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Abstract—The interactions among the parallel grid-connected
converters coupled through the grid impedance tend to result in
stability and power quality problems. To address them, this pa-
per proposes an active damper based on a high bandwidth power
electronics converter. The general idea behind this proposal is to
dynamically reshape the grid impedance profile seen from the point
of common coupling of the converters, such that the potential oscil-
lations and resonance propagation in the parallel grid-connected
converters can be mitigated. To validate the effectiveness of the
active damper, simulations and experimental tests on a three-
converter-based setup are carried out. The results show that the
active damper can become a promising way to stabilize the power-
electronics-based ac power systems.

Index Terms—Active damper, grid impedance, parallel grid-
connected converters, resonance propagation, stability.

I. INTRODUCTION

OVER the past years, the power electronics converters are
gaining a wide acceptance as a flexible and efficient grid

interface for connecting renewable energy systems and at the
load side as electric drives [1], [2]. The mutual interactions
between the control loops of the parallel grid-connected con-
verters coupled through the grid impedance, such as the wind
turbines converters in wind farms [3], the photovoltaic (PV) in-
verters in PV power plants [4], and the locomotive converters
in the electric railway networks [5], will be inevitable, which
may result in the undesired small-signal oscillations. Further,
due to the popular use of LCL filters, the additional resonances
may arise in the paralleled converters and vary with the differ-
ent number of converters. This fact in turn reduces the allowed
control bandwidth of converters, and in some cases brings in the
underdamped resonances [6]–[8].

There is, consequently, an urgent need to develop effective
measures to address the aforementioned challenges. In [9], the
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impedance-based stability analysis approach, originating from
the Middlebrook’s extra element theorem [10], provides a pow-
erful tool to gain the insight of the interactions in the paralleled
converters. It has been shown that a nonnegative real part of
the input admittance of a grid-connected converter is usually
required for damping oscillations [11]–[13]. Hence, to dampen
out the resonance propagation in the parallel grid-connected PV
inverters with LCL filters, the resistive-active power filter (R-
APF) method is implemented in [14], where the inverters are
controlled to behave as resistive loads at the nonfundamental
frequencies. However, in this case, a high-bandwidth current
controller is needed in order to cover a wide range of resonant
frequencies, which poses a challenge for the converters with the
low ratio of sampling-to-fundamental frequencies. Further, the
performance of the R-APF method is affected by the grid-side
inductances in the LCL filters [15]. As opposite to synthesizing
a resistive load, a filter-based approach is reported in [3], where
a wideband notch filter is inserted into the current control loop
of the wind turbine converters, such that the resonances in a
wind power plant can be dampened out. The main problem in
this method is that the notch filter design is highly dependent on
the system conditions, and thus its stabilizing performance may
be degraded under the system parameter variations [16].

In this paper, instead of reshaping the input admittances of
the grid-connected converters with the different control loops,
an active damper based on a high bandwidth power electronics
converter is proposed. The active damper is installed at the point
of common coupling (PCC) of the paralleled converters, and is
controlled to be a variable resistance at the frequencies where
the resonances arise. Thus, the grid impedance seen from the
PCC can be dynamically adjusted by the active damper, and
the resonances resulting from the interactions in the parallel
grid-connected converters can effectively be mitigated.

This paper presents first a small-signal stability analysis of
a power-electronics-based ac system including two paralleled
active rectifiers with the LCL filters in Section II. The mutual
interactions between the current control loops of the rectifiers
as well as the effect of the grid impedance variation are assessed
by the Nyquist stability criterion. Then, in light of the analysis
results, the operation principle of the proposed active damper is
discussed in Section III, including the basic configuration and
the control schemes. This is followed by an assessment on the
stabilizing effect of the active damper in the frequency domain.
Finally, in Section IV, to further validate the performance of the
active damper, the time-domain simulations and experiments on
a three-converter-based setup are performed. The results show
that the proposed active damper concept provides a promising
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Fig. 1. Balanced three-phase power-electronics-based ac system with two paralleled active rectifiers.

way to address the stability and power quality problems in the
power-electronics-based ac systems.

