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Abstract—With the development of renewable energy gener-
ation, a single active power filter (APF) can hardly satisfy the
requirements for harmonic compensation in high-power applica-
tions. Consequently, APFs are frequently connected in parallel
to boost the capacity. And a central controller or a communica-
tion line is employed to allocate the compensation capacity. How-
ever, the intercommunication among APFs not only diminishes
the reliability of the system, but also deteriorates the dynamic
response. Additionally, hardware modifications must be applied
to the original single APFs. Therefore, this article proposes a novel
decentralized droop control scheme for multiparalleled APFs. With
grid current detected, the proposed scheme enables the APFs to au-
tomatically allocate the compensation current. In comparison with
prior research, both harmonic filtering and current sharing exhibit
substantial enhancements, while dynamic response is maintained.
Besides, the proposed scheme is more suitable for N multiparalleled
APFs with lower steady error and better reliability. The detailed
operating principle, parameter tuning, and performance analysis
are presented. Finally, the proposed scheme is verified by simula-
tions and experiments under various operating conditions.

Index Terms—Decentralized control, grid current detected
control, multiparalleled active power filter (APF), stability analysis.

I. INTRODUCTION

W ITH the rapid development of renewable generation in
the last decade, the massive utilization of power elec-

tronics devices has significantly deteriorated the power quality.
To guarantee power quality, active power filters (APFs) have
been proposed to compensate for the harmonics [1], [2], [3].
However, in high-power applications, a single APF is required
to have high-rated current [4]. In this case, the inverter cannot
operate at a high switching frequency, thereby leaving harmonics
not completely compensated [5], [6]. In contrast, the other
popular solution comes to multiparalleled APFs with smaller
rated capacity. Compared with single APF, multiparalleled APFs
scheme is superior in boosting the total compensation capacity
[7], [8]. Besides, the ability to operate at higher switching
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Fig. 1. Basic control schemes of single APF. (a) Load current detected control.
(b) Grid current detected control.

frequency, the multiparalleled APFs offer notable advantages
in mass production and on-site maintenance [9]. Additionally,
it is more convenient for multiparalleled APFs to implement
redundancy control and capacity expansion. When an APF fails
or is taken offline for maintenance, the multiparalleled APFs can
automatically reallocate the compensation capacity.

The primary control schemes of single APF include load
current detected control and grid current detected control [10].
The classification is based on the location of current detector as
depicted in Fig. 1. As [11] illustrates, the load current detected
control detects the nonlinear load’s current as compensation cur-
rent reference of APF, forming an open-loop control. The latter
aims to regulate the grid current directly, forming a closed-loop
control [12]. In [13], it has been pointed out that the load current
detected control performs better dynamic response. And the
grid current detected control owns better filtering performance.
In practical applications, load current detected control is more
popular due to its simpler implementation.

Consequently, based on load current detected control, var-
ious multiparalleled APFs schemes have been proposed with
a central controller or communication line employed. First, a
scheme called “power splitting mode” with a central controller is
presented in [14] and [15]. In this scheme, the allocation capacity
is assigned in proportion to the rated capacity and reallocation
can be achieved by the central controller. However, the reliability
of this scheme is restricted by the central controller. In indus-
trial conditions, the failure in communication will destroy the
capacity allocation and introduce more harmonics. Furthermore,
the “distributed power splitting mode” is proposed in [16] as
an enhancement that removes the central controller. However,
redundancy control is also eliminated in this scheme due to the
absence of the central controller. Additionally, an “frequency
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splitting mode” scheme has been mentioned in [17]. In this
scheme, the APFs with larger capacities are dedicated to the
compensation of low-frequency harmonics, while those with
smaller capacities are assigned to high-frequency harmonics.
Nevertheless, the “frequency splitting mode” also requires a
central controller, having the same limitations as the “power
splitting mode.” Besides, due to the absence of redundancy con-
trol, its filtering performance is highly influenced by the working
conditions. Furthermore, a scheme is introduced based on grid
current detected control, which manages to allocate the capacity
proportionally [18], [19]. But it not only needs high switching
frequency, but also results in circulating current among APFs.
In [20] and [21], a dual-loop scheme that incorporates both
grid/load current detected control has been proposed to utilize
their advantages simultaneously. Due to the characteristics of
open-loop control, the APFs with load current detected control
in the multiparalleled system cannot sense the current of other
APFs. Consequently, a central controller or a communication
line is necessary to allocate the capacity in these schemes. And
the incorporated central controller will not only diminish the
reliability of the multiparalleled system, but also influence the
dynamic response. Besides, additional hardware modifications
need to be implemented on the original single APFs. It may
be extremely difficult when the multiparalleled APFs are of
different types.

Therefore, to achieve decentralized control without the cen-
tral controller, previous research has tried to utilize different
control strategies. A scheme called “current limitation mode”
has been reported in [22]. In this scheme, the APFs are se-
ries arranged from load to the grid. Each APF compensates
the harmonics the former APF left until reaching the capacity
limitation. However, it fails to allocate the capacity properly
and requires a significantly larger number of current sensors.
For inverters operated as voltage sources in microgrids, the
conventional droop-based control and its improvements are typ-
ically employed to achieve the harmonic current sharing [23],
[24]. The droop-based control has realized the current sharing
by modifying the effective line impedance of inverters [25],
[26]. However, there exists a tradeoff between power quality
and current sharing effectiveness. And similar solutions can
not be directly applied in the case of multiparalleled APFs
Conventional droop-based control is established on the voltage
relationship. But APF is operated as a current source. In addition,
conventional droop-based control is designed to share harmonics
among all inverters in the microgrid. And it will lose its effect
when being connected to the grid. The multiparalleled APFs,
in contrast, aim to compensate for harmonics and share them
exclusively among APFs. Consequently, efforts have been made
to improve traditional droop-based control for APFs [27]. In [28]
and [29], the droop characteristics have been further modified
with grid current detected control as Fig. 2. APFs are connected
in parallel and detect the same grid current. In this way, the
redundancy control and capacity allocation can be realized
without communication. However, the filtering performance and
allocation range of this scheme are restricted by the specific
implementation structure. And the steady error will increase in
proportion to the number of multiparalleled APFs. Besides, the

Fig. 2. Decentralized droop control scheme with grid current detected.

study on the droop coefficients tuning in this scheme still stays
in the qualitative stage.

