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Abstract — This paper presents the design and analysis
of a signal estimator with improved robustness applied
in the active damping (AD) of a single-phase grid-
tied inverter with LCL low-pass filter. The proposed
estimator is based on the mathematical model of the
LCL filter, with resistors in series with the converter-
side inductor and capacitor for improving robustness.
The implementation method is also capable of estimate
multiple filter signals. The control strategy presented uses
a virtual resistor based AD, that suppresses the resonance
ensuring stability and robustness, helping comply with
power quality standards, such as IEEE 1547 and IEC
61727. The signal necessary for achieving the AD is
obtained through the estimator, dismissing the use of
additional sensors. The current control structure uses
grid-side current feedback with proportional-resonant
controller and harmonic compensation. The system
is designed by the root locus approach to achieve
stability despite grid parameter variance. The estimator
and overall system is analyzed through mathematical
modeling, computational simulation and experimental
setup. The results show that the estimator presented is
capable of providing the necessary AD feedback signal,
even with grid inductance variation.

Keywords — Control, Current Estimator, Grid-
Connected Inverters, Power Quality, Renewable Energy,
Stability.

I. INTRODUCTION

The grid-tied voltage-source inverters (VSI) are widely
used with renewable energy sources and distributed generation
(DG) systems, being typically connected with a low-pass filter
to the main grid, in order to reduce the current harmonics
caused by pulse width modulation (PWM), and therefore
meeting the energy quality requirements [1].

The necessity for inverters with improved efficiency and
reduced volume led to the use of higher order low-pass filters,
such as the inductive-capacitive-inductive (LCL) [2], although
it presents a resonance which should be suppressed in order
to avoid energy quality degradation and ensure the system
stability [2], [3].

To suppress the resonance in higher order filters, different
damping techniques are presented in the literature, each with
particular advantages and disadvantages. Some examples of
resonance suppression strategies are: the passive damping
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(PD) [4], [5], which places passive elements within the
filter, however, it reduces the system efficiency by providing
damping through energy dissipation and can also prejudice the
filter frequency response. The notch AD [6], which places
a notch filter in the current control structure tuned to the
resonant frequency value, although it improves efficiency the
robustness is compromised, needing more complex adaptive
notch filter schemes to ensure damping in connection to grids
with large inductance variations [7]. The virtual resistor AD
[8],[9] presents high efficiency and robustness, but it is usually
necessary additional measurement for obtaining the damping
signal feedback, commonly, the feedback signal used for AD
is the LCL capacitor current or voltage, elevating the cost and
hardware complexity due to additional sensors.

Different methods have been proposed in the literature
aiming at eliminate the need of additional sensors for
obtaining the virtual resistor AD. Some authors uses the
same feedback signal for both control and AD [10], although,
if using the grid-side current feedback, it is necessary the
application of derivative filters, which can be difficult to
implement due to the amplification of higher frequencies
[9],[10]. Other works present the use of observers [11],[12], in
this case the authors show that the observer reduces robustness
to grid inductance variations [11]. The current estimation for
AD using digital filters has also been suggested [13], showing
improvements in robustness, however, it uses two second-
order digital filters in order to estimate only one specific LCL
filter variable, presenting limited application.

The AD method used is a virtual resistor in series with
the converter-side inductor, due to its harmonic rejection
capabilities, therefore, it needs the feedback of the converter-
side current to perform the AD with a proportional gain [10].

In this context, the present paper aims to describe, analyze
and design a novel generic estimator based on the model of
a LCL filter with series damping resistors in both converter-
side inductor and capacitor, improving robustness to grid
inductance variation. The proposed estimator is then applied
in the reconstruction of converter-side current for the AD
of a grid-tied VSI with LCL filter. Furthermore, it will be
presented in section V, that the the estimated current shows
fewer high frequency components, resulting in a cleaner
signal. Also, the generic estimator described is capable of
reconstruct multiple variables of the LCL filter, therefore,
it can be applied for different situations besides AD, such
as using an estimated capacitor voltage for reducing current
spikes in the moment of grid connection [14].

