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Abstract. This paper investigates the detection of short-
circuit faults in the stator winding of a Wind Energy
Conversion System (WECS) based on a Doubly-Fed Induction
Generator (DFIG). The Cumulative Sum (CUSUM) algorithm
is used to detect the change in the stator negative-sequence
current magnitude which is used as the fault residual. The grid
voltage unbalance is considered along with the fault position
and its severity to evaluate the effect on the residual. The
generator is modeled using the winding-function approach.
Simulation results are presented for a 15 kW system operated,
under a power control strategy, at rated conditions. It is shown
that the fault-detection method is able to detect the fault rapidly
and is not influenced by the grid voltage unbalance within
normal limits.
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1. Introduction

Fault detection in Wind Energy Conversion Systems
(WECS) has been gaining pace over the years. As more
offshore envisaged
accessibility, monitoring and maintenance costs become
all the more important issues. WECSs based on the
Doubly-Fed Induction Generator (DFIG) are a popular
choice now-a-days for offshore installations. Such a
system is therefore selected as the target system and
analyzed to validate the fault-detection approach.

and more wind farms are

Stator winding short-circuit faults comprise around 40%
of all machine faults [1]. It is necessary to detect this type
of fault, as soon as possible, since it has the potential to
develop into a catastrophic system failure with the
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eventual damage to the generator core. It is widely
believed that a winding short-circuit fault, be it a phase-
phase or phase-ground fault, starts as a turn-turn fault [1].
Therefore, in this paper such a winding fault in the coil of
a stator phase winding is investigated.

Recently some papers have studied the stator short-
circuit fault detection in DFIG based WECSs [2]-[5]. All
of them wuse Signature Analysis (CSA)
techniques to detect certain frequency components that
appear in case of such a fault. This method of fault
detection is computation intensive and it has not been
shown how rapidly this critical fault is detected. In all but
[3] the experimental results have been obtained by
paralleling a resistance with a phase winding to create an
unbalance. This does not represent the true fault
condition because internal construction of the machine
does not change; only a new circuit is added. In fact it is
reported in [3] that opposite results
magnitudes and phase angles are obtained, to what are
expected with the model, using this method. Negative-
sequence current as a fault residual has been used for
motors previously [6]-[8]. It is easily computed but is
affected by factors such as the terminal voltage
unbalance, transducer gain etc. In this paper it is
combined with an easily implementable change detection
algorithm known as the Cumulative Sum (CUSUM)
algorithm and it is shown that faults are detected within a
couple of cycles of the fundamental frequency. The
system is modeled in sufficient detail to given an idea of
how much of residual change is expected, at an operating
point, when the fault occurs and the resulting detection
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system is tested against different conditions of noise and
grid-voltage unbalance.

2. Description of the system

The DFIG system considered is operated under an active
control which means that the control will respond to the
appearance of the fault condition. This is important to
consider since the way the fault manifests itself in the
currents may be modified by the control action. A power-
control strategy is used whereby the system generates
rated active power, at the point of common coupling,
while the reactive power is maintained at zero. A second-
order filter with a cut-off frequency of 500 Hz is used on
the measurements which are contaminated with a
Gaussian noise of 1 % variance of the rated current
value.

A multiple-coupled circuit model using the winding-
functions approach is developed for the generator [9].
The effect of space harmonics is thus included while the
standard assumption of an unsaturated core is taken. The
wound-rotor induction generator is a 3-phase, 4-pole, 36
stator slots machine and has a single-layered lap-wound
winding with gives 6 coils per phase. The stator core is
shown in Figure-1land the parameters of the machine are
given in the Appendix. A bolted fault is created in one
coil at a time, out of the three for a pole pair, of the same
phase and the effect of position and severity are observed
on all the phase current magnitudes. It is expected that
the orientation of this high current shorted-turns loop has
an effect on the phase currents. The faults in the coils of
the other pole pair will give the same results since no
construction asymmetry is present.

Figure 1 — Stator core showing one phase winding.
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This model provides the possibility to study the effects of
fault position and its severity on the negative-sequence
stator current and thus on the detection of the fault.

Negative-sequence currents arise in this system due to
construction  asymmetry, faults, transducer-gain
difference, voltage and load unbalance at the terminals.
Since the proposed method is based on the magnitude of
the negative-sequence current, it is therefore necessary to
take these factors into account. In the present work the
effect of grid voltage unbalance is included in the
investigation while the other factors are assumed not to
have a large impact on the negative-sequence current
magnitude. The symmetrical components are calculated
as
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iy, i, ip are the positive, negative and zero-sequence
current components respectively. i,, i, i are the phase

203
currents and a = ¢°™.

