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FAULT DETECTION USING STATE ESTIMATION AND
MACHINE CURRENT SIGNATURE ANALYSIS

Lavinius Ioan Gliga1, Dumitru Popescu2, Houcine Chafouk3

Gearless wind turbines can be outfitted with Permanent Magnet
Synchronous Generators. These may be affected by impairments. Machine
Current Signature Analysis can be utilized to find these faults, as they in-
sert additional harmonics. These manifestations also exist in the residuals
of the generated currents, calculated via an Extended Kalman Filter. The
Fast Fourier Transform is utilized to compute the residuals spectrum, to find
these supplementary harmonics. In this work, the Goertzel Filter is proposed
as a better substitute to the Fast Fourier Transform, for the fault detection
of such a generator. The Goertzel Filter was implemented in MATLAB /
Simulink and the obtained outcomes confirm its effectiveness. Moreover,
a method to estimate the covariance matrix of process noise is briefly pre-
sented. This matrix is necessary for the implementation of a Kalman filter.

Keywords: Permanent Magnet Synchronous Generator, Extended Kalman
Filter, Fast Fourier Transform, Goertzel Filter, Fault Detection

1. Preliminaries

1.1. Introduction

Gearless Wind Turbines (GWTs) are outfitted with a Permanent Mag-
net Synchronous Generator (PMSG). Even though current GWTs are more
dependable than earlier ones, they may nevertheless malfunction. Thus, they
need automated fault detection systems. The sub-assemblies which may break
down in a GWT are the propeller blades, the PMSG, the rotor shaft, etc.,
[17]. The PMSG, which is dealt with in this work, is culpable for approxi-
mately 25% of the downtime of a GWT. The percentages of breakdown and
caused downtime due to GWT sub-systems are shown in [10].

The generated currents can pinpoint to faults that occur in the PMSG.
The approach based on the inspection of these signals is called Machine Current
Signature Analysis (MCSA).
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The Fast Fourier Transform (FFT) is used when impairments insert sup-
plementary harmonics into the acquired measurements. The FFT is used to
calculate the spectrum of a signal across all conceivable frequencies. This is
not effective when just several frequencies are concerned. To optimize the fault
detection algorithm, the authors selected the Goertzel Algorithm (GA) [11].
It is implemented as a series connection between a Finite Impulse Response
(FIR) filter and an Infinite Impulse Response (IIR) one. The GA is utilized to
assess the magnitude of a signal at a specific value of the frequency. Due to the
reduced number of considered frequencies in the fault detection of a PMSG,
the GA is suitable for this scenario.

The novelty of this paper is in the replacement of the FFT with the
Goertzel Filter, for the fault diagnosis of the PMSG of a GWT.

A literature survey on similar papers is presented in Section II. The
PMSG model is shown in Section III. The specific implementation of the EKF
is described in Section IV. The GA is shown in Section V. The most com-
mon PMSG faults are listed in Section VI. The results obtained in simulation
are presented and disseminated in Section VII. This work is closed by the
conclusions and the perspectives.

1.2. Literature Survey

In [2], the acceleration of a structure is monitored using the GA. It was
chosen as the transducers are powered using batteries, thus there is a low
amount of available electrical energy.

The GA is utilized in [13] to compute the Total Harmonics Distortion of
an electrical current that flows through a part of a smart grid. The GA was
coded on a low-power smart meter.

In [6], two GAs are used in parallel, to assure the redundancy required
in a fault tolerant system. This approach is not discussed in this work, but it
may be appropriate in critical application, such as nuclear power plants.

The GA was utilized, in [18], to find eccentricity faults in a three-phase
induction electrical machine. The authors of that paper also used the MCSA
approach. However, in this work, five possible defects of a PMSG are dealt
with.

In [19], the FFT was supplanted by a sliding-window FFT (SWFFT),
which was inspired by the GA. The SWFFT was used to calculate the magni-
tude of only one frequency component of the signal. The SWFFT was utilized
to find eccentricity-type failures that can affect an induction motor.

The contribution is the usage of a GA for the diagnosis of a PMSG used
in GWTs. This wirk built upon previous ones shown in [9] and [10].