II. STABILITY ANALYSIS OF PARALLEL GRID-CONNECTED

CONVERTERS WITH LCL FILTERS

A. System Description

Fig. 1 illustrates a balanced three-phase power-electronics-
based ac system, where two active rectifiers are connected to
the PCC, and a power factor correction (PFC) capacitor CPFC
is installed at the PCC. In such a system, the small-signal oscil-
lations can arise in the different ways. A straightforward way is
the unstable control loop of the active rectifier when connecting
it to a stiff ac grid with nearly zero grid impedance [17]. The
second case is that the input admittance of active rectifier may
exhibit the negative real part at the low frequencies depending
on the dynamics of the outer dc-link voltage and reactive power
control loops as well as the phase-locked loop (PLL). As a con-
sequence, the low-frequency oscillations may be triggered even
with a single active rectifier [11]–[13], [18]. The third case is
due to the system impedance variation at the PCC of active rec-
tifiers, which can result from the change of grid impedance [19],
and the input admittance of the other paralleled rectifiers [4].

In this work, the active rectifiers are designed with a stable
behavior seen from the PCC. The dynamics of the outer power
control and synchronization loops are designed much slower
than the inner current control loop. Thus, the low frequency os-
cillations caused by the outer control loops can be neglected for
the sake of simplicity. Consequently, only the mutual interac-
tions between the current control loops of the rectifiers coupled
through the grid impedance are concerned. The impedance-
based stability analysis method, which is based on the terminal
behavioral models of rectifiers, can thus be used to identify the
nature of their mutual interactions [20]–[23].

B. Modeling of Parallel Grid-Connected Converters

Fig. 2 depicts the simplified circuit for the ith (i = 1, 2) active
rectifier, where the voltage source converter is represented by
the modulated voltage source VM,i , and the grid-side current is
controlled for a better stability of the control system [24]. Thus,

Fig. 2. Simplified circuit for the ith (i = 1, 2) active rectifier.

Fig. 3. Block diagram of the current control loop for the ith active rectifier.

the frequency behavior of the LCL filter seen from the PCC can
be expressed by the following two admittances:

YM,i =
Ig,i

VM ,i

∣
∣
∣
∣
VP C C =0

=
ZC f,i

ZC f,iZLf,i + ZLg,iZLf,i + ZC f,iZLg,i
(1)

Yo,i =
−Ig,i

VP C C

∣
∣
∣
∣
VM , i =0

=
ZLf,i + ZC f,i

ZC f,iZLf,i + ZLg,iZLf,i + ZC f,iZLg,i
(2)

where ZLf,i , ZC f,i , and ZLg,i are the impedances for the induc-
tor Lf,i , the capacitor Cf,i , and the inductor Lg,i , respectively.

Fig. 3 depicts the block diagram of the grid-side current
control loop for the ith active rectifier, where the proportional
plus resonant (PR) current controller is used in the stationary
αβ-frame [25]. From Fig. 3, the Norton equivalent circuit of
the ith active rectifier with the current control loop closed can
be derived, which is shown in Fig. 4. Thus, the terminal behav-
ioral model of the ith active rectifier seen from the PCC can be
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Fig. 4. Norton equivalent circuit for the ith active rectifier with the closed
current control loop.

Fig. 5. Closed-loop model of the power-electronics-based ac system.

derived as

Ig,i = Gcl,iI
∗
g ,i − Yoc,iVP C C (3)

Gcl,i =
Tc,i

1 + Tc,i
, Yoc,i =

Yo,i

1 + Tc,i
(4)

where I∗g ,i is the current reference for the ith active rectifier,
Gcl,i is the closed-loop gain of the current control loop, and
Yoc,i is the closed-loop input admittance. Tc,i is the open-loop
gain of the current control loop, which is derived as

Tc,i = Gc,iGd,iYM ,i (5)

where Gc,i is the PR current controller and Gd,i is the approxi-
mated 1.5 sampling period (Ts,i) delay in the digital control [26],
which are expressed as

Gc,i = Kpc,i +
Kic,is

s2 + ω2
f

(6)

Gd,i = e−1.5Ts , i s ≈ 1 − 1.5Ts,is/2 + (1.5Ts,is/12)2

1 + 1.5Ts,is/2 + (1.5Ts,is/12)2 (7)

where ωf denotes the fundamental frequency of the ac system.
Fig. 5 illustrates the closed-loop model of the power-

electronics-based ac system shown in Fig. 1 by substituting the
active rectifiers with the Norton equivalent circuits. YC is the ad-
mittance of the PFC capacitor CPFC , ZS is the grid impedance
including LS and RS . It is clear that there are three closed-loop
gains for characterizing the response of the grid-side current in
the ith active rectifier, which are expressed as

Ig,i =
1

1 + Tm,i
Gcl,iI

∗
g ,i −

Tm,i

1 + Tm,i
Gcl,j I

∗
g ,j

− Tm,i

1 + Tm,i

(
VS

ZS

)

