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Abstract—A new type of filter/extractor named inde-
pendent time-delay signal cancellation (itDSC) method is
proposed in this article. Unlike conventional harmonic se-
quence filter (HSF) designs, the phase modifying and vec-
tor recovering stages of the proposed itDSC are sepa-
rately set with single targets to make time-delays indepen-
dent from the targeted HS indices and fundamental period.
Consequently, the proposed HSF is more flexible in de-
sign, more robust and accurate in performance as well as
faster in dynamic response compared to the conventional
ones. A new phasor representation of an arbitrary order
and sequence is first introduced for three-phase signals
by using only a single integer-index-number (h). Then, a
generalized principle of filtering/extracting arbitrary HS is
proposed where the conventional time-dependent methods
are specific cases. Last, new designs with independent
time-delays are proposed to avoid the drawbacks of depen-
dent time-delays and improve the filter performance in the
applied systems. Comparative performance and extended
applications on fundamental-frequency positive-sequence
extraction used in power converter control areas are pre-
sented. The experiments show the superiority, application
potentials, and challenges of the proposed method in the
power converter control area.
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[. INTRODUCTION

HE integration of distributed generation (DG) systems
T increases the complexity of electric power systems because
microgrids can work in stand-alone or grid-connected modes
[1]. Power electronic converter systems in DG microgrids play
an important role in improving service reliability and address
power quality issues, such as voltage sags, harmonic pollution,
and voltage imbalances [2]. In the reliability and power qual-
ity aspects, the task of extracting reliable parameters of the
frequency, voltage, and current characteristics is essential and
challenging due to the inevitable contamination of harmonic
sequences (HSs) incurred in power electronics [3].

Regardless of the HS distortion, it is essential to continu-
ously monitor voltage/current characteristics in electric power
systems for maintaining the reliability, quality, and stability of
the power grid. The presence of HS disturbances in the grid
voltage can cause errors in the frequency estimation, which
can lead to inaccurate results of control and protection tasks
[4]. In one perspective, it is important to have a good quality
of instrumentation and measurement devices, as well as proper
calibration, to minimize the offset and noise introduced by the
instrumentation itself. In other perspectives, robust estimation
methods are needed to handle these disturbances and provide
accurate parameters [5].

The estimation of frequency, amplitude, and phase of volt-
ages or currents in electric power systems is the core issue for
various applications related to microgrids [5], DG [6], flexible
alternating current transmission systems [7], and conditioner
devices such as dynamic voltage restorers [8], active filters [9],
unified power flow controllers, or static synchronous compen-
sators [10]. For example, in microgrids, the extraction of funda-
mental frequency positive and negative sequence (FFPS/FFNS)
voltages from HS disturbance is required for the proper op-
eration and control of inverters [11]. Under microgrid faults,
voltage distortion can become severe, and a fast response filter
is needed to accurately extract the FFPS information to ensure
the quick and accurate synchronization to the grid voltage and
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frequency [12]. Besides, the frequency measurement is neces-
sary to implement the conventional real power versus frequency
droop controllers to maintain the active power balance [13].
Frequency control is particularly important during transitions
between grid-connected and islanded modes, where high devia-
tions of frequency can occur [14]. In transitions from islanding
to grid-connected modes, the frequency of the microgrid cannot
differ from the utility frequency by more than 0.1% according to
IEEE 1547 (Standard for Interconnecting Distributed Resources
with Electric Power Systems) [15]. Furthermore, frequency es-
timation is also needed for load shedding, frequency restoration,
and grid code compliance in DG systems. In these applications,
the adopted method must be fast, accurate, and robust even in the
presence of harmonic distortion, voltage imbalances, magnitude
fluctuations, and noise [16].

