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Abstract—The increasing use of power electronics devices tends
to aggravate high-frequency harmonics and trigger resonances
across a wide frequency range into power systems. This paper
presents an active damper to suppress multiple resonances with
unknown frequencies. The active damper is realized by a high-
bandwidth power converter that can selectively dampen out the
wideband resonances. A cascaded adaptive notch filter structure
is proposed to detect the frequencies of resonances, which makes
the active damper different from the resistive-active power filter
for harmonic resonance suppression. The performance of the
active damper is validated by implementing it to suppress the
resonances in a grid-connected inverter with a long power cable.
The results show that the active damper can become a promising
approach to stabilizing the future power electronics based power
systems.

L INTRODUCTION

There is a growing demand on the use of power electronics
converters to connect renewable energy sources and industrial
drives to the electrical grids [1]. Power electronics is enabling
the development of the energy-efficient, sustainable and smart
power systems [2]. With the increasing use of high-frequency
switching power converters, the power system characteristics
have gradually been changed. The high-frequency harmonics
tend to be more apparent and the system damping is reduced
due to the small time constants of converters. These wideband
frequency harmonics may interfere with other devices in the
power system and trigger resonances across a wide frequency
range [3]. To reduce the high-frequency switching ripples, the
high-order power filters are widely adopted for converters [4].
However, the shunt capacitors in these filters may also lead to
resonance, which may become more severe when the multiple
converters are interconnected [5]-[7]. Further, the widespread
use of power cables in the renewable power plants may further
aggravate the resonances due to the parasitic capacitances [8].

To address the wideband harmonics and resonances in the
future power electronics based power systems, the extensive
research works have been made, which either introduce the
additional control loop for power converters [9]-[11], or add
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the passive damping circuit into the filters [12]-[14]. However,
most of them are either limited by the dynamic behavior of
converters or sensitive to the uncertainties of power system
conditions. To overcome these drawbacks, an active damper
concept that is based on a high-bandwidth power converter is
recently introduced [15]. As opposed to reshaping the terminal
behavior of converters, the active damper aims to dynamically
suppress the resonances at the Point of Common Coupling
(PCC). The active damper can operate in a similar way to the
Resistive-Active Power Filter (R-APF) by synthesizing the
virtual damping resistances at the resonance frequencies [16].
But instead of damping the low-order harmonic resonances as
the R-APF, the active damper only works for the resonances,
thus allowing a low power design and high control bandwidth,
and thus the detection of resonances becomes more important
for the active damper. In [15], the detection and prevention of
single resonance is attained, whereas the wideband harmonics
in real cases may trigger double or multiple resonances [17].

This paper presents an active damper that can suppress the
multiple resonances with unknown frequencies. A cascaded
Adaptive Notch Filter (ANF) structure based on the multiple
ANFs and Frequency-Locked Loops (FLLs) is proposed to
detect the resonance frequencies. Thus, the active damper is
enabled to selectively control the resonant voltages by means
of multiple frequency adaptive resonant voltage controllers.
The performance of the active damper is validated by applying
it for a three-phase grid-connected inverter through the long
power cable. The results show that active damper provides an
effective way to suppress the resonance propagation along the
power cable and the output LCL-filter of inverter.

II.  ACTIVE DAMPER

A.  System Configuration

Fig. 1 illustrates a simplified one-line diagram of an active
damper for a three-phase voltage source inverter connected to
the grid via a long power cable. The grid-side inductor current
(i,) of the LCL-filter is controlled for the inverter, such that no
additional damping is needed when the LCL-filter resonance
frequency is higher than the one-sixth of the control sampling
frequency [18]. However, the variation of the grid impedance
and the parasitic capacitances in the power cable may shift the
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Fig. 1. Simplified one-line diagram of an active damper for a grid-connected voltage source inverter through a long power cable.

actual LCL-filter resonance to a lower value, and even trigger
the resonances in a wideband [17]. Hence, the active damper
is installed at the PCC of inverter to suppress the resonances
brought by the different equivalent system impedances.

