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Active Damping Techniques for LCL-Filtered
Inverters-Based Microgrids

Iman Lorzadeh, Mehdi Savaghebi, Member, IEEE, Hossein Askarian Abyaneh, Senior Member, IEEE,
and Josep M. Guerrero, Fellow, IEEE

Abstract — LCL-type filters are widely used in grid-
connected voltage source inverters, since it provides switching
ripples reduction with lower cost and weight than the L-type
counterpart. However, the inclusion of LCL-filters in voltage
source inverters complicates the current control design
regarding system stability issues; because an inherent
resonance peak appears due to zero impedance at that
resonance frequency. Moreover, in grid-interactive low-voltage
microgrids, the interactions among the LCL-filtered-based
parallel inverters may result in a more complex multi-
resonance issue which may compromise the power quality and
stability of the microgrid. Therefore, due to the effect of
resonances on the system stability and power quality, this
paper presents a state-of-the-art review of resonance
characteristics and related issues in single- and multi-inverter-
systems. Furthermore, this paper introduces the different
active damping approaches for grid-connected inverters with
LCL filters, which are based on high-order filters and
additional feedbacks methods. These techniques are analyzed
and discussed in detail.

Index Terms — Active damping techniques; grid-interactive
microgrid; LCL-filter

I. INTRODUCTION

Ue to increasing adoption of electronically-

interfaced distributed generation (DG) units in

power distribution systems, control and design of
voltage source inverters (VSIs) have become a very
important issue for robust integration of DG units [1].
Control of interfacing converters is a flexible outstanding
opportunity to achieve improved operation of DG units and
to overcome various distribution system power quality
problems [2]. Hence, the microgrid concept has been raised
to attain better operation through coordinated control among
parallel interface converters.

In low-power applications with high switching
frequency, a single inductor L is usually installed in series
with the output ports of the inverter to filter the switching
harmonics. However, using such a simple topology in high-
power applications with low switching frequency leads to
the costly and bulky L-filters. In order to overcome these
limitations, LCL low-pass filter is preferred to the L-type
counterpart. Fig. 1 demonstrates a typical structure of three-

This work was supported by the Technology Development and
Demonstration Program (EUDP) through the Sino-Danish Project
“Microgrid Technology Research and Demonstration”
(meter.et.aau.dk).

I. Lorzadeh and H. Askarian Abyaneh are with Department of
Electrical Engineering, Amirkabir University of Technology, Iran,
(e-mail: lorzadeh@aut.ac.ir; askarian@aut.ac.ir).

M. Savaghebi and J. M. Guerrero are with the Department of Energy
Technology, Aalborg University, 9220 Aalborg, Denmark,

phase VSI connected to grid/load through the popular types
of the‘;rpass‘ive filters.
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Fig.1. Three-Phase VSI connected to grid/load through L/LC/LCL filters.

Despite prominent merits of the LCL-filter over the L-
filter, the incorporation of it with VSIs complicates the
current control design to preserve the system stability. In
fact, an inherent resonance peak appears at the frequency
response owing to zero impedance at the resonance
frequency [4], [5]. Therefore, these third-order passive
filters introduce some resonance hazards at the frequency
response, so that declines the efficiency and performance of
the inverter system and even in the worst case, lead to
system instability. Consequently, one of the most resonant
issues in the VSIs-based microgrids is the inherent
resonance caused by the inverter output LCL-filters which
has mainly a fixed frequency due to the small variation
range of the filter parameters.

On the other hand, in most cases, long feeders with
nontrivial parasitic shunt capacitances (i.e., underground or
submarine cable) [6], [7] and also presence of the shunt
capacitor banks for local reactive power compensation, are
ignored and for convenience of the VSI system analysis, the
line has only been considered as a lumped inductance [8]. In
fact, one can well understand that under these conditions,
the distributed series inductances and shunt capacitances
along a feeder may form an LC ladder network, which
resulting in cause to amplify or increase the number of
system resonance peaks, and can introduce current and
voltage distortions and increase the risk of system
instability. It means that greater challenges are brought to
the system power quality by multiple resonances.

In addition, in a grid-interactive low voltage (LV)
microgrid with multiple parallel LCL-filtered VSIs and
relatively high upstream grid impedance, the interactions
among parallel inverters can bring a more challenging
resonance, which can also jeopardize the power quality and



stability of the microgrid. These interactions may cause
severe harmonic currents in the inverters output even when
the proper harmonic resonance damping schemes are
adopted based on the single-inverter model [9].