There are several state-of-the-art filtering methods for grid-
side converters that have been proposed in the literature. The
popular methods can be listed as complex bandpass filter (CBF)
[17], moving average filter (MAF) in dg-frame [18], delayed
signal cancellation (DSC) [19], cascaded DSC (CDSC) [20],
multiple DSC (MDSC) [21] (as another form of MAF in
af—frame), and the recent three-sample filter (3SF) method
[22]. Interestingly, the harmonic sequence filter (HSF) effects
can be achieved without an explicit filter design as a merit of the
integral operator such as in second-order generalized integrator
(SOGI) based methods [23], [24] or the popular proportional-
integral (PI) control or in observer designs. These methods
can be technically classified into three categories based on the
HS cancellation principles: two-sample filter (2SF) [e.g, DSC,
generalized DSC (GDSC), CDSC], 3SF, and multiple sample
filter (MSF) (e.g., MAF, MDSC, integrator-based methods) prin-
ciples. The 2SF principle does the cancellation by creating an
180° phase-shifted signal to combine with the original one. In the
2SF principle, only one phase-shifted vector is needed to cancel
the original one. Meanwhile, the 3SF does the cancellation by
the parallelogram law where two phase-shifted vectors of the
parallelogram are created to cancel with the original vector [22].
The MSF principle such as the MAF in dg-frame, recent MDSC
method [27], or integrator-based methods does the cancellation
by creating multiple delayed samples covering the whole period
of targeted harmonics. Each sample is evenly phase-shifted
where the phase-shifted step and the number of samples have
been designed to ensure the summation of all samples can cancel
multiple targeted HS components at once. Each of these methods
has its own advantages and disadvantages and they are suitable
for different types of applications. The CBF is simple but it
cannot totally cancel out the targeted HS components [28].
The MAF, MDSC, and integrator-based methods are useful for
eliminating multiple high-order HSs, but its length of the moving
window or the integration should be done in periods of time
for low-order HS, which affects its dynamic response. Besides,
the MSF can deal with a wide range of HS but it requires all
necessary delayed samples within a period of targeted harmonic
hence there are errors in transient times where the filter has not
collected the necessary samples for cancellation.

In summary, the importance of filtering/extracting methods
in microgrids is significant and the most challenges of the
current methods are still on slow dynamic response due to
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the inevitable time-delay to collect enough necessary samples
(especially for the low-frequency HS components), robustness
to parameter mismatches such as the fundamental frequency
(FF), and the simultaneous contamination of multiple unknown
harmonic-sequence contents (implicit harmonic frequency and
sequence). To overcome the mentioned challenges, this article
proposes a new type of harmonic-sequence filter/extraction with
independent time-delays (itDSC) for fast dynamic response
targeting arbitrary sequences and frequencies. The key novelty
is the required time-delays, which is independent of the targeted
HS indices and FF to improve both robustness and dynamic
response. A generalized phasor representation of arbitrary HSs is
firstintroduced for three-phase signals using only a single integer
number (h). Then, a generalized principle of filtering arbitrary
harmonic sequences is introduced where the conventional time-
dependent methods are thoroughly analyzed and generalized.
From the generalization, the independent time-delay approach
is proposed. Extended applications on FFPS/FFNS extractions
in power converter control areas are also introduced with both
simulation and experiment results. The experiments show an
in-depth view of the superiority, fast-response advantages as
well as challenges of the proposed approach when applied to
the power converter control.

[I. REPRESENTATION AND GENERALIZED PRINCIPLE OF
THREE-PHASE HS FILTER/EXTRACTOR

This section is on the phasor representation of an arbitrary
three-phase HS using a single integer number (%) to indicate both
harmonic frequency and sequence (positive/negative), called in
short “harmonic-sequence” (HS). Then, a generalized principle
to eliminate arbitrary undesired HS components (4,) from the
desired one (/) is presented as a background for the proposed
method.

A. Generalized Presentation and Principle of
Harmonic-Sequence Filter/Extractor

The single-phase signal (s,) in the time-domain comprises
harmonic (k) components as the following:

sx(t)zz:s;h)(t), x={a,b,c}, h={0,1,2...} (1)
h=0

where & is a non-negative integer representing the harmonic
order components in the single-phase signal s,(f). In special
cases, h = O represents the dc-offset component; 4 = 1 represents
the FF component.

The real-time signal of the (%) component can be represented
via complex numbers (phasor representation) as follows:
s (t) = S cos (hwt + @gh))

T
) . (h) . o (w)
= Sg(gh) (e]hwte]‘Px 4 e dhwto—ipa )
—0.5 x (Sgch)ejhUJt + S;(h)e—jhwt) ,

where §{") = Sg(ch)ej“’;h) 2)
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Harmonic-Sequence Filter/Extractor

Fig. 1. Generalized principle for an HS filter/extractor with two targeted
HS components (h,) and (h;) using only two samples to cancel out the
unwanted HS component.

where s, denotes the signal in time-domain, S, is the ampli-
tude, (5, s.) are the corresponding complex number and its
conjugate, and (%) is the harmonic order.

