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Abstract: This study proposes a novel method for detecting faults in the stator of the doubly-fed wind turbines based on the
combination of singular value decomposition (SVD) filtering and least-squares parameter invariant signal technique (TLS-
ESPRIT). The stator current signal and rotor current signal are simulated in the form of stator inter-turn short-circuit fault, and
TLS-ESPRIT performance test is carried out. The results show that TLS-ESPRIT still has a high-frequency resolution for a
short-time signal with high-frequency resolution and can accurately estimate the frequency of each part of stator current. This

method can effectively shorten the sampling signal's tempo, the performance of its parameter estimation is also superior.a

1 Introduction

Wind power generation in renewable energy, due to its clean,
cheap, widely distributed and other characteristics, has received
widespread attention from countries around the world. Doubly-fed
induction generator (DFIG) is a relatively widely used and mature
technology wind turbine [1]. Doubly-fed generators generally have
a harsh operating environment and have a high rate of failures. Its
stator winding failure rate is high, accounting for 37% of the
electrical faults of doubly-fed wind generators [2]. A minor fault
will not pose a threat to the power generation system, but it will not
be controlled if it is allowed to develop, serious faults will occur.
At the same time, the downtime of the power grid has caused great
damage to the stability of the power grid. Finding the cause of the
fault as soon as possible and tracking and analysing the
development trend of the fault in time has great economic benefits
for ensuring the safe operation of the wind power system.

In the literature [3], the ellipticity of the Parker vector trajectory
is taken as the new fault feature, which can better realise the fault
identification of inter-turn short circuit in stator windings. Wei et
al. [4] extract the negative sequence component of the current
estimation difference caused by the inter-turn short-circuit fault of
the stator winding. This feature can accurately identify the inter-
turn short-circuit coefficient and locate the fault phase, and is
robust to non-ideal operation conditions. In the literature [5], the
sequential impedance is applied to the fault detection of a doubly-
fed machine, which has higher sensitivity and reliability than the
traditional feature. All these methods improve the fast Fourier
transform (FFT) spectral analysis of the stator current directly.

In the fault signal processing, when the sampling time is short,
using the FFT method will result in a certain error. In engineering
practice, load fluctuations, noise disturbances and other factors are
unavoidable. Extending the signal acquisition time to increase the
frequency resolution will inevitably introduce these factors,
thereby reducing the accuracy of FFT results [6]. In order to solve
the above problems, parametric spectral estimation methods such
as ARMA spectral estimation, Pisarenko harmonic decomposition,
MUSIC method, Prony method, and minimum norm are applied to
the detection of motor fault frequencies. They usually have a
higher frequency resolution. Xu and Zhu [7] introduce the MUSIC
algorithm into the rotor fault detection of the motor and searches
the frequency of the full-frequency signal of the stator current to
achieve a high-frequency resolution. Li and Zhu [8] adopt Prony
algorithm that combines with difference algorithm, have higher
precision and faster operation speed than a traditional FFT
algorithm.
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This paper combines SVD with TLS-ESPRIT algorithm and
proposes a new method for inter-turn fault detection of doubly-fed
machines. This method is based on the fact that SVD can filter out
the power frequency components of the stator current signal and
background noise. TLS-ESPRIT is based directly on the Hankel
data matrix composed of data sequences, which avoids the
correlation matrix of the signal and simplifies the calculation. It
decomposes the signal space into signal subspaces and noise
subspaces. Theoretically, it can accurately identify the frequency,
amplitude, and phase parameters of any combination of harmonics
and interharmonics in the power system, and has strong noise
immunity ability. Using MATLAB to build a simulation model to
verify the effectiveness of the proposed method.

