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Abstract—In recent years, shunt active power filters (SAPFs) are becoming a popular solution for power quality issues. A crucial
part in synchronizing the SAPFs is the accurate estimation of the grid phase/frequency. The synchronous reference frame phase-
locked loop (SRF-PLL) is a commonly used technique for this issue due to its simplicity and robustness under ideal grid conditions.
However, the tradeoff between the accuracy and the fast transient response of the SRF-PLL becomes a serious problem under
distorted and unbalanced grid conditions. To overcome this challenge, several advanced PLLs have been proposed in the literature.
The multiple-complex coefficient-filter-based PLL (MCCF-PLL) has interesting features under adverse grid condition. The unique
distinction of the MCCF-PLL from other PLLs is the ability of providing information about the sequence (polarity) of each individual
frequency. However, the MCCF-PLL has not received much attention in APFs. In this paper, a study and an implementation of a
selective harmonic cancelation technique based on MCCF-PLL to the SAPF is suggested. The proposed method proved its reliability
and robust behavior in optimizing the performance of the SAPF under unbalanced and distorted grid conditions. Simulation results

are carried out under MATLAB\Simulink, then validated experimentally and compared with SRF-PLL.

Index Terms— Frequency and phase detection, multiple complex-coefficient filter (MCCF), phase-locked loop (PLL), power quality

issues, shunt active power filter (SAPF), synchronization.
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. INTRODUCTION

THE power quality issues have become a vital subject due to the proliferation of non-linear loads applied for the power

electronic control. The harmonic components drawn by these loads highly increase the losses and disturb the voltage
quality [1]. To deal with these power quality issues, the APFs are becoming an attractive solution due to their flexibility, fast
dynamic response during load variation, the ability of decreasing the total harmonic distortion (THD) significantly using only
one inverter, and the capability of compensating for the unbalance and the power factor (PF) [2]-[3]. The APFs have different
topologies. The shunt APF which is focused on this paper is connected in parallel with the source, and generates the harmonic
and the reactive contents demanded by the loads, and consequently the source will generate only the active power [4], [5].
Identifying the reference compensating current (RCC) is a crucial matter in controlling the APF. The synchronous reference
frame (SRF) approach is widely applied to the APFs for extracting the RCC [6]-[8]. This method, which is a time-domain
method, is distinguished form the frequency-domain methods by its simplicity, fast dynamic response and low computation
burden. Moreover, the PF and the current unbalance can be easily compensated using the SRF approach.

An essential issue in applying the SRF approach and synchronizing the RCC is the estimation of the grid voltage phase.
Several synchronization methods have been proposed in the literature for this purpose. These methods can be classified as
closed-loop and open-loop methods [9]. The open-loop synchronization methods are unconditionally stable, and provide an
acceptable performance with regard to frequency/phase estimation and preciseness if the grid frequency is close to its nominal
value. However, their performance degrades under large frequency deviations. The closed-loop synchronization methods are
distinguished by a closed-loop phase or frequency feedback control system. This feedback regulates the error between the
estimated phase/frequency and the reference towards zero. Probably, the most popular closed-loop synchronizing method for
APFs is using a PLL. The SRF-PLL is a standard PLL for grid-connected applications. Under ideal grid conditions, the SRF-PLL
provides accurate information of the phase and the amplitude of the grid voltage with a fast transient response. On the other
hand, the SRF-PLL can also estimate the grid frequency to adapt the filters of extracting the harmonic components to the grid
frequency changes. However, under adverse grid voltage conditions, the performance of the SRF-PLL is tended to worsen.
Reducing the loop bandwidth of the SRF-PLL makes it possible to work under harmonically contaminated voltage. Nevertheless,
this solution is attained at the cost of the speed of the transient response that is unwanted in several applications. Moreover, the
performance of this solution decreases in the presence of voltage unbalance. Several Advanced PLLs have been proposed in the
literature to overcome the weaknesses of the SRF-PLL under adverse grid conditions. In [10], a dual second-order generalized
integrator PLL (DSOGI-PLL) is presented, the principle lies in using Clarke transform to operate the filtering process, this latter
is performed using DSOGI-based quadrature signal generator in the presence of harmonic components and unbalance, then the

estimated fundamental positive sequence is served to the SRF-PLL, after that, the estimated frequency is fed back to be adaptive.



