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Abstract: Affected by high density, non-uniform, and unstructured seawater environment, fault
detection of Marine Current Turbine (MCT) faces various fault features and strong interferences.
To solve these problems, a harmonic analysis strategy based on zero-crossing estimation and Empirical
Mode Decomposition (EMD) filter banks is proposed. First, the detection problems of rotor imbalance
fault under strong interference conditions are described through an analysis of the fault mechanism and
operation environment of MCT. Therefore, against various fault features, a zero-crossing estimation
is proposed to calculate instantaneous frequency. Last, and in order to solve the problem that
the frequency and amplitude of the operating parameters are partially or completely covered by
interference, a band-pass filter based on EMD is used, together with a characteristic frequency selected
by a Pearson correlation coefficient. This strategy can accurately detect the multiplicative faults under
strong interference conditions, and can be applied to the MCT fault detection system. Theoretical and
experimental results verify the effectiveness of the proposed strategy.

Keywords: marine current turbine; multiplicative fault detection; zero-crossing estimation;
EMD-based filter bank

1. Introduction

Timely maintenance can prolong the life of an MCT. Condition-based maintenance technology
is a pivotal solution to reduce the long-term operation and maintenance cost of MCTs [1]. However,
due to the complex marine environment, the condition-based maintenance of MCT faces the following
problems: few monitoring variables, various fault features, and strong interferences [2]. In order to
improve the safety and reliability of MCT, a fault detection strategy for non-stationary signals with
strong interference is needed [3].

Condition monitoring provides continuous indications of components based on techniques,
including vibration analysis, temperature, and acoustic emission analysis, among others [3]. Because of
the limitations of underwater environment sensors, fault detection based on stator current has several
advantages, since it is a non-invasive technique and avoids the use of additional sensors [4]. Regarding
current-based detection methods, fault causes can be divided into two types: additive and multiplicative
faults. Additive faults refer to the superposition of a pulse signal, a constant signal or a random
small signal on the original normal signal [5], while multiplicative faults refer to signals with a certain
frequency superimposed on the original normal signal [6]. For additive fault detection, time-domain
statistical analysis can be used. A recursive principal component method can be applied to update the
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control limit adaptively to detect motor faults under unstable working conditions [7]. Multiplicative
faults should be rather detected on the basis of energy frequency characteristics. Under stable working
conditions, detections can be completed by frequency domain analysis. However, the magnitude of
different frequency components changes with working conditions in practice [8]. Therefore, frequency
domain analysis can be used in such conditions. Local feature detection, such as Short-Time Fourier
Transforms (STFT) [9], Wavelet Transforms (WT) [10], and Hilbert-Huang transforms [11], can then be
applied. STFT is used in [12] for blade crack detection of wind turbine to identify time-varying fault
frequencies. In [13], motor current signature analysis is applied based on two sets of over complete
wavelets; the gear fault-related component is highlighted under different operating conditions. In [14],
SVD filtering combines the parameter estimation technique of rotation invariant signal to detect broken
rotor bars under variable operating conditions. However, these methods identify the characteristic
frequency, which amplitudes are very low in practice, and therefore may be partially or completely
covered by the fundamental frequency and strong interference.

In order to solve these problems, we introduce a harmonic analysis strategy based on zero-crossing
estimation and EMD filter banks. First, the detection problems of rotor imbalance fault under strong
interference conditions are described through an analysis of the fault mechanism and operation
environment of MCT. Therefore, against various fault features, zero-crossing estimation is proposed to
calculate the instantaneous frequency. In order to solve the problem that the frequency and amplitude
of the operating parameters are partially or completely covered by interference, a band-pass filter
based on EMD is applied. Next characteristic frequency is selected by a Pearson correlation coefficient.
Overall, this method can improve the detection accuracy of multiplicative faults, and has practical
significance for ensuring the safe operation of MCT. The rest of the paper is organized as follows.
Section 2 introduces the problem description, while Section 3 develops a harmonic analysis strategy.
Section 4 presents some simulation results and analysis. Section 5 presents some experimental results
and analysis, while Section 6 concludes the paper and draws perspectives for further work.