3. Simulation Results

Simulations are performed for different fault locations
and severity.

A. Residual Generation

Table-1 summarizes the results for a balanced grid
voltage. Only two of the phase currents are listed. The
third one will just be the negative sum of the other two
since the neutral point is not connected. It is found that
the current in the shorted turns is reduced as the fault
level is increased from half a coil to full coil. The reason
is that the voltage induced in the shorted turns is
proportional to the number of turns while the total
reactance of the turns is proportional to the square of the
number of turns [3]. There is no effect on the phase
currents with severity however. This is due to the
presence of the control system which has an effect on the
magnitude and also reduces the unbalance between the
phase currents. It can also be concluded from this that a
fault involving fewer turns than the equivalent of half a
coil will also give the same phase current magnitudes.
The fault location, on the other hand, has a larger impact
on the current with a difference of as much as 2.5 A in
the faulted-phase (phase-A) current for different
locations.
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Table 1 — Stator currents for balanced grid voltages at different

faults
Balanced Grid Voltage
-ve + ve Stator Stator | Shorted-
Fault seq seq ph-A ph-B turns
Case current | current | current | current | current
[A] [A] [A] [A] [A]
No 0.09 3244 | 3242 | 3242 0.0
fault
12
. 2.06 32.56 | 31.12 | 34.52 117.2
coil-1
F1.111 2.17 32.57 | 31.14 | 34.66 68.4
coil-1
12
. 2.00 32.55 32.29 | 3441 106.6
coil-2
F1.111 2.12 32.57 | 32.33 34.52 59.8
coil-2
12
. 2.07 32.54 | 33.59 | 33.60 102.7
coil-3
F1.111 2.18 32.55 33.64 | 33.70 53.78
coil-3

The positive and negative-sequence currents are also
calculated as listed in Table-1. The word ‘residual’ is
used henceforth instead of the negative-sequence current
magnitude. In the no-fault case, with a balanced grid, the
residual mean value is very small. It is not exactly zero
due the presence of space harmonics and noise. When the
fault occurs this mean value rises to 2 A. It is seen that
the effect of the fault is to add a negative-sequence
current while the positive-sequence current remains the
same. This is easily explained since a power-control
strategy is used which ensures that the positive-sequence
current magnitude and phase before and during the fault
remain the same. As already mentioned factors other than
the faults can also lead to negative-sequence currents in
the machine. It is stated in literature that the grid voltage
unbalance adds a negative-sequence current to the system
that is almost independent, provided few turns are
shorted so that the negative-sequence impedance does
not change [1]. This add-on effect was analyzed since
then it could be directly compensated to make the
residual only fault dependent.

Table-2 lists the results with an unbalanced condition for
the grid voltage quantized by a Voltage Unbalance Factor
(VUF). The VUF is defined as the ratio between the

https://doi.org/10.24084/repqj08.398

552

negative-sequence and the positive-sequence components
of the voltage [10]. This VUF of 3 % gives a residual
mean value of 0.4 A in the absence of a fault.

Table 2 — Stator currents for unbalanced grid voltages at
different faults

Unbalanced Grid Voltage (VUF 3 %)

~ve se + ve Stator Stator Shorted-
Fault veseq seq ph-A ph-B turns
current
Case [A] current current current current
[A] [A] [A] [A]
No 040 | 3242 | 3200 | 3260 | 00
fault
12
. 2.45 32.67 30.84 34.79 117.0
coil-1
FPH 2.58 32.67 30.84 35.14 67.73
coil-1
12
. 2.24 32.61 31.96 34.79 108.6
coil-2
F?H 2.37 32.62 31.98 34.92 60.12
coil-2
12
. 2.04 32.51 33.18 33.89 106.1
coil-3
F?H 2.16 32.52 33.21 34.00 55.0
coil-3

The results show that although the residual mean does
increase for two of the fault positions, coil-1 & 2, it is not
simply an add-on effect. In fact for one of the fault
positions, coil-3, there is no effect of voltage unbalance
on the residual mean value at all. Thus it cannot be
directly compensated here. It is however noted that the
difference in residual mean value for different fault
locations is larger in the presence of unbalance than the
case of balanced grid voltages.

