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A Frequency Independent Technique to Estimate
Harmonics and Interharmonics in Shipboard
Microgrids

Yacine Terriche, Member, IEEE, Abderrzak Laib, Abderezak Lashab, Member, IEEE, Chun-Lien Su,
Senior Member, IEEE, Josep M. Guerrero, Fellow, IEEE, Juan C. Vasquez, Senior Member, IEEE

Abstract— Modern maritime microgrid systems are witnessing
a revolutionary advancement by integrating more renewable
energy sources and energy storage systems. The integration of
these sophisticated systems is achieved, however, through the
power electronics converters that cause severe harmonic
contamination. This problem becomes more serious when some of
these harmonics that are non-integer multiples of the fundamental
(inter-harmonics) exist concurrently with both system frequency
drifts and large-power transients, which is a commune issue in
maritime microgrid systems such as shipboard microgrids. Hence,
the performance of the widely signal processing algorithms
applied in the measurement and communication systems such as
the smart meters and power quality analyzers tends to worsen. To
address this problem this paper proposes an effective method
based on the eigenvalue solution to estimate the harmonics and
inter-harmonics of modern maritime microgrid systems
effectively. This method, which is a system frequency independent
technique can work effectively even under large frequency drifts
with short window width. The proposed method is evaluated under
MATLAB software, and then the experimental validation is
carried out via analyzing the electrical power system current of a
bulk carrier ship.

Index Terms— Fast Fourier transform (FFT), frequency
estimation, harmonic assessment, generalized pencil-of-function
method (GPOFM), power quality, shipboard power systems,
smart maritime microgrids, system frequency-independent
technique.

L INTRODUCTION

HE substantial trend of the next generation maritime

microgrid systems (MMSs) towards self-sufficient systems
based on the concept of smart/intelligent grids is increasing
vastly [1]. These systems represent an unprecedented
opportunity for the MMSs to move towards a green energy era
that contributes to efficient, economical, and environmental
health technologies [2]. A typical smart system of an AC
shipboard microgrid (SMG) is depicted in Fig.1 (a), where the
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structures and mechanisms of the traditional mechanical system
are substituted by an all-electrical system based on the power
electronic converters (PECs) enabling the integration of
renewable energy sources and energy storage systems. The key
factors behind these advanced technologies are the utilization
of smart appliances and devices such as smart communication
and power management systems, smart switches and sensors,
intelligent control methods, smart navigation, smart machinery,
and smart energy management, etc.[3]. Hence, these
technologies are expected to promote several features for the
next-generation SMGs such as enhancing power sustainability
and system reliability, increasing energy efficiency, and safety
[4].

It is facing challenges against the introduction of different
types of PECs used in the next-generation MMSs. One of these
challenges is the harmonics contamination issue caused by the
PECs [5]. The circulation of these harmonics in the electrical
power system (EPS) can cause harmful consequences such as
inducing the harmonics resonance, creating interferences and
malfunctioning of smart communication devices, increasing the
losses, misfiring the variable speed drives, affecting the voltage
stability, and disturbing the control of the protection equipment
[6], [7]. Moreover, the retrofitted and modern ships incorporate
the PECs with LCL filters such as the active front ends to
control the speed of the thrusters and propellers. These LCL
filters create resonance at a certain frequency in interaction with
the subtransient reactances of the synchronous generators,
transformers, and other passive components. Thus, the power
system designers need to ensure that the resonant frequency of
the LCL filters does not match the system harmonics. However,
if the analyzing algorithm fails to detect any inter-harmonic, in
which its frequency matches the resonant frequency of the LCL
filters; a significant parallel resonance occurs leading to the
augmentation of the current, which conducts to harmonic
voltage instability scenarios [8]. If this resonance is not damped
it can cause the blackout of the ship and also threatens the lives
of the ship crew members/passengers [9]. Practical evidence of
the catastrophic accidents of harmonics resonance caused by
the LCL filters of PECs occurred in RMS Queen Marry II (QM
II) in 2010 [10]. Since then, the maritime industry started
paying more attention to harmonics contamination in SMGs.
Moreover, precise harmonics analysis of SMGs provides
essential information about the level of the distortion to enable
the engineers to verify if this distortion respects the power
quality standards or requires interference. Furthermore,
accurate harmonics analysis helps the engineers to perform
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Fig. 1 (a) A generic scheme of smart AC maritime microgrids. (b) Power quality challenges of practical data of a real bulk carrier ship.

comprehension diagnosis including fault detection and location
of the synchronous generators and motors [11], [12] and design
the appropriate filters taking into account the characteristics and
non-characteristic harmonics.

