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Abstract—Wind turbine manufacturers have introduced to
the market a variety of innovative concepts and configurations
for generators to maximize energy capture, reduce costs and
improve reliability of wind energy. For the purpose of improving
reliability and availability, a number of diagnostic methods have
been developed. Stator current signature analysis (SCSA) is
potentially an effective technique to diagnose faults in electrical
machines, and could be used to detect and diagnose faults in wind
turbines. In this study, an investigation was conducted into the
application of SCSA to detect stator inter-turn faults in an excited
synchronous generator and a permanent magnet synchronous
generator. It was found from simulation results that, owing to
disruption of magnetic field symmetry and imbalance between
the current flowing in the shorted turn and the corresponding
diametrically opposite turn in the winding, certain harmonic
components in the stator current clearly increased as the number
of shorted turns increased. The findings are helpful to detect
faults involving only a few turns without ambiguity, in spite of
the difference in the configuration of the generators. As expected,
because of the different type, configuration and operational
condition of the two generators studied, detecting faults through
the generator current signature requires a particular approach
for each generator type.

Index Terms—Wind turbine, Generator, Condition monitoring,
Current Signature, Fault signature, Fault detection, Diagnosis.

I. INTRODUCTION

Over the years, there has been much work to maximize
energy capture, reduce costs and improve reliability of wind
turbines [1]. With this work has come investment and the
development of new technologies from wind turbine (WT)
manufacturers. Among these technologies are the doubly fed
induction generator (DFIG) with a three- stage gearbox which
is the most common configuration at present, sharing the
market with excited synchronous generators (EESGs) and
the new arrivals, based on permanent magnet synchronous
generators (PMSGs). Better design is of course one answer
to increase the reliability and availability of WTs; the other
is condition monitoring of the WT systems [2]. This allows
for early detection of faults in wind turbines, allowing proac-
tive decision making, minimizing downtime, and potentially
forecasting the remaining useful life of ae component given a
diagnosed fault.

A number of methods for WT condition monitoring have
been proposed by researchers including the analysis of: vi-
bration, oil quality, temperature, torque, acoustic emissions,
fibre optics, and electrical output. However, each technique

requires additional and expensive sensors or specialized tools.
Moreover, there is a price to pay to access each WT in order
to install the sensors, as well as lost revenue due to power
outages associated with equipment installation and mainte-
nance. Although SCSA is one of the preferred techniques
to diagnose faults in electrical machines, it is not widely
used by WT manufacturers. Many generator faults are bearing
related and the lack of uptake could be because the physical
link between rolling elements faults and fault signatures in
electrical signals is not clearly identified. Also, it could be due
to the difficulty in extracting fault signatures from the electrical
signal which depends on the generator type, configuration and
the operational condition. This paper considers two generator
systems commonly used in WTs. Two models are implemented
in MATLAB and simulated under a turn-to-turn short circuit
fault as case studies to detect faults through the generator
current signature. The first model represents a 2.0 MW WT
with a PMSG (DeWind D9.1) and the second model represents
a 2.0 MW WT with an EESG (DeWind D9.2). Both machine
models are used to demonstrate fault detection capability
for different generator configurations. The models allow for
certain nonlinear and time-varying characteristics and take into
account varying wind speeds similar to those experienced in
WTs.

II. GENERATOR CONFIGURATIONS IN WIND
ENERGY CONVERSION SYSTEMS

Wind energy conversion configurations can be classified into
fixed speed and variable speed. In the early 1990s, most of the
installed WTs were designed using a squirrel cage induction
generator running close to fixed speed and directly connected
to the grid [3], meaning that whatever the wind speed would
be, the rotational turbine speed is fixed and determined by the
frequency of the supply grid, the gear ratio and the generator
design. During the past few years, the variable-speed WT has
become the dominant type among the installed WTs based on
DFIGs, sharing the market with EESGs and the new arrivals,
based on PMSGs. In this section, the essential properties of the
PMSG and EESG are briefly described. For a detailed analysis
of generator types, the reader is referred to the standard
literature in this field [4].

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Loughborough University Institutional Repository

https://core.ac.uk/display/288370802?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