2 Characteristic analysis of stator inter-turn short
circuit

After a short circuit between the stator and the stator of a DFIG,
the current flowing through the short-circuited coil is assumed to
be i, = ﬁlcos(wt), the space electrical angle of the short-circuiting
coil along the circumference of the air gap is y = p#, and the
positive and negative magnetomotive forces of the coil of the
short-circuit coil occurs after a short-circuit fault occurs between
the stator and the coil. The Fourier series expansion of the
magnetomotive force is given by the following equation:

f0.0n = ”EPI D %kyvcos((ul + vpb) (1)

In the formula: k), short-circuit pitch factor; p, number of pole
pairs; v, harmonic times; 6, the mechanical angle represented by
the stator coordinates; ¢, rotor coordinates represent the

mechanical angle; among them

+ (I -s)wt

0=
¢ p

The magnetomotive force f'(¢,7) of the superimposed current in the
short circuit in the rotor coordinate system can be expressed as
follows:

flp.= %IZ %kyvcos(wt + (1 - shor )
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The current induced by the magnetomotive force f'(¢,f) on the rotor
side

ip= Zﬁlmcos(a)t + (1 - s)vowt) 3)

When the three-phase winding of the motor rotor is symmetrical,
the expression of the magnetomotive force generated by the current
ig in the rotor coordinate system is as shown in the following
equation:

frlp,t) = z ZFVTncos[wt + (1 — s)vaot — npey] @)

F,, represents the magnitude of the magnetomotive force for n
times of spatial harmonics, n =6k + 1,k =0, £ 1, £2,.... After
coordinate transformation, the expression of the magnetomotive
force in fp(p,t) the stator coordinate system is as shown in the
following formula:

fr0.0= Y Y Fycos ([L+ s )1 =9t —npd) (s

After the above analysis, the frequency of the current component of
the fault magnetomotive force induced on the rotor side is [1 + v(1
—5)1f1, where the frequency with a relatively large amplitude have
2-9f,2+s)f,. The frequency of the current component
induced on the stator side is [(1 —s)(1 + (n = v))]f,, where the
magnitude of a relatively large amplitude is 3sf, [8] (f] represents
the fundamental frequency of the stator current).

3 SVD filtering technology

In 1874, Jordan independently derived the singular value
decomposition theory of real square matrices. This method has
been widely used in many engineering fields [9]. SVD is an
algorithm based on singular value classification. The large singular
value corresponds to a signal with a large energy or energy
concentration. Accordingly, a small singular value corresponds to a
signal with smaller energy or energy dispersion [10]. According to
the literature [11], the energy of the fundamental frequency
component is much larger than the fault characteristic component
and the noise energy. Therefore, the SVD filtering technology can
filter out the power frequency component, and at the same time,
some noise can be filtered out.
For the sampled signal, by the following formula:

X = [x(1), x(2), ..., x(k), ..., x(N)]" (6)

Construct the Hankel matrix

xh o x(2) e x(g)
I x(:2) x(:3) x(q:+ D R
xp) x(p+1) - x(N)

among them, p+¢g—1=N,q > p, N is the number of sampling
points.

Perform singular value decomposition of L, as shown in the
following equation:

— H _ H H
L=uzv"= U,Zvl + UZZZ:V2 @®)

Among them, U and V are the left singular and right singular arrays
of the matrix, X is the p x N diagonal matrix, and the diagonal
elements are the singular values of the matrix L. U, £, V)
correspond to the first few large singular values, which are the
parts that need to be filtered out; the superscript H represents the
conjugate transpose.
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To filter out the power frequency components and noise, two-
stage SVD filtering is required. The first stage filters out the power
frequency component, that is, performs singular value
decomposition on the original signal, retains the large singular
value, and performs harmonic recovery based on these large
singular values to obtain a pure power frequency component, and
then removes the power frequency component from the original
signal. The first-order filtered residual signal is obtained, which
contains the fault feature component and noise. The second stage
filters out the noise, that is, performs singular value decomposition
on the filtered residual signal, retains the large singular value, and
performs harmonic recovery based on these large singular values to
obtain a pure fault feature component [12].

After singular value decomposition of the matrix L, the signal is
recovered using the simple method shown in (9). After filtering,
the first row and last column of the recovery matrix are taken and
the first one is turned over for signal reconstruction. Filtered signal
recovery sequence

W) %2 e XL
= 56(?) 56(:3) | X(L + D )
M) FM+1) - #N)

According to (9), the filtered signal is reconstructed to obtain
X = [x(1),x(2), ...)E(N]T as the filtered reconstructed signal.

