelet coefficients as
inputs. The results of digital simulation are presented for different fault impedances
and fault locations.

Keywords ground fault protection, multi-resolution analysis, fault index, threshold

1. Introduction

The normal operation of a generator, which is a vital component of a power system,
is essential for ensuring reliability and quality of power supply. Turbo generators are
subjected to mechanical stresses and electromagnetic impacts continuously and hence
are likely to develop stator-winding faults. Among the generator faults, stator ground
fault is the most common. Faults closer to neutral are critical in view of occurrence
of a subsequent fault, which leads to inter-turn faults. Several schemes for detection
of such faults are proposed using third harmonic voltages and sub-harmonic voltage
injection [1–3]. Methods comparing magnitude and phase angle of neutral and terminal
third harmonic voltages suffer from low sensitivity as they are dependent on the operating
condition of the generator. Subharmonic injection method is expensive and fails in case
of open circuit in neutral grounding. An adaptive method is proposed to overcome the
problem of low sensitivity [4]. Wavelet based multi-resolution analysis (MRA) is an
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ideal technique for analyzing the power system transients in general [5, 8] and generator
protection in particular [7, 10]. Third harmonic neutral and terminal voltage signals are
analyzed with the help of wavelet MRA to detect ground faults. Polarities of maximum
modulii are compared to distinguish ground faults from other transients [10]. A third
harmonic filter is required to feed the WT based protection scheme. The scheme is
affected by the performance of third harmonic filters.

In the proposed work, the total generated neutral and terminal voltages of the machine
(containing fundamental component and 3rd harmonics) are analyzed with the help of
MRA both in frequency and time domains thereby eliminating the need of extracting third
harmonic contents. A fault index computed from the finer level decomposition is used
to detect the transients, and is compared with a threshold value. This also discriminates
from other transients like sudden unbalance in load. The proposed method is found to
be effective in detecting faults closer to neutral as well as high impedance faults. The
advantage of the proposed scheme is better sensitivity for high impedance fault compared
to solid faults. The approximate coefficients of neutral voltage MRA are then used as
inputs to an ANN for identifying the faulty coil. Back propagation algorithm is used for
this purpose. The article is organized as follows. Section 2 presents general introduction
of wavelet transforms. Section 3 deals with the detection of fault based on wavelet MRA.
Section 4 illustrates the faulty coil detection using ANN, and conclusions are presented
in Section 5.

2. Wavelet Analysis

Wavelet transform (WT) is an efficient means of analyzing transient currents and voltages.
Unlike DFT, WT not only analyzes the signal in frequency bands but also provides non-
uniform division of frequency domain, i.e., WT uses short window at high frequencies and
long window at low frequencies. This helps to analyze the signal in both frequency and
time domains effectively. A set of basis functions called wavelets are used to decompose
the signal in various frequency bands, which are obtained from a mother wavelet by
dilation and translation. Hence, the amplitude and incidence of each frequency can be
found precisely.

Wavelet transform is defined as a sequence of a function {h(n)}(low pass filter) and
{g(n)}(high pass filter). The scaling function ϕ(t) and wavelet ψ(t) are defined by the
following equations.

ϕ(t) = √
2

∑
h(n)ϕ(2t − n)

ψ(t) = √
2

∑
g(n)ϕ(2t − n)

where g(n) = (−1)nh(1 − n).
A sequence of {h(n)} defines a wavelet transform. There are many types of wavelets

such as Haar, Daubachies, and Symlet, etc. The selection of mother wavelet is based on
the type of application [5].

3. Ground Fault Detection

The ground fault protection scheme of the generator depends on its terminal connec-
tions and how its neutral is grounded. In this article, a turbo generator connected to a
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step up transformer, unit auxiliary transformer, and a voltage transformer is considered,
as shown in Figure 1. The neutral of the generator is grounded through a distribution
transformer with resistance-loaded secondary. The generator has two poles and 36 slots
and 6 coils per phase with 8 turns per coil [2]. Thus, each turn covers 2.08% of total
winding. The generator winding is modeled as 48 pi-sections connected in cascade using
MATLAB. Each pi-section represents a turn. The pi-section is connected in series with
a voltage source containing fundamental and harmonics, as shown in Figure 2. The pro-
posed scheme makes use of the total generated voltage in the machine instead of only
the generated third harmonics [10], thus avoiding the need of extracting third harmonic
content from the generated voltage. Several wavelets have been tried for the analysis in
the laboratory and bi-orthogonal 6.8 is found to be the most suitable mother wavelet
for the proposed scheme. Neutral and terminal voltages are sampled, at 7.2 kHz and
any changes in the smoothness of the signals are analyzed at finer level to detect the
ground fault.

The neutral voltage under normal operation is due to charging current caused by
generated third harmonic voltages only, as the charging currents due to balanced fun-
damental component of generated voltages sum up to zero. This is shown in Figure 3.
When a ground fault occurs, fundamental component of the terminal voltage (with very

Figure 1. Conventional unit type connection.
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VS: Voltage source containing fundamental and third harmonics.

Figure 2. Pi-model of each turn.

Figure 3. Neutral voltage under normal operation.