2. Problem Description

A MCT system harnesses energy from tidal flow, which converts kinetic energy into the motion
of a turbine and then drives electrical generators. In comparison with wind turbines, MCTs have
high energy density and small moment of inertia. Influenced by the tide, long-term flow velocity
varies in a wide range, and short-term flow velocity varies frequently [15]. Waves, turbulence,
and watershed topography are main interference factors affecting MCT working conditions [16].
For MCT multiplication faults, taking blade imbalance fault as an example, specific frequencies can be
detected in stator current. However, affected by interference, the monitoring signal has multiple time
scales and multiple characteristics [17]. This seriously affects the accuracy of fault detection.

2.1. Multiplication Fault of MCT

This section mainly describes the multiplicative faults of MCT under strong interference.
Take blade imbalance fault as an example; this fault refers to the signal with a certain 1P frequency
superimposed on the original normal stator current signal.

The kinetic energy harnessed by the turbine can be described as:

CPPAVgurrent/z = Topecn®m 1)

where C,, is power coefficient, p the water density, A the cross-sectional area of the turbine, Vyrrent the
tidal current velocity, T}, and w;, is mechanical torque and speed. The turbine drives an electrical
generator. Considering the generator as a permanent magnet synchronous motor, the motion equation
is given as:

Jmdwm/dt = Tyecn — Te = fowm 2)
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where [, is the moment of inertia, f, friction coefficient, T, electromagnetic torque. The current output

can described as:
t

is = I cos(fpa)md’() 3)
fo

where [ is the amplitude of the stator current, p the number of pole pairs. The relationship between
these variables is shown in Figure 1.

1
Tt [
Water Veurrent T Jm S+,
speed € Motion equation

Figure 1. Energy transfer mechanism of MCT.

When imbalance fault happens, additional torque appears as shown in Figure 1. Mechanical speed
accelerates when imbalance mass falls in the direction of rotation, and mechanical speed decelerates
when imbalance mass goes upward in the direction of reverse rotation, as shown in Figure 2.

Pile Foundation

machinery space

Figure 2. Effect of imbalance mass on the MCT.
Additional torque caused by imbalance fault can be described as:
Tim(t) = Fgry - sin(wpt) (4)

where F, is resultant of forces downward, r,, is the distance between attachments to the center of the
shaft. Bring additional torque Tj,, into Equation (2), then additional speed can be obtained as:

Awm = Fgry - cos(@wmt) / Jm@wm= 27B - cos(wmt) (5)
Considering Aw;;, < wy,, the stator current can be expressed as:
is(t) = Is - cos[p(wm + Awp )t + Y] (6)

where y is the initial angle. In this case, stator current frequency is f; = (wm + Awy)/ (27 - p), the fault
feature frequency is fi,, = Awy, /(27 -p).

2.2. The Effect of Strong Interference

With a changeable water speed, mechanical torque T, can be written as:

Tinecn = T + Tfa 7)
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where Tj; stands for slowly time-varying torque, Tz, stands for abrupt change torque. The torque Ty is
caused by long-term tidal velocity, as shown in Figure 3. It provides one month water flow velocity
variation curve—the velocity changes in a large range. The torque T, is caused by spatial velocity
change, as shown in Figure 4. T, changes frequently due to unstable flow velocity, which results in
strong interference.
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Figure 3. Long-term tidal velocity.
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Figure 4. Spatial velocity change.

Combining Equations (7) and (2), mechanical speed can be rewritten as:
Wy = Ws] + Wfq 8)

Accordingly, wg = 27f stands for slowly time-varying rotating speed. wg, = 2nfy, stands for
abrupt change rotating speed. The strong interference factor is taken into the calculation of stator
current in Equation (6), which can be rewritten as:

is(t) =1 -cos[p(wsl +wp+ Awm)t +v]

=I .cos[an<fsl + fra+ Afm)t +y] )

The fault feature frequency f;, changes with the mechanical cycle; f;,, may be partially or
completely covered by interference frequency fy,.

Figure 5 shows the mechanical phases in three cases: constant rotating speed, slowly time-varying
rotating speed, and abrupt change rotating speed. In Figure 5a, imbalance faults can be accurately
distinguished. However, when the rotating speed changes slowly, the imbalance fault feature frequency
changes as shown in Figure 5b. When the rotating speed changes frequently, imbalance fault are not
able to detect, features are partially or completely covered by interference, as shown in Figure 5c.
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Figure 5. Mechanical phase affected by interference.