B. Operation Principle

Fig. 2 illustrates the control diagram for the active damper,
where the active damper controls the resonant voltages at the
PCC using multiple frequency adaptive resonant controllers in
parallel. Fig. 3 (a) depicts the structure of frequency adaptive
resonant controller based on two integrators, which is given by
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where w,; and w,.; denote the center frequency and bandwidth
of the i-th resonant controller, respectively. K,.; is the gain of
the resonant controller. To further improve the accuracy of the
resonant controller in the discrete time domain, the sixth-order
Taylor series approximation is used to correct the poles of the
z-domain transfer function, as shown in Fig. 3 (b) [19].

It is worth noting that the active damper only works at the
resonance frequencies, which is different from the APF for the
steady-state harmonic compensation. The online detection of
resonance frequencies is thus essential for the active damper to
selectively control the resonant voltages. Although a number
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Fig. 2. Control bock diagram of the active damper.
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Fig. 3. Block diagram of the resonant controller based on two integrators. (a)
Continuous form. (b) Discretized in z-domain.

of harmonic estimation techniques are available [20], [21], the
detection of multiple resonances is still a challenge in terms of
the computation burden and dynamic performance.

III. DETECTION OF RESONANCE FREQUENCIES

This section first reviews the main types of the ANF-based
Phase-Locked Loop (PLL) or FLL for harmonic detection, and
then proposes a cascaded ANF structure for the active damper
based on the use of multiple ANFs and FLLs.

A.  Overview of ANF-Based PLL/FLL

Fig. 4 depicts the block diagrams of the 1- weight and 2-
weight ANFs using the Least Mean Square (LMS) adaptation
algorithm [22], [23]. The LMS-based ANFs are introduced for
the Active Noise Cancelling (ANC), which are later applied t
enhance the phase detection of PLL and generates a series of
ANF-based PLL/FLL for the retrieval of sinusoidal signals in
noises [24]-[35].

Fig. 5 shows the PLL based on the 1-weight ANF, which
is firstly reported as the residual mode PLL in [24], and is then
developed as the Magnitude PLL (MPPL) for communication
systems [25]-[27], and the Enhanced PLL (EPLL) for power
system frequency/phase tracking [28], [29]. Compared to the
mixer phase detector, the ANF effectively reduces the second-
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Fig. 4. Block diagrams for (a) 1-weight ANF, and (b) 2-weight ANF based on
the LMS adaptation algorithm.

Fig. 5. The 1-weight ANF-based PLL structure.

order harmonic ripple. It has recently been found that several
single-phase synchronous reference frame PLLs basically own
the same operation principle as the ANF-based PLL [30].

The similar application of the 2-weight ANF for PLL can
be found in the Quadrature PLL (QPLL) [31]. Further, due to
the equivalence between the continuous forms of the 2-weight
ANF and the Generalized Integrator (GI) in Fig. 3, the ANF-
based FLLs are developed based on the use of the generalized
integrators [32]-[35]. Fig. 6 shows the block diagram of two
ANF-based FLLs, where the ANF-based FLL in Fig. 6 (b) is
also known as the Second-Order Generalized Integrator FLL
(SOGI-FLL) [33]. It is interesting to see that the FLL in Fig. 6
employs the same phase detector as the PLL in Fig. 5, i.e. the
product of the input error signal and the quadrature signal.

B. Cascaded ANF Structure

The use of the multiple ANF-based PLL/FLL for harmonic
estimation has been reported in [26], [34], where the parallel
ANF structure is employed, as depicted in Fig. 7. This method
works well for the estimation of harmonic signals which are
correlated to the fundamental frequency signal. However, its
performance is deteriorated by the presence of interharmonics
or resonances [27], [35]. Therefore, to detect the resonances, a
cascaded ANF structure is introduced in the following.