A. Electrically-Excited Synchronous Generator

The EESG is the predominant generator in the electrical
power industry [5]. The stator windings of EESGs are directly
connected to the grid and, the rotor winding is supplied with
DC currents that create the rotor magnetomotive force and the
rotor flux so that the EESG does not need any further reactive
power compensation system unlike an induction generator. In
normal operating conditions, the rotor revolves synchronously
with the stator field. The synchronous rotation of the rotor is
the reason for this type to be called synchronous generators.
The speed of the synchronous generator is determined by the
frequency of the rotating field and by the number of pole
pairs of the rotor. Figure1 shows a schematic of an EESG
machine such as the DeWind D9.2 having a 93m rotor which
drives a fixed speed EESG with a rated power of 2.0 MW.
Due to its ability to generate at up to 13.8 kV, the generator
can be directly connected to the grid through a synchronizing
switch without the need of a power converter or a main
power transformer. The fixed generator speed is achieved by
converting the variable rotational speed from the WT rotor to
a constant input speed by using a two stage helical /planetary
gearbox and a variable speed Voith WinDrive hydrodynamic
superimposed planetary gearbox. The heart of the WinDrive
technology is a variable-speed hydrodynamic gearbox, and
two main components of the WinDrive are the technique
behind how it functions including a planetary gear combined
and a hydrodynamic torque converter [6]. The planetary gear
is designed as a superposition gear. It has the advantage
that it does not need a power converter or a main power
transformer. But the price to be paid for such a large, heavy
and reliable gearbox design that has to provide the requirement
for significant damping in the drive train.
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Fig. 1: Wind turbine system with EESG

B. Permanent Magnet Synchronous Generator

Instead of excitation windings, the rotor of a synchronous
generator can have permanent magnets built into the rotor
magnetic circuit. In this case, the rotor does not have any
windings. PMSGs are favoured in WTs due to their light
weight, high power density, and high efficiency [7]. The PMSG
is often directly coupled with the rotor, eliminating the need
for a gearbox and its associated cost and maintenance issues,
whilst increasing the system reliability. They are not only used
in small scale WTs but also in large MW applications. The
PMSG is much more expensive than the DFIG of a similar
size. However, it has one clear advantage compared with the
DFIG: namely, it does not need reactive magnetizing current.

Figure2 shows a scheme using a PMSG where the magnetic
field inside the generator is produced by permanent magnets
on the rotor. Because there is no field winding in this generator,
there is no associated I2R loss so that this type of generator
has a very high efficiency, well above 90%.
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Fig. 2: Wind turbine system with PMSG

III. DETECTION OF SHORT-CIRCUIT FAULT

When an internal fault occurs on the stator winding it
can cause severe damage to the machine and the system to
which it is connected so that early detection of turn to turn
short circuit faults during operation is essential to eliminate
consequential damage. Unless detected early enough, it
might lead to fire, explosion, and even loss of personnel
[8]. It has been reported that a turn to turn short circuit
results in a disruption of the magnetic field symmetry in
the winding region of the machine as well as increasing the
magnitudes of certain harmonic components [9]. Turn-to-turn
faults are difficult to detect with confidence. Overcurrent and
differential relays are generally agreed to be inadequate for
this purpose. However, turn-to-turn faults can be detected
by analyzing the current spectrum in the electrical machine
fault will introduce sideband harmonics in the current signal
[8]. The following subsections will describe how the fault
sideband harmonics may occur during a turn to turn short
circuit in EESG and PMSG current signals, and potentially
how they may deviate from a healthy state.

1) Turn-to-turn fault in an EESG: In the case of an
EESG with stator turn-to-turn faults, turn-to-turn faults can
be detected by the presence of a spectral component at twice
the fundamental supply frequency 2f , and the amplitude of
this spectral component is directly related to the extension of
the fault [10]. Other spectral components that can be observed
in the stator line current are given by [11], [12].

fc = kf (1)

where fc and f are detectable spectral components due
to the fault and fundamental frequency components; k is an
even integer (k=2, 4, 6). For example, on a machine supplied
at f = 50Hz, the stator spectrum exhibits 100, 200 and 300
Hz components because of turn-to-turn winding faults or
supply unbalance, including single phasing.

2) Turn-to-turn fault in a PMSG: Current signature analysis
has been studied extensively for fault detection in AC motors
[13], [14]. According to [9], the occurrence of a turn-to-turn
fault results in a disruption of magnetic field symmetry in the



end winding region of the machine as well as increasing the
magnitudes of certain harmonic components. This is because
there is a severe imbalance between the current flowing in
the shorted turn and the corresponding diametrically oppo-
site turn in the winding. This type of fault will introduce
sideband harmonics around the fundamental frequency in the
machine current spectrum. It was later experimentally proven
by Ebrahimi et al. [15] that turn-to-turn faults actually give
rise to a sequence of such sidebands given by

fc =

(
1± 2ksa + 1

p

)
.f (2)

where fc and f are detectable spectral components due to
the fault and fundamental frequency components, respectively,
k is a constant coefficient (k=0, 1, 2, 3, ...) and p the number
of pole pairs.

IV. MODELLING AND SIMULATION

A WT model was implemented in MATLAB/Simulink,
including wind speed, rotor, pitch control system, drivtrain and
generator model (see previous work [16]-[17]). Accordingly,
the models of the PMSG and EESG will be only described
here briefly.