3. Proposed Harmonic Analysis Strategy

This section aims to solve the fault feature extraction problem under the condition of variable
speed operation and strong disturbance. Fault feature has many different possible forms under strong
interference conditions. The proposed detection method consists of three parts: The zero-crossing
estimation is used to unify characteristic frequency; the interference signal is decomposed to several
intrinsic mode functions by EMD filter banks; the specific data for extracting the characteristic frequency
is selected by Pearson correlation coefficient.

3.1. Instantanous Frequency Caculation by Zero-Crossing Estimation

The fault feature has many different possible forms. If the original stator current signal is uniformly
sampled with sampling frequency, Equation (6) can be rewritten as:

is(n) = Is(n) - cos|[p(n)] (10)

Find all zero-crossing pairs P(i) = {is(n;),is(n; +1)}. If is(n;) > 0(< 0) then is(n; +1) < 0(> 0).
Using linear interpolation for each zero-crossing point of the sequence, we can get the time value of
the zero-crossing point:

trero = [is(ni)tni+l - is(ni + 1)tni]/[is<ni) - is(ni + 1)} (11)

where t,; is the time of is(n;), tyi+1 is the time of is(n; + 1). The total number of sampling points in
each mechanical cycle is variable because of the changing shaft rotating speed. Assume Ny, Ny, ..., N,
are the zero-crossing points for one mechanical cycle, k =0, 1, ...,Z (Z is determined by the number of
generator poles). The instantaneous frequency defined at N is:

ka = (ka—Nk,] +ka+1—Nk +ka+1_Nk—1)/5 (12)

where ka—Nk—l = 1/[tzer0 (k) — tzero (k - 1)}/ka+1—Nk = 1/[tzero(k + 1) — tzero (k)]/ka+1—Nk_1 = 1/[tzero (k+
1) — tzero(k — 1)]. Then, cubic spline interpolation is used to obtain the instantaneous frequency curve.
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For the mechanical cycle, the time span is Ny to Nz. Each mechanical cycle is different taking into
account the effect of rotational speeds. The average time of mechanical cycle can be denoted as . There
are two major parts to unify the fault feature form:

1). Scaling on the Time Axis

In order to unify fault feature frequency, set up the total time of each mechanical cycle t.er, (Z) = £,
then the time for each zero-crossing point is changed to:

toero(k) =t-k/Z (13)
By Equation (13), we reconstruct a time series, and a unified characteristic frequency can be
the obtained.
2). Eliminate the Trend Component

As shown in Figure 6, Least Square (LS) is used to eliminate the trend component according to
the size of the windows. Different fluctuation curve is retained to highlight the fault degree. For 1P
frequency, the length of window is selected as t..,(Z). After LS, the fluctuation curve of instantaneous
frequency is obtained.

Original signal
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Figure 6. LS with different size of windows.

3.2. Interference Filtering by EMD Filter Banks

In order to effectively remove the influence of strong interference, an EMD-based filter bank is
proposed. The aim of this method is to extract the characteristic frequency signal from the original
dataset. Affected by interference, the amplitude of characteristic frequency cannot be accurately
obtained. EMD-based filter bank decomposes the interference signal into several intrinsic mode
functions to reduce the influence of interference on characteristic frequency signals. Sampling
frequency F; is then set up. From Equation (5), the frequency variation affected by interference can
be obtained:

Afm(k) = B-cos(2n(fy + fra)k/Fs) (14)

In consideration of fy > fs,;, fra = 6 ~ 0 can be approximated as zero; Equation (14) can be

rewritten as:
Afm(k) = Bcos(2mkfs/Fs)cos(2mkd/Fs)

—Bsin(27tkfy / Fs) sin(2mkd / Fs) (15)
Bcos(2mkfy/Fs) - 14 &(0)

X
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where £(0) is the noise component caused by strong interference. Equation (15) is expressed as the
sum of characteristic frequency components and noise components, which can be composed of a set of
intrinsic mode functions (IMFs) and residual terms:

I
Afu(k) =Y Cilk) + (k) (16)
i=1
wherei = 1,2,...1, r(k) is residual term, C;(k) is used to indicate IMFs, can be represented as:

Ji
Cilk) = rilk) = Y mi (k) (17)
j=1

where m; j(k) is the average value of the upper envelope and the lower envelope, J; is maximum
number of iterations to calculate the intrinsic mode function. Average trend of the signal is:

;; fn () i=1
ri(k) = meﬂ@ i=23,...1 (19
j=1

If there is no interference, £(6) = 0. The average value of the upper envelope and the lower
envelope m; j(k) become zero. Fault feature frequency is obtained in C;(k) = ri(k) = Afyu (k). EMD can
make m; j(k) tending to the null value; the interference components are distributed into different IMFs.