For three-phase signals, the phasor representation on a station-
ary «af-frame via complex number can be obtained by Clarke
transformation and the substitution from (2) as

sgLB) = (2/3) x (sflh) + s}()h)ejz’r/3 + s,(lh)e’ﬂ””)

.(h) ejhwt 4 gz(gze—jhwt — s(():gh) + s(();ﬁh) (3)

= Sap+
where
-(+h -(h) w
S = Sapr e = (1/3)
X (3h,a + sppe? 3 éhcefjhﬁ) elhwt
J(=h h) —jhwt
L) =sfe et = (1)3)

x (sha 4 gppe i 4 éhcej2”/3) eIt (4

Equation (3) shows the composition of any balanced three-
phase signals by positive and negative sequences. In a short form,
a balanced three-phase signal s,5. (5o 3) can be represented via
harmonic-sequence components as

Sap = Y 50 ©)
h=-00

where the index number (/) is a general integer number with
positive/negative values corresponding to positive/negative se-
quence and an absolute value of (%) denotes the harmonic order.
For simplicity, the HS component of a three-phase signal is now
denoted by only (%), which indicates both harmonic order and
sequence.

Fig. 1 shows the generalized principle to filter an undesired
HS component (h;) from the desired HS one (/) or in other
words, extracting (4;) component from a signal contaminated
by (h,) component. The generalized principle shown in Fig. 1
comprises three main operators: phase modifiers, a cancelation
operator, and a “recover”. First, the signal is modified in phase
by phase-modifiers such as time-delay and/or phase-shifting
operators. The target of the phase modifiers is to make different
phase-shifts between &, and /5 to ensure that in the next step of
cancellation, the undesired HS (/,) can be eliminated without
eliminating the desired one (/7). The cancellation operator can
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Fig. 2. Working principle of a GDSC HS-filter/extractor with dependent
time-delay blocks. (a) Block diagram of main operators. (b) lllustration
with phasor presentation of the filtering process with h; =1, h, = 3.

be as simple as a vector summation operator. After the cancel-
lation operator, the desired HS (h;) may be modified both in
phase and amplitude due to the previous operators. Therefore,
recovering operators for (/;) should be used to recover the
original desired component.

To change the phase of component signals, there are two
types of phase-modifiers being applied: 1- Time-delay, 2- Phase-
shifter by a rotation matrix. A rotation matrix can make an arbi-
trary phase-shift for HS components by multiplying the rotation
matrix by the original vector using only algebraic calculation,
which may not cost much delay-time in processing. However,
the rotation matrix offers the same phase-shifts to all HS com-
ponents regardless of their HS indices (/). Therefore, using only
the rotation matrix for phase-shift is not enough to both cancel
the &, and retain the #; components. The other phase-modifier
called time-delay operator can offer different phase-shifts to
different HS components after the same time-delay due to the
difference in HS index (h; # h,). Hence, the time-delay is
an inevitable operator in the filtering/extraction process, which
presents explicitly or hidden in some operators.

B. Generalization of Dependent Time-Delay Methods

This section derives popular methods of dependent time-delay
methods such as GDSC) [29], MAF [30], and recent MDSC [28]
from the previously mentioned principle.

Fig. 2 shows the block diagram of the GDSC filter/extractor
where the phase-modifiers comprise two operators: time-delay
within ¢4 and a phase-shifter of an angle 6 (rotation matrix).
These two phase-modifiers achieve two targets simultaneously:
1) inverse the phase of &, and 2) preserve the phase of /; as
illustrated in Fig. 2(b). Therefore, after a simple summation
between the phase-modified and original signals, a simple “re-
cover” process is used with only a scaling operator of 0.5 as seen
in Fig. 2(a).
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Mathematically, the phase-modifiers with a time-delay ¢4 and
matrix-rotation (#) have the following transfer function with
simultaneous two targets set as:

Llh=nh

(h) -(h) _ j(—hwtq+0) _ T
S =€ 6
aﬁ td+9/ { 1 |h hl ( )

where s, 5 14+ ¢ denotes the phase-shifted signal after the phase-
modifiers by time-delay ¢, and phase-shift # and s, 3 denotes the
original signal.

The general solutions of the trigonometric (6) are as

— S5)T — .
(m—n+0.5) 0=2n m—n+0.5
I — Iy 1= hy/ln

where T = 27/w is the fundamental period, and m and n are two
arbitrary integers of the trigonometric solution.