In this article, a novel decentralized droop control scheme is
proposed for multiparalleled APFs with grid current detected.
To establish the current droop relationship, conventional control
structure of each APF is incorporated with additional droop
control link and virtual resistor link in this scheme. By employ-
ing decentralized droop control, the APFs in the multiparalleled
system can achieve redundancy control and capacity allocation
automatically without communication. And robust performance
is obtained when facing dynamic conditions. Furthermore, the
proposed scheme demonstrates superior filtering performance
and allocation range in comparison to the existing scheme. It
is more suitable for the large number of paralleled APFs with
lower steady error and better reliability. The detailed operating
mechanism, performance analysis, and parameter tuning are
presented in this article.

The rest of this article is organized as follows. Section II
explains the basic control method of APF and points out the
main issues that emerged in multiparalleled APFs. Section III
illustrates the implementation and mechanism of the proposed
scheme. Besides, performance analysis and parameter tuning are
also presented. Section IV discusses the performance compari-
son between the proposed scheme and the existing scheme. The
results of simulations and experiments are shown in Section V.
Finally, Section VI concludes this article.

II. BASIC CONTROL METHODS AND MAIN ISSUES EMERGED IN

MULTIPARALLELED APFS

As demonstrated by previous studies [29], the basis of the
current droop allocation of APFs is closed-loop control. Conse-
quently, the grid current detected control is frequently utilized
to achieve the current sharing. The grid current detected control
methods mainly include: 1) current source based (CS) method
and 2) power balance based (PB) method. And their control
diagrams are depicted in Fig. 3. As Fig. 3(a) shows, the CS
method forms a cascaded double-loop control structure that
includes harmonic compensation loop and inner current loop. In
this manner, harmonic compensation’s dynamic response can be
conveniently modified. Nevertheless, the cascaded structure will
inevitably result in the coupling of two loops. And the coupling
will generate the conflict between system stability and filtering
performance. With the CS method employed, the allocation
precision of the existing decentralized scheme is also in conflict
with its filtering performance.
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Fig. 3. Control diagrams of methods with grid current detected control.
(a) CS method. (b) PB method.

Fig. 4. Detailed control block diagram of PB method in single APF.

Consequently, the PB method is employed in this article to
address the drawbacks of the CS method. As Fig. 3(b) depicts,
the PB method adopts an interactive double-loop structure to
achieve both harmonic compensation and dc voltage control.
Its detailed control diagram is depicted in Fig. 4. In this way,
the two loops share the performance of one controller Hi(s),
thereby avoiding the conflict in CS method. The controllerHi(s)
is configured as multi-PR controller for 5th, 7th, 11th, and 13th
harmonics as follows [30]:

PR (s) = Hi (s) = kp +
∑
k

Krk

s− jkω1
. (1)

In (1), Krk is the coefficient of the PR controller and ω1

represents the fundamental frequency. In Fig. 4, G(s) represents
the impact of APF current ic on dc voltage vdc, whose expression
is introduced in [31]. And the transfer function of harmonic
compensation in the PB method can be calculated as follows:

ig
iL

=
Lfs

Lfs+Hi (s)Gd (s)
(2)

Gd (s) = e−1.5Tds. (3)

In (2), Lf is the filter inductor of APF and Gd(s) represents
the control delay of the system as (3). In (3), Td is the sampling
time [32]. As (2) reveals, the PB method could compensate the

Fig. 5. Circulating current phenomenon in multiparalleled APFs with PB
method.

Fig. 6. Modified PB control block diagram with the proposed virtual resistor.

harmonics completely, as the harmonics in grid current will be
diminished to 0 by the resonant controllers in Hi(s).

The analysis and verification of the PB method in a single
APF have been conducted in previous research. However, in the
practical application of multiparalleled APFs, the PB method
will encounter two main issues including: 1) circulating power
flow and 2) random harmonic sharing. As harmonic sharing is the
main topic discussed in this article, the basic cause, waveform,
and available stabilization method of circulating power flow will
be briefly introduced as follows. And detailed analysis will be
carried out in future research.

In multiparalleled APFs, each APF detects the same grid
current ig as the control target. Therefore, as the multicontrolled
object, grid current responds relatively slower in multiparalleled
APFs [13]. Once the multiparalleled APFs are activated, the
active power is required to charge the dc capacitors of APFs.
However, as the grid current ig is unable to respond rapidly,
active power is circulating among APFs as Fig. 5. According to
Fig. 5, it is shown that the oscillation of dc voltage is gradually
increasing and the waveforms of each APF are symmetry. Be-
sides, the overall output active power remains zero, indicating
the circulating power flow.

The critical reason for this issue lies in the undamped ac-
tive power circulating path among the multiparalleled APFs.
Therefore, an additional virtual resistor is proposed to damp the
power circulating path. The modified control diagram of the PB
method is shown in Fig. 6. With the proposed damping method,
the output filterLf is equivalently series connected with a virtual
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Fig. 7. Current allocation of multiparalleled APFs in different cases. (a) APFs
are activated simultaneously. (b) APF1 is activated first.

Fig. 8. Different current allocation situations without control. (a) No phase
error exists. (b) Phase error exists. (c) Worst case: phase error = π.

resistor Rv . And the power oscillation of APFs can be damped
as Fig. 5 depicts.

By employing the proposed virtual resistor, the multiparal-
leled APFs can be operated in parallel without the emergence
of circulating power flow. However, in practical applications,
the current sharing of APFs is typically random. In Fig. 7, two
multiparalleled APFs are activated at approximately t = 1.0s
to compensate for the harmonics. However, in comparison with
Fig. 7(a) and (b), different activation orders result in varying
current sharing states. In Fig. 7(a), equal current sharing can
not be guaranteed even if APFs are activated simultaneously.
Besides, the phase error can be observed in Fig. 7(b), resulting
in the unnecessary compensation current. This uncontrolled
current sharing not only wastes the redundancy capacity. It
will also decrease the compensation efficiency as phase error
exists. Fig. 8 depicts different operating cases where phase
error exists among compensation current. In these cases, mul-
tiparalleled APFs still manage to achieve the harmonic com-
pensation (IAPF1 + IAPF2 = ILoad ). However, in the cases
as Fig. 8(b) and (c), the consumed compensation capacity
(|IAPF1|+ |IAPF2|) is much larger than the needed capacity
(ILoad), which results in the unbearable decreased efficiency.
Therefore, it is vital to realize suitable current sharing.