In [11] an adaptive resonant filter is integrated in the SRF-PLL with a simple structure. This idea can optimize the accuracy and
the dynamic response of the SRF-PLL under adverse grid condition and frequency drift. An adaptive SRF-PLL that is supported
by several notch filters (NFs) is presented in [12]. Based on Schur-lattice structure, this PLL can significantly reject the ripples
caused by the harmonic components and the unbalance under nominal and off-nominal frequency. The incorporation of the
moving average filter into the SRF-PLL (MAF-PLL) is relatively advanced [13], when performing Park transform, the
fundamental positive sequence component appears as a dc component, the application of the MAF-PLL yields to separate
between the fundamental components and the ripples, if the window width of the MAF is appropriately selected, all the
harmonics and the fundamental negative sequence are blocked. In this case, the MAF can be considered as a quasi-ideal low-pass
filter [14]. In [15], the application of cascaded delayed signal cancelation based PLL (CDSC-PLL) enables the cancelation of the
desired harmonic components, the CDSC structure can be arranged in parallel to provide a selective harmonic rejection with less
sensitivity to slight frequency variation. Other techniques are summarized in [16]. The complex-coefficient filters (CCFs) have
interesting features of making the distinction between the positive and negative sequences of the same frequency [17]. Guo et al.
has presented a novel structure of the PLL based on CCFs named multiple CCF PLL (MCCF-PLL) [18]. This structure is based
on implementing a range of submodules that work in a cooperative manner to provide the sequence selectivity of the desired
harmonic components. Moreover, the application of the CCFs to the PLL provides accurate frequency/phase estimation with a
fast transient response under adverse grid conditions.

This paper suggests a selective harmonic cancelation technique based on the MCCF-PLL to improve the dynamic performance
of the SAPF under distorted and unbalanced grid conditions [18]. The advantage of applying the MCCF-PLL lies in providing
information about each harmonic component with its corresponding sequence. Based on the SRF approach, the load currents are
transformed from the abc stationary system into the dq rotating frame. Then, the separation between the dc components and the
ripples is achieved using the MAF. After that, the RCC are obtained by transforming back the extracted ripples from the dq
rotating frame to abc stationary system. The Park transform is achieved by estimating the phase of the distorted and unbalanced
grid voltage using the MCCF-PLL. The role of this latter is to extract the fundamental positive sequence of the affected grid
voltage, and feed it to the SRF-PLL to estimate its phase and frequency. The number of CCFs is set according to the number of
the dominant existing harmonic components. The estimated frequency is fed back to adapt the CCFs during frequency deviation.
The effectiveness of the proposed technique is verified by simulation under MATLAB\Simulink environment and validated

experimentally and compared with a standard SRF-PLL.

Il. MCCF-PLL

The MCCF-PLL is an advanced SRF-PLL that is distinguished by a pre-filtering stage in the stationary af frame. This pre-



filtering stage contains several submodules of the CCFs operating in a cooperative manner as shown in Fig. 1 [18]. If the grid
voltage is unbalanced but slightly affected by harmonics, two-module (TM) system tuned at the positive and negative sequences

of the fundamental frequency can be efficient. However, under high harmonic contamination, the implementation of
multiple-module (MM) system that is shown in Fig.1 is recommended [18], [19].

An unbalanced and harmonically contaminated three-phase voltage can be represented as
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Fig. 1. control structure of the SAPF synchronized using MCCF-PLL. (a) Schematic diagram of the control structure. (b) A single submodule of the MCCF



where vy, vit, ¢p, ¢ are respectively the amplitudes and the phase angles of the positive and negative sequences that

correspond to the hth harmonic component of the contaminated grid voltage. Transforming these voltages from abc to af using