From (7), itis obvious that for the condition of a positive time-
delay ¢4 > 0 and to minimize the time delay ¢4 in the filtering
process, the optimal selection of integers, m and n, results into
the following optimal parameters:

td:OS><T/|hrfh1|,9:7rh1/|hthl| (8)

tg = + n) (N

When optimal parameters of (8) are selected for an HS filter
design, there is always a group of harmonic components (ha,
hy) that will be filtered and persevered, respectively, at the same
time, due to the arbitrary selection of m and n in (7). The group of
HS components being filtered by the settings in (8) is identified
from (7) as

he = hy — (k+0.5) x T/tg. 9)

The results found in (8) and (9) are the general solution of
DSC filters, which is also called the GDSC. For example, the
filter design to eliminate the FFNS component from the FFPS
one with respect to the indices: i, = —1 (FFNS); h; = 1 would
result in optimal parameters (8) with r; = 7/4 and 0 = /2 as
illustrated in Fig. 2(b). The group of simultaneously filtered HS
©)willbeas h, =4m +3 ={...—5, —1,3,7, ...}. In another
example for dc-offset, h, =0, h = 1,13 =T/2, and 0 = 7, ﬁx
=2m=1{...—4,—-2,0,2,4 ...}, resulting in elimination of all
even HS components in both positive/negative sequences.

The interesting findings can be summarized from solutions
(8) and (9) as follows.

1) The GDSC can eliminate an arbitrary HS regarding both
frequency and sequence aspects (h,) while preserving
the (h;) component because two parameters in (9) are
available for any h; # h, (the arbitrary HS component
can be any h,).

2) Parameters, particularly time-delay #; depends on the tar-
geted HS components, i.e., (h, —h1) and the fundamental
period (7). The value of 74 can be very large for the case
that the undesired harmonic order 4, is very near the
desired one A (i.e., the dc-offset case).

3) From (8), the time-delay ¢4 depends on T and |hy, —h|.
This dependence on time-delay 74 not only slows down
dynamic response but also reduces the robustness because
the filtering performance is affected by the mismatches of
T and h,.
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Independent Tlme—Delay HS-Filter Des:gn
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Fig. 3. Working principle of the independent time-delay design for HS

filters. (a) Block diagram of main operators. (b) lllustration with vector
presentation for the filtering process with h; = 1 and h, = 3.

4) With the same harmonic order %, the time-delay ¢4 is
larger if h, is of the same sequence (i.e., positive or
negative) with 2; and vice versa.

To this end, the key reason for the large time-delay 7, is its
dependence on the targeted HS indices especially when h; is
near /. To improve the dynamic performance and increase the
robustness against the mismatches of 7, a new strategy is to
make the time-delay ¢; independent from the targeted HS indices
(hy, hy) and fundamental period (7). The solution is simple by
reducing one target set in (6) in the phase-modifier stage as
proposed in Section III.

IIl. INDEPENDENT TIME-DELAY DESIGNS FOR FAST DYNAMIC
RESPONSE

This section presents the proposed approach of independent
time-delay designs developed from the generalized principle and
the generalization of DSC methods.

A. Arbitrary Time-Delay Design

As seen in Fig. 2(a), the dependence of time-delay 7, and
phase angle 6 on the targeted HS components (7) is due to the
simultaneous targets set for two relevant phase modifiers. To set
the 74 as an independent parameter, only a single target is set
with respect to the parameter 6 to cancel £, as follows:

U0 o/3) =) — b=, (10)
The solution of the trigonometric (10) is
0=02n+ )7 — whyty (11)

where ¢, is flexible as an independent time delay, which can be
arbitrarily selected as small as a single sampling period (¢ =
T), and n is an arbitrary integer. For simplicity, n = 0, which
results in a new type of filter design illustrated in Fig. 3(b).

As seen in Fig. 3, the desired HS component (/;) has been
modified in both phase and magnitude after phase modification



9334

(10) and cancellation stages as

sggl/sgg) =1 4 Chwta=0) _ po—ja
where m = 2sin[0.5 x (h, — hy)wtq], a = 0.5 X [7+ (h) —
hy)wtq], and s,p~ denotes the summed-up signal after the
cancellation stage.