This section presents the PB control method of a single APF
and illustrates the main issues that emerged in multiparalleled

Fig. 9. Control block diagram of single APF with proposed droop control and
virtual resistor.

APFs including 1) circulating power flow and 2) current sharing.
As the former is not the main topic of this article, a simple virtual
resistor is proposed to avoid the circulating power. In this way,
the APFs can be connected in parallel as Fig. 2.

III. PROPOSED DECENTRALIZED DROOP CONTROL SCHEME

A. Proposed Decentralized Droop Control

As illustrated in Section II, the uncontrolled current sharing
will lead to an unbearable efficiency decrease. Therefore, this
article proposes a decentralized droop control method to achieve
automatic current sharing. The detailed control block diagram
with the proposed scheme is depicted in Fig. 9. In the decentral-
ized droop scheme, an additional feedback path is incorporated.
The load current ic is fed back into the current control loop with
droop coefficient δ. According to Fig. 9, the transfer function
from iL to ig can be obtained as (4).

ig
iL

= Gc (s) =
Lfs+Rv + δHi (s)Gd (s)

Lfs+Rv + (1 + δ)Hi (s)Gd (s)
(4)

ess = lim
s→jkω1

Gc (s) =
1

1 + 1
δ

. (5)

Compared to the conventional scheme in (2), the proposed
scheme modifies the filtering performance mainly by droop
coefficient δ in (4). Its filtering steady error is expressed as ess.
As the proposed scheme is designed for harmonics with specific
orders, the resonant controller Hi(s) will exhibit infinite gain at
these frequency points. Therefore, the ess could be simplified
as (5) for the specific harmonics. According to (5), the steady
error is positively correlated with δ. Consequently, in order to
decrease the steady error and maintain the filtering performance,
the value of δ should be set below 0.05.

To clarify the mechanism of proposed decentralized control
more clearly, an example of two APF modules is depicted in
Fig. 10 which omits the dc control link. In the multiparalleled
APFs as Fig. 10(a), each APF detects the grid current back into its
current controller. In this way, the output current of the other APF
can be sensed without communication. Except for the proposed
droop control link, the transfer function of current control can
be calculated as Go(s) in the following equation:

Go (s) =
Hi (s)Gd (s)

Lfs+Rv
. (6)
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Fig. 10. Overall control block diagram of the system comprising of two APFs.
(a) Detailed diagram. (b) Simplified diagram.

With simplified current control link, Fig. 10(a) can be equiva-
lently transformed into Fig. 10(b). And Fig. 10(b) shows the har-
monic compensation and current sharing process more clearly.
Two APFs operate to control the grid current collectively and
each APF serves as a separate controller.

In Fig. 10(b), the droop control establishes the relationship
between grid current ig and output current ic1, ic2 with droop
coefficients. In this way, each APF could sense the output
current of other APFs by ig . Their specific signal transmission
relationship can be expressed in (7) as Fig. 10(b) shows.

⎧⎪⎪⎨
⎪⎪⎩

ig = iL + ic1 + ic2

ic1 = Go1 (s) (−ig − δ1ic1) =
Hi1(s)Gd(s)
Lfs+Rv1

(−ig − δ1ic1)

ic2 = Go2 (s) (−ig − δ2ic2) =
Hi2(s)Gd(s)
Lfs+Rv2

(−ig − δ2ic2)

.

(7)

As grid current ig associates the multiparalleled APFs, the
latter two equations in (7) can be calculated as (8). In (8), the
transfer function from ig to ic is expressed.

⎧⎨
⎩
ic1 = − Hi1(s)Gd(s)

Lfs+Rv1+δ1Hi1(s)Gd(s)
ig

ic2 = − Hi2(s)Gd(s)
Lfs+Rv2+δ2Hi2(s)Gd(s)

ig
. (8)

According to (8), the current sharing relationship between ic1
and ic2 can be obtained as (9) by substituting ig in (8). Further-
more, (9) can be simplified to (10) as the resonant controller in
Hi(s) exhibits infinite gain for the specific harmonics (5th, 7th,
11th, 13th …).

ic1
ic2

=

Lfs+Rv2

Hi2(s)Gd(s)
+ δ2

Lfs+Rv1

Hi1(s)Gd(s)
+ δ1

(9)

lim
s→jkω1

ic1
ic2

= lim
s→jkω1

Lfs+Rv2

Hi2(s)Gd(s)
+ δ2

Lfs+Rv1

Hi1(s)Gd(s)
+ δ1

=
δ2
δ1

. (10)

It can be inferred from (10) that the proposed decentralized
droop control could achieve the current sharing for the designed
specific harmonics. And the allocation ratio is solely determined
by the preset droop coefficients δ1, δ2 for various types of APFs,
demonstrating excellent feasibility. Besides, as both δ1 and δ2
are constant parameters, there will be no phase error among
APFs, thereby avoiding the decreased compensation efficiency.
Similarly, the droop characteristics in n multiparalleled APFs
could be established as (11) with the proposed scheme. In (11),
n represents the number of APFs.

δ1 ic1 = δ2 ic2 = · · · = δn icn. (11)

As (11) indicates, the current droop relationship is formed
in each APF. The current allocation could be modified by the
droop coefficients. For specific APF, the smaller δn is assigned,
the larger output current is allocated. Therefore, by appropriately
setting the values of droop coefficients, the APFs can be modified
to share the harmonic compensation current in the ratio of their
current ratings. When a specific APF fails or is taken offline, it
could be directly disconnected from the system. The proposed
scheme will automatically relocate the current among other
APFs in this case.

In this section, the control scheme and underlying current
sharing mechanism of the proposed scheme have been presented.
With the maintained filtering performance, the proposed decen-
tralized method manages to achieve automatic capacity droop
allocation of multiparalleled APFs without communication or
capacity waste.

B. Steady/Dynamic Performance and Stability Analysis of
Multiparalleled APFs Considering Parameter Variations

The current allocation of the proposed scheme has been
verified. Furthermore, the dynamic/steady performance of mul-
tiparalleled APFs should be evaluated. The steady error, system
stability, and dynamic response of current sharing are analyzed
in this section, considering the variations of critical parameters
(filter inductor, number of APFs, and controllers’ gain).