A. EESG model

The detailed description and model equation derivation of
EESGs can be found in most power system and electrical
machine references [18]-[19]. Only the most important as-
pects of the modeling will be presented here. The system
has been modeled and simulated in the Simulink toolbox
extension of Matlab. Figure3 shows the complete equivalent
circuit representation of a three-phase EESG. A dc power
source supplies the rotor field circuit. The field current If
is controlled by a variable resistance connected in series with
the field winding. Each phase has an internal generated voltage
with series resistance Rs and series reactance Xs. Assuming
balanced operation of the machine, the rms phase currents are
equal to each other and shifted by 120 electrical degrees. The
same thing is also true for the voltages.

EESGs operate only at synchronous speed; a constant speed
that can be determined by the number of poles and the fre-
quency of alternation of the armature-winding voltage. EESGs
are called synchronous because their speed is directly related
to the stator electrical frequency. Therefore, the synchronous
speed can be expressed in (rad/s) as:

ωs =
ω

p
=

2πf

p
(3)

or in (rev/min) as

ns =
60f

p
(4)

where ωs is the angular speed of the magnetic field (which is
equal to the angular rotor speed of the synchronous machine),
ω is the angular frequency of the electrical system, f (Hz)
is the electrical frequency, p pairs of poles and ns is the the
synchronous speed in (rev/min) or rotational shaft speed.
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Fig. 3: Equivalent circuit representation of a three-phase EESG

According Faraday’s Law the induced voltage in the stator
winding can be expressed as:

ea(t) = Emax sinωt

eb(t) = Emax sin(ωt−
2π

3
)

ec(t) = Emax sin(ωt+
2π

3
)

(5)

The peak voltage in any phase of a three-phase stator is

Emax = ωkNφ = 2πfkNφ (6)

where N is the number of turns in each phase winding; φ
is the flux per pole due to the excitation current If ; k is the
winding factor of the stator.

The voltage in RMS value is:

Emax =
2√
2
πfkNφ = 4.44fkNφ (7)

This voltage is a function of the frequency or rotational
speed, the flux that exists in the machine, and, of course, the
construction of the machine itself.

B. PMSG model

A large number of papers describe the modeling of PMSGs
[17]. PMSGs are ordinary synchronous machines with the field
excitation provided by a permanent magnet. In other words,
PMSGs provide the magnetic field so that there is no need
for field windings, or supply current to the field. The PMSG
operational principles are similar to that of EESGs, with the
exception that they are run at different speeds, producing a
variable-frequency output. Since the flux of the permanent
magnet machine cannot be changed, they are not generally



connected directly to the ac network. The power produced
by the generator is initially variable voltage and frequency.
This ac variable voltage should be rectified immediately to
dc, and the resultant dc power then inverted to ac with a
fixed frequency and voltage. Thus, the PMSG model has been
implemented based on previous equations with the following
assumptions:

• The flux (φ) is fixed;
• The rotational speed ns is variable;
• The electrical frequency f is proportional to the rotational

speed;
• The induced voltages are proportional to the rotational

speed;
As mentioned previously, the fundamental frequency in the

PMSG is proportional to the rotational speed as explained in
Equation (4) which clearly indicates that the current signals
acquired from the generator terminals of the PMSG are always
non-stationary so that it is essential to take into account the
characteristic of the signal is varying with time. This will be
briefly discussed in the results section.

The parameters for both generators used are detailed in
Table 1.

TABLE I: The Parameters of PMSG and EESG.

PMSG
Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 12 m/s, 25 m/s
Rated Tip Speed 80 m/s
Rotor Diameter 93 m
Gearbox Ratio 1:108
Line-Line Voltage (RMS) 690v
Grid Frequency 50Hz
Pole Pairs 2
Generator Speed (RPM) 200- 1500
Stator phase resistance (ohm) 0.026
Stator phase inductance (H) 0.02587

EESG
Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 12 m/s, 25 m/s
Rated Tip Speed 80 m/s
Rotor Diameter 93 m
Gearbox planetary gearbox
Line-Line Voltage (RMS) 690v
Frequency 50Hz
Pole Pairs 2
Rated Generator Speed (RPM) 1500
Stator phase resistance (ohm) 0.026
Stator phase inductance (H) 0.02587

V. CASES

This section will present case study simulations of an EESG
and PMSG. It may be interesting to analyze the behavior of
the models during simultaneous stator faults. Thus, we proceed
with a series of tests using a few short circuited inter turns
(SCIT) or with a resistive contact of several ohms between a
high number of inter turns in the same phase. The following
tests were carried out for both machines:

• healthy machine,
• short-circuit of 1 inter turn on phase a,
• short-circuit of 3 inter turns on phase a,
• short-circuit of 5 inter turns on phase a,