Figure 4. Neutral voltage under ground fault at α = 2.08.

low content of third harmonic) is superimposed on the existing third harmonic neutral
voltage, due to fault current flowing in the neutral. The resulting waveform is illustrated
in Figure 4. Fault location α is defined as the percentage of number of turns between
the neutral and the fault location to the total turns of the winding. As the fault location
moves towards the terminal, the fundamental component of the neutral increases due to
increase in fault current. This is illustrated in Figures 5–7.
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(a)

(b)

Figure 5. (a) Decomposition of neutral voltage for α = 4.17%; and (b) decomposition of terminal
voltage for α = 4.17%.
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(a)

(b)

Figure 6. (a) Decomposition of neutral voltage for α = 16.7%; and (b) decomposition of terminal
voltage for α = 16.7%.
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(a)

(b)

Figure 7. (a) Decomposition of neutral voltage for α = 29.2%; and (b) decomposition of terminal
voltage for α = 29.2%.
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The transients associated with the fault are characterized by the frequency contents.
The terminal voltage has predominant fundamental component, whereas the fundamen-
tal component of the neutral voltage increases with fault the location α. The transients
of neutral and terminal voltages are analyzed using wavelet based MRA, as plotted in
Figures 5–7, for various values of α. S indicates the sampled signal (neutral/terminal
voltage), d1, the finer level decomposition (3.6 kHz–1.8 kHz) and a5, the coarser level
decomposition (225 Hz–0 Hz). From Figures 5(a) and 5(b) (α = 4.17%), it can be ob-
served that d1 level decompositions of neutral and terminal voltages are different. This
is due to large difference in percentage third harmonic content in these two voltages.
The per unit peak values and valley values differ much. However, for higher values of α
(16.7% and 29.2%) d1 level decomposition of these two voltages tend to resemble each
other, as evident from the Figures 6(a), 6(b), and 7(a), 7(b). From these figures, it is
observed that the per unit peak values and valley values of neutral and terminal voltages
are approximately the same. This is so since the percentages of third harmonic content of
both neutral and terminal voltages are approximately equal. It is thus evident from Fig-
ures 5–7 that the variations in per unit peak and valley values of d1-level decompositions
are dependent on percentage third harmonic content of neutral and terminal voltages.
These peak and valley values of d1-level decompositions are used to define a fault index
(∈) which is further utilized to detect ground fault. The fault index ∈ is defined as

∈ = √
(pt − pn)

2 + (vt − vn)
2

where

pn = Pn/(Pn− V n)

vn = V n/(Pn− V n)

pt = Pt/(P t − V t)

vt = Vt/(P t − V t)

(Pn, V n) and (P t , V t) are peak and valley values of d1 decomposition of neutral and
terminal voltages respectively. The fault index ∈ decreases with increase in α, as shown
in Figure 8, due to similarities in the d1-decopositions of neutral and terminal voltages.
This leads to a minimum value of fault index called threshold (Th) corresponding to
α = 100%. Thus, for stator ground faults at any location α, the fault index ∈ is greater
than or equal to threshold Th. Hence, faults closer to neutral can be easily detected.
Ground faults with considerable fault impedance limit the neutral current. Hence, the
fundamental component of neutral voltage decreases with increase in fault impedance.
This leads to a considerable difference in third harmonic contents of neutral and terminal
voltages. Consequently, the fault index will have higher values compared to solid ground
faults, as shown in Figure 9. Thus, the above scheme also provides effective protection
against high impedance faults.

A sudden unbalance in load may lead to similar transients in neutral and termi-
nal voltages and should be discriminated from ground faults. The former can be re-
viewed as an external fault with finite impedance, and is discriminated with the help
of fault index. The fault index of these transients varies, as shown in Figure 10, for
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Figure 8. Variation of fault index with fault location (Zf = 0 �).

Figure 9. Variation of fault index with fault location for various Zfs.

Figure 10. Variation of fault index with percentage sudden unbalance in load.

different percentages of unbalance. The fault index for sudden unbalance in load is al-
ways less than the threshold value set for ground fault, and thus it can be distinguished
easily.

4. ANN Based Faulty Coil Identification

Artificial neural networks, which are efficient tools for pattern recognition and classifica-
tion, can also be used effectively in power system protection [6, 9]. In this work, a feed
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Figure 11. Architecture of the ANN considered.

forward neural network (FNN) is used to identify the faulty coil in the stator winding.
This FNN is fed with approximate coefficients of 5th level decomposition of neutral
voltage as inputs. It can observed from Figures 5(a), 6(a) and 7(a) that amplitude of 5th
level approximate decomposition of neutral voltage signal (a5) (after the incidence of
fault) increases with the fault location. Hence, the a5 coefficients of the neutral voltage
are obtained for two cycles after the incidence of fault are used as inputs to the feed
forward neural network (FNN) to detect the faulty coil. The eighteen a5 coefficients ob-
tained from the 5th level approximate decomposition of neutral voltage forms the input
vector to FNN.

FNN consist of 18 neurons in the input layer, 12 neurons in the hidden layer and
6 neurons in the output layer, as shown in Figure 11. The output Oi goes high (Oi = 1.0)
for a fault in the ith coil. Each coil covers 16.67% of total winding. The proposed FNN
is simulated using MATLAB software. Table 1 shows the training input data obtained by
simulating faults at various locations of generator winding. Table 2 shows corresponding
target data for the neural network. The trained FNN is tested, by simulating faults at new
locations, and the test input data is shown in Table 3. The corresponding output of FNN
is presented in Table 4. From Table 4, it can be seen that the outputs differ from their
targets for faults only at the boundaries of two adjacent coils. Since outputs are very
close to their target values, identification of faulty coil is fairly accurate. Table 5 shows
errors in the identification of faulty coil.

5. Conclusions

This article introduces wavelet decomposition method for analyzing the transients of
the total generated neutral and terminal voltages in the event of a stator ground fault,
thereby eliminating need of third harmonic filters. A fault index based on finer level
decomposition of these two voltages is used to detect ground faults closer to neutral
and high impedance faults. The scheme provides inherent discrimination from sudden
unbalance in loads. The approximate coefficients of fifth level decomposition of the
neutral voltage alone are used to identify the faulty coil with the help of an artificial
neural network.
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