Hence, the phase and magnitude of the desired HS component
(h1) can be recovered by the following operator:

12)

.(h (h1) ja
S&ﬂ‘) = (1/m) x sgﬂlej .

It can be seen from (12) and (13) that in comparison with
the GDSC, there is more computation for magnitude and phase
recovery of the (;) component. However, there are significant
benefits on targeting arbitrary HS components including the
dc-offset as detailed in the following section.

13)

B. Filtered and Unfiltered HS-Groups of the Proposed
Method

From (11), the selected parameters of (74, ) aiming at filtering
the HS component /4, can simultaneously filter the following
HS-group:

0 =7 —whytyg=2n+ )m — whaty

& hy = hy +n x (T/tg),n € int (14)

where T is a fundamental period and 7/¢, can be defined as a
harmonic step of the filter.

Also, from (12), the unfiltered group of HS component due
to the extraction of (%;) is determined by

m = 2sin [0.5 % (hy — hy)wta| =0

& hy = hi +m x (T/tg),m € int. (15)

It is worth noting that to remove the dc-offsets, (14) and (15)
are set for hy = 1, h, = 0 and hy # 0 Vm integer, then the time
delay t4 # n x T. From (14) and (15), it is worth the selection
of the harmonic step (7/¢4) to ensure iLl + iLm Vm, n integer.

From (14) and (15), the following conclusions can be made
on the proposed independent time-delay designs.

1) For each filter design with a pair of parameters (¢4, 0)
aiming at a specific pair of HS component (/, i), there
are relevant HS-groups (hy) to be filtered simultaneously
and unfiltered HS (h|) components to be preserved.

2) The time delay determines the width of the filter step
(Tt ) of filtered/unfiltered HS groups.

3) The proposed filter can effectively filter/extract the neg-
ative component from the positive sequence (i.e., &,
= —hy) overcoming the drawback of the three-vector
method [22].

C. Total Time-Delay in HS Extraction With Cascaded
Filter Structure

This section applies the itDSC design to simultaneously filter
multiple HS components to extract an arbitrary HS component
taking the FFPS as an example.
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The section also exhibits the capability of the proposed itDSC
to cover the feasibility of the DSC as a generalized method. To
highlight the superiority, comparative analyses are presented in
Fig. 4.

It is assumed that the task is to extract a specific HS compo-
nent, e.g., FFPS, from all contaminated HS components up to n
order harmonics including both positive and negative sequences
(hy =0, —1, £2, 43, ...4n). Conventionally, the CDSC and
MDSC can be designed as Fig. 4(a) and (b) with the note that
Fig. 4(b) is an MDSC design to work directly on the a3-frame
signal without dg-transformation while in dg-frame, the MDSC
becomes the MAF method.

For the CDSC, from (8) and (9) to remove all the even har-
monics (h; = 0, £2, +4, ...), the time-delay of T/2 is required.
Similarly, to remove (h, = —5, —1, 3,7, 11), atime delay of 7/4
is required. Hence, to remove all the HS components up to n =
2% order, k-filters are cascaded as shown in Fig. 4(a). The total
time required in the cascaded system is

k
tas=» T/2'=(1-1/2T=(1-1/n)T  (16)

where n = 2% is the width of harmonic band to be filtered. From
(16), it can be inferred that for k — oo, the delay-time approaches
one fundamental period (7) for all HS order greater than one.

Similarly, the MDSC design uses a series of time-delay (7/n)
and rotation-matrix (phase-shifter) (¢« = 27/n) as shown in
Fig. 4(b) to remove all the HS components up to n order and
the total time delay is

n—1
tas=» T/n=(1-1/n)T. (17)
=1

The MDSC can be interpreted as a version of the MAF in
aff—frame.

The cascaded version of the proposed itDSC method is shown
in Fig. 4(c). Based on (14) and (15), with a fixed time-delay
equal to (7/n) to filter out all the hamronics up to n orders (both
sequences), it needs (n—1) cascaded itDSC blocks. Hence, the
total delay time for the cascaded design is

n—1
tas = T/n=(1-1/n)T. (18)

i=1

However, due to the flexibility of time delays, the time-delays
of cascaded itDSC can be selected as the same as the CDSC
mentioned above. With the same time-delay settings, the CitDSC
turns into CDSC as a generalized method.