Several techniques have been suggested in the literature to
estimate the harmonics/inter-harmonics such as artificial neural
networks [13], wavelet packet decomposition [14], fast Fourier
transform (FFT) [15], [16], adaptive estimation of the
fundamental method [17], Recursive least squares technique
[18], Kalman filter (KF) [19], synchronous reference frame
(SRF) [20], PQ-theory [21], adaptive cascaded delayed signal
cancelation technique [22], [23], real and complex coefficient
filters [24], and demodulation of power line signal and
subsequent filtering [25]. Nevertheless, none is affirmed to
work accurately in inter-harmonic assessment under system

frequency drifts, though each exhibited its benefits. Moreover,
most of these techniques are applied to estimate only the
fundamentals and require precise information of the system
frequency to adapt their moving window as in some cases they
require the system phase. Hence, their performance in offline
analysis-based short-term protective actions is not possible.
The generalized pencil-of-function method (GPOFM) [26],
[27] (sometimes referred to as matrix pencil method [28]) is a
system frequency independent technique, which means that it
does not depend on the signal periodicity to evaluate the
harmonics/inter-harmonics of the contaminated data. However,
the accuracy of this technique depends on the data-sampling
rate. Therefore, the application of the traditional GPOFM in
some communication devices cannot be effective, as these
devices such as smart meters usually require a low sampling
rate due to the limitation of the storage capacity. Furthermore,



another weakness of the traditional GPOFM is the poor average
spectral resolution whose frequency bins’ maximum rate is
decreased down to the half value of the Nyquist-Shannon
sampling rate. Therefore, this method did not receive attention
in MMS applications or recommendations by related standards.
The authors in [29] proposed the interpolation of the data inside
the Hankel matrix to increase the eigenvalues, thus, increases
the number of the estimated frequencies. However, this method
cannot be optimum due to its significant computation burden
resulted from performing the singular value decomposition
(SVD), eigenvalues calculations, and inverse SVD of the
double sized Hankel matrix.

Inspiring by the weakness of the traditional GPOFM, this
paper firstly reveals the deficiencies of this traditional GPOFM
that have not been discussed before in the literature and
demonstrate them mathematically and analytically, then
proposes a simple and yet effective method based on virtual
exponentials inside the least-square approach to enhance them.
Consequently, the proposed method can estimate the harmonics
and inter-harmonics accurately with an enhanced resolution
under large frequency drifts using a shorter window width.
Furthermore, in contradiction with the method proposed in [29],
the proposed method can enhance the resolution with a lower
computation burden as it does not interpolate any data when
performing the SVD and its inverse of the Hankel matrix. In
addition, compared to the aforementioned and most applied
techniques in literature, the proposed method can estimate the
system frequency in an open-loop manner. Hence, it does not
require any stability issues or complex controllers design
analysis. Therefore, the proposed method is foreseen to be an
effective tool for MMSs.

The rest of the paper is organized as follows. In Section II,
an overview and problem statement of the traditional GPOFM
and FFT is addressed. In section III, the proposed method is
detailed. Section IV presents the numerical results and
discussions. Section V presents the experimental results and
validations. Finally, section VI concludes this paper.

1I. PROBLEM STATEMENT

Figure 1 (a) presents a generic single line diagram of next-
generation SMG, which dominantly consists of diesel
generators, propellers, energy storage systems, hotel loads, and
cold ironing. The propellers generally consume about 80% of
the total power of the ship during sailing. These propellers are
controlled by the voltage frequency drives (VFDs) that cause
significant harmonic distortion as shown in Fig. 1 (b). The
widely applied technique in signal processing is the FFT due
to its simplicity and efficacy of estimating a large number of
harmonics up to the aliasing point, as well as the ability to work
in offline and online analysis. Hence, most industrial and
domestic measurement instruments such as power quality
analyzers and smart meters depend on it [15], [16].
Furthermore, the power quality standards often recommend
this technique for estimating the harmonics [13], [14];
therefore, this paper considers this technique as a standardized
method that merits to be analyzed and compared with the

proposed method for SMGs applications.