The estimator parameters, virtual resistor value and control
gains are designed by a z-plane root locus plot aiming to obtain
a good stability margin. The virtual resistor is placed in series
with the converter-side inductor, providing assistance in the
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attenuation of undesirable harmonics, where this configuration
can be achieved through feedback of the converter-side current
with a proportional gain [10].

The current control is performed by a proportional-resonant
(PR) controller with harmonic compensation (HC) with an
alternative topology [15], using the grid-side current for
feedback, resulting in low steady-state error [16].

This paper is structured in seven sections. Section II
presents the overall system and control structure used for the
estimator and AD analysis. Section III describes the LCL
filter and estimator structure. Section IV shows the design
procedure for the controller and estimator parameters. Section
V brings the simulation and experimental results, and, finally,
Section VI presents the final remarks.

II. SYSTEM DESCRIPTION

The control structure and overall system is presented in
Figure 1. It contains a DC powered single-phase VSI
connected to the main grid by an LCL filter.

The current reference structure, presented in Figure 1,
contains a phase-locked-loop (PLL) for grid synchronization,
producing a sinusoidal signal synchronized with the grid
voltage signal (V,). This resulting sinusoidal signal is then
combined with the current amplitude value, provided by a
power control, based on DC-link voltage, thus producing the
reference current signal (i.r).

The current control structure depicted in Figure 1 is
based on proportional-resonant (PR) controller with harmonic
compensation (HC), with an alternative topology that
improves harmonic rejection, if compared to the standard PR
with HC scheme [15]. The resonant controller (R(s)) and
HC with proportional gain (PR;(s)) transfer functions are
presented in equations (1) and (2), respectively.

N
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Where @, is the main grid frequency in rad/s, & the order of
harmonic component and K),, K, and K, the control gains.

The resonant controller applied in the current control is
widely used in grid tied systems due to the ability to eliminate
the steady-state error between the controlled signal and its
sinusoidal reference [16]. Although, unlike conventional PR

controllers, this structure uses the grid-current (i) feedback in
the comparison with current reference signal, for generating
the error signal for compensation, and also directly in the
HC control [15]. The compensated error signal, which is
the current control structure output, is subtracted by the AD
signal, which results in the duty-cycle signal (d) after the
PWM block.

The discretization for implementation in a digital signal
controller (DSC) is done using impulse invariant method, in
order to better preserve the resonant filter characteristics [17].
The controller gains for obtaining a stable response is defined
in Section IV through the root locus approach.

The AD signal is generated by processing a feedback
variable, obtained from the LCL filter. The type of signal
processing applied to a specific feedback variable defines the
kind of PD scheme that the virtual resistor AD will emulate
[10].

In order to obtain the feedback signal for performing the
AD, a generic damped model-based estimator is employed.
The estimator uses grid-current (i,), DC-link voltage (v4.) and
reference voltage (v,.r) as the input signals for reconstructing
the remaining LCL filter variables, such as the converter-
side current necessary for the desired virtual resistor AD. The
estimator is detailed in the following sections.

The LCL filter design [18], considers the ratio between
switching and resonance frequency values, for this system
the switching frequency is set to, approximately, 4.5 times
the resonance frequency at strong grid condition, in order to
improve the virtual resistor AD performance and the high
frequencies attenuation [19]. Also, both inductors are set
to the same value, as to attain robustness to grid inductance
variation with small voltage drop in the grid-side inductor [18].

The inverter is rated for an apparent power of 400 VA,
with an effective grid voltage of 115 V, therefore, the DC-link
voltage value must consider realistic losses, such as switches
and passive elements. For this reason, its value is set to 10
% above the peak grid voltage, to 180 V. The weak grid
equivalent inductance considers a value of 1 mH, and for the
strong grid case the equivalent inductance is considered as
ideal, thus, O mH.