2. The Model of the Generator

A GWT comprises:
• a rotor, which is made up of the propeller and its hub;
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• a main shaft that connects the rotor to the PMSG;
• a permanent magnet synchronous generator;
• a full-power converter, which comprises:

– a rectifier;
– a capacitor on the direct current link;
– an inverter;

• a bank of filters used to smooth-out the generated sinusoidal wave;
• a transformer;
• a connection to the external electrical grid.

The PMSG was simulated in MATALB / Simulink utilizing the Sim-
scape/Power Systems toolbox. The model of the PMSG is [8]:

ˆ̇Id(t) = −RsId(t)

Ls
+
npωm(t)LsIq(t)

Ls
+
Vd(t)

Ls
, (1)

ˆ̇Iq(t) = −RsIq(t)

Ls
− npωm(t)LsId(t)

Ls
− npωm(t)φ

Ls
+
Vq(t)

Ls
, (2)

where Id, Iq, Vd and Vq are the currents (in A) and the voltages (in V) in the
dq0 rotor frame. Rs and Ls are the stator resistance (in Ω) and inductance
(in H) in the dq0 frame. ωm is the angular velocity of the generator shaft
(in rpm), and φ is flux linkage between the permanent magnet rotor and the
stator (in Wb).

The model states are the generated currents. The inputs are the voltages
and the angular velocity. The model is nonlinear, due of the multiplication of
a state and an input, in each equation.

3. The Extended Kalman Filter

Research was conducted on generator fault diagnosis and performance
monitoring via MCSA ([16]) ([21]), to eliminate the need for dedicated sensors.
However, the generated currents are affected by the change in wind speed and
the results obtained from signal processing methods, like the Fast Fourier
Transform, can be erroneous ([4]).

A possible solution is to generate residuals between the real currents and
the estimated ones [9]. A state estimator can be used to ensure the required
redundancy. The challenge, when using a state estimator, is to find out the
covariance matrices for the process and for the measurement noises. If the
matrices are not properly chosen, the estimated states might not converge to
the real ones.

The solution, as shown in [7], is to use an iterative method which could
be implemented online. The covariance matrix can be automatically adapted
to always ensure the consistency of the estimated states. The method is simple
to utilize, but its usage is constrained to certain non-linear systems.

The classical formulation of the EKF is [7]

x̂k+1 = f(x̂k, uk), (3)
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yk = h(x̂k), (4)

where the state function is f : Rnx+nu → Rnx and the measurement function
is h : Rnx → Rny . For the EKF, the model presented in (1) and (2) is already
written in the required form. The algorithm of the EKF is ([5]):
• Prediction phase:

P̂k = FkP̂k−1F
T
k +Qk; (5)

• Update phase:

Kk = P̂kH
T
k (HkP̂kH

T
k +Rk)

−1; (6)

x̂∗k = x̂k +Kk ∗ (yk − ŷk); (7)

P̂ ∗k = (I −KkHk)P̂k; (8)

where F ∈ Rnx∗nx and H ∈ Rny∗nx are the Jacobians of the state and measure-
ment functions.

The measurement noise covariance matrix can be easily estimated ([14]).
The measurement noise affects the data through the sensors. Information
about this perturbation is available in the sensor datasheet, as the sensor
tolerance or precision. This is the standard deviation of the measurements of
the sensor. Thus, the covariance matrix can be computed as:

R =


σ2
1 0 . . . 0

0 σ2
2 . . . 0

...
...

. . .
...

0 0 . . . σ2
n

 ,
where σi, i = {1, 2, ..., ny} is the standard deviation on each measurement
channel. This matrix is diagonal because there is a single sensor on each
measurement channel. Therefore, the data acquired by each sensor is only
affected by the noise which perturbs that channel.

