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Abstract — This paper introduces a novel method for self-commissioning controllers and active damping in LCL grid-tied three-
phase Voltage Source Inverters (VSIs). The proposed impedance estimation method is designed with the goal of minimizing
invasiveness on the grid and ultimately optimizing the result. To obtain the values of resistance and inductance, a cyclical algorithm
is performed. The estimated values are then fed into the self-commissioning Proportional-Integral (PI) controller, in which the
gains are calculated based on the current estimated values of the grid resistance and inductance, and into the self-commissioning
active damping system, in which the resonance frequency is calculated using the estimated grid inductance and used to change the
operating frequency of the active damping. The experimental results are obtained using Hardware-in-The-Loop (HIL) and actual
hardware. The experimental results validate the proposed estimation along with its functioning with the self-commissioning control
system and active damping. The contributions of the present paper are a presentation of active impedance estimation, a control
design that adapts PI gains based on current grid impedance estimates, and an improved Active Damping method using second-
order Butterworth filters to enhance stability and noise mitigation.

Index Terms — Grid impedance estimation, active damping, self-commissioning controller

I. INTRODUCTION

Renewable energy integration is pivotal in driving a
transition toward sustainable power generation [1] [2].
However, as we harness energy from renewable sources like
solar and wind, it becomes essential to address challenges
like grid stability [3] and mitigation of harmonics caused by
the grid-tied inverters that connect these renewable sources
to the grid.

Accurate grid impedance estimation is crucial for
optimizing grid operations and ensuring stability [4],
especially as renewable energy sources introduce dynamic
changes due to their intermittent nature. For stable operation,
the grid impedance-to-inverter output impedance ratio must
meet the Nyquist Stability criterion [5], highlighting the
critical role of grid impedance in stability analysis [6] [7] and
[8]. Grid impedance estimation is also employed in system
fault recognition [9], islanding detection [10], grid voltage
control, among others. Adaptive control strategies leveraging
impedance estimation are widely studied [11] [12] and [13],
and recent works continue to explore improved robustness
and adaptability under weak and dynamic grid conditions
[14] [15]. These controllers dynamically adjust parameters
based on real-time impedance estimates, ensuring robust and
stable inverter performance across varying grid conditions.
There are several control strategies for current controlled
grid-tied inverters [16], [17] and. One of the most common
strategies is the Proportional-Integral (PI) controller in the
synchronous frame. The controlled variables become dc
quantities and are easily manipulated [18].

The impedance estimation techniques involve two main
steps: current and voltage measurement, and data processing.
Impedance estimation methods can be online or offline.
Online methods are particularly advantageous as they enable

real-time adjustments to enhance grid stability. Online
methods can be passive or active [19] [20] with recent
developments focusing on convergence and improved noise
rejection [21] [22]. Passive methods use existing system
signals, relying on Signal-To-Noise Ratio (SNR), requiring
accurate SNR measurement for reliable grid impedance
estimation [23]. Active methods add a noise signal to the
variable under control. The accuracy of the impedance
estimation in active methods depends on the injected noise
magnitude, impacting the real-time post-processing
complexity and requiring greater computing power, although
recent approaches have attempted to optimize the trade-off
between bandwidth and computational effort [24].

The commonly used signals in Active methods for
estimating grid impedance can be categorized into three main
approaches. One approach involves the use of current and
voltage transients, which are typically applied at the zero
crossing of the grid voltage. By measuring the voltage
transient response to the injected noise signal, the grid
impedance can be estimated quickly, as the disturbance is
applied for a short duration. However, this method requires
high-performance feedback signal acquisition devices and
specialized numerical techniques to eliminate noise and
random errors [13], [25]. Another approach involves the
injection of non-characteristic sub-harmonics, also known as
inter-harmonics, into the grid either before or at the Point of
Common Coupling (PCC). To estimate the grid impedance
at the grid frequency or specific frequencies, a single tone
[26] or two separate frequencies can be injected [27].
Alternatively, a wider range of frequencies can be used, such
as a properly configured Pseudorandom Binary Sequence
(PRBS) [11], [28] or a non-repetitive triangular waveform.
A frequency sweep from 2 kHz to 150 kHz [29] can also be
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employed for high-frequency impedance estimation. The
third approach focuses on variations in active and reactive
power, which result in changes in grid current and voltage.
From these changes, the grid impedance can be estimated.
This method is applicable in scenarios where the inverter is
either voltage or power controlled [30] [31].