First, to analyze the steady error of harmonic compensation,
transfer function GPB(s) from ig to iL could be obtained as
(12) according to Fig. 10(b). For designed specific harmonics, it
can be simplified to (13) and represent the steady error ess_PB .

ig
iL

= GPB (s) =
1

1 + Go1(s)
1+δ1Go1(s)

+ Go2(s)
1+δ2Go2(s)

(12)
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Fig. 11. Signal flow diagram of multiparalleled APFs with the proposed droop
control. (a) Original signal flow diagram. (b) Interactive relationship between
compensation current.

ess_PB = lim
s→jkω1

GPB (s) =
1

1 + 1
δ1

+ 1
δ2

. (13)

Similarly, for a generic case involving “n” APFs, the steady-
state error can be expressed as follows:

ess_PB =
1

1 +
∑n

i=1
1
δi

. (14)

According to (14), the steady error is only relevant with
the preset droop coefficients and number of APFs. The other
critical parameters (filter inductors, controllers’ gain, inverters’
structure …) will not significantly influence the steady error
when the proposed scheme is applied. Compared with the case
of a single APF in (5), the steady error of multiparalleled APFs
becomes smaller with more APFs installed. It reveals that the
steady error of the whole APF system will be smaller than that
of any specific APF operating alone. Therefore, even if several
APFs fail or are taken for maintenance, the other APFs will be
reallocated automatically. And the filtering performance will not
be greatly deteriorated.

Furthermore, to investigate the stability of current sharing,
Fig. 10 is simplified to the signal flow diagram Fig. 11(a).
If harmonics are generated in load current îL, they will be
detected in the grid current îg . And compensation current îc1
and îc2 is generated by current control and then injected into
grid current. Besides, the proposed droop control adds additional
self-feedback loops of compensation current. With the proposed
scheme introduced, the output current îc1 and îc2 are associated
with each other. Therefore, Fig. 11(b) is depicted to demonstrate
the underlying current sharing loop between îc1 and îc2 by
cancelling out the grid current in Fig. 10(a). The loop gain L(s)
between ic1 and ic2 could be obtained as follows:

L (s) = − Go1 (s)

1 + (1 + δ1)Go1 (s)

Go2 (s)

1 + (1 + δ2)Go2 (s)
. (15)

The Nyquist diagram of L(s) is depicted in Fig. 12 with
different droop coefficients. As Fig. 12 shows, when the co-
efficients are assigned negative, the positive feedback current
sharing loop will be formed as the curve circles around (−1,
0). It will seriously deteriorate the stability of the system. In
comparison, when the coefficients are assigned positive, the
curve will not cross (−1, 0) equivalently, thereby maintaining
stability. Thus, the values of droop coefficients are recommended
to be assigned greater than zero. Furthermore, Figs. 13 and 14
depict the Nyquist diagrams of L(s) with different parameters.

Fig. 12. Nyquist diagram of current sharing loop gain L(s) considering −500
to 500 Hz.

Fig. 13. Nyquist diagram of L(s) considering parameter variations in droop
control. (a) Droop coefficients. (b) Number of multiparalleled APFs.

Fig. 14. Nyquist diagram of L(s) considering parameter variations in current
control. (a) Filter inductors. (b) Proportional gain kp.

In Fig. 13, the influence of parameter variations in droop control
is assessed. As the droop coefficients in Fig. 13(a) decrease,
the crossing point is approaching (−1,0), indicating the reduced
stability margin. However, the system stability is not substan-
tially impacted by the change, as it is modest. In Fig. 13(b),
the stability is investigated in relation to the number of multi-
paralleled APFs. It shows that the stability margin is increasing
with more installed APFs. And the impact of filter inductors
and controllers’ gain is shown in Fig. 14. As Fig. 14(a) and
(b) demonstrate, the parameter variations of current control link
have little influence on the stability of current sharing. According
to the abovementioned analysis, the stability of current sharing is
mainly determined by the proposed droop control. Larger droop
coefficients and a greater number of APFs lead to better system
stability.

Furthermore, the pole-zero diagram of the closed-loop trans-
fer function GPB(s) is depicted in Fig. 15 to analyze the
dynamic response. According to the control theory, the system
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Fig. 15. Pole-zero map of closed-loop function GPB(s) with different droop
coefficients assigned considering −500 to 500 Hz.

Fig. 16. Pole-zero map of closed-loop function GPB(s) considering param-
eter variations. (a) Number of multiparalleled APFs. (b) Filter inductors.

Fig. 17. Pole-zero map of closed-loop function GPB(s) considering varia-
tions of controllers’ gain kp.

poles reflect the dynamic response of the system. In Fig. 15, the
poles around the imaginary axis are introduced by the resonant
controllers at fifth and seventh harmonic. Besides, with the in-
creasing droop coefficients, the dominant pole gradually moves
away from the imaginary axis, indicating faster response and
less oscillation in the current sharing process. In multiparalleled
systems, the dominant pole is affected by all APFs as Fig. 15
shows. In this case, the dominant pole is located in the average
position of all APFs’ zeros. Additionally, if the coefficients are
assigned negative, the dominant pole will be in the right half-
plane as the purple point, destroying the stability. Figs. 16 and 17
illustrate the change trend of poles with parameter variations. In
Fig. 16(a) and (b), the parameter variations of APFs’ number and
filter inductors are considered. However, the results show that
these parameter variations will not influence the poles evidently.
And the impact of controllers’ gain on the dynamic response is
assessed in Fig. 17. With the increasing proportional gain kp,

Fig. 18. Underlying mechanism of resonance risk when multiparalleled APFs
are operated.

the poles are moving away from the imaginary axis, indicating
a faster response.

In this section, the steady error, system stability, and dynamic
response of the proposed scheme are analyzed considering pa-
rameter variations.

1) The steady error of harmonic filtering is only associated
with droop coefficients and number of APFs. The larger
coefficients are, the higher steady error is. And the steady
error of multiparalleled APFs is smaller than that of any
APF operating alone. Therefore, the steady error of the
proposed decentralized scheme is guaranteed.

2) The stability of current sharing also depends on the droop
coefficients and APFs’ number. The impact of other pa-
rameter variations is modest. With positive droop coeffi-
cients assigned, system stability is ensured. Larger droop
coefficients and a greater number of APFs will lead to a
larger stability margin.

3) The dynamic response is mainly in relation to droop co-
efficients and controllers’ gain. Dynamic response speed
can be improved by enlarging droop coefficients and
controllers’ gain. Besides, variations of filter inductors
and APFs’ number have little influence on the dynamic
response of current sharing.

