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Abstract: In order to make an effective extraction of the fundamental components for a non-ideal
three-phase grid, an improved sliding discrete Fourier transform (ISDFT) has been proposed in
this paper. Firstly, the non-ideal signal characteristics are studied in detail, which reveals that
there are not only typical harmonic components, but also double frequency components, that exist
in dq coordinates when the three-phase grid voltages are unbalanced. Then, the structure form
of the conventional sliding discrete Fourier transform (SDFT) has been redesigned to form the
ISDFT algorithm, in which a special offset link is introduced to reduce the extraction time while the
effectiveness is guaranteed. The experimental results show that this proposed ISDFT is suitable for
types of non-ideal signals extraction and can keep a nice dynamical and steady performance in cases
of grid or load disturbance. For the average extraction time, ISDFT is saving about 44.56% more of
the time than SDFT and about 65.32% more than discrete Fourier transform (DFT).

Keywords: non-ideal three-phase grid; improved sliding discrete Fourier transfer (ISDFT); harmonic
components; double frequency components

1. Introduction

With the popularization of high-power switching equipment in power electric systems
and the promotion of large-scale new energy grid connection systems, various non-ideal
voltage conditions, including voltage imbalance, harmonic interference, etc., have become
a major problem affecting power quality, which would affect the performance of grid-side
power instruments, e.g., active power filters, grid-connected converters of renewable and
distributed generation systems and so on [1-4]. The fast and accurate estimation of the
fundamental components is a key requirement for realizing a reliable operation for these
grid-connected instruments [5,6].

Basically, signal extraction methods can be generally categorized into time-domain
methods and frequency-domain methods [2,7]. For the time-domain methods, the Taylor—-
Kalman filter and its improved strategies are the major measures. For example, an extended
Taylor-Kalman filter was used for the three-phase system [8], and in [9], an adaptive
Kalman filter method was designed for the dynamic estimation of harmonic components.
In [10], a filter bank and a self-tuning adaptive filter have been combined for the power
signals estimation, in which the filter bank was used to separate odd and even harmonic
components while the adaptive filter was used to improve the estimation accuracy. In [11],
a modified Taylor-Kalman filter was designed for the dynamic phasor and the time-varying
harmonics in a non-steady power system, based on which the total harmonic distortion
was reduced. Besides, a rotational invariance technique-based adaptive wavelet neural
network (AWNN) was used to improve the power quality [5].

The frequency-domain methods usually refer to Fourier transform-based techniques [12-15],
within which the sliding discrete Fourier transform (SDFT) has gained wide applications in
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recent years for its efficient iteration and easy digital implementation. In [16], the SDFT
was used for harmonic detection in the three-phase grid-tie inverter system; besides, SDFT
has been often used in cooperation with the phase-locked loop for the stable operation
and control of the grid-connected converters [17,18]. Although the SDFT algorithm is
computationally efficient, this method still might have drawbacks, e.g., a slow dynamic per-
formance and sensitivity to the frequency, and types of measures have been researched to
make improvements [19], and types of improvements have been carried out in [20]. In [21],
an adaptive sampling frequency based on the phase error was designed for the SDFT algo-
rithm to improve the estimation accuracy. In [22], a cosine look-up table loop was designed
to improve the SDFT-based phase locked loop (PLL) scheme by which the damping factor
effect was solved. In [1], a fixed sampling period SDFT and the instantaneous symmetrical
components were employed in a pre-loop stage for the pre-filtered synchronous reference
frame PLL. For the extreme frequency signals, a new SDFT algorithm was analyzed and
designed in [23]; besides, deep comparisons between different frequency-domain methods,
such as discrete Fourier transform (DFT), hopping DFT (HDFT), SDFT and modulated
HDFT (mHDFT), have been made in [24]. In [5], a generalized discrete Fourier transform
(GDFT) was proposed to make further simplifications, which has been realized with great
performance and flexibility.

With the consideration that there are not only harmonic components but other un-
balanced situations within a non-ideal grid, e.g., amplitude and phase unbalances, and
frequency instabilities, in this paper an improved SDFT (ISDFT) strategy has been studied
to realize the rapid extraction of fundamental components. The structure of this paper
is as follows. The characteristics of the non-ideal three-phase grid are analyzed in detail
in Section 2. This new ISDFT strategy is designed in Section 3, including a theoretical
comparison with the normal SDFT strategy. Section 4 contains the results analysis and
comparison, while the conclusion and outlook are given in Section 5.