4 TLS-ESPRIT basic theory

The estimating signal parameter via rotational invariance
techniques (ESPRIT) is proposed and developed by Roy et al. [13,
14]. Tt was originally used for spatial signal direction of arrival
(DOA) estimation, it has now become a sinusoidal signal. Effective
tool for estimating parameters (number and frequency). The
stability and precision of the ESPRIT algorithm are poor [15].
Therefore, the overall least-squares ESPRIT algorithm is used in
the engineering practice, namely TLS-ESPRIT [16]; this paper uses
the TLS-ESPRIT algorithm.

The sampled signal x(n) can be represented as a combination of
a series of cosine harmonic components, as shown in the following
formula:

p
x(n) = 2 AcosQrfnTs + ¢;) (10)
=1

n=12,....N

In the formula, 7 represents the sampling period, N is the number
of sampling points, p is the number of harmonics; 4;, f,D;
represent the amplitude, frequency, and initial phase angle of the
harmonic.

Define y(n) = x(n+ 1), and let the following m x N-order
matrix (guarantee m >p):

X(n) = (x(mx(n + 1)-x(n+m—1))" (11)
Y(n) = Y)y(n + 1)y +m — 1))" (12)

The autocorrelation matrix of X(n) is the following equation:
Ryx = EIX(n)X"(n)] (13)

The cross-correlation matrix of X(n) and Y(n) is the following
equation:

Ryy = EIX(0)Y" ()] (14)
where E represents the mathematical expectation and H represents

the conjugate transpose. Perform eigenvalue decomposition on
Ryy, determine its minimum eigenvalue o2, and calculate R| = Ryy
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Fig. 1 Stator a-phase fault current waveform
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Fig. 2 Rotor a-phase fault current waveform
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Fig. 3 Stator fault signal after SVD filtering
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Fig. 4 Stator a-phase normal current spectrum (TLS-ESPRIT)
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Fig. 5 Stator a-phase current spectrum (TLS-ESPRIT)
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Fig. 6 Rotor fault signal after SVD filtering

— 21, (I denotes an m-order matrix); Singular value decomposition
R, =UZX V for Ry, where

U=UU)X = % 0
- 1Y2)s - 0 22

J. Eng., 2019, Vol. 2019 Iss. 18, pp. 5193-5196

(21 consists of p main singular values)

vl
vi

v =

Calculate Ry = Ryy — 6%Z, Z denotes an m-order matrix

Z =

0 0
In_y O

(here [, represents the m —1 order unit array). Calculate the
matrix UPR,V, and perform generalised eigenvalue decomposition
on {Y, UfiRle} to determine p generalised eigenvalues
Ai=1,2,...,p) (the remaining m—p generalised eigenvalues are
always equal to 0). According to the generalised eigenvalues, the
frequency f; = (1/2x)arctan(Im(4;)/Re(4;)) of each component of
the sampled signal is determined, and Im(4;) and Re(4;) represent

the imaginary and real parts of the eigenvalues, respectively.
Define the matrix A:

1 1 1
M A /‘Lp
= : (15)
/1{\/4 }é\’—l /1[];/4

Calculate the matrix ¢ = (iH/l)_]/lHX, where ¢ is a list of vectors
c=(cc- - 'cp)T and X is the
(x(1) x(2) - - ~x(N))T. The amplitude and initial phase angle of
each component of the sampled signal are determined to be:
A; =2lc)l, ¢; = arctan(Im(4;)/Re(4;)),i=1,2,...,p

column vector

5 Simulation verification

The basic parameters of the DFIG simulated in this paper are as
follows: rated voltage is 575 V, rated frequency is 60 Hz, pole pair
number is 3, and the stator phase resistance is 0.023 p.u., the rotor
resistance per phase is 0.016 p.u., the stator leaks per phase is 0.18
p-u., the rotor leakage inductance is 0.16 p.u., the mutual
inductance between stator and rotor is 2.9 p.u., and the short circuit
resistance between turns is 0.01 Q. Wang [17] has detailed the
DFIG model under normal and stator inter-turn faults, which will
not be described in detail here. In the simulation, a coil in the stator
a phase has a short circuit in the inter-turn, and a fault occurs in 2 s.
The wind speed is set to 13.2 m/s and the slip rate is —0.2.