For the proposed scheme, the stability and steady error will
be improved with more APFs installed. Consequently, there are
no scalability limitations in terms of current sharing. However,
the scalability limitation truly exists in practical applications
regardless of the scheme employed. The multiparalleled APFs
will suffer from the resonance risk with the increasing parallel
number [9]. Fig. 18 provides the illustration of potential res-
onance risk. When multiparalleled APFs compensate for the
harmonics, the interactive relationship is formed among PCC
voltage, load current, and grid current [10]. And the resonance
might be induced by the feedback loop in Fig. 18. In this
process, the dynamic response of APFs’ control scheme is
also involved. Although the inner stability of current sharing
is maintained, increasing number of APFs still might excite
the outer resonance. On one hand, increasing number of APFs
will improve the filtering performance, which is more likely to
result in resonance. On the other hand, more installed APFs will
negatively damp the system [11]. Fig. 19 depicts the simulation
waveforms when the resonance is triggered. And amplitude of
APF1’s 13th harmonic current is shown to reflect the dynamic.
In Fig. 19(a), system remains stable when APF1 is operating
alone. However, resonance occurs when APF2 is also employed
to share the harmonics in Fig. 19(b). The resonance can be
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Fig. 19. Waveforms to verify the scalability limitation of resonance risk.
(a) APF1 is operating alone. (b) APF1 and APF2 are operated in parallel.

observed in both load current and APF1’s current. Harmonics
are amplified and THD increases from 4% to 17%. It verifies
the existence of scalability limitations regarding resonance risk.
Besides, the resonance characteristics are also highly associated
with load type and grid impedance [3]. Larger grid impedance
and voltage-source load will substantially increase the risk.
Consequently, the scalability limitation of resonance risk is hard
to be specified, which is another broader research topic. And we
have listed it as a possible future work.

C. Algorithm for Parameter Tuning of Droop Coefficients

According to the droop characteristics in (11), there are many
sets of parameters to meet the demands of current sharing. And
the choice of droop coefficients is a tradeoff between filtering
performance and response speed. Thus, this article proposes an
algorithm to determine the balanced droop coefficients.

Step 1: Identify the APF which has the minimum rated cur-
rent (Imin) among multiparalleled APFs.

Step 2: Determine the upper limit of steady error (δmax) in
multiparalleled APFs. According to the abovemen-
tioned analysis, the value is also the steady error when
the APF with minimum rated current is operating
alone. It is typically set below 0.05.

Step 3: Set the upper limit of steady error as the droop coef-
ficient of APF which has the minimum rated current.

Step 4: Calculate droop coefficients (δj) of each APF in
the multiparalleled system according to their rated
current (Ij) as follows:

δj =
Iminδmax

Ij
. (16)

Fig. 20. Overall control block diagram of the system comprising of two APFs
with CS method.

In this way, the proposed algorithm could achieve the current
sharing in proportion to the capacity of each APF.

IV. COMPARISON BETWEEN PROPOSED DECENTRALIZED

DROOP SCHEME AND EXISTING SCHEME

As illustrated in Section III, the existing scheme is mainly
based on the structure of the CS method [26], which is different
from the proposed scheme. And it is found that their main
difference lies in filtering performance, allocation range, and
system stability. The double-loop structure of the CS method
will lead to the mutual restriction between filtering performance
and allocation range in multiparalleled APFs. And the system
stability of the CS method will be diminished with higher
filtering demand. In these aspects, the proposed scheme behaves
better than the existing one. But its response speed is relatively
slower, which is acceptable. Because the droop allocation is a
slow process itself.

A. Comparison in Filtering Performance and Allocation
Range

The control block diagram of the existing method is depicted
in Fig. 20, comprising two multiparalleled APFs. In Fig. 20,
δCS1, δCS2 are the preset droop coefficients. And the closed-
loop function Gi_CS(s) of current loop can be calculated as
follows:

Gi_CS (s) =
Hi (s)Gd (s)

Lfs+Hi (s)Gd (s)
. (17)

Similar to the proposed scheme, the transfer function GCS(s)
from ig to iL can be obtained as (18). And (18) can be simplified
to (19) for specific harmonics to calculate the steady error ecs.

GCS (s) =
1

1 +
kGiCS1

(s)

1+δCS1GiCS1
(s) +

kGiCS2
(s)

1+δCS2GiCS2
(s)

(18)

ecs = lim
s→jkω1

GCS (s) =
1

1 + k
1+δCS1

+ k
1+δCS2

. (19)

Furthermore, the droop relationship of the existing scheme
can be obtained in (20) in the same manner as the proposed



5930 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

scheme.

(1 + δCS1) ic1 = (1 + δCS2) ic2 = · · · = (1 + δCSn) icn.
(20)

Based on the parameter assigning method in [28] and [29],
the droop coefficient of APF which has the maximum rated
current is assigned to be 1. And the other APFs’ droop coef-
ficients are assigned values larger than 1. However, the steady
error will be increased in this existing method with different
allocations. The steady error ecs of n multiparalleled APFs has
been shown in (19). In (19), k/(1 + δCSn) represents the steady
error part contributed by corresponding APF. Once the capacity
allocation is changed, the droop coefficient of specific APF
will be increased. And the corresponding steady error will also
increase, as k/(1 + δCSn) is in the denominator of ecs. Besides,
the large preset droop coefficient will seriously deteriorate the
filtering performance when APF is operating alone. The case of
two parallel APFs is taken as an example. When the allocation
changes from 1:1 to 1: m, the steady error ecs1 is increased to
ecs2 as (21). And the steady error is positively correlated with
parameter m. {

ecs1 = 1
1+k

ecs2 = 1
1+ k

2+
k

2m

. (21)

In comparison, the steady error ess of the proposed scheme is
shown in (14). When the allocation changes, the upper limit of
steady error is guaranteed. And the droop coefficient is assigned
smaller with larger allocated capacity. It can be found that this
allocation characteristic is opposite from that of the existing
method. Therefore, the steady error will be decreased with the
proposed scheme in the same allocation. When the allocation
changes from 1:1 to 1: m, the steady error ess1 will be decreased
to ess2 as (22) assuming δ1 = 2/k.{

ess1 = 1
1+k

ess2 = 1
1+m+1

2 k

. (22)

As the unbalanced allocation will increase the steady error,
the allocation range of the existing scheme is restricted. When
the upper limit of steady error is set as ecs_max, the largest droop
coefficients δCSn is restricted as follows:

δCSn <
kecs_max

1− ecs_max
− 1. (23)

Therefore, with the restricted droop coefficient, the allocation
range of the existing method is tightly restricted by the filtering
performance. In comparison, as the capacity allocation will not
increase the steady error, the proposed scheme has removed this
constraint.