Consequently, the adoption of proper resonance damping
methods in order to achieve high power quality and ensure
the system stability is indispensable. There are many well-
established methods for shaving the resonance peaks, which
can be classified as active damping (AD) and passive
damping (PD) techniques. Hence, regarding the effect of
resonances on the system stability and power quality, this
paper conducts an in-depth investigation on the different
resonance characteristics and issues in the microgrids
dominated by LCL-filtered parallel inverters. In addition,
different active resonance damping techniques will be
discussed in detail.

TABLE I
TYPICAL FILTER PARAMETERS
Symbol Quantity
fo 50Hz
L, 1.8mH
C 27uF
L, 2.5mH
Ry,R> 0.1Q
Rg 0.4Q
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Fig.2. Grid-connected LCL-filter structure.

II. CLASSIFICATION OF ACTIVE RESONANCE DAMPING
TECHNIQUES

Although effectiveness of the PD techniques have been
proven, thanks to the significant advances in power
electronic technologies, the switching frequency and control
bandwidth of a DG interface inverter can be much higher
than the resonant frequency of output filters, even for wind
power converters at a few megawatts (MW) [10].
Consequently, AD schemes without any additional power
losses is often considered as a more promising way to
provide sufficient damping effects via improved control
algorithms. However, it is provided at the expense of
increased complexity of controller tuning. AD techniques
can be classified into two categories. The first group
includes schemes such as high-order controllers (filters)
which do not require additional measurement [11]-[15].
Another group consists of extra feedback (multi-loop) based
AD control approaches which use the feedback of filter
capacitor current [4], [16], [17] or voltage [3], the virtual
resistor scheme [9], [18], [19], and composite control
method [20], [21]. It is clear that the implementation of the
latter approaches needs additional sensors, which
undoubtedly increase overall system cost and the

complexity. In order to overcome this restriction, a number
of estimation based sensor-less AD methods have been
proposed [22], [23]. Nevertheless, the performance of these
algorithms strongly depends on the several factors such as
accuracy of sampling the inverter-side current [24], and the
precision of system parameters and model [25].

III. SINGLE-INVERTER SYSTEM RESONSNCE
CHARACTERISTICS AND CONTROL STARTEGY

A. Resonance in a single-inverter system

Fig. 2 shows a single-phase grid-connected LCL-filter
structure which includes inverter-side inductance L,
capacitor C; grid-side Inductance L,, line (feeder)
inductance L,, equivalent series resistors (ESRs) R;, R, and
R,, inverter output voltage Vi,,, grid voltage V,, inverter-side
current /;, grid-side current /5, and capacitor voltage V. The
typical filter parameters are present in Table I and,
accordingly, it has the components as follows:

Zy() =R+ 1Lys (1)
Zy(s)=1/Cs) )
Z3(8)=(Ry + Ry) +(Ly + Ly)s 3

The relation between V,,, V, and system state variables for
the aim of current control are easily obtained as follows:

G‘fz’(s)= 1,(s) Vo= Z,(s) 4)
Vi ($) ] ¢ Z\(9)Z,(5) + Z,(8)Z5(s) + Z5(s) Z5(5)
GII/Z (5)= L(s) ) o= Z(s)+2Z,(s) 5
¢ Vo(s)| ¢ Z(9)Z5(8)+ Z,()Z5(8) + Z,($)Z5(5)
E o — G BN
o — Gl (s)
[l
" !

' i o o
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Fig.3. Bode plots of transfer functions of the LCL-filter for current-
controlled VSI system.

Fig. 3 illustrates the Bode plots of above transfer
functions for current-controlled VSI system. As is evident in
the Fig. 3, when a VSI is terminated with an LCL-filter,
there will be a resonance peak in the gain response of
system at the natural resonance frequency of the filter, even
if the ESRs of passive components are included. Thus, the
design of suitable current control strategies as well as
efficient damping controller in order to avoid the resonance
peaks and maintain closed-loop system stability are
essential. The output current of the LCL-filter is resonated at
the internal resonance frequency as follows:
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Fig.4. Block diagram of single-loop current control scheme by using grid-
side or inverter-side current feedback.
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Fig.5. The Norton’s equivalent circuit of current-controlled VSIL.