As mentioned previously, the mitigation of harmonics
caused by the inverter operation are an important concern for
grid-tied systems, since harmonic distortions can degrade the
quality of power, impacting the efficiency of renewable
energy systems [32]. To reduce current harmonics around the
switching frequency using a single L filter requires a high
value of inductance, which for applications in the range of
kilowatts and above becomes quite expensive to realize,
besides the fact that the system dynamics are strongly
affected. An attractive solution to address these issues is the
use of an LCL filter instead [33]. LCL filters are widely used
as interface between inverters and the grid thanks to its
superior harmonic attenuation and compact size when
compared to L filters [34].

Nevertheless, its high-order characteristics and
constraints make the filter design complex. Additionally, the
inherent resonance peak of the LCL filter can degrade the
stability of the internal current control loop of the inverter
[35]. Passive Damping (PD) and Active Damping (AD) can
be used to mitigate the resonance issue [36]. Among the
Active Damping strategies, the ones that stand-out are the
Filter-based damping and the state-feedback-based damping
methods [34] [37]. The Passive damping method consists of
connecting a parallel or series passive damping circuit to one
or more elements of the LCL network. Commonly used for
the damping circuit is the single resistor [38] [39], however
also different arrangements of inductors, capacitors and
resistors for passive damping circuits can be employed to
damp the resonance [40]. The main drawback of using
passive damping is the inherent losses associated with it. The
Filter-based damping consists of inserting a digital filter in
the forward path of the current control loop, with no extra
sensor or component needed. The Notch-Filter is generally
used as digital filter for the Filter-based damping [41], [42],
[43], even though if it is quite sensitive when its center
frequency is slightly shifted from the resonance frequency,
which can dynamically change as already mentioned. Lastly,
there are the state-feedback-based damping, in which a
system variable is fed back to the control system multiplied
by a feedback coefficient to realize the resonance damping.
The feedback variable can be the capacitor current [44], the
capacitor voltage [45] , the inverter-side inductance current
[46] or the grid-side inductance current [47].

In essence, the impedance estimation, the adaptive
control, and the harmonic distortion reduction are the main
requirements for building a robust inverter that connects
renewable energy to the grid. This paper proposes the use of
a new stimulus for the online active estimation of a resistive-
inductive grid impedance. The result is then used for self-
commissioning Proportional-Integral (PI) current controller
and active damping in a LCL Three-Phase grid-tied Voltage
Source Inverter (VSI). Since the grid current is already
measured for the impedance estimation its measurement is
then optimized and considered as controlled variable and

feedback variable for the active damping, avoiding extra
sensors in the system. The contributions of the present paper
are:

- The control design concept. It considers the fact that for
the low frequency range, the capacitor branch can be
neglected and the LCL filter behaves like an equivalent L
filter [41], [48], [49] of inductance equal to the sum of the
LCL inductances plus the grid inductance, being the same
valid for the resulting sum of the intrinsic resistances of the
LCL inductors and the grid resistance. Then, the cut-off
frequency and phase-margin are pre-defined as input
parameters for the controller design and kept the same for
different grid impedances through the self-commissioning
process. This process uses the current grid impedance
estimation to calculate the new PI gains based on the
methodology proposed in [50].