What distinguishes the SMGs from terrestrial microgrids
are the heavy pulsed loads that consume a large amount of
power in a short time. As these ships are usually fed by limited
rating synchronous generators, the large demand for power in
a short time results in deviating the frequency from its nominal
value. Empirical evidence of this assertion is the estimated
frequency of the bulk carrier ship in Fig. 1 (b), where it clearly
shows that the frequency is constantly fluctuating around the
nominal rate. Consequently, the application of the FFT to the
experimental data of SMG as shown in Fig. 1 is not suitable and
results in spectral leakage, as the FFT is a frequency-dependent
technique. For online applications, this issue can be solved by
adapting the window size of the FFT using the frequency/phase-
locked-loop (FLL/PLL) [30]. However, the FLL/PLL is
distinguished by a negative feedback closed-loop system,
which can be performed only online; therefore, the application
of the FFT in offline analysis-based short-term protective
actions becomes a challenge. Some techniques like zero-
crossing or maximum crossing methods can be applied to
estimate the frequency offline and adapt the FFT [31].
However, the high harmonic distortion, and existance of the
inter-harmonics degrade their performance. In addition, the
resolution of the short-time FFT (ST-FFT) cannot capture all
the harmonics that are non-integer multiples of the fundamental
frequency. Hence, if an inter-harmonic appears, the ST-FFT
will not be able only to detect it, but also results in the spectral
leakage and erroneous information even if its window size
matches the periodicity of the signal. The problem becomes
more severe when both inter-harmonics and frequency drifts
appear together, which is a commune issue in MMSs such as
SMGs due to the large variation of the heavy loads in a short
time [32]. The application of the windowed interpolated FFT
(WI-FFT) using some windows such as Hamming, Hann, and
Blackman windows can mitigate the leakage phenomenon [33],
[34]. However, as will be demonstrated in the results, this
technique divides each harmonic into three bins, one main bin,
and two adjacent bins. Hence, under the existence of the inter-
harmonics, the adjacent bins will be mixed with the inter-
harmonics and cause erroneous information. To address this
issue, IEC standards 61000-4-7/30 [35], [36] and the under-
revised IEEE 519 standards [37] require the utilization of the
FFT with a window size of 10/12 cycles of the fundamental,
and the harmonic values are assessed and aggregated within 3-
time intervals (three seconds interval, ten minutes interval, and
2 hours interval) [7]. Though these recommendations may
reduce the affection of the inter-harmonics, it cannot, however,
be a practical solution for SMGs due to the large-signal
transient responses caused by the load variations as the FFT can
work only for steady-state signals. Hence, the application of
both ST-FFT and standard FFT results in the leakage and picket
fence effects that degrade their performance as presented in Fig.
1. Though there are several classifications standards for MMSs
and rules that cope with harmonics contamination [32], their
recommendations are, however, similar to the aforementioned
IEC standard. Therefore, there are still many ambiguities and



gaps on how to assess the harmonic distortion of MMSs in the
existence of inter-harmonics, frequency drifts, and long
transients.

III. RESOLUTION ENHANCEMENT OF GENERALIZED
PENCIL OF FUNCTION METHOD

A. Background of the traditional generalized pencil of
function method

The GPOFM [26], [27] or sometimes referred to as matrix
pencil technique [38]-[40] is a polynomial technique, which
factorizes any real or complex signal into a singular value
decomposition based on the generalization of the
eigendecomposition [28], [39], then, based on the eigenvalue
solution, the GPOFM estimates the frequency of each harmonic
component [40]. This method is a polynomial technique
developed from Prony’s method to solve the issue function’s
interpolation by use of an integral summation of exponentials
[39]. Both GPOFM and Prony’s methods do not need
information about the frequency or the window size when they
extract the harmonics. However, the GPOFM features some
particular superiorities over Prony’s method, which makes it
more appropriate for the harmonic and interharmonic
estimation. These features are summarized below [28], [29],
[38]-[40]:

1. Contrary to Prony’s method which is a two-step process that
provides the solution in two different steps, the GPOFM is
only a one-step process.

2. The GPOFM has a lower variance of the estimated
parameters than Prony’s method.

3. Contrary to Prony’s method, which is proven to be very
sensitive to noise, the GPOFM provides better performance
in dealing with noise-contaminated signals using the
singular value decomposition.

4. In opposed to Prony’s method, the GPOFM is not limited to
only the aimed frequencies to be estimated and can estimate
any harmonic order.

5. The GPOFM has better statistical properties for estimating
the frequency components.

6. More precisely, the GPOFM requires less computation
burden than Prony’s method, which makes it a promising
alternative to the discrete Fourier transform with a
satisfactory computational burden that enables it to be
utilized digitally for power quality analysis applications.