(8)

where the term “j” denotes the other active rectifier (i �= j).
Tm,i is the gain of the so-called minor feedback loop, which
describes the loading effect of the system impedance at the PCC

TABLE I
SYSTEM ELECTRICAL CONSTANTS

TABLE II
MAIN CONTROLLER PARAMETERS OF ACTIVE RECTIFIERS

of active rectifiers, and can be expressed as

Tm,i =
Yoc,i

Yto,i
, Yto,i =

1
ZS

+ YC + Yoc,j (9)

where Yto,i is the system admittance seen by the ith active
rectifier at the PCC, which consists of the closed-loop input
admittance of the other jth rectifier, the grid admittance, and
the admittance of the PFC capacitor.

C. Impedance-Based Stability Analysis

Table I summarizes the electrical constants for the power-
electronics-based ac system. The main controller parameters
of the active rectifiers are listed in Table II. On the basis of
these parameters, the frequency response of the open-loop gain
of the current control loop Tc,i is plotted in Fig. 6, where a
stable terminal behavior of the active rectifier seen from the
PCC can be observed. This implies that the closed-loop gains
of the active rectifiers Gcl,i and Gcl,j have no poles in the right-
half plane, and thus providing a theoretical basis for employing
the impedance-based stability criterion [9], [20]–[23]. Then,
the stability of the whole system can be assessed through the
frequency domain response of the minor-loop gain Tm,i derived
in (9).
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Fig. 6. Frequency response for the open-loop gain of the current control loop
in the ith rectifier.

Fig. 7. Nyquist plots of the minor-loop gains derived with the different grid
inductance in the case of single active rectifier.

To clearly see the effect of the dynamic interactions between
the paralleled active rectifiers, the single active rectifier oper-
ation case is first evaluated with the different grid inductance.
Then, the paralleled operation of active rectifiers is assessed by
considering the effect of the input admittance of the other jth
rectifier.

Fig. 7 compares the Nyquist plots for the minor-loop gains
Tm,i of single active rectifier with the different grid inductances.
Notice that the minor-loop gain has no poles in the right-half
plane due to the stable terminal behavior of the active rectifiers
at the PCC. The number of encirclements of the point (−1, j0)
indicates the number of unstable closed-loop poles of the whole
system. It is seen that the active rectifier becomes unstable when
the grid inductance LS is equal to 0.6 mH, which indicates that
the grid impedance variation has an important effect on the
stability of active rectifier [19].

Fig. 8 shows the Nyquist plots of the minor-loop gains for
the paralleled operation of active rectifiers. Since in the case of

Fig. 8. Nyquist plots of the minor-loop gains derived with the effect of the
input admittance of the other paralleled active rectifier.

Fig. 9. Frequency response of the closed-loop gain of the minor feedback loop
in the resonant case (LS = 1.2 mH).

LS equal to 0.6 mH, the current control loop is already unstable
for the single active rectifier, which is not considered in Fig. 8.
However, it is interesting to note that the current control loop
becomes unstable when LS is equal to 1.2 mH, rather than
being marginally stable as shown in Fig. 7. To further identify
the resonance frequency in this unstable case, the closed-loop
response of the minor feedback loop, Tm,i /(1 +Tm,i) is depicted
in Fig. 9, where the resonances arising around the 35th harmonic
can be observed.

Further, it is also important to note that such impedance in-
teractions of the paralleled converters may result in unstable
oscillations when multiple harmonic controllers are employed.
This is demonstrated in the following by using the 5th, 7th, 11th,
and 13th harmonic controllers:

Gc,i = Kpc,i +
Kic,is

s2 + ω2
f

+
∑

h=5,7,11,13

Kih,is

s2 + (hωf )2 (10)
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Fig. 10. Frequency response for the open-loop gain of the current control loop
with the multiple harmonic resonant controllers in the ith rectifier.

Fig. 11. Nyquist plots of the minor-lop gains derived with the multiple har-
monic resonant controllers.

where Kih,i denotes the gains of the harmonic resonant con-
trollers, which are listed in Table II. Also, Kpc,i is reduced as 15
in order to establish a stable operation of the paralleled rectifiers
without harmonic controllers. This is done to prove that it is the
combination of using harmonic controllers and connecting rec-
tifiers in parallel that make the system unstable and neither of
the two conditions alone.