- A second order Butterworth Low Pass Filter (LPF)
followed by a second order Butterworth High Pass Filter
(HPF) as feedback coefficient for the Active damping using
the grid current as feedback variable, which also has self-
commissioning of its parameters based on the actual grid
impedance estimation. The current state-of-the-art strategy
for using the grid current as feedback variable employs a
fixed-parameters first order HPF as feedback coefficient [47]
[51], which may amplify high frequency noise and change
the dynamics of the system when the time delay of digital
implementation is added to the system. The proposed AD is
able to avoid these problems respectively by limiting the
band of the signal through the LPF and taking advantage of
the higher negative gain at low frequencies and narrower
transition of phase of the second order Butterworth HPF.

Compared with conventional impedance estimation and
damping methods, the contribution is a control-oriented
workflow built around the damping controller and a one-shot
self-commissioning step. On start-up only, a brief 0.1 s
measurement is taken while a small deterministic Multi-SIN
is added to the g-axis current reference inside the current
loop. Three-phase voltages and currents at the point of
common coupling are sampled and converted to the
synchronous dq-frame. From this short window the
controller extracts an equivalent grid inductance and
resistance and immediately uses them to auto-tune the
current PI gains and the active-damping settings.

The damping action uses grid-current feedback filtered
by a second-order Butterworth low-pass followed by a
second-order Butterworth high-pass. The low pass attenuates
out-of-band high frequencies, prevents noise amplification in
the subsequent high-pass stage, and matches the feedback
path already present in the control loop. These parameters
are computed from the estimated grid values and applied
atomically at a control-period boundary, so the real-time
current control does not pause and no mid-period mixing of
coefficients occurs. This dual-filter design avoids the losses
of passive damping, is more tolerant to resonance shifts than
notch-based solutions and mitigates the noise amplification
and delay sensitivity typical of fixed first-order high-pass
schemes. After the initial commissioning, no further
injection is used; the controller operates with the tuned gains
and damping in normal closed loop.
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II. SYSTEM DESCRIPTION

Figure 1 presents the complete schematic of the proposed
system. It is composed of a Three-phase Voltage Source
Inverter controlled with Pulse Width Modulation (PWM)
with switching frequency f;, and supplied by a DC source
Vie. Lg is the grid side inductance, Cris the capacitor of the
filter and Ry; Ry, and Rer are the respective intrinsic
resistances of Ls, Lg and Cr. The measurements of phase
currents (g, ip, ic) and phase voltages (va, v», vc) for the
impedance estimation, control and active damping are grid-
sided, at the Point of Common Coupling (PCC). The
equivalent Thevenin circuit represents the grid through the
voltage source and the resistive-inductive phase impedance
of inductance L, and resistance R.. The capacitive behavior
of the line is disregarded in this work, justified by its
negligible effect around the grid frequency f;.

The inverter is then connected to the grid through the
LCL filter, where the inductance Lj is the inverter side
inductance. The inverter current control is implemented in
the synchronous dg-axes, with the d-axis being 90 degrees
leading the g-axis. The stimulus for the impedance
estimation is added to the g-axis current setpoint i;se). The
measured currents and voltages at the PCC are sampled and
sent to the online calculation of the estimated grid
impedance. The estimated grid-inductance Lg and grid-
resistance R, are then used as inputs for the self-
commissioning PI control and Active Damping. The
sampling for the impedance estimation is synchronized with
the sampling and frequency of the control system fe;..

III. IMPEDANCE CALCULATION METHODOLOGY

The estimation method can be divided into two
consecutive steps, as shown in Figure 2. In the first step, a
disturbance is injected into the grid for a limited time of
0.1 seconds. Simultaneously with the disturbance injection,
a synchronous sampling of voltage and current
measurements is performed. The disturbance is injected
directly into the grid as an addition to the current reference
entering the current loop. It is important to note that the

Three Phase Inverter

LCL Filter

disturbance is summed within the current loop, neither
before nor after. Summing the disturbance before the current
control may attenuate its effect, while adding it after the
control loop risks losing reference control. In the second
step, the collected data is analyzed. Firstly, the Fourier
transform of the current and voltage samples is performed.
Then, the impedance is expressed as the pointwise ratio of
the values obtained from the transformation.