In order to observe the faults level, stator windings were
modified to access the intermediate tap points. These tap
points are distributed over phase a with the aim being able
to short-circuit a number of inter turns in a quasi-geometric
progression. In other words, the EESG and PMSG models
are implemented with intermediate terminals of the winding,
in order to emulate (or introduce) short-circuit faults with a
low number of shorted turns: (1, 3, and 5) turns on the phase
a as shown in Figure 4. While different tests are introduced
for the two generators, the rated stator current and the fault
current flowing in shorted turns are recorded to observe how
the stator current will change in relation to the number of
short-circuiting turns. Figure 5 shows simulation results of the
evolution of the fault current flowing in the shorted turns as a
function of the number of turns in the short circuit of EESG
stator winding. As the number of shorted turns increases,
the fault current amplitude becomes higher, inevitably might
lead to rapid overheating in the conductors, and accordingly,
undetected turn-to-turn faults could grow and culminate into
major ones such as phase-to-ground or phase-to-phase faults.
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Fig. 4: Configuration of the access points of the stator wind-
ings of the EESG and PMSG models
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Fig. 5: Amplitude evolution in the fault current flowing in
shorted turns in relation to the number of short-circuiting turns
for an EESG.

VI. RESULTS AT CONSTANT SPEED
Simulation results for a PMSG and EESG models under

healthy condition and stator winding faults are discussed in
this section. For each simulation result, data were recorded for
10 seconds at 5kHz sampling frequency and analysed using the
fast Fourier transform (FFT) algorithm in MATLAB. Figure 6



shows the fundamental harmonic of the stator current spectrum
of the EESG machine operating at constant speed. We can see
components with frequencies at 63.33 Hz and 31.66 Hz, which
are intentionally simulated to be present in the healthy machine
spectrum as a dynamic eccentricity. Other spectral components
given by the equation (1) are generated by the turn to turn
faults in the EESG machine. The fault signature frequencies
are labelled and identified as a function of the number of
shorted turns. As the number of shorted turns increases, we
notice a slight increase in the fault signature frequencies given
by equation (1).
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Fig. 6: Stator current spectrum around the fundamental har-
monic for the EESG.

Figure 7 shows the stator current spectra of the PMSG
after stator winding faults were applied, with the machine
operating at constant speed. Turn to turn short circuit results
in a disruption of the magnetic field symmetry in the winding
region of the PMSG as well as increasing the magnitudes of
certain harmonic components. The fault signature frequencies
are clearly shown around the fundamental frequency and these
frequencies are consistent for each case. These frequencies are

defined by equation (2) and generated by the turn to turn faults
in the PMSG machine. The amplitude of these frequencies are
increased with the number of shorted turns. This might be a
result of a severe imbalance between the current flowing in
the shorted turn and the corresponding diametrically opposite
turn in the winding.
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Fig. 7: Stator current spectrum around the fundamental har-
monic for the PMSG operating at fixed speed.

Generally PMSGs operate at variable speed, therefore the
model was run at variable speed to investigate the potential
for fault frequency tracking. Figure 8 shows the stator current
spectra for the healthy PMSG and with increasing shorted turn
faults operating at variable speed. Although the fault signature
frequencies are still seen in the spectrum, it is difficult to
distinct between the fault levels in relation to the number of
shorted turns, because the rotational speed in the PMSG is
proportional to the wind speed so that the number of harmonics
in the PMSG spectrum will increase with the rotational speed,
as described by Equation (4). Consequently, the fault signa-
ture frequencies are buried in wide-band dominant frequency
components (i.e. harmonics due to variable rotational speeds)
of the current signal that are irrelevant to the fault.
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Fig. 8: Stator current spectrum around the fundamental har-
monic for the PMSG operating at variable speed.

VII. CONCLUSION

This paper analyzed the stator winding fault behavior of
synchronous machines. Based on the analyses, approximate
equations for the fault current flowing in shorted turns have
been derived. The results obtained from the approximate
equations have been compared to the results of time-domain
and frequency-domain simulations. The results showed the
frequencies inherent to shorted turn faults occur in the spectra
of each machine. Although turn-to-turn faults have led to
increase the amplitude of the fault current flowing in shorted
turns, the rated current amplitude does not change so that it
is difficult to detect with confidence using overcurrent and
differential relays. However, we have noticed that the current
analysis gives good results in the frequency-domain. It should
be pointed out here that this type of fault is problematic
to diagnose in time domain. Another important conclusion
of this work is that stator winding faults have a particular
signature that should be detectable in current signals in an
EESG because this machine is operating at constant speeds,
while the current signals in the PMSG includes harmonics,
which are due to the variation of wind speed as well as those
related to the presence of the electrical fault. Ultimately, stator
current signature analysis could be used to detect and diagnose
faults in a fixed speed WT. The technique can be used to

detect faults in a variable speed machine but may require
an alternative analysis technique (e.g wavelet or short-term
Fourier transform analysis) to detect the magnitude of such
faults.
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