Fig. 10 shows the frequency response of the open-loop gain
with multiple harmonic resonant controllers. It is clear that the
rectifiers exhibit a stable terminal behavior at the PCC, which
implies that the control loops of rectifiers has no effect on the
instability of the minor-loop gain Tm,i . Fig. 11 compares the
Nyquist plots of minor-loop gains derived with and without the
harmonic resonant controllers in the paralleled operation of rec-
tifiers. It can be observed that for the case without the harmonic
controllers, the unstable case in Fig. 8 is stabilized with a lower
current control loop bandwidth (Kpc,i = 15). Nevertheless, af-
ter enabling the harmonic controllers, the phase margin around

Fig. 12. Simulated currents in the case of single active rectifier under the
different grid inductances: (a) LS = 0.3 mH, (b) LS = 0.6 mH, and (c) LS =
1.2 mH.

the 13th harmonic becomes negative because of the impedance
interactions [35].

To validate the above frequency domain analysis, the time-
domain simulations based on the nonlinear switching models of
the paralleled active rectifiers are performed in SIMULINK and
PLECS Blockset. Notice that in order to prevent the divergence
of simulations for an unstable power electronics-based system,
the stiff simulation solver ode15s is chosen [27], [28]. Thus,
instead of the infinite time-domain response, the steady-state
oscillation with a much higher amplitude is obtained to indicate
the instability phenomena.

Fig. 12 shows the simulated currents in the case of single
active rectifier with the different grid inductances. It is clear
that a severe resonance occurs in the case that LS is 0.6 mH,
which agrees with the Nyquist plots shown in Fig. 7. Fig. 13
shows the simulated currents for the case of paralleled active
rectifiers. It is seen that the resonances arise when LS is equal
to 1.2 mH, which matches well with the Nyquist plots shown
in Fig. 8. Fig. 14 depicts the current harmonic spectra in this
resonant case, which further confirms the closed-loop frequency
response shown in Fig. 9. Also, Fig. 15 shows the simulated
currents for the case with the harmonic resonant controllers,
which validates the Nyquist plots shown in Fig. 11.

III. PROPOSED ACTIVE DAMPER

From (9), it can be found that the grid impedance ZS results
in a coupling between the paralleled active rectifiers. As in the
case of an ideally stiff power grid, there are no interactions
between the controllers of the paralleled active rectifiers. Thus,
the basic idea behind the proposed active damper is to introduce
a variable resonance damping resistance, via a power converter
with a high control bandwidth, into the grid impedance profile,
in order to dampen out the resonance propagation in the parallel
grid-connected converters.
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Fig. 13. Simulated currents in the case of the paralleled active rectifiers under
the different grid inductances: (a) LS = 0.3 mH and (b) LS = 1.2 mH.

Fig. 14. Current harmonic spectra in the resonant case of paralleled active
rectifiers (LS = 1.2 mH, see Fig. 13).

Fig. 15. Simulated currents in the case of paralleled active rectifiers with the
multiple harmonic resonant controllers.

A. Operation Principle

Fig. 16 shows the basic configuration of the active damper
installed in the power-electronics-based ac system, which con-
sists of a three-phase, two-level voltage source converter and a
resonance damping controller. Since there is no additional en-
ergy storage element needed at the dc link, only the active power
for keeping a constant dc-link voltage is consumed by the active

Fig. 16. Basic configuration of the proposed active damper used in the power-
electronics-based ac system.

damper. Further, the active damper is supposed to only dampen
out the resonance caused by the dynamic interactions in the
parallel grid-connected converters. This is different from the
conventional APFs used for the steady-state harmonic current
compensation. The power rating of the active damper can thus
be designed lower than the APFs, which allows a high switching
frequency design. Consequently, a high control bandwidth that
covers a wide range of resonance frequencies can be achieved.

Fig. 17 depicts two types of block diagrams for the resonance
damping controller. The first option is similar to the R-APF
method [29], as shown in Fig. 17(a). However, instead of syn-
thesizing the resistance at all the nonfundamental frequencies
as the R-APF method, the damping resistance, Rd,ref is only
emulated at the resonance frequencies in this scheme. This is
achieved by using a resonance detection block to extract the
resonant voltage component Vpcc,r from the nonfundamental
voltage Vpcc,h . A number of signal processing techniques have
been reported for harmonic estimation [30]–[32]. Among these
methods, the real-time implementation of discrete Fourier trans-
form (DFT) algorithm provides an attractive way to realize this
resonance detection block [31].