Any perturbed signal can be approximated by a sum of
residues and exponentials as [39]:

M
B(KT,) = ) x,e ™/ £ N(kT,) (1

i=1
where T is the sampling time, & is the step time and expressed
as k=0,..,y—1, y is the number of samples, x, are the

residues of the complex amplitudes of each frequency i,
N(kT,) is the noise, @, is the angular frequency, M is the

tolerance, which defines the number of poles to be estimated
and introduced as: i =1,2,..,M , o, are the damping factors.

The execution of the GPOFM begins by selecting a random

window size that is equal or more than a half cycle, then based
on the pencil parameter L, the Hankel matrix [B] can be
structured, in which each descending skew-diagonal from the
right side to the left is fixed as [28]:

b(1) b(2) b(L+1)
b(2 b(3 b(L+2
[B]= (:) (:) ( :+ ) @
b(y—L) b(y—L+1) L2160 I P

In (2), L is referred to as the pencil parameter [26]. In the
case of a noisy signal, the GPOFM can offer efficient noise
resilience when the parameter L is selected in the interval

%S L S% [41]. The singular value decomposition (SVD) of

the matrix [B] is expressed as [38]-[40]:

[B]=[UDIVT 3)
U, v, ... U,
U= U,, Uy, - Uy, @
Uprr Upra roLrL do-no-n
diag[D] = [01’1, 02’2...,0(7/)](” %)
Vl,l V1,2 Vl, L+1
[V] _ V2,1 Vz, 2 e Vz, L+1 (6)
VL+1,I VL+], 2 VL+1, L+1

(L+1)(L+1)

where [U] and [V] are orthogonal matrices that contain the
eigenvectors of respectively [[B]*x[B]"] and [[B]"*[B]]. T
denotes the transpose. [D] is a diagonal matrix, which contains
the singular positive values o, that are the square roots

eigenvalues ranked from the most dominant one to the smallest
one. The next process is to select the tolerance M, where this
choice usually depends on the quality of the signal distortion
and sampling time. Hence, the selected o, order do not exceed

the Shannon-Nyquist frequency, as they become essential
noise. Accordingly, for a certain singular value o,, some

studies select M as [28], [39]:

(e ”

where p refers to the significant decimal digits of the analyzed
data. In case the ratio of the singular values in (7) exceeds p
they appear as essential noise. Consequently, selecting M less
than that value of (7) results in canceling the noise. After the
selection of M, the size of [}'] does not match the size of [D] to
perform the inverse SVD, thus; the best-fit linear operator to
estimate the eigenvalues of the system is performed as:

C = pinv([Y])-([Y,]) ®)

where pinv denotes the Moore Penrose pseudoinverse of the
matrix, [Y7] and [Y>] are obtained as:
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where [U,], [D:], and [V;] are respectively the reduced matrices
of [U], [D], and [V] that are decreased to the selected tolerance
M. Accordingly, the exponentials of the distorted signal can be
assessed by calculating the eigenvalue solution as:

[C]-A[1]1=0 (11)

where A are the eigenvalues of each frequency in the distorted

data. Then the least square technique to estimate the poles of
the harmonics is applied as shown in (12), where y, = e/'" .
X, AQ) 1 1

Xl A(2)\ i Y, ot Wy

(12)

Xy ] LA v vl 7z

The backslash (\) in (12) refers to the least square. One of
the main deficiencies in this traditional GPOFM is the small
number of harmonics that can be estimated. In the case of
factorizing undamped complex signals, the matrix [D] classifies

every two rows of o, (e.g., 0,, and 0,,) for each existent

frequency, which implies that the number of frequencies that
can be estimated is defined as:

S = (O [2)=(L+1)/2 (13)

From (13), one can deduce that the number of frequencies
that can be estimated by the GPOFM depends on the parameter
L and y . Fig. 2 presents the maximum number of frequencies

that can be extracted by the FFT and GPOFM in terms of the
sampling frequency f; (fs =1/Ts) and £ (fis the frequency, which
corresponds to the number of points of ¥ ), where L of the

traditional GPOFM is selected in the range of ¥ /3< L <y /2.