The estimation of the process noise covariance matrix is [7]

Qk = A−1 ( ˆcov (εk, εk)−R)
(
A−1

)T
. (9)

The drawbacks of this method are:
• h : Rnx → Rny must be a linear function defined as h (x) = Ax+ b, where
A ∈ Rny∗nx is an invertible matrix and b ∈ Rny is a vector. Since A is
invertible, it is a square matrix and ny = nx.
• The estimation error between the real and the estimated states should

tend to zero, i.e. limk→inf (xk − x̂k) = 0.
The covariance matrix of the estimation error can be computed online

using ([3])

ˆcov (εk, εk) = ˆcov (εk−1, εk−1)−
ˆcov (εk−1, εk−1)− (εk − ε̄k) (εk − ε̄k)T

k
, (10)

where ε̄k is the mean of the estimation error, computed at sampling time k.
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4. The Goertzel Algorithm

The GA is utilized to calculate the Discrete Fourier Transform (DFT) in
a single frequency bin, i.e., the interval between two frequencies values.

The stable version of the GA, that is considered in this paper, is [20]:

HGA(z−1) =
1− e−j2π k

N z−1

1− 2 cos
(
2π k

N

)
z−1 + z−2

. (11)

This transfer function has one zero at e−j2π
k
N and two complex conjugate

poles at e±j2π
k
N . All poles and zeros are located on the unit circle. It is possible

to show that the transfer function is stable [20], [15]. Just very large round-off
errors (that may arise when filtering a long series of values) can destabilize it.

The GA is implemented on digital equipment by using the equations:

v[n] = 2 cos

(
2π

k

N

)
v[n− 1]− v[n− 2] + x[n], (12)

y[n] = v[n]− e−j2π
k
N v[n− 1], (13)

where v is an internal variable, x is the input, y is the output and n is the
sampling moment.

To avoid the complex number multiplication from (13), the output can
be changed, to be the square of the magnitude in the considered frequency
bin. Thus, the output will be [10]:

y[n]|n=N = v2[n− 1] + v2[n]− 2v[n− 1]v[n] cos

(
2π

k

N

)
. (14)

The implementation of the GA utilizing two difference equations, is called
the Goertzel Filter (GF). To maintain the stability of the GF when filtering a
long seris of values, its internal value must be reset to 0 after each calculation
of the output [15]. The output of the filter is only calculated every N sampling
moments.

5. An Overview of Considered Faults

The common faults of a PMSG introduce harmonics into the generated
currents. These impairments, and their associated inserted harmonics, are [1]:
(1) demagnetization fault (DMF) happens when the rotor loses at least some

of its residual magnetic flux. The symptoms of DMF are harmonics which
appear at the frequencies fiDMF

= (1± 2m−1
nP

)fABC .

(2) inter-turn short circuit (ISCF) appears when a current crosses two turns
of the stator winding, that belongs to one phase. Its symptoms are har-
monics introduced at the frequencies fiISCF

= (2m+ 1)fABC .
(3) eccentricity fault occurs when the rotational axis of the rotor is not prop-

erly centered. There are three types of eccentricity faults:
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Table 1

Frequencies of Introduced Harmonics

Faults Frequencies Signal

SEF 25 Generated Currents

DEF 58.33 Generated Currents

ISCF 250 Generated Currents

(a) static eccentricity fault (SEF) - the deviation in the air gap is con-
stant. It inserts harmonics at the frequencies fiSEF

= (1− 3
nP

)fABC
and fiDEF

= (1 + 1
nP

)fABC , where fABC is the frequency of the
generated current. ;

(b) dynamic eccentricity fault (DEF) - the deviation in the air gap
changes in time. Its symptoms are harmonics at the frequencies
fiDEF

= (1 + 1
nP

)fABC ;

(c) mixed eccentricity fault (MEF) - both of the above.
The fault signature matrix is shown in [9]. All impairments insert har-

monics in the generated current, so MCSA can be used for fault detection.
Not all faults can be isolated from each other (e.g. eccentricity-type faults and
DMF), because they introduce harmonics at similar frequencies.

In MCSA, the FFT is utilized to check for the harmonics that may be
present in the generated currents. Nevertheless, the GF may also be employed
for this task. Several GFs must be used in parallel - one for each frequency of
interest [12]. In this work, only SEF, DEF and ISCF are considered (as DMF
introduces the same harmonics). Therefore, three GFs are run in parallel: GF
I to detect SEF, GF II to detect DEF and GF III to detect ISCF.