Clarke transform results in
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Fig. 1(a) shows the control structure of the SAPF that is based on the MCCF-PLL for performing the synchronization. The
contaminated voltage Vg, , 5 is transformed from abc stationary system to of using (4)-(6). Then, the MCCF structure based on
CCFs is applied to extract the fundamental positive sequences (”Zm) of the distorted voltages v,z. After that, '75/31 are fed to the
SRF-PLL to estimate the phase angle of the fundamental positive sequence of V;, , 3. Next, the estimated phase angle is served to
SRF approach to perform Park transformation of the load currents (i, , 3), while the estimated frequency is fed back to adapt the
CCFs tuning frequency. In the rotating dq frame, the fundamental currents (izq.) and (igqc) appear as a dc components while the
harmonic components (iyqc) and (iqq.) appear as ripples. The separation between the fundamental components and the ripples is
achieved using the MAF. The window width (T, ) of the MAF is selected according to the type of the current perturbation. In the

case of existence of the harmonics 6h * 1, selecting T, to % cycle offers fast time response with sufficient accuracy. When only

odd harmonics exist, T,, has to be set to % cycle for improving the accuracy. When, in addition to odd harmonics, dc offset and
even harmonics appear, then setting T,, to one cycle is necessary. The dc link voltage V,. is compared with a reference, and the
error is added to iy, through a Pl controller to force V,, to follow its reference. The RCC are obtained by transforming i’;,. and
iqac ack from the dq rotating frame to the abc stationary frame. Finally, the RCC are compared with the output filter currents
(ifi1,2,3) of the SAPF and the error is fed to the PWM control through the P1 controller. The triangular signal of the PWM control
is set to 7 kHz. The advantage of the PI controller lies in its simplicity in mitigating the error, and the effectiveness in optimizing
the dynamic response of the SAPF.

Fig. 1(b) depicts the basic structure of each CCF tuned at hth harmonic component. For extracting the positive sequence of
Vapn, K is set to 1 and for extracting the negative sequence of vz, K is set to —1. According to Fig. 1(b), the fundamental

positive sequences v¥, and vgl can be expressed as:
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According to [19], the MCCF-PLL based on two submodules tuned at the fundamental positive and negative sequence



components is equivalent to the multiple reference frame based PLL (MRF-PLL) [21], which implies that the linearized model of
the MRF-PLL can be implemented for the MCCF-PLL. But in case of using several submodules, the disturbance input to the

linearized model is changed according to the number of CCFs.

The difference between real band-pass filters (RBFs) and complex band-pass filters (CBFs) lies in the sequence selectivity.
The real coefficient filters cannot distinguish between the polarity of the aimed frequency, and thus pass both sequences (for

example +250 Hz and -250 Hz), while the CBFs have the unique feature of selecting the sequence of each frequency.

A typical complex bandpass filter (CBF) can be expressed in (15) for the positive sequence and in (16) for the negative

sequence of the aimed frequency.
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Fig. 2. Dynamic response and tuning behavior of the CBF. (a) analysis of w,, effect on the CBF dynamic behavior. (al) grid voltage, (b1) the positive
sequence of the fundamental frequency and (c1) is the negative sequence of the fundamental frequency. (b) Bode plot of a first-order CBF and a second-order

RBF
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where W is the estimated frequency.
For an optimum damping ration (well-damped with fast transient response), w,, is set equal to 0.707wy [20]. In order to

confirm the optimum choice of w,, Fig. 2(a) is presented. Several values of w, are assessed in extracting the positive and

negative sequences of the fundamental frequency (w, = [2wy, 1.5wy, wy, 0.707wy, 0.5wy, 0.3wy, 0.2w¢]) under an unbalanced

grid voltage. When the grid voltage subjects to an asymmetrical voltage sag, it is obvious that the values of w,, that are higher
than 0.707w result in a fast dynamic response with large oscillations, while the values of w, that are less than 0.707w/ offer a

slow and damped dynamic response. Therefore, the optimum choice of w;, is set to 0.707w; since it provides a suitable

compromise between the overshoot and settling time. Fig. 2(b) depicts the Bode magnitude diagram of a typical first-order CBF
and a typical second-order RBF tuned at the fundamental and 5" harmonic frequencies. The damping ratio & is set to 0.707 and
wy, is set to 222.11 rad/s. It is clear that the attenuation ratio of both polarities (positive and negative sequences) attained by the
second-order BPF for both frequencies (fundamental and 5" harmonic) are 1, which implies that both sequences of each
frequency (+50 Hz, +250 Hz, -50 Hz, -250Hz) pass the filters. However, the CCF bode magnitude diagram depicted using (15),
offers a unit gain at only the positive sequences of the fundamental and the 5™ harmonic frequency, with a certain filtering at the