It is obvious that both increasing f; and the window size result
in increasing the number of harmonics that can be estimated by
all the methods. Besides, it is clear that the maximum number
of the frequency bins that can be estimated by the traditional
GPOFM s close to half of those of the FFT when L is set in
between y/3 <L <y/2.Moreover, decreasing L to less than

y/2 to enhance the noise resilience immunity leads to

decreasing the spectral frequency bins. Hence, tends the
GPOFM resolution to worsen. In other words, if the number of
the characteristic and non-characteristic harmonics that exist in
the signal is more than the double number of the estimated
eigenvalues in (11), the least square approach performance
degrades. This problem becomes more severe when the
sampling frequency is relatively low as the resolution and the
maximum number of harmonics that can be estimated by the
GPOFM is proportional to the switching frequency as presented
in Fig. 2 and 3. Interpolating the data inside the Hankel matrix
can increase the eigenvalues, thus, increases the number of the
estimated frequencies [29]. However, this method cannot be
optimum due to its significant computation burden as well as
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low performance in the existence of high order harmonics.
B.  The proposed method

The GPOFM can be optimized based on the application
conditions. For example, in image or voice processing, the
fundamental frequency is usually unpredicted. However, for
EPSs such as SMGs, the fundamental frequency and its
variation limits are predicted (e.g. 60 Hz £ 2% or 4%).
Furthermore, the dominant existed harmonics are the odd
harmonics. In some cases, even harmonics and inter harmonics
appear with small amplitudes. The main problem occurs when
all these harmonics exist under frequency drifts. Hence,
traditional methods such as the FFT cannot make distinct
whether they are harmonics or inter-harmonics. In addition, the
total harmonic distortion (THD) in SMGs is usually calculated
with a limited range of harmonics that go up to /e =40 or 50
[32]. This is due to the nature of the harmonics caused by the
rectifiers whose amplitude is decreased proportionally with the
increase of their frequency order [5]. Empirical evidence of this
assertion will be validated in the experimental results.
Accordingly, the proposed advanced GPOFM (hereafter called
AGPOFM) comprises an effective intern frequency estimator
that works in an open-loop pattern. It means that this frequency
estimator does have a closed-loop feedback system and does not
require any controller design. Hence, it is fully stable and can
work effectively for offline analysis. Besides, when the
proposed method estimates the frequency of the system, it does
not rely on signal periodicity. Consequently, the proposed
method does not need a specific window size to analyze the data
as long as the number of samples y is more than half or one

cycle. Therefore, this method makes a clear distinction between
the harmonics and inter-harmonics even under large frequency
drifts. In addition, instead of using the estimated limited
number of exponentials using the traditional GPOFM [26],
[28], [39] as presented in Fig. 2 to perform the least square
solution in (12), the proposed method estimates only the
fundamental frequency using the first eigenvalues of (11) that
correspond to the dominant singular values of [D]. It is
noteworthy that the eigenvalues A, estimated in (11) are

obtained in exponential forms with unitary magnitudes as:

[ @t io)KT, (e +jo)kT, (~ay+ o, KT,
ﬂ’i = [e 1 , € 1 ,e 2 2 s

e(*az +j@y KT e e(*aM +Jop KT , e(*a‘w +j@p VKT ]

(14)



where each pair of A4 represent one harmonic. The estimation
of the fundamental frequency is achieved as:

A ln(ll,z ) J

2r

f:Imag( (15)

where In indicates the logarithm. Note that A, , represents the

eigenvalues of the fundamental component expressed in

e~/ Hence (15) becomes:

R (ﬁ ln(e(*aﬁjwl)T: )]

S =Imag (16)
2z

K refers to the step time and thus can be excluded from the
calculation simplification. It is noteworthy that the logarithm In
is added to eliminate the exponential function e. The acronym
Imag refers to using the imaginary function in the MATLAB
code to estimate only the imaginary part of the complex number
that contains the aimed frequency. Hence, (16) can be
simplified to:

J,oT,
2

/= (17)
As the sampling frequency is the average number of samples
obtained in one second ( f, =1/T,), the multiplication of f;

and 7, results in one. Thus, (17) becomes:

. (18)
2r

After estimating the fundamental frequency, the proposed
method creates virtual exponentials tuned at the odd and even
harmonics up to 4.4 as well as at the adjacent inter-harmonics
between every two harmonics as presented in (19) to perform
the least square solution. Where the vectors [x] and [4] refer to
the poles (harmonics amplitudes) and the contaminated data,
respectively, and [E] is the matrix of the virtual exponentials.
Consequently, the maximum number of harmonics using the
proposed method is improved up to the aliasing point as
presented in Fig. 2. It is noteworthy that the virtual exponentials

in (19) are adapted with the intern frequency estimator f

during the estimation of the poles. Therefore, neither the
frequency drifts nor the window size variation can affect its
performance. Furthermore, the number of inter-harmonics
between every two harmonics in (19) is 9 (e.g., the virtual inter-
harmonics between the harmonics 4#=2 and #h=3 are
eijnfTSZ' eijnfTSZJ, eijn'fTSZ.Z' ._”ejanrss)' Increasing the
number of the virtual inter-harmonics between every two

harmonics (e_g' ek]27TfT52-’ eijnfTSZ.OS ek]anTSZ.l' - e]anTSB)

results in further resolution enhancement. However, the
excessive increase results in elevating the computation burden.
It is noteworthy that ¢, are neglected for the sake of simplicity
as the size of the moving window proposed method is very short

(1 cycle). As long as the matrix [4] is not square, the solution
to (19) is achieved as formulated in (20).