Fig. 17(b) illustrates the second type, where a wide-band
resonant voltage controller is used to directly compensate the
resonant components. This resonant voltage controller adopts
the nonideal form of the resonant controller [25], [33], which is
given by

Rd,e =
2ωcs/Rd,ref

s2 + 2ωcs + ω2
r

(11)

where Rd,e and Rd,ref are the actual and referenced damping
resistance emulated by the active damper, respectively. ωr and
ωc denote the resonant frequency and the bandwidth of the reso-
nant controller, respectively. Unlike the ideal resonant controller
with an infinite gain, the gain of this nonideal resonant controller
is designed as the inverse of the damping resistance, and a wide
bandwidth ωc is used to cover the adjacent resonance frequen-
cies. Further, the resonance frequency detection block based on
the DFT algorithm is employed to make the resonant controller
adapted to the resonance frequency variation [31]. Thus, the res-
onant controller realizes both the extraction of resonant voltage
component and the synthesis of damping resistance.
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Fig. 17. Two types of block diagrams for the resonance damping controller.
(a) R-APF method. (b) Direct resonant voltage compensation scheme.

B. Stabilizing Effect of Active Damper

To see the stabilizing effect of the proposed active damper,
the minor-loop gain is assessed considering the actual damping
resistance synthesized by the active damper. Consequently, (8)
and (9) are changed as

Ig,i =
1

1 + Tm,i
Gcl,iI

∗
g ,i −

Tm,i

1 + Tm,i
Gcl,j I

∗
g ,j

− Tm,i

1 + Tm,i

(
VS

ZS

)

− Tm,i

1 + Tm,i
Gcl,dI

∗
L,d (12)

Tm,i =
Yoc,i

Yto,i
, Yto,i =

1
ZS

+ YC + Yoc,j +
1

Rd,e
(13)

where Gcl,d is the closed current control loop gain of the active
damper, and I∗L,d is current reference of the active damper.
Based on the frequency response in Fig. 9, the resonant voltage
controller is designed with the center frequency at the 35th
harmonic and the bandwidth of 100 Hz.

Fig. 18 depicts the Nyquist plots of the minor-loop gains
under the different damping resistance of the active damper. It
is shown that for the resonant case of paralleled active rectifiers
(LS = 1.2 mH), the system becomes stabilized with the decrease
of the damping resistance. Also, the frequency responses of Yoc

and Yto are shown in Fig. 19, from which it can be seen that

Fig. 18. Nyquist plots of the minor-loop gains with the different damping
resistances of the active damper.

Fig. 19. Frequency responses of the input admittance of one rectifier and the
total sum of the other admittances considering the active damper.

the intersection points between the two admittances disappear
when Rd,ref is equal to 5 Ω.

Similarly, Fig. 20 depicts the stabilizing effect of the active
damper for the minor-loop gains with the harmonic resonant
controllers, corresponding to Fig. 11. The resonant voltage con-
troller is designed with the center frequency at 650 Hz and the
bandwidth of 50 Hz. The damping resistance is chosen as 20 Ω.
It is clear that the system becomes stabilized even when a large
damping resistance is synthesized.

IV. SIMULATION AND EXPERIMENTAL RESULTS

To confirm the performance of the proposed active damper,
the time-domain simulations based on the nonlinear switching
models of converters and laboratory tests are performed with a
three-converter setup. Two converters are controlled to behave
as the paralleled active rectifiers shown in Fig. 1, and the last
converter is controlled as the active damper. Table III gives the
main parameters of the active damper.
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Fig. 20. Nyquist plot of the minor-loop gain derived with the multiple har-
monic resonant controllers and the active damper.

TABLE III
MAIN PARAMETERS OF ACTIVE DAMPER

Fig. 21. Simulated PCC voltage and current for the unstable case of single
active rectifier (LS = 0.6 mH) before and after using the active damper at 0.24 s.

A. Simulation Results

Corresponding to the simulated currents shown in Figs. 12
and 13, the stabilizing performances of the active damper are
assessed in both the cases of single active rectifier and paralleled
active rectifiers, respectively. Fig. 21 shows the simulated PCC
voltage and current for the unstable case of single active rectifier
(LS = 0.6 mH) before and after using the active damper. The
active damper is enabled at the time instant of 0.24 s. It is clear

Fig. 22. Simulated currents for the unstable case of paralleled active rectifiers
(LS = 1.2 mH) after using the active damper.

Fig. 23. Simulated PCC voltage in the unstable case of paralleled active
rectifiers (LS = 1.2 mH) before and after applying the active damper at 0.24 s.

Fig. 24. Simulated current of the active damper and the associated harmonic
spectra. (a) Current waveform. (b) Harmonic spectra.

that the resonance caused by the grid impedance variation is
damped by the active damper.