2. Characteristics of the Non-Ideal Grid

For a typical three-phase three-wire voltage-sourced converter, when the grid is
unbalanced, the grid-side voltage e can be decomposed into the positive sequence e” and
negative sequence eN.

Firstly, assuming only the fundamental components are being considered and ignoring
the saturation effect of the line impedance on the grid-side, according to the basic expression
of the non-ideal grid system, the grid-side voltage e can be expressed as Equation (1) in
ABC stationary coordinates:

€a cos(wt + ap) cos(wt + aN)
ep | = EX | cos(wt +ap —120°) | + EN |cos(wt + an — 120°) |, 1)
ec cos(wt + ap + 120°) cos(wt + an + 120°)

where e;, ¢, and e, are grid-side voltage components in ABC stationary coordinates, and EII;,
EN are the corresponding voltage amplitudes, respectively; w is the grid angular frequency,
and ap and ay are the initial phase angles of the positive and negative sequences, respectively.

Taking w as the rotational angular frequency, Equation (1) can be transformed as
Equation (2) in the rotational coordinates (dq coordinates):

eq | _ /3 .p[cos(ap) \/§ N[ cos(2wt + ay)
[ eq } B \/7Em Lin(cxp)] Ty gEm| sin(2wt +an) |’ @
It is obvious that when the grid voltage is unbalanced, there are double frequency
components (2wt) existing in the dq coordinates, even when only fundamental components
are being considered. However, the unbalanced grid usually contains typical harmonic
components, e.g., (6k = 1)-th (k =1, 2, 3 ...) harmonics. For example, when a 20% amplitude

is falling within the A-phase at t = 0.05 s, the double frequency component existing in the d
coordinates is shown in Figure 1.
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Figure 1. Double frequency component in d coordinates with amplitude unbalance.

To make an effective information extraction of the unbalanced grid, an improved
SDFT method is proposed in this paper to extract both the typical harmonic components in
ABC stationary coordinates and double frequency components in the dq coordinates. The
block diagram of the proposed extraction method is shown in Figure 2 (Here, the signal
sampling frequency is assumed to be much higher than the frequency of the grid-side
voltages including both the fundamental and typical harmonic components), where e,y are
the original unbalanced grid voltages in the ABC coordinate, ef}, . represent the extracted
typical harmonic components, eqq are the unbalanced grid voltages in the dq coordinate, eﬁ q
are the extracted double frequency components, and e} q Tepresent the ideal grid voltages
in the dq coordinate, while e}, . are the output grid voltages in the ABC coordinate.

h 2 * *
€ e — e €y — e e
€we— ISDFT A”FT'_—PABC/dq “» ISDFT ﬂn%—d‘*r dg/ABC—%
abc edq

Figure 2. Block diagram of the proposed method based on ISDFT.
3. Signals Extraction
3.1. Traditional SDFT

Usually, the non-ideal grid voltage could be taken as a finite data sequence v(i) whose
length is M; its DFT can be written as:

V(k) = DFT[v(m)] = Miv(k)wﬂ‘, 0<k<M-1), ©)
n=0

where Wy, = e /27/M,

Obviously, Equation (3) can be extended as:

_i2mkx2 _2mkx(M-1)

V(k) = 0(0) + (Ve +0@)e W £ poM -1 W (@)

Defining the first sampling sequence of data, v(m) is v(0), the corresponding discrete
data are from v(0) to v(M — 1), and the DFT of sequence vy is V(k); the second sampling
sequence is v(1), the corresponding data are from v(1) to v(M), and the DFT is V (k).

On the basis of Equation (4), the following relationship exists between V(k) and V1 (k):

27tk x (M—1) i 27tk

Vi(k) = [Vo(k) = 0(0)]elF + o(M)e T F = [Vy(k) — 0(0) + o(M)]e/ . (5)

Equation (5) is the traditional and universal SDFT algorithm, which is suitable for the
digital implementation because of the lesser computational effort, and the different k value
means a different harmonic order.

According to Equation (5), the SDFT of the m-th sequence is:

27tk

Vin(K) = [Vino1 (k) — 0(m — 1) + o(m + M~ 1)]e/ 5, ©)
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where Vi (k) is the DFT of the m-th sequence, the corresponding data are from v(m) to
v(m + M — 1), while V,_1 (k) is the DFT of the previous (m — 1)-th sequence, whose discrete
data are from v(m — 1) to v(m + M — 2).