B. Comparison in System Stability and Dynamic Response

According to the analysis in Section III, the poles of the
closed-loop transfer function determine the system stability and
dynamic response. And closed-loop transfer function GCS(s)
has been obtained as (18).

When the steady error remains consistent (1/ δj = k/
(1 + δCSj)), the pole-zero diagram of two control schemes is

Fig. 21. Pole-zero map of proposed droop scheme and existing droop scheme.

Fig. 22. Pole-zero maps of proposed scheme and existing scheme with better
filtering performance. (a) Proposed scheme with increasing δ. (b) Existing
scheme with increasing k.

depicted in Fig. 21. In Fig. 21, blue/yellow points represent the
proposed scheme and red/purple points represent the existing
scheme under parameter variations. Compared with that of the
proposed scheme, the existing scheme’s dominant poles are
relatively farther away from the imaginary axis. Nonetheless,
considering their distance to the imaginary axis, the difference
among poles is negligible. This demonstrates the similar dy-
namic response of the two schemes. Additionally, there are two
conjugated poles in Fig. 21, which represent the high-frequency
response. In Fig. 21, the close conjugated poles indicate the
similar high-frequency performance of different schemes.

However, when the filtering performance is enhanced in both
schemes, the conjugated poles exhibit different variation trends
as Fig. 22(a) and (b). For the proposed scheme, filtering per-
formance is improved by decreasing droop coefficients δ. In
Fig. 22(a), the poles move farther away from the imaginary axis
when the droop coefficients are decreasing. And the dominant
poles move closer to the zero point. It indicates that the stability
of the proposed scheme is maintained and dynamic response
pays the price. However, in the existing scheme as Fig. 22(b),
filtering performance is modified by the control parameter k. In
this case, the conjugated poles keep approaching the imaginary
axis when k is increasing. And the poles will eventually move to
the right half-plane, seriously deteriorating the high-frequency
stability. In this process, the dominant poles remain unchanged,
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TABLE I
COMPARISONS BETWEEN PROPOSED SCHEME AND EXISTING SCHEME

Fig. 23. Basic topology structure of simulation and experiment platform.

indicating the constant dynamic response. Therefore, the pa-
rameter k of existing scheme is typically restricted to maintain
stability. Furthermore, the filtering performance is also limited
by this restricted parameter.

In summary, specific comparisons between the proposed
scheme and the existing scheme can be concluded in Table I.
It can be found that the proposed scheme is more suitable for
practical applications. Compared with existing schemes, it ex-
hibits better filtering performance, allocation range, and system
stability. The main drawback is the relatively slow dynamic
response. However, droop allocation is a slow process itself and
the proposed scheme could meet the requirements. Therefore,
the proposed scheme is preferred to be adopted.

V. SIMULATIONS AND EXPERIMENTS

A. Simulations Under Various Operating Conditions

Detailed simulations are carried out in this section to verify the
proposed scheme. The basic topology of the simulation is shown
in Fig. 23. The load is selected as the three-phase uncontrolled
rectifier. And two APFs are connected in parallel with grid
current detected. In the simulations and experiments, the APFs
are configured to compensate for the dominant harmonic (5th,
7th, 11th, 13th). The specific simulation parameters are listed in
Table II.

In order to ascertain the analysis conclusions, several repre-
sentative cases are chosen as follows: 1) two APFs compensate
the harmonics in the ratio of 1:1; 2) two APFs compensate the
harmonics in the ratio of 2:1; 3) three APFs compensate the
harmonics in the ratio of 2:1:1; 4) one of the APFs ceases
to operate during runtime; 5) multiparalleled APFs react to
the sudden perturbation in the load current; 6) multiparalleled
APFs with CS scheme react to the increasing filtering demand;

TABLE II
SIMULATION PARAMETERS

Fig. 24. Two APFs compensate for the harmonics in the ratio of 1:1.
(a) Simulation waveforms. (b) Corresponding spectrum.

7) multiparalleled APFs with different control schemes react to
the changed allocation.

In Figs. 24–26, the waveforms and spectrums of current
allocation are shown. In this process, the APFs charge the dc
capacitors first and then start the harmonic compensation and
current sharing. Therefore, the instant impact can be observed
in these figures. But the charging impact will not influence the
current sharing process, which is much slower.

In Fig. 24(a), the APFs are activated at t = 1.0 s and droop
coefficients are assigned 0.05. According to the current differ-
ence result, the current sharing is achieved in 0.15 s. Fig. 24(b)
verifies that APFs compensate for the harmonics successfully
and achieve the capacity allocation in the ratio of 1:1. It can be
aware that the fifth harmonic component in the load current is
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Fig. 25. Two APFs compensate for the harmonics in the ratio of 2:1.
(a) Simulation waveforms. (b) Corresponding spectrum.

Fig. 26. Three APFs compensate for the harmonics in the ratio of 2:1:1.

2.39 A and each APF compensates 1.17 A, which is consistent
with the theoretical analysis. Besides, this result remains the
same for other designed specific harmonics (7th, 11th, 13th).

Similarly, Fig. 25 demonstrates the waveforms and spec-
trum of 2:1 current allocation. When APFs are activated at
t = 1.0 s, the harmonic compensation is achieved first. And
then the current sharing is completed around t = 1.15 s with a
relatively slower response. This phenomenon is consistent with
the conclusion in Fig. 21, where the poles of current sharing
are closer to the imaginary axis. As Fig. 25(b) depicts, the
fifth harmonic component in the load current remains 2.39 A
while APF1 compensates for 1.56 A and APF2 compensates for
0.78 A. Therefore, the feasibility of the proposed scheme and
steady error analysis are verified in the case of two APFs.

Furthermore, to verify the effectiveness of the proposed
scheme in more APFs, Fig. 26 depicts the current allocation

Fig. 27. Dynamic response of multiparalleled APFs in different situations.
(a) One of the APFs ceases to operate. (b) Load is perturbated.

of three multiparalleled APFs. The coefficients are set as 0.025,
0.05,0.05 among APFs, and 2:1:1 current allocation is achieved.
Besides, the dynamic response speed is basically the same
as Fig. 24, verifying the analysis in Section III. Synthesizing
Figs. 24–26, it is verified that the proposed droop control scheme
can allocate the current of APFs in proportion.