From (17) and (18), one can conclude the same total time-
delay of the CDSC, recent MDSC, and CitDSC methods. It
can be concluded that to totally remove the same full band of
harmonics, the total delay time is the same. However, to remove
a specific number of HS, the itDSC shows its flexibility and
reduces time-delays in the filtering process. The flexibility of
itDSC is to combine a group of target HS components and then
assign to one itDSC filter because the time-delay determines
the filter step (T/z;) as seen in (14). The flexibility of itDSC
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design can help to significantly reduce the computation burden
by simplifying the cascaded filter structure.

To this point, the advantages of the proposed itDSC is exploit-
ing the rough information of contaminated HS (%) available
in power electronics and power systems, especially the fast dy-
namic response for the low-order HS components. Furthermore,
in the next section, the itDSC can turn into the conventional DSC
with the same setting time-delay making the proposed itDSC a
generalization of DSC.

From the above-mentioned theoretical analyses, the advan-
tages of the proposed itDSC can be expected as follows.

1) Flexible designs with a flexible selection of the time-delay
tq. If the time delay is selected as same as the DSC filters,
the itDSC turns into a conventional DSC.

2) One filter design can target multiple HS components at
once. Multiple HS components can be simultaneously
filtered out by a single itDSC via a suitable selection of 74
because the group of filtered harmonics and the width of
the filter step is flexible with the flexibility of ¢4 design.

3) Robustness of the designed filters based on itDSC method
against the mismatches of fundamental period 7, HS
indices /1y and h, thanks to the independences of 7.

4) Fast response of the filter and the overall related system
thanks to small 7.

5) High potentials in power electronics and power system
applications where the harmonic indices (4,) are roughly
determined in terms of sidebands (roughly deterministic
harmonics).

[V. COMPARATIVE PERFORMANCE AND VALIDATION IN
EXTENDED APPLICATIONS

This section presents comparative studies to validate the supe-
riority of the itDSC in applications. The advantage verification
of the proposed itDSC method is on the following points.

1) Generalization of the itDSC covering the performance of
the conventional DSC.

2) Flexible groupings of harmonic components to be simul-
taneously filtered by a single itDSC filter.

3) Fast dynamic response of filtering process under explicit
indices of HS components.

4) Robustness of the itDSC under various scenarios of mis-
matches in applications, such as implicit harmonic noises,
FF mismatches, frequency step-change, phase jump, and
amplitude step-change.

Most updated competitive methods of the same categories on
2SF filter/extracting methods are adopted for a fair comparison.

A. Experimental Setup

Fig. 5 shows the comparative designs and experimental setup
to investigate the performance of comparative methods. Fig. 5(a)
shows the block diagram of adaptive and nonadaptive time-delay
schemes where the HSFs are designed with DSC and itDSC
concepts in fair conditions. Fig. 5(b) shows the diagram of
the experiment setup and Fig. 5(c) shows the photography of
the experiment application setup. As seen in Fig. 5(b), the
grid voltages are emulated by an ac-grid emulator provided
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Fig. 5. Comparative filter/extractor designs in the application and the
experiment setup. (a) Comparative designs with adaptive/nonadaptive
mechanism from FLL. (b) Application of FFPS extraction in a control
structure of grid-converters. (c) Photography of the overall experimental
setup.

by CINERGIA-GE15 where the current and voltage signals
from sensors are sent to the OPAL-RT 5700. The grid emulator
can produce various conditions of three-phase grid voltages
including the changes of harmonic, frequency, and phase. The
sensor signals of currents and voltages are fed into the analog
input card of the OPAL-RT 5700 where all the signals are
processed for real-time applications. The powerful computation
capability of OPAL-RT 5700 is on multicore processors and
field programmable gate arrays to reduce the processing time
and enable real-time operation. Processed signals from OPAL-
RT are then fed into the D-SPACE MicroLabBox acting as a
controller. Observed signals are exported to the analogy output
card to show in the oscilloscope. Fig. 5(c) shows the overall
setup in the laboratory where the proposed HSFs are a part of
the overall microgrid system. The HSF are used to extract FFFS
for an accurate and fast-response control system without using
any PLL or the necessity of conventional PI controller published
in [31] and [32].
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B. Generalization Characteristic of itDSC Method and
Flexible Designs for Fast Filter/Extraction of Explicit HSs

Fig. 6 shows the comparative frequency response in case of
explicit HSs, i.e., hy; = {—1, 5}, hy = +1. Based on (9), to
filter out h,, = {—1, 5}, the optimal dependent time-delay design
requires two CDSC filters with t; = {7/4, T/8 } and the frequency
response is shown in Fig. 6(a). Fig. 6(b) shows the frequency
response of a cascaded itDSC design with time-delay settings
with the CDSC shown in Fig. 6(a). As seen in Fig. 6(a) and
(b), both methods (DSC and itDSC) show the same frequency
response under the same delay-time settings to prove the gener-
alization characteristic of the proposed itDSC method over the
conventional DSC. That is, it can be inferred that the DSC is a
special time-delay setting of the itDSC.