B. Conventional single-loop control strategy

In the grid-connected VSIs with LCL-filters, in order to
regulate the current injected to the grid directly or indirectly,
there is flexibility in the choice of the current feedback for
the current controller compared with those that linked solely
with L-filter. It means that either inverter-side current or
grid-side current or even their weighted average current
(WAC) value [26]-[28] may be sensed. Fig. 4 shows the
single-loop current control block diagram for LCL-filter-
based VSIs. The control open-loop gain for the system of
Fig. 4 can be easily derived as

Gopen _loop (S) = GI (S) : G[ﬁjw (S) (7)

where, Gj (s) is current controller. Moreover, the steady-
state error can be defined as
E(S) — Iref(s)

1+ Gopen _loop (S)
For the single-loop current control shown in Fig 4, the filter
plant can be expressed as follows:

()= G2 () Vi (5)+ G2 () Vg (5) ©)

On the other hand, the resulting inverter voltage in (9) is
obtained easily as follows:

Vin ()= G1(5)- (1, (5) = 1o (9)) (10)
As a result, the closed-loop Norton’s equivalent circuit can
be achieved by replacing (10) in (9) as

1,(s)=G(s)- I,.ef(s)—You,(s)- Ve(s)=

®)

5 11
Gapen_loop(s ) GVg ©) ( )
I () eV (5)
1+ Gopen_ l()ap(s ) 1+ Gopen—loop(s )

Thus, the Norton’s equivalent circuit of single-loop current-
controlled VSI with the LCL-filter is as shown in Fig. 5.
This circuit is useful for evaluating multiple resonances of
parallel inverters, which will be discussed in Section VI.
Tang et al. [25] have shown that in current-controlled
grid-connected VSIs, the single-loop current control method
based on the inverter-side current feedback is more stable

than the grid-side current feedback due to the addition of an
intrinsic damping term to the control loop, which is not
provided by the grid-side current feedback.

Generally, in conventional single-loop control strategy to
mitigate the resonance peak amplitude under 0 dB to closed-
loop system stability, the open-loop control gain is
necessary to be quite small and this will lead to an increase
in steady-state tracking error of the sinusoidal reference (see
(8)). In addition, the single-loop control schemes suffer
from low-bandwidth and grid background harmonics as well
as control dynamics and steady-state performance restrict
each other [24].

L, Ly+L,

1,-A+1,-B

Fig.6. Block diagram of LCCL control strategy.

C. LCCL control strategy

In [28] a new single-loop current feedback strategy has
been proposed for LCL-filter-based grid-connected inverter.
This scheme is shown in Fig. 6. As illustrated, by splitting
the capacitor of the LCL-filter Crinto two parts, proportional
to the inductances values of the capacitor’s two sides, to
form a LCCL filter, the current flowing between these two
capacitors is sensed and considered as the feedback for the
current controller. Therefore, the proposed strategy can
provide damping to the VSI system by degrading the filter
transfer function (that is from Vi, to current /;,) from a
third-order to a first-order similar to an L-type filter. As a
result, it can offer a higher control gain and thus remove the
low bandwidth limitation and steady-state error of
sinusoidal reference tracking in conventional single-loop
control. However, the control system design depends on
LCL-filter physical parameters, so the damping performance
is more sensitive to system parameters change.

Outer Current Inner Current LCL-Filter plant model + line inductance Gél (s)

Controller Controller

Vo ViGN 1 I 1 1
@ et i O Rl
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Fig.7. Block diagram of cascaded double-loop current control scheme.

IV. ACTIVE DAMPING BASED ON ADDITIONAL FEDDBACKS

A. Cascaded double-loop control

To deal with the limitations of traditional single-loop
control, the cascaded double-loop control scheme with more
measurements is introduced as illustrated in Fig. 7. This
scheme can also inherently provide damping effects to filter
plant of VSI inverter. As it can be seen in Fig. 7, the control
scheme consists of an outer controller and an inner
controller. According to the Fig. 7, the pulse width
modulation (PWM) reference signal can be easily obtained



as follows:

Vinv(s) = G[l () GIZ(S)([ref(S) _[2 Q) ke G12 () [Intemal(s) (12)
where [j,ma(s) 1s the inner loop feedback variable which
can be either the capacitor current or inverter-side inductor
current. The inner controller Gp(s) provides damping effects
to the filter circuit by modifying the inverter reference
signal directly. In [17] the performance of two active
damping approaches for PI-based current control VSI with
LCL-filter has been analyzed and compared under various
resonance frequencies. It has been shown that in high
resonance frequencies, the system is stable only with
proportional feedback of the capacitor current, at medium
resonance frequencies, both methods present good
performance, and at low resonance frequencies, both
approaches lead to system instability.