6. Simulation and Results

The faults inserted the following symptoms into the different acquired
signals are shown in Table 1.

The frequencies of the harmonics were calculated by assuming that the
generated three-phase currents would have a frequency of 50Hz. All harmonics
had an amplitude of 0.05 A, to test GF in the case of incipient faults.

Several parameters were pre-calculated to hasten the GFs:
• The sampling period was 1e−6 sec, to assure the stability of the simulated

model (a constraint imposed by the Simscape/Power Systems toolbox).
• Various numbers of frequency bins were chosen:

– N = 100000 bins were utilized for SEF and DEF detection. Thus,
each bin comprises 10 frequencies that may be represented using
integers.
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– N = 10000 bins were chosen for ISCF. Each bin covers 100 frequen-
cies representable utilizing integers.

• The bins of interest were chosen at k =
[
0.5 + N∗fi

fs

]
, where k is rounded

to the nearest integer.
• The cosine from (12) was pre-calculated.

The different numbers of frequency bins were used to design the three
different GFs: one for SEF detection, one for DEF detection and another
one for ISCF detection. The input of each GF were the residuals computed
between the generated and the estimated currents. By considering N , fi and
computing k, each GF was designed to output the harmonic content inside
a frequency interval centered around a certain fi. New values were input in
each GF at each sampling moment (i.e. when the values of the current were
measured and new residuals were computed). The three different GFs ran in
parallel.

Simulation results from when SEF affects the PMSG are shown in Figures
1 to 3. The squared magnitude of the inserted harmonic is noticeable on the
output of GF II, where its value is almost 1500. The other two GSs output a
squared magnitude of around 150, and respectively 30.

Simulation results from when DEF affects the generator are shown in
Figures 4 to 6. The output of GF II went up to the order of thousands. The
other two filters output squared magnitudes of hundreds, and tens of Ampers.

The ISCF was inserted alongside the DEF. While GF I shows a squared
magnitude in the order of hundreds, the output of GF II remains in the order of
thousands, while GF III reports a squared magnitude in the order of hundreds.

The output of GF III was peculiar because it seemed to have a rising
trend. The others seemed to have a constant or near constant output. We
simulated GF III for a long period, in the presence of just the ISCF since it
caused an increase in the squared magnitude. It appears that the output is
modulated in amplitude by a sinusoid with a very low frequency.

Fig. 1. The output of GF I, in the presence of SEF
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Fig. 2. The output of GF II, in the presence of SEF

Fig. 3. The output of GF III, in the presence of SEF

Fig. 4. The output of GF I, in the presence of DEF
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Fig. 5. The output of GF II, in the presence of DEF

Fig. 6. The output of GF III, in the presence of DEF

Fig. 7. The output of GF I, in the presence of both DEF and
ISCF
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Fig. 8. The output of GF II, in the presence of both DEF and
ISCF

Fig. 9. The output of GF III, in the presence of both DEF and
ISCF

The stimulus signal for the bank of GFs was made of the residuals com-
puted between the simulated currents and an EKF. In [9], the authors showed
that the spectrum of these residuals remains constant when the wind speed
changes.

7. Conclusions and Perspectives

The Goertzel Filter was proved to be a candidate to perform MCSA.
It was tested on a simulated PMSG of a GWT. It was capable to highlight
the effect of the most common faults of such a generator: demagnetization,
eccentricity and inter-turn short circuit.

Moreover, a short summary was given on a possible method used to
estimate the covariance matrix of the process noise. This covariance matrix
is necessary for the implementation of a Kalman Filter. The EKF was used,
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in this work, to generate residuals between the simulated and the estimated
currents. These residuals were the input of the Goertzel Filters.

Pre-defined thresholds still need to be defined, to be compared against
the output of each Goertzel filter. However, these limits are relatively easily
set since the output of the GF changes by at least one order of magnitude.

The next step in this research is to apply this method on a real test
bench. A DC motor is used to turn the rotor of a stepper motor. The former
one acts as a generator.

Another possible step is to refine the method used to estimate the process
noise covariance matrix. The current method is subjected to rather strict
constraints, which may not always hold in practice.
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