[x]= Pinv([E])[4] (20)

The Moore Penrose pseudoinverse of [E] in (20) can be
calculated in different ways, one of the most effective ways is
to use the SVD as:

[E1=[UIDIV.T e2))
Pinv((E]) =[V,][ID.]'[U.T (22)

where the descriptions of [U,], [D.], and [V.] are the same of
[U] [D] [V] in (3). The superscript (-1) refers to the matrix
inverse.

The spectral resolution of the GPOFM is different from the

one of the FFT as the resolution of the FFT is only proportional
to the window width and expressed as:

Res., =11y (23)

The traditional GPOFM, on the other hand, can estimate any
inter-harmonic of the contaminated data. However, the
maximum number of the estimated frequencies is confined in
the range y/6<f, <y/4 . Therefore, unfortunately, no

linear-equation can represent the resolution of the GPOFM as it
is variable. Accordingly, the spectral resolution of the GPOFM
can be effectively evaluated in this paper by estimating the
average difference of the frequency bins to visualize the
sampling time and window size influence as:

Resgpomy =/ /L, Lely/3y/2]

On the other hand, conversely to the aforementioned
methods, the resolution of the proposed AGPOFM is
proportional to the virtual harmonics and inter-harmonics
applied in the matrix [E] to perform the least square approach
and to the moving window size as presented in (25).

Res opomu =1,/ (7-P) (25)

where P is the number of the virtual inter-harmonics between
every two harmonics. The larger P is the better resolution is.
Better visualizing of the resolution is presented in Fig. 3, where
it is evident that the FFT resolution is only proportional to the
size of the window, and remains fixed during the sampling time
variation. However, the traditional GPOFM resolution is
significantly influenced by both window size and the sampling
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Fig. 3 The spectral resolution of the traditional GPOFM, the FFT and the
advanced GPOFM in terms of the sampling time and window size.

time. Hence, at a certain window size and sampling frequency,
its average resolution becomes better than the FFT. It is
noteworthy that the smaller the resolution is the better accuracy
is. On the other hand, the resolution of the proposed method is
significantly improved by increasing the number of virtual
exponentials. In this paper, it will be demonstrated that in the
case of analyzing the data of an SMG, setting P is set to 9 (see
Eq.(19)) can provide sufficient accuracy. The choice of
selection P=9 is preferred to follow the IEC Standard 61000-4-
7/30 requirements regarding the number of aimed
interharmonics between every two harmonics.

Iv. NUMERICAL RESULTS AND DISCUSSIONS

The simulation results are carried out under MATLAB
software. Fig. 4 shows the performance of the traditional
GPOFM, the ST-FFT, the standard FFT, WI-FFT, and the
proposed method in estimating the harmonic distortion of a
distorted signal. T, is set to 2e™, the frequency of the system

1850 Hz, which changes to 52 Hz after 1250 samples. The first
subplot presents the signal, which is contaminated with low-
order and high-order harmonics and some inter-harmonics. The
second subplot presents the efficacy of the proposed method in
estimating the fundamental frequency of the signal using (15),
where it is evident that when the frequency drifts from 50 to 52
Hz, the proposed method accurately estimates the frequency
variation with a fast transient response (one cycle) even under
the existence of the inter-harmonics. It is noteworthy that the
ST-FFT, standard FFT, and the WI-FFT are frequency-
dependent methods that cannot estimate the frequency, while
the traditional GPOFM fails to estimate the system frequency
under high distortion and poor sampling time. Therefore, only
the frequency estimated by the proposed method is presented.
Besides, for the sake of clarity, the THD of these methods is
plotted in two subplots using the following equations:

S5
THD:%JOO

1

(26)

where B; and B; are respectively the RMS values of the
fundamental and harmonics components. % refers to the
harmonic order. n represents the number of harmonics, which
is according to the most leading classification societies, it is
selected up to 50" order (or o 100" if the active front ends are
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Fig. 4 Performance of the proposed AGPOFM, traditional GPOFM, ST-FFT,
standard FFT, and WI-FFT to assess the harmonic distortion under frequency
drifts.