Internal virtual impedance
term

LCL-Filter plant model + line Glg, (S‘)
inductance Vi ™

Fig.8. Block diagram of GCC control scheme.
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Fig.9. Internal virtual damping impedance (a) with inverter-side inductor
current feedback, (b) with capacitor current feedback.

B. Virtual resistance-based active damping scheme

This scheme is realized by applying additional control
loops in order to emulate a physical resistor but without the
associated losses. A generalized closed-loop control (GCC)
scheme has been proposed for VSIs with LC-LCL output
filters [18] as demonstrated in Fig. 8. As illustrated, it has a
single-loop control term related to inverter output current
and an internal virtual impedance term, which unlike the
conventional cascaded double-loop control, each term can
be controlled independently. Using the GCC scheme
provides a well dampened filter circuit at first and then
based on the modified filter plant, the closed-loop term G(s)
can be designed in order to provide a better reference
tracking control. Thus, in this case, the PWM reference
signal of VSI expressed as follows:

Vinv(s) = G[(S) ' (Iref(s) - 12 (S))_ ZAD (S) . ][nternal (S) (13)

The internal virtual impedance term is similar to the
inner control loop of a double-loop control (see (12)), which
is able to provide sufficient damping effect to the VSI
system through adding a virtual damping impedance to the
main filter plant.

When the inductor current /; is considered as the
feedback variable, the internal virtual impedance term
Z4p(s) is placed in series with the inverter-side inductance,
because it makes an additional voltage drop at the PWM
voltage, as demonstrated in Fig. 9(a). It is evident that if just
a proportional controller is employed for Z,p (s), the
internal virtual damping term will be a damping resistor. It
should be noted that if a large damping impedance term is
added to filter circuit, it will introduce an additional LC
resonance between Crand grid-side inductor due to blocking
of the left side of the LCL filter. It can easily be seen in
Fig. 9(a). In addition, a large damping impedance term will

significantly reduce the magnitude of Gé? (s) and result in

poor dynamic tracking performance.

In the contrary, if the capacitor current is considered as
the internal term feedback, it will have a different physical
meaning due to presence of inverter-side inductor between
the inverter output voltage and the filter capacitor branch.
This can easily be determined by obtaining the output
current of filter /, around the resonance frequency at the
circuit of Fig. 2 regardless ESRs and when the internal
virtual impedance term is applied, as follows

1&)=L -15)= {GI ©) Ve +Ve)+Zp() 1cs)

sk
= _(—Gl () + —VCL(S) +5CVe(s)+ ZapG)C; (S)VC(S)J (14)

SLy Sk 1

+sCp VC(S)J

Further looking into (14) reveals that the active damping
based on capacitor current introduces an extra term to output
current, which can be modeled as a parallel impedance with
the filter capacitor as shown in Fig. 9(b). As illustrated from
Fig. 9(b) the limitations about setting the virtual damping
term Z4p (s) in the inductor current feedback case, will not
be present in this situation. Therefore, the capacitor current
feedback can present better dynamic performance in
introduction of the virtual damping term compared to
inverter-side inductance current feedback.

C. Active damping based on grid-side current feedback
only

In [24], an AD method using only the feedback of the
grid side current has been proposed for current-controlled
LCL-terminated inverters considering the relationship
between the capacitor and grid-side currents. For achieving
this, the signal flow graph and response-fitting methods are
applied. The aim of this scheme is to reduce the cost
associated with the use of precise sensors of the extra
feedback methods. At first, by using the signal flow graph
method, the capacitor current feedback is transformed to
only the grid-side current feedback. Meanwhile, the grid
voltage feedback also appears in this transformation, but its
effect has been removed due to the amplification of grid
background voltage harmonics on the inverter voltage (see
Fig. 10(a)). As seen in Fig. 10(a), a second-order derivative



filter is required to remove the resonance. Since the
implantation of this filter is difficult and leads to the
amplification of harmonics at frequencies around the
switching frequency, a first-order high-pass filter has been
proposed instead of the second-order derivative filter by
using the response-fitting method. This approach is shown
in Fig. 10(b). Although this method only uses one current
sensor, setting of the filter parameters to achieve better
damping performance and the system stability is difficult,
since the filter parameters restrict each other.