Fig. 8 shows the proposed cascaded ANF structure for the
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Fig. 6. 2-weight ANF-based FLLs. (a) ANF-based FLL with the generalized
integrator. (b) SOGI-FLL.
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Fig. 7. Parallel ANF structure with a common FLL for harmonic detection.

detection of resonance frequencies. Different from the parallel
ANF structure with a common FLL in Fig. 7, multiple ANF-
based FLLs are connected in cascade. Further, to decouple the
effect of harmonics or interharmonics disturbances next to the
resonance frequencies, the Pre-filtered-ANF (P-ANF) method
is adopted in each ANF-based FLL, as shown in Fig. 9 [35]. In
addition, instead of the SOGI used in Fig. 7, the ANF structure
in Fig. 6 (a) is employed for high frequency resonances by
means of the GI depicted in Fig. 3(b).

Fig. 10 shows the performance of the proposed cascaded
ANF structure for the detection of resonance frequencies. The
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Fig. 10. Performance of the cascaded ANF structure for detecting multiple
resonances. (a) Input voltage waveform and harmonic spectra. (b) Measured
fundamental and resonance frequencies.

input voltage signal is disturbed with three resonances at 1660
Hz, 630 Hz, and 1280 Hz, respectively. It is seen that the good
resonance frequency detection is attained. Notice that in three-
phase systems, due to the presence of the negative-sequence
components, the positive-/negative-sequence calculation block
needs to be used [34].

IV. FERQUENCY-DOMAIN ANALYSIS

Fig. 11 depicts the current control loop for grid-connected
inverter, where the main parameters are given in Tables 1. The
Proportional Resonant (PR) current controller in the stationary
op-frame is adopted for the zero steady state error. Since the
resonance frequency of LCL-filter is designed higher than the
one-sixth of the sampling frequency, no active damping loop
is considered. To see the effect of the power cable and the grid
impedance, the open-loop gains of the current control loop are
derived as follows
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where Z,, (s) is the equivalent system impedance of inverter
derived from the PCC, which includes the grid impedance and
the cable impedance. 7, (s) and T, (s) are the loop gains with
and without the equivalent system impedance, respectively.

TABLE L. SYSTEM ELECTRICAL PARAMETERS

Parameters Symbol Value
Grid votlage Vs 400 V/50 Hz
Grid inductance Ly 5 mH
Cable inductance per section L 0.8 mH
Cable resistance per section 7 0.025Q
Cable capacitance per section G 4.7 uF
LCL-filter inductor (grid-side) L, 0.9 mH
LCL-filter capacitor Cr 10 puF
LCL-filter inductor (inverter-side) Ly 3 mH
Inverter switching frequency Sow 10 kHz
Filter inductor of active damper Ly 3mH
Active damper switching frequency Sfowa 20 kHz




Ve

_1
Zey(5)

Vpce

PR controller Delay

i G G, —>é —> ! ’ .
() > Guls) 7,6 "?_’ Zo©®) Z1,(5) "

Fig. 11. Block diagram for the current control loop of grid-connected inverter.

G, (s) is the PR current controller and G, (s) denotes the effect
of the computation and pulse width modulation delay involved
in the digital control system.

Fig. 12 compares the root loci for the current control loop
with and without the equivalent system impedance at the PCC.
It is seen that two resonant pole pairs are moved outside the
unit circle by the presence of power cable and grid impedance.
This fact implies that two unstable resonance peaks will arise
even for the stable current controller designed on the basis of
the LCL-filter plant.

To further identify the frequencies of resonances, Fig. 13
compares the frequency responses of the current control loop
gains with and without the equivalent system impedance. It is
noted that a stable current controller is designed for the current
control loop without the equivalent system impedance at the
PCC. In contrast, the parasitic capacitances of the power cable
bring in multiple resonance peaks. However, it is worth noting
that not all of these resonance peaks will result in the unstable
current control loop. By taking a closer look at the phase-
frequency response, it can be found from the Nyquist stability
criterion that two unstable resonance peaks occur around the
frequencies of 1000 Hz and 1550 Hz, respectively, with the
same current controller. Hence, the active damper is needed to
suppress these resonances.
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Fig. 12. Root loci of the current control loop with and without the equivalent
system impedance at the PCC.
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Fig. 13. Comparison of frequency responses of the open-loop gain of current
control loop with and without the equivalent system impedance at the PCC.
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Fig. 14. Stabilizing effect of the active damper in the frequency-domain.