used) [5]. According to the third subplot of Fig. 4, the ST-FFT
provides a fast transient response, its accuracy tends, however,
to worsen due to the existence of inter-harmonics. Moreover,
the frequency drift leads to further accuracy degradation of the
SF-FFT, which can be visualized in the harmonic spectrum of
Fig. 5, range number 2 that does not match the reference
harmonics due to the spectral leakage and picket-fence effect.
The standard FFT can provide accurate THD estimating even
in the existence of inter-harmonics. However, its transient
response under frequency drifts is very long that increases the
spectral leakage as demonstrated in Fig. 5, range number 3. The
traditional GPOFM can work properly if the value of £, is high

and the signal has a low number of harmonics. However, due to
the low value of f, ( /. =2.5 kHz) and the high number of

harmonics, the performance of the traditional GPOFM tends to
worsen. Hence, results in wrong information as shown in Fig.
5, range number 4. On the other hand, the proposed AGPOFM
can estimate the THD by following the reference signal
accurately with a faster transient response (one cycle) under
frequency drifts. Furthermore, according to Fig. 5, range
number 5, it is obvious that the proposed method can estimate
the harmonics and inter-harmonics accurately that matches the
reference ones in range number 1. The last subplot of Fig. 4
presents the performance of the WI-FFT based on Hamming,
Hann, and Blackman windows, where it is clear that these
methods are not suitable when using a window size of one
cycle. Hence, they result in a lot of fluctuations and erroneous
information. Furthermore, the ranges 6, 7, and 8 of the
harmonic spectrum of Fig. 5 show that these methods
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succeeded decreasing the leakage. however, since the
hypothesis of these methods is to factorize each bin into 3 bins,
where two of them are adjacent to the main one results in
confusion with the inter-harmonics when the resolution of the
sampled data is weak.

V.

For the experimental verification of the proposed method, a
bulk carrier ship, which is presented in Fig. 6 (a) is selected.
Since this type of ship is designed to lift and transport
unpackaged bulk cargo, the measurements were carried out
during the operation of the windlass, and the mooring winches.
The data is collected using Hioki 8847 Memory HiCorder
presented. The sensors of the measurement devices are
connected to the main switchboard of the electrical power
system as shown in Fig. 6(b). The essential parameters of the
EPS of this ship are summarized in Table. I.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Figure 7 presents the performance of the traditional GPOFM,
the ST-FFT, the standard FFT, WI-FFT, and the proposed
method in estimating the THD. The first subplot depicts the
experimentally contaminated current that has large transients

TABLEI
SHIPBOARD POWER SYSTEM PARAMETERS
Items and Equipment Parameters Values
Main AC bus voltage Vabc[Vrms] 440V
f[Hz] 60Hz
Diesel generator (3sets) Vg[Vrms] 450V
Pg[kW] 950kW
Xd’[%] 28.4
Xd”’[%] 15.3
Cos(yg) 0.8
Windlass & mooring winch Vm[Vrms] 440V
(8 sets) Pm[kW] 60kW
Main engine Pm[kW] 11920kW
Fuel tank Weight[t] 396 tons
Speed Knots 14.5 Knots

(a) (b)

Fig. 6 Electrical power system of a bulk carrier ship. (a) Picture of the
selected bulk carrier ship. (b) Sensors of the measurement devices that are
connected to the main switchboard of the electrical power system.
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Fig. 7 Experimental results of the proposed AGPOFM, traditional GPOFM,
ST-FFT, standard FFT, and WI-FFT on assessing the current harmonic
distortion of a bulk carrier ship.
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due to the load variation. Similar to the simulation results, it is
clear that the ST-FFT struggles from lots of oscillations caused
by the frequency drifts, which results in the spectral leakage as
presented in Fig. 8(a). Though the standard FFT can overcome
the weakness of the oscillations caused by frequency drifts in
estimating the THD, its transient response is, however, very
long during the load variation, which results in incorrect
information. This can be clear in Fig. 8(b) where the associated
arrows that show the maximum and minimum load variation
become vertical due to the delay compared with the other
spectrums. Furthermore, the large window size of the standard
FFT does not provide accurate THD information under short
variations of the load as shown in Fig. 7, where it missed the

~ 150
3
4 100
5
& 50
(2]
2
0
Ol»
. RN
% Ny
» :
i 600
€ 0 4o 800

Magnitude (A)

80
60
40

Magnitude (A)

O
‘ho

%\x\é&'\’g

Frequency (Hz)