In the time domain, the k-th harmonic of the m-th sequence can be written as:

1 in o km
VE(m) = MVm(k)eﬂ”W. ?)
In this paper, the m-th sequence is taken as the input non-ideal grid signal, and the

extracted k-th harmonic component is the output signal, so the transfer function in the
z-domain could be settled as:

Z| LV (k ejznkﬁm
Gk (z) = EAGIY }:(12_M) B | ®)
Z[v(k)] 12145 | M
TRE e E e

HE(2)
In Equation (8), the first part H.(z) is an important link, and it could be extended as:

M-1 -
He(z) =1—-zM= [T - ez, )
n=0

Equation (9 introduces M zeros centered on w = Awy, where wg =2n/M, A =0,1, ...,
M — 1; all the zeros are distributed on a unit circle, and each zero means one frequency
harmonic that could be eliminated by a proper setting.

In Equation (8), the second part H,*(z) produces a pole; when w = kwy, the pole and
one zero cancel each other, and then the k-th harmonic component could be extracted; the
corresponding diagram of pole-zero cancellation is shown in Figure 3 (M =24 and k = 5).
The third part A in Equation (8) plays the role of adjusting the amplitude of the extracted
k-th harmonic, and the structure diagram of this traditional SDFT is shown in Figure 4.

1 0]
(o] ° e (o]
o / o
[7)]
% 057 o pole-zero cancellation 0 1
< o 0
>
© 0F © o
£
e 0 o
E_ o5 O o) i
Q (o}
(0] (o]
-t 2 B ; W5 |
-1 -0.5 0 0.5 1
Real Axis

Figure 3. Pole-zero diagram of SDFT (M =24 and k = 5).

Obviously, for the traditional SDFT, the H.(z) part determines the harmonic compo-
nents that could be extracted, which here means all the integer harmonic components,
forw =Awg(A=0,1,..., M—1). However, more zeros mean more delay links (M zeros
mean M delay links), and in some cases, for not all the zeros, the results are required in an
unnecessary time delay.
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Figure 4. Structure diagram of the SDFT algorithm.
3.2. Proposed ISDFT

When considering the characteristics of the researched non-ideal grid system, the
improved SDFT is studied by redesigning H¢(z). According to the transfer function of
traditional H.(z) shown in Equation (9), it is explained that M zeros are introduced at the
integral multiple fundamental frequency, which can be expressed as w = Awp (A =0, 1,
..., M — 1); these zeros are uniformly distributed on the unit circle to realize the complete
elimination of corresponding frequency harmonics. However, the actual system does not
necessarily contain all the harmonics corresponding to all of the above zero points. In
addition, if all the harmonics are eliminated, this will also cause a time delay. According
to the characteristic analysis of the non-ideal power grid, the main harmonic order in the
power grid voltageis k = 6h + 1 (h=1,2,3,... ) and k = 2. Therefore, z = z!/6¢727/M,
z = z1/6627/6M and z = z1/2 are substituted into Equation (9), respectively, and thus H(z)
can be redesigned as:

N-1 N-1
Hcl(z) = (1 —z_%g_jz%)(l —z_%e_j%) = H (] —6]27[6;’(7;112_%)1—[ (1 78]'277%7&12_%),
n=0 n=0
(10)
M
Ho(z)=1—-2z"72. (11)

Then, the transfer function of ISDFT can be rewritten as:

Gha(2) = (L= ve o)1~z v %) (1 ) S, (12)

1— 21274 M _
Hcl(z) Hk( ) A
Kz
1 1 .
Ghy(z) = (1 -2 %) [ ———p | &, (13)
1—z1e2mm J M _
CZ(Z) A

HE (2)

The corresponding structure diagrams are shown in Figure 5a,b.

Now, the zeros of the ISDFT algorithm become w = (6h + 1)wy and w = 2wy, and
the number of system zero points becomes M/6 + M/6 = M/3 and M/2, respectively.
Compared with SDFT, the numbers of zeros are one third of that and half of the original,
which means that the delay times of ISDFT are also reduced to one third and half of the
SDFT. The corresponding pole-zero diagrams when M =24 and k=5, M =24 and k = 2 are
shown in Figure 6a,b.
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Figure 5. Structure diagram of the ISDFT algorithm: (a) Ggh 41(2); (b) G’éh (2).
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Figure 6. Pole-zero diagrams of this ISDFT algorithm: (a) Pole-zero diagram of the ISDFT algorithm
(M =24, k = 5); (b) Pole-zero diagram of the ISDFT algorithm (M =24, k = 2).