adjoining frequencies, and a zero phase shift.
According to [19], designing the P1 parameters is attained by extracting the open loop transfer function of the small-signal
model of the MCCF-PLL that is shown in Fig. 3.
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The controller gains k,, and k; are selected based on the extended symmetrical optimum method [22], [23]. Details of selecting

the gains k; and k,, are well explained in [19].
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Fig. 3. Small signal model of the MCCF-PLL




I1l. SIMULATION RESULTS
A. Behavior of the MCCF-PLL Under Unbalanced and Distorted Gird Voltage and Frequency Excursion

The study of the MCCF-PLL is attained under MATLAB/Simulink environment. The CCFs are not adapted with the frequency
feedback to evaluate their performance under a small frequency excursion. Before the instance 0.1s, the grid voltage RMS value
is set to 220V, the unbalance is caused by reducing the second phase value to 10% from its nominal value, and the -5 and +7"
harmonic components are superposed on the voltage with the values of 12.4V. After the instance 0.1s, the unbalance is increased
by reducing the second phase value to 30% from its nominal value, and the values of the -5™ and +7" harmonic components are
increased to 31.1V. In the instance 0.15s, the grid frequency is drifted from 50 Hz to 52 Hz. w,, is set equal to 0.707W to provide
an optimum damping ratio, the PI controller gains of the MCCF-PLL are set to kp =220 and ki =2400.

Fig. 4(a) presents the performance of the MCCF-PLL under unbalanced and distorted grid condition and grid frequency
variation using TM structure. Before the instance 0.1s, the unbalance and distortion of Vg, , 5 is relatively small. It is observed
that the extracted fundamental positive sequence v%, is sinusoidal, while the fundamental negative sequence v7, is relatively
contaminated. The estimated frequency of the MCCF-PLL using TM structure contains small ripples comparing to the estimated

frequency of the SRF-PLL. In the instance 0.1s, the unbalance and the distortion of V, , 5 increase and cause more affection to

v2,, while the distortion of UZI increases slightly and almost neglected. This can be clearly depicted on the small increase of the
ripples in the estimated frequency, whereas the augmentation of the ripples in the estimated frequency using the SRF-PLL is
relatively large. When the frequency deviation occurs in the instance 0.15s, it is clear that the waveform of vfd and the frequency

are not affected, while the transient response of the phase error and the frequency takes approximately less than two cycles to

reach steady state.

Fig. 4(b) demonstrates the performance of the MCCF-PLL under unbalanced and distorted grid condition and grid frequency

variation using MM structure tuned for the fundamental frequency positive and negatives sequences and the most dominant

harmonic components (-5™ and +7"). Before the perturbation increases, vzl and v}, are accurately extracted with a sinusoidal
waveform and the estimated frequency is filtered from ripples. When the voltage perturbation occurs in the instance 0.1s, VZ1 is

not affected by the perturbation, while v7,is slightly affected and takes almost the sinusoidal waveform. On the other hand, the

estimated frequency is continues before the perturbation occurs, then slight ripples that can be considered neglected appear on it
during the perturbation, while the estimated frequency of the SRF-PLL contains large ripples that increase significantly when the
perturbation occurs. The last subplots of Fig. 4(b) depict respectively the information of the superposed harmonic components (-

5" and 7™) extracted by the MCCF MM structure. The frequency drift that happens in the instant 0.15s does not influence on the
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Fig. 4. Behavior of the MCCF-PLL under unbalanced distorted voltage and frequency excursion. (a) using TM structure. (b) using MM structure.