3.3. Characteristic Frequency Selection by Pearson Correlation Coefficient

The Pearson correlation coefficient is used to determine which IMF contains fault feature frequency.
With X(k) and Y(k) two-time series, Pearson correlation coefficient is defined as:

¥ [X(K) - K] [Y(K) - V]
VT XK - KPS Y (k) - V)

R(X,Y) = (19)

where X and Y is the average value. The value of R(X,Y) is from —1 to 1; —1 indicates negative
correlation, 1 indicates positive correlation, and 0 irrelevant. Assume that X(k) = Afy,(k) and
Y (k) = IMF;(k), because only one IMF; contains characteristic frequency and the other contains the
noise component; the largest R(X, Y) is selected to realize EMD filtering.

3.4. Harmonic Analysis Strategy for Fault Detection

The procedure of harmonic analysis strategy for multiplier fault under strong interference is
shown in Figure 7. The details are as follows:

(1) Measuring the current signal from MCT.

(2) Zero-crossing estimation is used to calculate the instantaneous frequency by Equation (12).
Then, a unified characteristic frequency is obtained by reconstructing the time series, and the LS
method is used to eliminate the trend component. By combining historical data, the estimated
instantaneous frequency is used to identify the work conditions of MCTs.

(3) To solve the problem that the frequency and amplitude of the operating parameters are partially
or completely covered by interference, an EMD filter bank is used to remove interference in the
frequency band.

(4) The IMF selected by Pearson correlation coefficient is analyzed by spectrum analysis, which
provides fault feature frequency.
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Figure 7. Flow chart of the proposed method.
4. Simulation Results and Analysis

A sample example is given to illustrate the effectiveness of the proposed method. An AM/FM
signal is given as:

x(t) = (14 0.4sin(27- 2t)) - cos[27 - 16t — 0.8 cos(27t - 2t) — 0.08 cos (27 - 80t)]

Signal fundamental frequency is 16 Hz, FM frequency 2 Hz, high-order FM frequency 80 Hz,
AM frequency 2 Hz. The instantaneous frequency of the modulated signal is then obtained:

f(t) =d[2m-16t—0.8cos(2m-2t) —0.008 cos(27t- 80¢)] /(27 - dt)

2
=16 + 1.6 sin(27- 2t) + 0.64 sin (27t - 80¢) (20)

Figure 8 shows the time-frequency spectrum used by Hilbert transform and separately proposed
the zero-crossing estimation method. From Figure 8a, Hilbert transform can present high-order
harmonics. However, the boundary effects affect estimation accuracy. Figure 8b shows the FM
frequency 2 Hz more clearly and gets rid of the high frequency harmonics by scaling the time axis and
Equation (13). The time span in Figure 8a is different from Figure 8b due to time axis expansion and
contraction. In Equation (12), t = 0.5, Z = 8. The proposed zero-crossing estimation method realizes
purposeful fault feature frequency extraction, and overcomes shortcomings of the Hilbert transform.
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Figure 8. Cont.
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5. Experimental Results and Analysis

5.1. MCT Experiment and Analysis

In order to verify the proposed method, a MCT prototype is implemented in an experimental
platform, as shown in Figure 9. This experiment platform consists of the following parts: (1) current
simulation system (enclosed water channel: adjustable flow velocity 0.2m/s-1.5m/s); (2) MCT prototype
(PMSG: 8 pole-pairs); (3) data acquisition and monitoring system (sampling frequency 1 kHz);
(4) imbalance fault setting, as shown in Figure 10.
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Figure 9. MCT experimental system.

Figure 10. Imbalance fault setting.