Furthermore, Fig. 6(c) shows a flexible design using only one
itDSC filter to simultaneously filter 4, = {—1, 5}. This single
itDSC filter can be designed to filter out both HS, 4, = {—1, 5}
under the specific time-delay of 7/6 (3.3 ms) compared to the
total delayed time (7/4+-7/8) (7.5 ms) of the CDSC design. It can
be seen from Fig. 6(c) that under explicit information of HSs,
itDSC can be flexibly designed with small time delays and less
filter blocks compared to the DSC methods. Another version of
cascaded itDSC design is shown Fig. 7 where the time delay is
selected at 7/25 and the total delay-time equals 2 x 4 =2 x T/25
(1.6 ms). As seen from Fig. 7, the comparative performance of
the CDSC and CitDSC shows the benefits of the fast-dynamic
response of filtering with arbitrary time delays of itDSC. The
left figures show the three-phase signals including the original
contaminated one, filtered signals from the CDSC and CitDSC,
named by U(V), Upgc(V), and Uiipsc (V), respectively.

The typical HS components (h, = —1, 5) suddenly occur
at t = 0.05 (s) in simulation. The right figures show errors in
the relevant signals compared to the FFPS one (4;). The error
signals in the left figures are obtained by subtracting each signal,
ie., U(V), Upsc(V), and Uispsc (V) to the FFPS Up1(V).
The dynamic responses of CDSC and CitDSC are therefore
observed from the relevant error signals, namely, Upschx (V)
and Ujtpscnx (V) shown in the left side of Fig. 7. That is, the
cascaded DSC takes almost (7/4+17/8 = 7.5 ms) to filter out the
signal where the cascades itDSC takes only (2 x 7/25 = 1.6 ms)
to filter out the undesired components. Fig. 7(b) shows the
validation from the experiment with the error signals relevant
to the simulated results in Fig. 7(a).

The results shown in Figs. 6 and 7 confirm the benefits of the
new itDSC design on:

1) generalization characteristic;

2) fast dynamic response; and

3) flexible grouping by suitable time delays to simplify the
cascade structure.

These advantages are especially beneficial in power electronic
applications where the HS components are partially explicit with
dominant harmonic orders.

C. Enhanced Filter Performance and Robustness Under
Implicit HSs

This section shows the superiority of the itDSC design in
case of implicit HS. In power electronics and power systems,
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T/25 + T/25. (a) Simulation results. (b) Experimental results.

the contaminated HS components can be implicit with implicit
harmonic order and sequence (e.g., the original noises are not
multiple order of the FF). That is, there is only some available
information on some sidebands without precise HS order such as
the sidebands near negative sequence (1, = —1), fifth harmonics
(hy = 5), and other typical bands (e.g., i, = 7, 11, 13, etc.).
Note that this case is typical in power electronic applications. In
this context, the itDSC can be flexibly designed to enhance the
filtering performance around the mentioned harmonic sidebands
and a single HSF design can aim at multiple sidebands at once
to reduce the computation burden by significantly reducing the
cascaded HSFs.

Fig. 8 shows the comparative frequency responses of two
designs to filter out a specific range of HS where the order and
sequence of harmonics are not precisely known. HSs simul-
taneously exist in a range of h, = [—14,+15] with dominant
sidebands around &, = {5, 7, 11, 13} as typical ones in power
electronic applications. The filter design is enhanced at the
mentioned sidebands by additional itDSC filters. The frequency
response shown in Fig. 8 exhibits the advantages of the proposed
itDSC on further restraining the sidebands around the specific
harmonic orders. This performance is beneficial in practice

where the harmonics are not explicitly occurring into sidebands
of specific integer orders.