©

9

information of a 20 % increase of the real THD. As the
sampling time is high and the distortion is high, the traditional
GPOFM fails to estimate the THD resulting in large oscillations
caused by the erroneous information that appears in the THD
subplot of Fig. 7 and erroneous bins in the harmonic spectrum
of Fig. 8(c). The WI-FFT based on Hamming, Hann, and
Blackman windows succeeded minimizing the leakage as
depicted in Fig. 8 (d) and (e) (the spectrum of WI-FFT based on
Blackman window is not plotted as it has similar behavior to
Hamming and Hann windows). However, these methods create
adjacent bins extracted from the existent bins, which make
confusion with the inter-harmonics. Furthermore, measuring
the THD using these methods with a short window is not
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Fig. 8 Experimental results of 3D harmonic spectrums estimated by: (a) the ST-FFT. (b) the standard FFT. (c) the traditional GPOFM. (d) WI-FFT based on
Hamming window. (e¢) WI-FFT based on Hann window. (f) the proposed AGPOFM



efficient as they result in significant fluctuations and erroneous
information as demonstrated in the last subplot of Fig. 7.
However, the proposed method suffers neither from the
fluctuations caused by the frequency drifts nor from the leakage
as presented in Fig. 8 (f). In addition, the proposed method
provides an accurate THD estimation with a very fast transient
response during the load variation as presented in Fig. 7.
Besides, the proposed method can estimate the system
frequency with an open-loop pattern as shown in the last
subplot of Fig.7. Hence, this method is unconditionally stable
and does not need any controller designs or stability analysis.

Figure 9 presents the computation burden of the proposed
method and the enhanced sliding matrix pencil method
(SMPM) proposed in [29]. The number of virtual exponentials
between every two harmonics in the proposed method is set to
9 (P in (25) is set to 9) to provide a satisfactory interharmonics
assessment. From the mathematical development of the SMPM,
it is obvious that creating interpolating poles between each two
harmonics to enhance the resolution results in enlarging the
Hankel Matrix to a double size. Consequently, the computation
burden of all the rest equations including the SVD and the least
square significantly increases. However, though the proposed
method achieves resolution that is more efficient than the
SMPM, it only increases the computation of (19) based on the
virtual exponentials, as the size of the Hankel matrix does not
increase and all rest equations will compute lower size matrices.
A very effective technique to compare the computation burden
of both algorithms is by executing the same data under the same
conditions and use a program that evaluates the elapsed time.
As the computation burden varies depending on the processor
of the computer, in this study case, Intel(R) Core (TM) i5-
8250U CPU @ 1.60 GHz processor with a RAM of 8 GB is
utilized. Though in this study case the resolution of the
proposed method is better than the one of the SMPM, the
elapsed time of the proposed method is very small compared to
the SMPM, which implies that the proposed method has a more
effective computation burden. It is noteworthy that this elapsed
time can effectively vary based on the resolution (selection of
P in (25)) that fits the signal type. As the values of the non-
characteristic harmonics are usually small in SMGs due to the
nature of the three-phase nonlinear loads, keeping P selected to
9 in the proposed method is very efficient to provide accurate
harmonics analysis.
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Fig. 9 Computation burden of the proposed method and SMPM
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VI . CONCLUSIONS

In this paper, a system frequency independent technique is
proposed to estimate the harmonics and inter-harmonics of
smart MMSs by solving the eigenvalue problem. The
evaluation of the proposed method is carried out under
MATLAB software and validated experimentally by analyzing
the current of a bulk carrier ship during the operation of the
mooring winches and the windlass. Based on the conducted
work, several features have been achieved such as:

= Ability to assess a wider range of harmonics as its resolution
is enhanced by the proposed virtual exponentials tuned at the
aimed harmonics and inter-harmonics. Consequently, the
proposed method can effectively enhance the resolution and
increase the maximum number of the spectral frequency bins
up to the Nyquist-Shannon sampling frequency.

= Signal periodicity independent characteristic (the variation of
the window size of the analyzed data does not affect its
accuracy)

= System frequency-independent feature (it does not rely on
any other frequency estimators as it has an intern frequency
estimator that works in an open-loop pattern. Hence, its
stability is unconditional and does not require any controllers
design or stability analysis)

= Capability to work effectively under a low sampling rate.

Besides, based on the obtained results, the calculated THD is
found to be very serious (varies from 43%-80%) according to
the IEC61000-3-6 and IEEE Std 519TM-2014 standards.
Hence, installing sophisticated filters is necessary to avoid the
dangerous consequences that may lead to the blackout of the
ship.
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