I
LCL-Filter plant model + line inductance G * ()

Current LCL-Filter plant model + line inductance G,’ ()
Controller

o)
Fig.10. AD based on with only grid-current feedback (a)control structure,

(b)by using a first-order high-pass filter.
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Fig.11. Block diagram of a filter-based AD method for a long cable-based
grid-connected VSI system.

V. FILTER-BASED ACTIVE DAMPING METHODS

A. Overview

In the filter-based AD methods, a high-order filter is
added in cascade with the system controller. Second-order
low-pass, notch, and lead-leg filters can be applied. Thus the
response around the resonance frequency can be changed
for damping of unstable dynamics, so that the controller can
preserve suitable stability margins. Although in filter-based
AD methods the additional sensors are not required and the
stability is improved, but the bandwidth which is also very
important, greatly reduced and the robustness and dynamic
still need further investigation. To understand more about
this method, in the next sub-section typically a notch-filter-
based AD approach will be presented for a grid-connected
VSI with long cable [12].

B. Notch-filter-based active damping approach

As mentioned before, according to the distributed model
for long cable or feeder [30], [31], several significant
resonance peaks (in other words, numerous poles and zeros
on the imaginary axis) can be made in the open loop transfer
function of the parallel-grid interactive inverter system due
to the high-order LC configuration. It should be pointed out
that in this case, the use of extra feedback based AD

techniques is a little more difficult than filter based methods
because of the unknown voltage or current inside cable. A
filter-based AD method according to a cascaded notch-filter
(multiple notch filters in series) has been proposed in [12] to
eliminate the low frequency resonances introduced by the
long cable of a grid-connected DG system. Block diagram
of the proposed control method for a current-controlled DG
inverter is shown in Fig. 11. Gp(s) is a cascaded notch filter
which its center frequencies has been tried to be consistent
with the cable resonance peaks to damp resonant gains due
to its reject-band filter characteristic and Z.,(s) is input
impedance of the cable assuming that the cable is terminated
with an voltage source, which can be defined as follows [8]

Z + tanh(Y/)
7 — gz Lrtamtl) 15
canie($) = Zc Z tanh(yl) +1 (15)

where Z= Z, / Z¢. Z, is the impedance seen from the grid-

side, Z¢ =_| %} is the characteristic impedance of the

feeder, and y=./z-y is the propagation constant.

z = RtjwL and y = jwC, respectively, are the series
impedance and shunt capacitance of the cable in per-unit
length or per kilometer. However, the robustness and
performance of the cascaded notch filter-based AD method
[12] is poor, because the specified resonance frequencies for
the filter are closely related to cable parameters.

VI. INVESTIGATION OF MULTIPLE RESONANCE PARALLEL
INVERTER-BASED MICROGRIDS

A. Discription problem

Most of the existing resonance analyses in the literature
are mainly focused on single grid-connected inverter
system. However, unlike the single-inverter system in which
the resonance frequency is commonly fixed, in parallel-
inverters-based microgrids, greater resonance challenges at
various frequencies resulting from mutual interactions
between parallel inverters may appear [9], [14], [32], and
[33]. These interactions may cause severe harmonic currents
in the inverters output even when the suitable harmonic
resonance damping schemes are designed based on the
single-inverter model [9]. In the grid-connected microgrid
operation with a stiff PCC voltage, each inverter is
considered to be separated from other inverters. It means
that a single-inverter model may be acceptable for system
study. Nevertheless, the single-inverter model cannot
describe the behavior of a microgrid, especially, in order to
analyze the multiple resonances among parallel inverters,
mainly in LV microgrid with higher upstream grid
impedance [9]. Therefore, for exact study of multiple
resonances among parallel-inverter units, a microgrid model
involving all the factors that determine the resonance issues
in the system should be developed. A simplified circuit
model has been presented in [32], to study the resonance
interactions without considering the effects of DG



controllers. In [33] an equivalent circuit based on the open-
loop transfer functions has been also developed to
investigate multiple resonances. However, considering that
the current references of current-controlled inverters are
normally controlled independently, the proposed method in
[33] cannot explain the transient behavior of the microgrid

[9].
B. Investigation of multiple resonances

This sub-section presents a microgrid model based on the
closed-loop Norton’s equivalent circuit for evaluation of the
multiple resonance problems in the multiple-parallel LCL-
filtered inverters [33]. The configuration of a microgrid with
N parallel LCL-filtered inverters and a capacitor which is
typically connected to the common bus for local reactive
power compensation is illustrated in Fig. 12. The grid
voltage V,(s) is connected to PCC through its related series
impedance Z,(s). The equivalent circuit of such a microgrid
can be achieved by replacing each inverter with its
corresponding current source circuit model in Fig. 5, as
shown in Fig.13. Y,(s) is the grid series admittance which
can be obtained as 1/ Z(s) and Yy is jw Cy.