With those considerations taken,
parameters are shown in Table I.

the overall system
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Fig. 1. System with signal estimator structure for AD in single-phase grid connected inverter.
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TABLE I
System Parameters
Parameter Symbol Value
Inverter side LCL filter inductance L; 1.4 mH
Grid side LCL filter inductance L, 1.4 mH
LCL filter capacitance Cy 4 uF
Weak grid equivalent inductance L, 1 mH
Strong grid equivalent inductance L 0 mH
Effective grid voltage A 115V
DC bus voltage Vde 180V
Rated inverter apparent power Sn 400 VA
Grid frequency fe 60 Hz
Switching frequency fs 14400 Hz
Resonance frequency (strong grid) fr ~ 3100 Hz
Resonance frequency (weak grid) fr = 2600 Hz

III. LCL FILTER MODELING AND ESTIMATOR
STRUCTURE

The LCL filter model is derived from the presented circuit
diagram in Figure 2, considering the VSI and grid connection.

Lj i I' LO Vv
i Io pce
v
PCC

d jjc
:[Cf RL

Vic

Fig. 2. Equivalent circuit of the grid-tied VSI with LCL filter.

For the analysis of the circuit in Figure 2, the local load
(Rr) is seen as an infinite resistance and only the VSI input
voltage is regarded, consequently, V, = 0, with the DC-link
voltage (v4.) as a constant value. Therefore, by solving the
circuit in frequency domain, taking the duty-cycle (d) as the
input signal, and grid-side current (i,) as the output variable,
the transfer function in equation (3).

Vde
io(S) L;Cf(Lo-i-L )
Gpls) = d(s) =3 L[+Ln‘ng : 3)
57+ LCi(Lo+Lg)®

The resonance frequency (®;) is characterized by the poles
in (3), and it is defined in equation (4).

“4)

Equation (4) presents the frequency where transfer function
(3) shows infinite gain, which can lead to an increase in
the total harmonic distortion (THD) and, in extreme cases,
instability [19]. Therefore, a damping factor introduced in
the denominator of (3) can ensure a proper system operation,
improving energy quality and ensuring stability.

The LCL filter circuit presented in Figure 2 can also be
understood in terms of block diagram, as shown in Figure
3, without the connection of a local load in the PCC. This
representation is useful for modeling PD and AD methods
[10], as the passive impedances are represented individually,
which can then be associated with damping resistors, and all
the filter current and voltage variables are accessible for virtual
resistor techniques.
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Fig. 3. VSI and LCL filter represented in the form of block diagram.

A. Damped Model-based Estimator Structure

The structure presented in Figure 3 is used in the
implementation of a generic signals estimator for the LCL
filter.

The elements that represent the passive components must
be discretized for application in a DSC and an unit delay has
to be inserted in the feedback loop, as shown in Figure 4, in
order to compensate the first sample absence and be practical
in digital control systems. The unit delay is approximated in
s-domain by the Padé approximation [20], shown in equation

5).

s fi—0.5s
e i —.
fs+0.5s

Also, for the estimator to provide the signals correctly it
have to be stable and, moreover, it should be able to deal with
equivalent grid inductance variation, in order to maintain the
correct estimation of filter variables [13]. As for the actual
LCL filter, the insertion of a damping factor ensures stability
and improves THD [10].

The estimator depicted in Figure 4 presents the passive
elements models with the addition of a series damping resistor,
in the s-domain. To implement on DSC the estimator
is discretized by Tustin method, preserving its frequency
response characteristics. The input signals considered for
the reconstruction of other variables are the grid-side current,
which is also used in the current control structure, and the
reference voltage (v,.r), which is an internal variable provided
as the result of control and AD, combined with the DC bus
voltage (vge).

®
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Fig. 4. Generic damped model-based estimator for LCL filter with
grid-side current, voltage reference and DC bus voltage as inputs.

The equivalent circuit of the estimator shown in Figure
4 is presented in Figure 5, having a resistor in series
with the converter-side inductor and also with the capacitor.
This configuration shows better robustness and stability, as
presented in details in Section I'V.

Therefore, the estimator presented reconstructs the LCL
filter variables by the implementation of the mathematical
model structure of the filter, presented in Figure 4, in the DSC,
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Fig. 5. Equivalent circuit of the generic damped estimator for LCL
filter.

and by feeding the estimator with the DC-link voltage (vq.),
reference voltage (v,.r) and grid-side current (i,) it is possible
to obtain the remaining variables present in the LCL filter that
were not directly measured.