Fig. 9 shows the comparative performance under the case of
implicit HS in the sidebands of i, = {[-0.5, —1], [4, 4.5]}
where the extra itDSC filters at h, = {—0.5, 4.5}, t4 = T/55
were added to the conventional CitDSC at 772, T/4, ...T/64. The
CitDSC shows better performance with smaller SSEs of about
10 [V] compared to the SSE of 23 [V] from the conventional
CDSC {T/2; T/A, ..., T/64} as observed from Fig. 9. As seen in
Fig. 9(b), the enhanced itDSC shows it advantage on removing
the low-order HS, which is a challenge to the conventional DSC.

D. Robustness Under Mismatches of FF

Another advantage of the itDSC is the independence of the
time delay on the parameters, such as FF and targeted harmonic
orders (hy, h;). Hence, it is expected to be more robust in case
of nonadaptive time delays and there is a change/mismatch in
the FF. Fig. 10 shows the comparative extracting performance in
case of frequency mismatches (true FF of f; = 49 Hz where the
time-delays are designed from the FF of 50 Hz and harmonics,
h,={—1,5}. Asseenin Fig. 10(a), the proposed CitDSC shows
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is enhanced with t; = T/55 for two filters at h, = { —0.5, 4.5}. (a) Comparative performance from simulation. (b) Comparative filter errors from

experiment results.

more robustness with smaller errors [unfiltered component am-
plitude of 8(V) compared to 22(V) of the CDSC]. Fig. 10(b)
verifies the results from experiments. It is noted that the itDSC
still shows its faster dynamic response compared to the DSC.
When there is a mismatch in the information of FF (50 Hz versus
49 Hz), the dependent time delays on DSC methods, such as 7/2
and 7/4 affect the performance of the whole filters/extractor.
Meanwhile, due to the independence time delay of the itDSC,
the proposed method shows more robustness to the mismatch of
the fundamental period (7) with smaller filtering errors.

E. Robustness and Dynamic Response Under Critical
Changes of Parameters

This subsection investigates the critical cases on the HS
filter/extraction task in power electronics of microgrids where

the HS component is not specifically known, but only side-band
information is available (unclear information on 4,). Also, the
parameters of FF component are subjected to change in operation
(i.e., frequency, phase, and magnitude). For fair comparison un-
der the change of fundamental period (7), the adaptive-frequency
mechanism is applied to all HSF methods as shown in Fig. 5(a).
Fig. 11 shows the comparative performance under step-change
of frequency (50 — 52 [Hz]) while the harmonic noises are
implicit in the band of [—1, 0] and [4, 4.5] as the previous case
shown in Fig. 9.

As seen in Fig. 11, the itDSC shows its accuracy on fil-
ter/extracting performance with smaller errors and cleaner ex-
tract waveforms. The superior performance results in better fre-
quency estimation as shown in Fig. 11(b). It is worth noting that
even if the filter/extractor is faster, due to the same FLL setting,
the dynamic of frequency estimation shows the same dynamic
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(a) Comparative simulation results. (b) Comparative experiment results.
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response of frequency estimation. This issue can be considered
as the bottleneck between HSF and FF extraction problems
where the HSF performance depends on the parameters of the
FF components and vice versa. In this aspect, the robustness of
the itDSC design against the mismatches of the FF parameters
is an advantage.

The superiority is also observed in the other two cases when
the FFPS is step-changed in phase and magnitude. Faster dy-
namic response and smaller errors are observed from both
simulation and validation experiment results in Figs. 12 and
13. The superiority can be explained from the theory analyses
on the advantages of the proposed itDSC including short time
delay, flexible designs for implicit harmonics, accurate filtering
with arbitrary targeted HS components, and robustness under
mismatch parameters.

V. CONCLUSION

This article proposed a new type of HSF named itDSC with
fast dynamic response targeting filter/extraction of arbitrary
HS components. The prominent advantage is the independence
of time delays from the targeted HS indices and fundamental
period, which can improve the dynamic response and robustness
of applications. The proposed method shows its high potential
for applications in power electronics and power systems where
the information of harmonics such as orders and sequences are
implicit and roughly known as sidebands. The proposed itDSC
can turn into the general DSC as a generalization characteristic
while enhancing restraints on the specifically targeted HS side-
bands. The filters can be designed to directly filter out a group
of HS components, which is not necessarily a multiplier of the
fundamental one, especially the low-order HS. The proposed
itDSC has high potential to combine other intelligent HS de-
tection mechanisms in adaptive approaches and fast response
dynamic control.
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