Fig. 22 shows the simulated currents for the resonant case of
the paralleled active rectifiers (LS = 1.2 mH) after applying the
active damper. Compared to Fig. 13, it is seen that the instability
caused by the dynamic interactions between the control loops
of the paralleled active rectifiers are stabilized by the active
damper. Fig. 23 shows the change of the PCC voltage once the
active damper is enabled at the instant of 0.24 s. An effective
resonance damping on the PCC voltage can be observed.

Fig. 24 shows the output current of the active damper and
the associated harmonic spectra in the case of paralleled active
rectifiers. It is seen that the fundamental frequency current is low
due to the absence of the additional energy storage element in the
dc side, whereas the resonant frequencies currents are relative
larger compared to the fundamental frequency current. This
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Fig. 25. Hardware picture of the built laboratory setup.

Fig. 26. Measured output currents of the paralleled active rectifiers before
applying the active damper (2 A/div, 4 ms/div).

implies that the active damper has to absorb a certain amount of
resonance currents for stabilizing the paralleled converters.

B. Experimental Results

Fig. 25 shows the hardware picture of the built laboratory test
setup, where three parallel grid-connected Danfoss frequency
converters are used as the two paralleled active rectifiers and
the active damper. The control algorithms for the converters are
implemented in DS1006 dSPACE system.

Considering the grid background harmonic voltages and the
low-order harmonics caused by the dead time, the multiple har-
monic resonant controllers (5th, 7th, 11th , and 13th) are enabled
in the laborotary tests. Further, owing to the nonlinear behavior
of the filter inductor and the parameter drift at high frequencies,
only the effect of the impedance interactions on the minor-loop
gains derived with the multiple harmonic resonant controllers is
considered in the laboratory tests.

Fig. 26 shows the measured output currents and for the par-
alleled active rectifiers before applying the active damper. The
measured PCC voltage waveform in this case is shown in Fig. 27.
It can be seen that a low-order harmonic resonance propagates
in the test setup. To further identify the resonance frequency,
Fig. 28 shows the harmonic spectra of the PCC voltage. It is
clear that the harmonic resonance arises at the 13th harmonic,
which agrees well with the frequency domain analysis shown in
Fig. 11 and time-domain simulation result shown in Fig. 15.

Fig. 27. Measured PCC voltage waveform before applying the active damper
(100 V/div, 4 ms/div).

Fig. 28. Harmonic spectra of the measured PCC voltage before applying the
active damper (2 Vrm s /div, 125 Hz/div).

Fig. 29. Measured output currents of the paralleled active rectifiers after ap-
plying the active damper (2 A/div, 4 ms/div).

In contrast, Fig. 29 shows the measured output currents of
the paralleled active rectifiers after enabling the active damper.
It is evident that the 13th harmonic resonance is effectively
damped, and also the low-order harmonic currents caused by
the background harmonics are compensated by the harmonic
resonant controllers. Fig. 30 shows the measured PCC voltage
waveform with the use of active damper and its harmonic spectra
is shown in Fig. 31. It is seen that the harmonic resonance
propagation in the system is damped by the active damper,
which matches with the frequency domain analysis in Fig. 20.
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Fig. 30. Measured PCC voltage waveform after applying the active damper
(100 V/div, 4 ms/div).

Fig. 31. Harmonic spectra of the measured PCC voltage after applying the
active damper (2 Vrm s /div, 125 Hz/div).

V. CONCLUSION

This paper has discussed the resonance propagation in the
parallel grid-connected converters. An active damper concept
for stabilizing such a power-electronics-based ac system has
been proposed. Although several active stabilization schemes
have been reported in the previous work, most of them are
embedded in the control systems of the converters. As a conse-
quence, the performances of those approaches are either limited
by the characteristics of converters or sensitive to the system
conditions, which tend to cause the additional resonances. In
contrast, the proposed active damper aims to provide a versa-
tile device that can be plug-and-play for the different applica-
tions. Further, the active damper only takes effect on the reso-
nance damping, which allows a lower power and higher control
bandwidth compared to the conventional APFs. Two control
topologies of the active damper have been discussed. The direct
resonant voltage compensation method simplifies the synthesis
of the variable resistance at the resonance frequencies com-
pared to the R-APF approach. Finally, the time-domain sim-
ulations on the nonlinear switching models of converters and
the experimental tests have been carried out. The results have
confirmed the stabilizing performance of the proposed active
damper.
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