Set the ratio of the short-circuit turns of the stator winding inter-
turn turn-to-turn short-circuit turns (the ratio of the short-circuit
turns to the total turns of the coil) is 0.15. Under normal conditions,
the stator winding current is symmetric, and the frequency of the
stator current fundamental wave is /=60 Hz when the slip ratio.
When —0.2, the frequency of the rotor-side current fundamental
wave is f=—12 Hz. When the stator winding has a turn-to-turn
fault and reaches a steady state, the stator-rotor current waveform
is shown in Figs. 1 and 2. Taking the number of sampling points N
=1000, sampling time #=1s, sampling frequency f;=1000 Hz,
performing SVD filtering on current signals and analysing with
ESPRIT algorithm. The results are shown in Figs. 3-8.

Fig. 1 shows the stator current a-phase current waveform in
case of a fault, Fig. 3 shows the fault current signal after a phase
current filtering by SVD, and Fig. 4 shows a normal stator a phase
current estimated by TLS-ESPRIT algorithm after SVD filtering.
Fig. 5 shows the fault current filtered by SVD using TLS-ESPRIT
algorithm. Detecting the frequency of the fault eigenfrequency on
the stator side (36 Hz), we can see from Table 1 that the parameter
estimation performance of SVD filter-TLS-ESPRIT and FFT (10 s)
is consistent, because the SVD filter-TLS-ESPRIT method makes
the fault component complex (see Table 2). The background noise
is extracted to improve the detection accuracy and accuracy. The
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Fig. 8 Rotor a-phase current spectrum (TLS-ESPRIT)

Table 1 Stator side a-phase current simulation results

Variable SVD-TLS- FFT (10s) ESPRIT (1.1
ESPRIT (1s) s)

3sfq, Hz 36.20 36.01 35.89

3sf1 component 0.0048 0.0046 0.0040

amplitude, p.u.

Table 2 Rotor side a-phase current simulation results

Variable SVD-TLS- FFT (10s) ESPRIT (1.1
ESPRIT (1s) s)

(2-s)fq, Hz 132.02 132 132.015

(2-s)f1 component 0.026 0.026 0.021

amplitude, p.u.

accuracy of ESPRIT's analysis of fault components is obviously
insufficient.

Fig. 2 shows the rotor current a-phase current waveform in case
of fault, Fig. 6 shows the fault current signal after the a-phase
current is filtered by SVD, and Fig. 7 shows a normal rotor a-phase
current estimated by TLS-ESPRIT algorithm after SVD filtering.
Fig. 8 shows the fault current filtered by SVD using TLS-ESPRIT
algorithm. From Fig. 8, it is known that the rotor current fault
amplitude of DFIG stator winding fault is larger, and its main fault
characteristic frequency is (2—s)f; (132 Hz in this paper), its
ESPRIT algorithm analysis results are consistent with the stator
side analysis.

The analysis shows that it is feasible to apply the combination
of SVD filtering and TLS-ESPRIT algorithm to the stator inter-turn
fault detection of doubly fed induction generator, and because only
a short time data (1 s) can be used to guarantee the performance of
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the stator inter-turn short-circuit fault detection, so the performance
of fault detection is inferred to be applicable to adverse conditions
such as load fluctuations and noise interference.

6 In conclusion

In this paper, SVD filtering and TLS-ESPRIT algorithm are
applied to the fault detection of the stator inter-turn short circuit of
the DFIG. Using SVD filtering technology to preprocess the data, a
very pure fault characteristic component can be obtained, then the
filtered signal is analysed by TLS-ESPRIT algorithm, and the ideal
estimation result can be obtained, and only need a short-time
sampling data to effectively detect the fault feature frequency. Due
to its simple algorithm and short runtime, it is more suitable for
online detection.
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