Besides, to further verify the dynamic response analysis,
Fig. 27 depicts the dynamic process of APFs in different situa-
tions. The amplitudes of the fifth harmonic in APFs’ current are
calculated to demonstrate the dynamic waveform. In Fig. 27(a),
when APF2 ceases to operate at t = 2 s, APF1 reacts rapidly to
fulfill the vacancy in 0.05 s. And the distortion of grid current
is eliminated in one period, demonstrating excellent response
speed and redundancy control. Once one APF is broken acci-
dentally, the other APFs could form a new droop relationship
to maintain the filtering performance in time. Fig. 27(b) shows
the case of load perturbation. When the load current increases
at t = 2 s, both APFs respond to the change and reach the new
current sharing state in 0.05 s. As the fifth harmonic in APFs’
current demonstrates, the current sharing is still maintained
during the dynamic process. Fig. 27(a) and (b) both verify
the excellent dynamic response and stability of the proposed
scheme. Robust performance is obtained under varying working
conditions.

Figs. 28 and 29 examine the differences between PB and CS
methods, which are discussed in Section IV. Fig. 28 confirms
the stability of the CS method in high filtering demand. When
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Fig. 28. Multiparalleled APFs’ reaction to the increasing filtering demand in
the CS method.

Fig. 29. Multiparalleled APFs’ reaction to the changed allocation ratio.
(a) PB method. (b) CS method.

parameter k increases from 20 to 60 to improve the filtering
performance, the oscillation will be induced. It verifies that
the filtering performance of the CS method is restricted by the
system’s stability. Fig. 29 illustrates the changes in the steady
error of the PB method and CS method. As Fig. 29(a) shows,
when the allocation ratio in the PB method is modified to 5:1, the
THD of grid current decreases from 3.9% to 3.7% and dynamic
speed slows down. But in the same case of the CS method as
Fig. 29(b), the THD increases to 4.9%, destroying the filtering
performance. This phenomenon verifies that the unbalanced
allocation will increase the steady error in the CS method. And
it further indicates the restriction between filtering performance
and allocation range in the existing scheme. In comparison, the
proposed scheme removes the constraint effectively. Its filtering
error can be guaranteed under unbalanced allocation.

B. Prototype Experiments Under Various Operating
Conditions

Experiments are conducted to verify the analysis, including
prototype and hardware-in-the-loop (HIL) experiments. While

Fig. 30. Experiment platform.

prototype experiments are designed for the case of two mul-
tiparalleled APFs, HIL experiments are introduced mainly for
more APFs. The prototype topology remains the same as the
simulation. And the experiment platform is built as Fig. 30. To
prove the feasibility of the proposed scheme, two different types
of APF are selected as APF1 and APF2. Besides, two kinds
of sensors are utilized to meet the requirements of APF1 and
APF2. The experiments’ control parameters remain the same
as the simulations except that grid voltage is set around 40 V
(Magnitude-phase) to simulate the industrial applications.

Fig. 31 depicts the waveforms of multiparalleled APFs with-
out the proposed scheme. According to Fig. 31, APF1 and APF2
manage to achieve the harmonic compensation. However, the
current oscillation occurs between APF1 and APF2. Compared
with the simulations in Fig. 7, Fig. 31(a) shows the varying
process of current sharing as measurement error exists. And the
phase error can be observed according to Fig. 31(b). Without the
proposed scheme, APFs lack the ability to stabilize the current
sharing rapidly. It seriously deteriorates the system stability and
reduces the compensation efficiency.

Figs. 32 and 33 depict the waveforms with the proposed
scheme implemented. In Fig. 32(a), after APF1 is activated,
the APF1’s current is increasing rapidly and current sharing is
completed without oscillations. Fig. 32(b) shows the zoomed
steady waveforms in Fig. 32(a). It can be found that there is no
phase error between APF1’s current and APF2’s current. And
the 1:1 current allocation is achieved. Similar to Fig. 32, 1:2
current allocation is shown in Fig. 33 by changing the droop
coefficient of APF1. It verifies the effectiveness and feasibility
of the proposed scheme. Besides, the dynamic response speed
and steady error remain consistent in Figs. 32 and 33. This
phenomenon is identical to the simulations in Figs. 24 and 25,
verifying the scheme’s immunity to parameter variations.

Fig. 34 demonstrates the expandability and redundancy of the
proposed scheme. In this case, the droop coefficient of APF1
is assigned 0 and APF2 is operated all the time. Therefore,
when APF1 is activated in Fig. 34(a), it compensates for most
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Fig. 31. Waveforms of multiparalleled APFs’ reaction without proposed droop
scheme implemented. (a) Oscillation occurs between APF1. (b) Zoomed region.
(B-phase grid current).

Fig. 32. Waveforms of multiparalleled APFs with the proposed scheme in the
ratio of 1:1. (a) Waveform of current sharing. (b) Zoomed steady state.

Fig. 33. Waveforms of multiparalleled APFs with the proposed scheme in the
ratio of 1:2. (a) Waveform of current sharing. (b) Zoomed steady state.

Fig. 34. Waveforms of multiparalleled APFs demonstrating the startup and
halted state. (a) Waveform of the overall process. (b) Zoomed waveforms when
APF1 trips out.
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Fig. 35. Waveforms of multiparalleled APFs’ dynamic response to load per-
turbation. (a) Waveform of the overall process. (b) Dynamic process when the
load is perturbated. (c) Fifth harmonic amplitude of APFs’ current in (a).

harmonics due to the droop relationship. And APF2 gives up the
compensation. In this process, the allocation adjusting process
has been performed. It illustrates that once an additional APF is
installed, the droop relationship will allocate the current auto-
matically. Therefore, the expandability of the proposed scheme
is verified. Furthermore, when APF1 trips out in Fig. 34(b),
APF2 reacts rapidly to compensate for the harmonics. It shows
that when a specific APF fails, it can be directly disconnected
and other APFs will automatically compensate the vacancy. The
phenomenon is consistent with the simulations in Fig. 27(a).
Therefore, the redundancy control is verified.