The converter-side current (i;) signal, that is accessed in
the estimator as depicted in Figure 4, is used in this work to
attain the virtual resistor AD [10], and the capacitor voltage
signal, that is also a result from the estimators processing, can
be applied to obtain softer grid connection [14].

B. Series Virtual Resistor AD LCL Filter

The damping of the actual LCL filter is done by placing
a virtual series resistor with the converter-side inductor. This
AD method is achieved through the feedback of the converter-
side current [10], as shown in Figure 6, however, for this study,
the needed current to perform the AD is obtained indirectly,
through estimation, as presented in Figure 1.

LCL filter
with DC-link

1
(Lo+ Lg)s

Active damping
proportional gain

Fig. 6. Block diagram of series virtual resistor active damping.

The structure presented in Figure 6 is equivalent to the
circuit shown in Figure 7.

Virtual

Resistor
L
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i Iy Lo
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Fig. 7. Equivalent circuit of the grid-tied VSI with virtual resistor
series AD in LCL filter converter-side inductor.

The configuration in Figure 7 acts not only suppressing
the resonance, by adding a damping coefficient to the
filter transfer function, but also introduces an attenuation
proportional to the damping virtual resistor value (R;) in the
lower frequencies, as shown by equation (6), hence, helping in
the rejection of lower harmonic components that are not tuned

Eletron. Potén., Florianépolis, v. 27, n. 1, p. 78-86, jan./mar. 2022

in the HC filters.
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In order to obtain the damping factor value for the
transfer function in equation (6), as a mean to design the
damping resistor value, it is approximated that the AD does
not affect the resonance frequency value (®,). Thus, by
decomposing equation (6) and comparing it with a general
second-order system, presented in equation (7) [21], results
in the approximated damping factor shown in equation (8), for
strong grid condition.

Kw?
H(s)= o 7
(s) 2+ 28 ops + 0} @
Ry
~ . 8
& 10,0, 3

IV. CONTROL PARAMETERS DESIGN

A. Generic Model-based Estimator

The design of damping parameters for the estimator is done
through root locus plot in z-domain, by the discretization
with Tustin method of the structure presented in Figure 4,
considering strong grid condition as standard.

This design is done in two steps: the first root locus
considers the resistor Ryc as zero, and the value of Ry is
chosen as to ensure the estimator stability; the second step
uses root locus to design R;¢, with the value of R,y obtained
previously, choosing the poles in order to further increase
robustness. The estimator considers both series resistors as
means to improve robustness to parameter variation.

The root locus for designing R is presented in Figure 8.

1 Closed-loop poles

O Chosen poles

08f

0.6f

04}

0.2

Fig. 8. Root locus for estimators R;; design.

The value of R,y that results in the poles chosen in Figure
8 is Ryz = 30 Q. This value was chosen aiming to provide the
most stable closed-loop poles, being closest to the center of
z-plane unitary circle, and so attaining better stability margin.
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With R;, defined, the root locus for designing R is shown
in Figure 9.

Closed—loop poles
O  Chosen poles

1

0.8

0.6
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-1 -05 0 05 1
Fig. 9. Root locus for estimators R ¢ design.

Therefore, the value of Ry¢ that results in the poles chosen
in Figure 9 is Ryc = 8 Q. The value of Ry;c was chosen as
to further improve stability margin, pushing the poles to the
center of the z-plane unitary circle.

B. Virtual Resistor AD and Current Control

The virtual resistor design for obtaining the AD is done by
defining a damping factor and applying it to the equation (8).

The suggested damping factor for PD techniques range
between 0.1 < §; < 0.3 [5], as this range provides sufficient
damping with fewer losses. Although this paper proposes
an AD, the mentioned damping factor range is used as a
guideline, thus the value {; = 0.25 is chosen, and, from
equation (8), it results in a virtual resistor of, approximately,
R; =26 Q.

With the virtual resistor R; defined, the design of
proportional control gain is done through the root locus
presented in Figure 10. The value of K, = 0.04 is chosen,
resulting in the poles indicated in Figure 10, providing
stability.