L, L,

=
TG L

DC Link

Grid
1, [ 2,

,_Nv‘ll\I/VVV\H - T —
T Cr I(s) %Kmm T Co V()

Rafina

DC Link

2
H

DC Link

Fig.12. Configuration of a microgrid with multiple-parallel LCL-filtered
inverters.

According to the model of Fig. 13, the grid-side current
of the inverters can be determined by utilizing Kirchhoff’s
law. For instance, the grid-side current of inverter 1, /,(s), is
obtained as follows:

11(8) = Gy 1 () Loy 1 (8) = Vpee (8) Your 1 (5) (16)

Y, (s)

Vece () 14(’)
g s
jxe) t,(s) tIy(s) €

Yo, (5) Yo 2(s) Youn (9)
G (5)- Loy Gup) Iy, G- L

Fig.13. Closed loop Norton s equlvalent circuit of multiple-parallel LCL-
filtered current-controlled inverters.

where

Y (s
Q(é) V(o)

N
Gci .Irei +Y V
VPCC(S)=Z 1) Lo () + Y () Vg (5) 17

P Yd )+ Yo () + Y, (5)

Thus, the grid-side current of inverter 1 can be easily
derived from (16) and (17). The grid-side currents of other
inverters can be calculated with a similar analysis. As a
result, the interaction effects of multiple-parallel inverters in
the microgrid can be described as follows using a closed-

loop transfer function matrix [9] by taking the grid voltage
and reference current as inputs and grid-side currents of
inverters as outputs:
L)) [EE) Myues) o« My [ L] [w,
LG | _| Fals)  F06) . May(s) | L p () | | W, v (s)(lg)
. . . . . .. . &
InG) | [ Fi(s) Fya(s) o Fy(s) | [Legn )| [ Wy
where the elements of (18) can be derived as
Yout,j (s)- Gcl,j ()

Fi(s)=Gy ;(s)- (19)
. Yo i (8)+Yp(s) + Y, (s)
th(S) __ Oltl,j (S) clyt (S) (20)
_ Youri () + Yo () + Y, (s)
Wj(S)_ nut,j(s)'Yg(S) L j# 1, jyte [LN] (21)

D Vi () + Yo )+ Y, )

It is clear from the above equations that unlike the single
current-controlled inverter system, a grid-interactive
microgrid with multiple-parallel inverters has three
independent resonance terms for each inverter. Term F; (s)
presents the resonance introduced by each inverter, which
may be excited by the reference current change of the
inverter itself, and consequently, the grid-side current of the
inverter can have serious resonant harmonic currents. The
second resonance term M;, (s) for each inverter is related to
the interaction among inverters, which may be excited by a
reference current change of other inverters. This term can
introduce considerable transient harmonic currents during
the step change of the reference currents of other inverters
similar to the first one. Finally, the resonance term W; (s)
represents the interaction between the main grid and the
inverters of microgrid, which can be excited by the grid
transient and  steady-state  background  harmonics
disturbances. Consequently, according to the analytical
descriptions abovementioned, in a LV microgrid with
intense inverter coupling due to high grid impedance, and
without suitable resonance damping, the grid-side currents
of the parallel inverters can be strongly distorted. Thus, the
power quality of the microgrid is compromised. Moreover,
in [10] an AD method using virtual-harmonic resistance has
been proposed based on a deadbeat current controller to
suppress the multiple resonances. However, control of
virtual impedance is more sensitive to the mismatched line
and grid impedances and system parameter variations. In
addition, the sampling and control delays may have impacts
on efficacy of deadbeat control scheme. Therefore, applying
of various active damping methods to deal with the multiple
resonances in a parallel inverter-based grid-interactive
microgrid such as transient and steady-state resonances still
require further investigations.

VII. CONCLUSION

This paper presents a general review of the resonances
introduced by LCL-filter in a single-inverter system, and



interactive effects among multiple-parallel inverters in a grid-
interactive microgrid. Using a closed-loop Norton’s equivalent
circuit of multiple-parallel inverters in a microgrid, it has been
shown that there will be multiple resonances which can be
excited by the reference current change of the inverters, the

grid transient and

steady-state  background harmonics

disturbances. In addition, the active damping methods have
been studied in detail.
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