Furthermore, Fig. 35(a) and (b) show the dynamic response of
multiparalleled APFs when the load is perturbed from10 to20Ω.
And Fig. 35(c) depicts the fifth harmonic amplitude of APFs’
current in the whole dynamic process. In Fig. 35, when the load
is perturbed at t = 13.6 s, the current sharing of harmonics is
completed rapidly. Different from the simulations in Fig. 27(b),

Fig. 36. Waveforms of two APFs operated in parallel (1:1). (a) Start-up
process. (b) Steady state in (a). (c) Dynamic response of inductor variations.
(d) Steady state in (b).

the fundamental current reacts to the impact more slowly due to
the current protection. Fig. 35(b) and (c) show that the current
sharing has reached the proper current sharing state after the
impact. It effectively verifies the analysis of system stability
and dynamic response. Robust performance is achieved by the
proposed scheme under varying loads. Besides, Fig. 35(c) also
records the dynamic process of APF activation at t = 5.4 s. It
reveals that APF1 and APF2 form the droop relationship and
share the compensation current successfully.

C. HIL Experiment Results

To verify the proposed scheme in more APFs, experiments are
conducted in the HIL platform MT6020. MT6020 uses FPGA
to simulate the hardware and supports algorithm verification
in multiple inverters. In this section, the cases of 2, 3, and 4
APFs operated in parallel are considered. Dynamic response
and parameter immunity of the proposed scheme are further
examined.

Fig. 36 depicts the dynamic response of start-up and inductor
variations in two multiparalleled APFs. In Fig. 36(a), the red
line represents the difference between APFs’ current. And it
decreases to zero after APF2 is activated, which shows the
current sharing process clearly. Fig. 36(b) shows the zoomed
steady waveforms of Fig. 36(a). It is consistent with the cur-
rent sharing results of simulations and prototype experiments.
Fig. 36(c) and (d) illustrate dynamic/steady response of filter
inductor variations. In this case, the filter inductor of APF1
is increased to 120% of its nominal value and that of APF2
decreases to 80% simultaneously. In this extreme condition,
the current sharing is achieved and the impact is eliminated
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Fig. 37. Waveforms of two APFs operated under grid voltage sag. (a) 1:1 allo-
cation with smaller controllers’ gain. (b) 1:1 allocation with larger controllers’
gain. (c) 2:1 allocation with smaller controllers’ gain. (d) 2:1 allocation with
larger controllers’ gain.

in 0.125 s. In comparison with Fig. 36(b), grid current’s THD
remains basically constant at 7.5% despite the variation of
inductors. It successfully verifies the immunity of the proposed
scheme to the inductors’ variations.

In Fig. 37, the performance of the proposed scheme is evalu-
ated under grid voltage sag. And various sets of control param-
eters are assigned to verify the reliability. 1:1 current allocation
is set in Fig. 37(a) and (b), while 2:1 is set in (c) and (d).
The proposed scheme exhibits robust performance when grid
voltage abruptly decreases to 30 V (RMS). The sudden impact
is eliminated in 70 ms. And the THD of grid current decreases
by up to 0.2%. Both the filtering performance and current
allocation are not influenced by the voltage sag. Besides, the
immunity of the proposed scheme is further verified in Fig. 37.
The proportional gain of APF1’s controller is specified as 3 in
Fig. 37(a) and (c). The same parameter’s value is 6 in (b) and
(d). With larger controller’s gain, the dynamic response speed
is improved from 68 to 51 ms in Fig. 37(a) and (b). Similar
improvement can also be found in (c) and (d) (54–41 ms).
THD is slightly decreased from 6.9% to 6.6% in Fig. 37(a)
and (b). The same THD variation can be observed in (c) and
(d), which decreases from 6.5% to 6.4%. The modest variations
verify that the filtering performance of the proposed scheme is
unaffected. High-frequency harmonics are the main causes of
THD variations, which is irrelevant to the proposed scheme.

The cases of three and four multiparalleled APFs are depicted
in Figs. 38 and 39 with 10 Ω load resistor, respectively. In
Fig. 38, the APFs realize the 1:1:1 reallocation successfully
after APF3 is activated. And Fig. 38(b) shows that there is

Fig. 38. Waveforms of three APFs operated in parallel (1:1:1). (a) Start-up
process. (b) Steady state of current allocation.

Fig. 39. Waveforms of four APFs operated in parallel. (a) Start-up process.
(b) Current allocation in 1:1:1:1. (c) Current allocation in 1:1:0:0. (d) Current
allocation in 1:1:1:2.

no phase error among APFs’ current. Furthermore, four APFs
are operated in parallel in Fig. 39. It realizes the equal current
allocation among APFs in Fig. 39(a) and (b). As the red line
shows, the performance of the proposed scheme does not de-
teriorate with the increasing APFs’ number. Besides, different
allocations of 1:1:0:0 and 1:1:1:2 are depicted in Fig. 39(c)
and (d), respectively. It effectively verifies the flexibility of the
proposed scheme. Compared with the simulations, additional
high-frequency ripples can be observed with more APFs. By
adjusting the modulation carriers as [18] and [19], minimum
communication has the potential to address this problem. And
performance of the proposed scheme will not be influenced.

VI. CONCLUSION

In this article, a novel decentralized droop control scheme for
multiparalleled APFs with grid current detected was proposed.
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Based on the power balance based control, the scheme enabled
the APFs to allocate the compensation capacity in proportion
to their rated capacity automatically. And it exhibited better
filtering performance and allocation range.

First, the operating mechanism of the proposed droop control
was illustrated with a case comprising two APFs. The droop rela-
tionship was realized by adding the feedback loop of each APF’s
output current with preset droop coefficients. Furthermore, the
dynamic/steady performance analysis of the proposed scheme
and corresponding parameter tuning algorithm were presented
in this article. It was revealed that the proposed scheme could
successfully achieve redundancy control and capacity allocation
without communication. Additionally, excellent expandability,
stability, and filtering performance were demonstrated. Ro-
bust performance was obtained under dynamic grid conditions.
On this basis, the comparative analysis between the proposed
scheme and the existing scheme was given in this article. The
result demonstrated that the proposed scheme exhibited better
filtering performance and allocation range. Additionally, the
stability of the proposed scheme was also superior to that of
the existing scheme which is restricted by filtering performance.
Finally, extensive simulations and experiments were conducted,
which effectively verified the viability of the proposed decen-
tralized droop scheme.

On the basis of the proposed decentralized scheme, possible
future research can be summarized as follows.

1) Incorporate minimum communication with the proposed
scheme to further improve the filtering performance.

2) Analyze and suppress the resonance risk of the proposed
scheme to enhance the scalability in larger systems.

3) The performance evaluation and stability analysis when
multiparalleled APFs are integrated with other power
quality improvement equipment (SVG, DVR …).
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