The resonant gain K, can be chosen from a large range,
since its value has little influence in stability [10], however,
its value must be enough to provide minimum steady state
error, therefore K, = 40 meet this requirement. A smaller gain
is viable to be set for K,;, since the amplitude of harmonic
components is smaller than the fundamental, consequently
K., =10 [13].

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Estimator Analysis

In order to observe the estimator performance, a
computational simulation is conducted in MATLAB®, based
on the system described in Section II. The signals provided
by the estimator is compared with the original signals, both in
strong and weak grid condition, for robustness assessment.

The Figure 11 brings a comparison between the original
capacitor voltage signal and converter-side current signal
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Fig. 10. Root locus for virtual resistor AD R; design.

against its estimated counterparts, at strong grid condition.
The grid-side current reference is set to 0.5 A peak.

Capacitor Voltage at Strong Grid Condition

s Original Signal
"| = = = Estimated Signal

Amplitude (V)
(=

0315 0.32 0325 0.33 0335 034 0345 035
Time (s)
Converter—side Current at Strong Grid Condition

03 0305 031

Amplitude (A)

0315 0.32 0325 033 0335 0.34 0345 035
Time (s)

0.3 0305 0.31

Fig. 11. Comparison between original and estimated signals at strong
grid condition in simulation, for capacitor voltage and converter-side
current, as noted.

From Figure 11 it is noticeable that the estimated capacitor
voltage signal is almost identical to the original signal,
with a slight delay. The converter-side original current
presents the switching frequencies, as expected, the estimated
signal shows only the lower frequencies components. This
result shows that, in a simulated environment, the proposed
estimator structure is capable of providing reconstructed
signals coherent with the real ones.

The same experiment is conducted for the weak grid
condition, presented in Figure 12.

The waveforms for the weak grid condition presented in
Figure 12 are very similar to the result in Figure 11, showing
that the estimator is able to deal with the grid equivalent
inductance variation.

The comparison between estimated and original signals
is also done in an experimental setup, that uses the DSC
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Capacitor Voltage at Weak Grid Condition
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Fig. 12. Comparison between original and estimated signals at weak
grid condition is simulation, for capacitor voltage and converter-side
current, as noted.

TMS320F28335 for the control structure implementation,
while the inverter uses IRF840 MOSFET switches triggered
by TLP250 optocouplers. In Figure 13 it is presented the
capacitor voltage, where the oscilloscopes channel 1 contains
the original voltage signal and channel 2 the estimated voltage
signal, in this experiment it is considered a weak grid
condition.

Figure 14 shows the experimental converter-side current,
in detail, with no load at the PCC. The channel 1 presents
the original current signal and channel 2 the estimated current
signal.

- Original signal [

B
B
“\Estimated signal
[ Rms=108 v [ Rms=110V
=100y B2 00w B3 vioov B4 T 100w
Fig. 13. Comparison between original and estimated capacitor

voltage signal, in experimental prototype.

The experimental results shown in Figure 13 and 14
further confirms the ability of the proposed estimator to
correctly reconstruct non-measured signals, as both show a
similar behavior as observed in simulation: the estimated
capacitor voltage signal being almost identical to the original
one, despite a slight delay, and the estimated converter-side
current containing the lower frequency components, whereas
the original current also presents the switching frequency
components. The ripple observed in the estimated converter-
side current, in Figure 14, is a result of noise and frequency
components present in the measured grid-side current, which
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Fig. 14. Comparison between original and estimated converter-side
current signal, in experimental prototype.

is carried through the estimator producing a ripple specially
visible at low values of reference current.

B. System Output Analysis

The system grid-side current (i,), presented in Figure
1, is analyzed through simulation at strong and weak
grid conditions. The virtual resistor AD is achieved by
the feedback of converter-side current reconstructed by the
estimator presented in Figure 4. The active damped LCL filter
is compared with the system without damping. The reference
current is set to 0.5 A peak. The grid voltage contains the third
and fifth harmonics, which is also the harmonic components
the HC control is tuned to.

Figure 15 presents the grid-side current waveform at strong
and weak grid conditions, from 0 to 0.35 seconds the AD is
operative, from 0.35 to 0.4 seconds the AD is disabled.