According to above analysis, the extraction flow chart of the fundamental components
for the non-ideal three-phase grid is shown in Figure 7.
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Figure 7. Extraction flow chart of the fundamental components.

4. Experimental Results

The established platform used for the experimental verification is displayed in Figure 8,
including a programmable three-phase AC source which could simulate various non-ideal
grids, a signal processing system based on TMS320F28335 DSP to deal with the ISDFT
algorithm studied in this paper, and an oscilloscope to display the execution results.

oscilloscope

Programmable three-
phase AC source

Figure 8. Experimental platform.

4.1. Signal Tracking Performance

With a static input signal uj, = sin(5007t), the tracking waveforms by ISDFT, DFT and
SDFT are compared in Figure 9.
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w(1V/div)

#4ms/div)
Figure 9. Tracking waveforms with a static input.

Obviously, the tracking time of ISDFT is about two cycles, while it is about five cycles
for SDFT and DFT. When ¢ = 0.2 s, the input amplitude is doubled (1 V — 2 V), and the
dynamic tracking results are shown in Figure 10.

Kt 8 R PR B TR SDFRDER G, e B s

u(1V/div)

#(4ms/div)
Figure 10. Dynamic voltage waveforms.

Similarly, for ISDFT, the dynamic response time is about two cycles, while it is about
five cycles for SDFT. From the above experimental waveforms, it can be seen that the signal
tracking performance of DFT, SDFT and ISDFT is the same.

4.2. Harmonic Extraction

For the harmonic extraction, e.g., when there are 5th and 7th harmonic components
existing in the A-phase and B-phase, as shown in Figure 11a,b, the extracted harmonic
components with ISDFT are shown in Figure 11c,d, and the three-phase waveforms after
the harmonics elimination are shown in Figure 11e,f. Note that the scales are changed in
inlets in Figure 11a,c,d and e.

The series experimental results shown in Figures 10 and 11 can validate the effectiveness
of the studied ISDFT algorithm; the dynamic response time is about half of one cycle (10 ms).

For the ISDFT, SDFT and DEFT algorithms, the execution times of the extraction of the
5th and 7th harmonic components are compared in Table 1.

Table 1. Comparison of the harmonic extraction time.

Harmonic Extraction 5th Harmonic 7th Harmonic
Method Extraction Time (us) Extraction Time (us)
DFT 251.41 228.93
SDFT 157.28 143.22
ISDFT 87.19 78.62

The ISDFT is approximately saving about 44.56% more of the time than the SDFT, and
about 65.32% more of the time than the DFT.



Electronics 2022, 11, 1915

90f13

eabe(177V/div)

Fundamental (50Hz) = 220.7 , THD= 24.54%
T T T T T T

Mag (% of Fundamental)
= = 3
T T T
. . .

5
T
L

o

i T i i s
t(lOms/de) Harmonic order

(a) (b)

eabe5(44V/div)

eabc7(31.5V/div)

#(0.7ms/div)

(d)

eabe(177V/div)

Fundamental (50Hz) = 2207 THD 044%

0.3 i
025 b
02 i
015 b
0.1F i
0.05
0 I I

Mag (% of Fundamental)

#(10ms/div) Harmonlc order

(e) (f)

Figure 11. Harmonics extraction based on ISDFT algorithm: (a) Non-ideal three-phase voltages
with harmonic components; (b) FFT analysis of the non-ideal three-phase voltages (5th: 19.97%;
7th: 14.27%); (c) Extracted 5th harmonic component; (d) Extracted 7th harmonic component;
(e) Three-phase voltages after harmonics elimination; (f) FFT analysis of three-phase voltages after
harmonics elimination (5th: 0.31%; 7th: 0.31%).

4.3. Other Non-Ideal Signals Extraction

When there is a sudden 20% amplitude disturbance within the A-phase voltage at
t = 10 ms and ¢ = 50 ms, as shown in Figure 12a, the extracted double frequency components
(eq® and e4?) in the dq coordinates are shown in Figure 12b,c, and the three-phase voltages
after the non-ideal components elimination are shown in Figure 12d. Note that the scales
are changed in inlets Figure 12a—d.