Fig. 14 shows the stabilizing effect of the active damper in
the frequency-domain. The active damper can be represented
by the resonant voltage controllers expressed in (1) in the
frequency-domain, where the gains of resonant controllers are
equal to the reciprocal of equivalent resistances synthesized by
the active damper [15]. It is interesting to note that the active
damper has the different stabilizing effect for the two unstable



resonance peaks. The resonance peak near 1000 Hz is reduced
below 0 dB, whereas the phase crossing over 180 degree at the
resonance around 1550 Hz is shifted to the frequency with the
magnitude below 0 dB. Consequently, the unstable resonances
are effectively suppressed by the active damper. The design of
the resonant voltage controllers can also be derived from this
frequency-domain analysis.

V. SIMULATION RESULTS

To further confirm the performance of the active damper,
the nonlinear time domain simulations for the system shown
in Fig. 1 are carried out in MATLAB/SIMULINK and PLECS
Blockset. The parameters listed in Table I are adopted for the
simulation model.

First, to see the effect of the system equivalent impedance
on the stability of the current control loop, Fig. 15 shows the
simulated PCC voltage and grid current of the grid-connected
inverter without enabling the active damper. The inverter is
switched from the ideal AC voltage source to the power cable
at the time instant of 0.2 s. It is obvious that the current control
loop becomes unstable due to the effect of system equivalent
impedance, which confirms the root locus analysis in Fig. 12.
The corresponding harmonic spectra for the PCC voltage and
the grid current of the inverter are depicted in Fig. 16. Since
the unstable resonances are gradually magnified, the harmonic
spectra are obtained by sampling one fundamental period. It is
seen that two resonance peaks are triggered around 1000 Hz
and 1550 Hz, respectively, in the grid current, which validates
the frequency response shown in Fig. 13.

Then, to see the selective resonance damping performance,
the active damper is firstly enabled to suppress the resonance
around 1000 Hz. Fig. 17 depicts the simulated PCC voltage
and grid current of the inverter, while the associated harmonic
spectra is shown in Fig. 18. It is clear that only the resonance
closed to 1550 Hz is left in the simulated waveforms.

In contrast, Fig. 19 shows the simulated waveforms after
enabling the active damper to suppress two resonances, and
the corresponding harmonic spectra are depicted in Fig. 20.
The effective damping of the double resonances by the active
damper is observed. Fig. 21 gives the estimated frequencies by
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the cascaded ANF structure in this case. As the active damper
is enabled after switching the inverter to the power cable at the
time instant of 0.2 s, the frequency behavior of the cascaded
ANF structure is shown after 0.2 s, which confirms again the
performance of the cascaded ANF structure
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VI. CONCLUSIONS

This paper has introduced an active damper which can
suppress multiple resonances with unknown frequencies. The
active damper is based on a high-bandwidth power converter,
which selectively control the resonant voltages at the PCC of

the grid-connected inverter. Further, a cascaded ANF-based
FLL structure has been discussed, which enables the active
damper to estimate the frequencies of resonances, and thus
realizing the frequency adaptive control for the resonances in
the system. The cascaded ANF structure is different from the
parallel ANF structure with a common FLL, since the latter
normally used to detect the harmonics that are correlated to
the fundamental frequency signal and is thus sensitive to the
interharmonics or resonances at the input signals. In contrast,
the cascaded ANF structure provides a way to retrieve the
sinusoids in noises. Both the frequency-domain analysis and
time domain simulations have been presented to validate the
performance of the active damper and the resonance frequency
estimation method.
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