B. CUSUM Algorithm

The CUSUM algorithm can be used for the residual
change-detection [11]. It assumes that the residual has
the same variance before and during the fault while only
its mean value changes. The cumulative sum, S; of the
Log-Likelihood Ratio (LLR), s; is given as:

Sp =25, @
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i=1....k is the sample number. The LLR itself is defined
as

6-0,(,_0+6
S ="y -

3
' o’ % 2
6y, 0; are the mean values of the residual before and after
the fault. o, y; are the variance and sampled value of the
residual. Sy has a negative drift in the absence of the fault
and vice versa. The test function g is given as

g, =sup(0, g, +s,) @)

It is a recursive computation. The alarm will be generated
when g, exceeds a specified threshold given as h. The
time to the alarm z, is thus defined as

t,=min{k: g, = h} Q)

It is required to select the threshold such that fast
detection time is achieved in case of fault while false
alarms are avoided. A simple way to select the threshold
that is expected to give a detection time equivalent to
about one cycle is given as

h= Cle(S1 ) fLT 6)

s

f. T, are the fundamental frequency and the sampling
time.

C. Validation

A validation of the detection method is carried out by
fault simulations with different noise characteristics.
Here a residual mean value of at least 2.0 A is expected
after the fault event. The threshold is selected as in (6).
Since the residual can also be affected by voltage
unbalance, a test with a VUF of 6 % is also carried out.
The voltage unbalance at the terminals of an induction
machine leads to increased heating losses and requires
derating therefore the unbalance is normally restricted to
below 5 % as per NEMA guidelines [10]. The VUF taken
for the validation should therefore suffice.

The results of one of the simulations are presented in the
following figures. The system is operated at rated
conditions. A half-coil fault is created at 0.5 s. The stator
and short-turns current are shown in Figure-2a. The
shorted-turns current has a peak value of about 120 A.
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Figure 2 — Stator currents. (a) phase currents ias, ibs and
shorted-turns current ids. (b) positive sequence +is and
negative sequence —is currents.

The positive and negative-sequence current components
are shown in Figure-2b. It takes around one cycle worth
of time, from the start of the test, to determine their
values since the phasors need to be calculated. As
mentioned earlier due to the effect of power control the
positive-sequence  component the
magnitude, as before the fault, after a small transient. The
negative-sequence component however changes its
magnitude permanently and is the residual. The detection
system performance is shown in Figure-3. An alarm is
raised when the test function reaches the threshold value.
It is then reset to zero to avoid large values. The y-axis
scaling has been adjusted to clearly show the different
variables in the figure. Although the use of filters causes
a detection delay the fault is detected 32 ms from its
occurrence and the alarm is generated. This is still more
than what was designed for but since the residual has a
variance the slope of the integration is not constant and it

achieves same
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takes half a cycle longer to detect the fault.
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Figure 3 — Performance of the detection algorithm.

Other quantities from the same test are presented in
Figure-4. It is seen in Figure-4a that additional harmonics
are introduced in the rotor currents while its magnitude is
not affected much. There is an increase in the magnitude
of the electromagnetic torque oscillations as shown in the
same figure.
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Figure 4 — Electrical quantities. (a) rotor currents iar, ibr and
electromagnetic torque Tem. (b) Active power Pout and
reactive power at the stator Qstat.
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The total active power sent to the grid and the reactive
power at the stator terminals is shown in Figure-4b.

In all of the simulations done for validation the detection
time was less than 40 ms. The test with a VUF of 6 %
gives a residual mean value of 0.7 A which was not able
to generate an alarm. It is therefore concluded that the
detection method is robust to voltage unbalance within
the NEMA limit of 5 %.

4. Conclusion

This paper presents the CUSUM algorithm as a change
detection tool which gives robust fault detection against
normal terminal voltage unbalance that affects the
residual. It is easily implemented and provides rapid fault
detection of within 2 cycles
frequency. It is however necessary to study the method
for different operating points to select the proper
threshold.

of the fundamental

Appendix

DFIG Parameters:

Rated Power P, 4.0 = 15 kW

Rated Voltage V,,,, =400 V

Stator Resistance R, = 0.2147 Q

Stator Leakage Inductance L = 991e*H
Rotor Resistance R, = 0.2205 Q

Rotor Leakage Inductance L, = 991e*H
Mutual Inductance L,, = 0.06419 H

Inertia J,, = 0.102 Kg.m’
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