Similarly, when there is a sudden 12° phase disturbance within the A-phase voltage
at t = 20 ms, as shown in Figure 13a, the extracted double frequency components (e4% and
eqz) in the dq coordinates are shown in Figure 13b,c, and the three-phase voltages after
the non-ideal components elimination are shown in Figure 13d. Note that the scales are
changed in inlets in Figure 13a—d.

When there is a sudden 0.5 Hz frequency disturbance within the A-phase voltage at
t =20 ms, as shown in Figure 14a, the extracted double frequency components (e4? and
eqz) in the dq coordinates are shown in Figure 14b,c, and the three-phase voltages after
the non-ideal components elimination are shown in Figure 14d. Note that the scales are
changed in inlets in Figure 14a—d.
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ed (15V/div)

4’ (15V/div)

eabc’ (206v/div)

Siomvany EE— T e
(0 (d)

Figure 12. Non-ideal signals extraction based on ISDFT algorithm (Amplitude disturbance): (a) The
non-ideal grid voltages with amplitude disturbance in A-phase; (b) The extracted double frequency
component in d-axis; (c¢) The extracted double frequency component in g-axis; (d) Three-phase
voltages after non-ideal components elimination.

eabc(220V/div)

s (15Vidiv)

g’ (15VAdiv)

(b)

eabe’(220V/div)

#(10m s/div) #(10ms/div)

(©) (d)

Figure 13. Non-ideal signals extraction based on ISDFT algorithm (Phase disturbance): (a) The non-
ideal grid voltages with phase disturbance in A-phase; (b) The extracted double frequency component
in d-axis; (c) The extracted double frequency component in g-axis; (d) Three-phase voltages after
non-ideal components elimination.

4.4. Non-Ideal Signals Extraction Considering Load Changes

When taking the amplitude modulation as an example and under an amplitude of
phase a reduced by 20%, at t = 20 ms, the three-phase load is suddenly changed, as shown in
Figure 15a, the extracted double frequency components (e3> and eq?) in the dq coordinates
are shown in Figure 15b,c, and the three-phase voltages after the non-ideal components
elimination in the dq coordinates are shown in Figure 15d,e, while the corresponding
three-phase voltages after the non-ideal components elimination in the ABC coordinates
are shown in Figure 15f. Note that the scales are changed in inlets in Figure 15a—f.
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Figure 14. Non-ideal signals extraction based on ISDFT algorithm (Frequency disturbance): (a) The
non-ideal grid voltages with frequency disturbance in A-phase; (b) The extracted double frequency
component in d-axis; (c¢) The extracted double frequency component in g-axis; (d) Three-phase

voltages after non-ideal components elimination.

(d)
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Figure 15. Non-ideal signals extraction considering load change based on ISDFT algorithm (Ampli-
tude disturbance): (a) The non-ideal grid voltages with the three-phase load suddenly changed; (b)
The extracted double frequency component in d-axis; (c) The extracted double frequency component
in g-axis; (d) Voltage in d-axis after non-ideal components elimination; (e) Voltage in g-axis after
non-ideal components elimination; (f) Three-phase voltages after non-ideal components elimination.
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This ISDFT algorithm could also work with a dynamic change of load, and the average
response time is less than one cycle (20 ms), which verifies the validity and applicability of
this improved algorithm.

5. Conclusions

In this paper, an improved sliding discrete Fourier Transform (ISDFT) has been studied
for the signal extraction of a non-ideal three-phase grid. Besides there being harmonic
components in the three-phase voltages, there would be double frequency components
existing in the dq coordinates when the three-phase voltages are unbalanced. With the
redesigning of the transforms of the normal sliding discrete Fourier transform (SDFT), the
typical harmonic components and double frequency components could be respectively
extracted, along with less extraction time, while the effectiveness was guaranteed.

Different types of experiments, including signal tracking performance, harmonic
extraction, and signals extraction with different non-ideal cases, were carried out, which
verified that this studied ISDFT algorithm is suitable for types of non-ideal signals extraction
with a nice dynamical and steady performance, and the average extraction time was much
lower than for the normal DFT or SDFT algorithm, which makes it easier to use in digital
implementations.

As the proposed ISDFT algorithm has a strong signal extraction ability in terms of dealing
with a non-ideal power grid or load disturbance, in the future, from a macro perspective, one
could consider applying it to the analysis of large-scale new energy grid connections in the
background of non-ideal power grids; additionally, from a micro perspective, one could also
consider applying it to the analysis of unstable signals in synchrophasors.
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