Grid-side current at Strong Grid Condition

Amplitude (A)
=

03 032 034 036 038 04
Time (s)
Grid-side current at Weak Grid Condition

02 022 024 026 028

<
o
=l
E
2
E
<
02 022 024 026 028 03 032 034 036 038 04
Time (s)
Fig. 15. Simulated grid-side current at strong and weak grid
conditions.

Figure 15 shows that, for the simulated system, the absence
of damping leads to instability, in both strong and weak grids.
It is important to observe that with the AD enabled, the system
remains stable for both grid cases, meaning that the AD with
estimator is operating correctly despite the grid equivalent
inductance variation.

The harmonic content for the signals presented in Figure 15
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is shown in Figure 16.

Fundamental (60 Hz) = 0.4999, THD = 3.35%, at Strong grid
Fundamental (60 Hz) = 0.5, THD = 3.06%, at Weak grid
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Fig. 16. Harmonic content of simulated grid-side current at strong
and weak grid conditions.

For both strong and weak grid cases the THD is kept
around 3%, although the strong grid scenario presents greater
distortion, both results meet the power quality standard IEEE
1547 [22] limits, which is below 5%.

The experimental grid-side current result is presented in
Figure 17, and its harmonic content in Figure 18, for strong
grid, the reference current is set to 0.1 A initially and at
approximately 0.05 seconds a step is applied in the reference,
going from 0.1 to 0.2 A peak, the low value of reference is
to better observe the harmonic distortion caused by the grid
voltage. From 0.3 seconds the AD is disabled. As in the
simulated environment, the experimental setup also has the
HC tuned to the third and fifth harmonics.

02k [ - = = Reference current |

Grid—side current i
T F

< ot

3

2 0F

£

a -0.1 ‘

-0.2r v .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (s)
02 T T T T T T

Amplitude (A)
=)

—02k- ™ ; ; ; v, ; ;
0.265 0.27 0.275 0.28 0.285 0.29 0.295
Time (s)

Fig. 17. Grid-side current in experimental setup.

Fundamental (60Hz) = 0.1918 , THD= 12.65%, with AD enabled
Fundamental (60Hz) = 0.1918 , THD= 33.82%, with AD disabled
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Fig. 18. Harmonic content comparison of grid-side current in

experimental setup, with AD enabled and disabled.

The result presented in Figures 17 and 18 is coherent with
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the simulation presented in Figure 15, confirming that the
virtual resistor AD using the proposed estimator is viable.
The system presented a stable response to the reference
current step, and the comparison between the AD, enabled
and disabled, shows the effectiveness of the AD, with the
harmonic components reaching 30% of the amplitude of
fundamental without AD, significantly higher than the case
with AD enabled.

Although it is noticeable a distortion caused by the seventh
harmonic, the HC correctly compensates the third and fifth
harmonics. The intrinsic resistances of the experimental
prototype keeps the system stable without AD, and the grid
voltage with components above the fifth harmonic elevates
the THD of grid-side current,with AD, to 12.65%, and
additionally, the lower current reference value chosen in the
experimental setup also contributes to the higher THD than
the observed in simulation.

VI. CONCLUSIONS

The presented generic damped model-based estimator
proved to be capable of reconstructing close enough signals,
compared to the original ones, as to obtain a virtual resistor
AD without the need for additional measures, helping to make
the inverters hardware simpler.

The design procedure for obtaining the estimators damping
resistors showed good stability margin and robustness to
grid inductance variation, being able to maintain the signals
estimation and AD in both grid case scenarios studied.

Also, the implementation is of low complexity, needing two
second order filters, that emulate both the LCL filter converter-
side inductor and capacitor with a series resistor, in a feedback
loop. With this configuration it is possible to obtain different
filters variables, depending on the point of the estimator that
signal in being read.

The experimental results confirm the effectiveness of the
proposed signal estimation structure in reconstructing the
variables, as the comparison between the estimated and
original signals shows good correlation, and also in the
obtainment of virtual resistor AD, as the experimental grid-
side current shows stability and lower THD if compared with
the case without AD, even in very low values of load.
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