Figure 11 shows the stator current of MCT under a strong interference working condition [18].
One can note that when the velocity changes frequently, the collected waveforms fluctuate sharply.
Under the condition of abrupt change flow velocity, both the original signal and the instantaneous
frequency vary frequently with the change of flow velocity. The fault feature frequency is partially
or completely covered by interference. The experimental phenomena coincide with the theoretical
analysis, as shown in Equation (9).
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Figure 11. MCT strong interference working condition.
5.2. Fault Detection and Analysis

The proposed method is used to detect faults in two cases: the normal operation of the MCT and
3% imbalanced faults. The magnitude ratio of the imbalanced torque to the total mechanical torque of
the MCT is used to describe the degree of the faults.

Figure 12 shows the detection results after an EMD-based filter bank. The original signal is
decomposed into IMF1-IMF8. Noise or interference with similar frequencies is distributed to the
same IMF, which can highlight fault feature frequency. After separating the interference component,
the amplitude of characteristic frequency obtained is more accurate; this can help identify the fault
degree. In Figure 12a, the maximum value of R(X, Y) is 0.104 to IMF2. In Figure 12b, the maximum
value of R(X,Y) is 0.973 to IMF2.

g 02

Current amplitude[A]
urrent amplitude[A]

(a) Healthy case (b) Imbalance fault

Figure 12. Decomposition results of an EMD-based filter bank.

In Figure 13, it can be seen that the spectrum appears near the frequency of 1.875 Hz in IMF2, which
corresponds to the characteristic frequency (1P frequency) of the imbalanced fault of MCT system.
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Several frequency components generated by strong interference are distributed on different IMFs
by EMD, which greatly reduces the influence of interference and highlights the fault feature frequency.

@

Amplitude
Amplitude

@

=
=
® o

(a) Healthy case (b) Imbalance fault

Figure 13. Proposed detection result under strong interference conditions.

Figure 14 is the front panel of the block diagram program designed by LABVIEW. The proposed
strategy is used in this monitoring system. The detection result of the MCT system is given, including
short-term original signal, time-frequency spectrum, frequency difference by LS method and fault
feature frequency. The last is the spectrum diagram of IMF, which has maximum value of R(X, Y).
The input signal of the monitoring system is the stator current, and the output of the system is the
working condition of the MCT and fault condition. The experimental results show that the proposed
method can effectively eliminate strong interference and solve the problem that the frequency and
amplitude of the operating parameters are partially or completely covered by interference.

RAS U | RA 4 State Analysis

Peak to Peak Value Maximum Value RMS
Channel |4 HISE(V) |2.14850 BAMENV) 10743 HREV) 0750528
— = Instantaneous
EESA  Original Signal ESHEE  frequency

Stator Current[A]

[

Current Frequency[Hz]

o 0 D 0 0 D 0 v D 0
0 01 02 03 04 05 06 07 08 09

0
50

100
Time[s]

Timels] Fluctuat f Ch
uctuation curve o aracteristic
PREFEEESE instantaneous frequenc FRRRESHEE o0 enc

2
PS¢ s

s
g
8

Am

Frequency Difference[Hz]
(-]
litude

S

W
Gy
-
S

“..u.w\a.;«!‘»?‘lj‘ AR oo
; .

s
0

[

160 3 e
Timel[s] Frequency[Hz]

Figure 14. Detection results of the monitoring system.
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6. Conclusions

A MCT fault detection method based on zero-crossing estimation and EMD-based filter bank is
proposed to deal with strong interference conditions. This method can identify working conditions by
scaling on time axis and the LS fitting method. EMD is used to realize the function of filter banks by
distributing the interference frequency in different IMFs. Last, Pearson correlation coefficient is used to
determine which IMF contains fault characteristics frequency. The following conclusions are drawn:

(1) Zero-crossing estimation can identify specific frequencies purposefully, and effectively identify
working conditions. On combining with EMD-based filter banks, the proposed method can effectively
solve the problem that the frequency and amplitude of operating parameters are partially or completely
covered under strong interference.

(2) Zero-crossing estimation can be easily implemented in the monitoring system, compared to
STFT and WT. This method has good performance to estimate instantaneous frequency and can be
used for long-term monitoring of current machine systems. However, this method has a low frequency
resolution, not suitable for short-time signal processing.

It is worth pointing out that the real marine environment is more disturbing than what we
simulate [19]. Due to wave, turbulence, and marine organisms, monitoring signals exhibit unstable,
non-linear and low signal-to-noise ratio characteristics [20]. The proposed method may be more
needed in these harsh environments.
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