MCCF-PLL behavior. However, if the grid voltage subjects to a large frequency excursion, then the adaption of the CCFs with
the new estimated frequency that is depicted in Fig. 1 is mandatory. Since the objective of the MCCEF structure is to extract vftl

and feed it to the SRF-PLL, then the TM structure is suitable under small perturbation as it provide less computation burden. But

in case where the information about the positive and negative sequences is important or the grid perturbation is significant, the
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Table 1. parameters of the simulation and practical system

Grid Voltages RMS values:

Source Fundamental : V, =230V
—5¢" harmonic: Vg =40V
7¢" harmonic: V, =30V
—11%" harmonic: Vi, =20V
13" harmonic: Vi3 =10V
Main impedance: L, =0.005mH

R, =050
Unbalance v, =180V
Vors =230V
dc link capacitor: C = 2200 uF
Shunt active power dc link voltage references Ve =650 V
filter output filters: Ly =15mH
Ry =20
R, =153Q
Load Non-linear load:
L, =10mH

MM structure is necessary. The interesting fact of the grid harmonic components is that when their frequencies increase, their
amplitudes decrease. Therefore, the number of submodules that corresponds to the most dominant harmonic components is
sufficient to provide accurate phase/frequency estimation.
B. Application of the MCCF-PLL to the SAPF

Fig. 5 depicts the prototype of the SAPF used in both simulation and practical. It is consisted of three phase source, non-linear
load which draws a distorted source current i , 5, and a SAPF to compensate for the harmonic distortion. The parameters of the
system are presented in Table I. Fig. 6(a) shows the performance of the SRF-PLL under distorted grid voltage V3. It is
obvious when Vg, , 5 is ideal, the SRF-PLL offers an accurate phase angle estimation (8) to perform Park transform of i1123. AS
a results, iy, is accurately separated from i;,. using the MAF, and thus, the RCC generated by the SAPF improves the total
harmonic distortion (THD) of i ,3 from 29% to 3.6% which respects the IEC 61000-3-6 and IEEE 519-1992 standards.
However, when V, , 5 gets distorted by the -5", 7", -11", and 13" harmonic components in the instant 0.1s with a THD of
12.3%, the SRF-PLL performance degrades. Consequently, the estimation of @ is affected by the harmonic distortion. Even
though, the MAF is performing well in separating between i, and i 4., the low precision of estimating 8 affects the wave form

of igqc. As aresult, the RCC generated by the SAPF are affected by the harmonic components of Vy, , 3, which leads to increase
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Fig. 5. Simulation and experimental prototype of the SAPF
the THD of iy, , 3 from 3.6% to 12.5%. Fig. 6(b) presents the performance of the MCCF-PLL under distorted grid voltage. Since

the voltage distortion is not very high, using only 4 submodules of the MCCEF structure set to the fundamental frequency positive

and negative sequences and the most dominant harmonic components (-5" and +7") is sufficient to provide an accurate
estimation of 8. It iis clear that in the instance 0.1s when V;, , 5 gets affected by the harmonic components (-5, +7", -11", +13™),
the MCCF-PLL keeps estimating an accurate estimation of 8. Supplying 8 to the SRF approach results in extracting a correct

RCC that keeps the THD of iy, , ; acceptable (3.6%) and respects the aforementioned standards.
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Fig. 6. Simulation results for the case of distorted voltage ((a) and (b)) and distorted and unbalanced voltage ((c) and (d)) using SRF-PLL ((a) and (c)) and
MCCF-PLL ((b) and (d)). The subplots are respectively displaying: the perturbed grid voltage, the distorted load current, the compensated source current, the

SAPF compensating currents, the voltage phase angle extracted by the PLL, the direct fluctuated and filtered current, and finally the dc link voltage.
Fig. 6(c) and (d) depict, respectively, the performance of the SRF-PLL and MCCF-PLL under unbalanced and distorted voltage
with a THD of 12.3% and an unbalance of 9%. It is obvious that a small unbalance does not cause a serious degradation of
estimating @ using the SRF-PLL. However, when the perturbation happens in the instance 0.1s, the SRF-PLL shows a weakness
in estimating an accurate value of 8. Subsequently, the synchronization of the RCC is affected by the perturbation of Vs123, and

thus the THD of i, , 5 is augmented from 4.1% to 12.6%. However, estimating 6 by the MCCF-PLL is accurate before and after
the distortion appears in the unbalanced grid voltage. Therefore, the synchronization of the RCC is achieved with the correct
phase estimation of the fundamental positive sequence, which yields to obtain an acceptable THD (3.7%) of i, , 5 that respects
the abovementioned standards.

IVV. PRACTICAL RESULTS

The experimental setup consists of a three-phase programmable source (Chroma, model 61845) and a three-phase Danfoss
inverter 2.2 kVA with an output L filter. The switching frequency is 10 kHz, the control algorithm is established under
MATLAB/Simulink and implemented in a digital signal processor (ASPACE 1006 platform) with a sampling frequency of 10

kHz. The parameters of the experimental setup are presented in Table I.
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Fig. 7 presents the experimental behavior of the SAPF under distorted grid voltage and unbalanced distorted grid voltage,
using the SRF-PLL (Fig. 7(a) and (c)), and the MCCF-PLL (Fig. 7(b) and (d)). The voltage harmonic distortion is consisted of -

5" 7™ -11" and 13" harmonic components. The amount of the superposed harmonics and the unbalance are depicted in Table I.

Under ideal grid conditions, the SRF-PLL (Fig. 7(a) and (c)) offers a satisfactory estimation of 8 which makes cos(8)
sinusoidal. Consequently, the synchronization of the SRF approach based on Park transform is achieved under ideal conditions,
which leads to improve the performance of the SAPF that reduces the THD of i, , 3 from 29% to around 4.5%. However, when
the perturbation occurs, the SRF-PLL cannot offer an accurate estimation of . This weakness is observable on cos(8) that is
affected by the perturbation of the grid voltage. Thus, the wave shape of iy, , ; degrades and the THD increases from 4.7% to
around 13.8% in case of distorted voltage (Fig. 7(a)), and 14.3% in case of unbalanced and distorted voltage (Fig. 7(c)).

Fig. 7(b) and (d) depict respectively the behavior of the MCCF-PLL under distorted and unbalanced distorted grid voltage.

The modules of the MCCEF structure are set for the following frequencies: +50 Hz, -50 Hz, -250 Hz, +350 Hz. It is evident that

ilol,2,3(A) Vsl,2,3(V)

ilol,2,3(A) Vs, 2,3(V)
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Fig. 7. Experimental results for the case of distorted voltage ((a) and (b)) and distorted and unbalanced voltage ((c) and (d)) using SRF-PLL ((a) and (c)) and

MCCF-PLL ((b) and (d)).
the MCCF-PLL offers an accurate estimation of 8 under ideal grid voltage and distorted grid voltage (Fig. 7 (b)),and unbalanced
distorted grid voltage (Fig. 7 (d)). The accuracy of the MCCF-PLL emerges on cos(d) that is maintained sinusoidal even under
grid voltage perturbation. The estimated 6 of the fundamental positive sequence is fed to the SRF approach to perform the
Transform of Park and thus extract the RCC. It is clear that the performance of the SAPF based on MCCF- PLL is improved and
keeps the THD of i, , ; around 4.7% before and after the perturbation occurs which respects the aforementioned standards.
V. CONCLUSION

According to the conducted studies, the following conclusions are observed from the implimentation of the MCCF-PLL to

perform the sychronization of the SAPF with with a distorted and unbalanced grid voltage.

1) The CCFs have valuable advantages of providing information about the polarities of the fundamental and each

individual selected harmonic component.
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2) Under slightly distorted grid conditions, using only two submodules, or adding extra ones for the most dominat
harmonic components are sufficient for providing accurate information about the grid voltage phase\frequency. This
property makes the MCCF sutructure a cost effective technique.

3) Although the MCCEF sutructre is a pre-filtering technique (implemented in the stationary off frame), the feed back of the
estimated frequency makes the CCFs adaptive with the frequency variations.

4) In most cases, the grid voltage fundamental positive sequence is fixed, and the negative sequence and other harmonic
components are variable due to the affection caused by the variation of loads. Therefore, this variation does not affect
the transient response of estimating the phase angle of the fundamental positive sequence as shown in the simulation

and experimental results. As a consequence, the dynamic response of the SAPF is optmized.
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