Disturbance injection and sampling
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Figure 2 Block diagram impedance estimation algorithm.

At this stage, misleading data could be present, possibly
due to current or voltage spikes or unexpected harmonics that
might compromise the accuracy of the measurement.
Therefore, the impedance curve is filtered using the
Savitzky-Golay filter to reduce the average deviation. After
this data cleaning process, the curve is analyzed by an
iterative algorithm, which will be presented later, to extract
the parametric values of the impedance.

The impedance estimation algorithm is designed for
computational efficiency, combining simplicity with
effectiveness. As mentioned, impedance is essentially
composed of three unknowns: the inductive component, the
resistance component, and the frequency. Since the
frequency is known, an equation with two unknowns is
obtained.
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abc
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Current Control and Active Damping
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Figure 1 Simplified system block diagram.

Impedance Estimation Algorithm
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Subsequently, the impedance curve derived from the
estimation is taken, and the values obtained from the
estimation are systematically organized based on frequency,
taking different points (a, b) as shown in (1) and (2).
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Figure 3 Impedance calculation method

The methodology employs two nested loops involving
four frequencies (f; < f, < f3 < f4) divided into two ranges:
fi+f, and f3+f4. The selected frequencies must lie within the
excitation band of the Multi-SIN signal and should be
distributed evenly across a range where the impedance shows
dominant R-L behavior.

During each iteration of the outer loop, a dedicated value
of Z, is computed; specifically, Z, is calculated at f; during
the initial iteration. Progressing to the inner iterative loop
while maintaining Z, constant, the values of L and R are
determined by varying Z, within the range of f3 to fi.
Following the iterations of the inner loop, the resulting arrays
containing the values of L and R (elements from iterations
spanning f3 to f4) serve as input for a mean operator, yielding
a singular value for both L and R. Concluding the iterations
of the outer loop (ranging from f; to f3), two arrays are
eventually formed, comprising the values of Lo and Ry
derived from the cycles of the outer loop subsequent to the
inner loop. Ultimately, an additional average operator is
applied to derive the individual values for L, and Rge.

The impedance calculation method is summarized in
Figure 3.

IV. MULTI-SIN BASED DISTURBANCE

The noise used was carefully studied and implemented
[52], it comprises the sum of 100 sine waves, with a
frequency resolution of 10 Hz, ranging from 10 Hz to 1000
Hz. Thus, all frequencies divisible by 10 within this range
are stimulated. Substantially, Multi-SIN stimulus was
formed by summing several sinusoids of the same amplitude
but out of phase in such a way that the final signal was still
maintained within the +-1 range, as in (3), (4), (5) and (6).
This targeted excitation ensures that only useful harmonic
content is injected within the desired frequency range,
avoiding unnecessary energy outside the control bandwidth,
which is a key advantage over other estimation techniques
found in the literature.
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Figure 4 FFT Multi-SIN.

The maximum bandwidth is strictly related to the
switching frequency of the inverter and the cutoff frequency
of the current control loop. Firstly, a frequency higher than
the Nyquist frequency of the switching frequency would not
be attainable. Secondly, it doesn't make much sense to inject
a disturbance at frequencies higher than the cutoff frequency
of the control loop. Conversely, setting the maximum
stimulus frequency too low is impractical, as inductance is
more responsive at higher frequencies. Therefore, the best
compromise is to set the maximum bandwidth equal to the
cutoff frequency of the control loop.
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V. SELF-COMMISSIONING CONTROL SYSTEM AND ACTIVE
DAMPING

This subsection explains the control system and the
proposed Active Damping method on the g-axis in detail.

Following, in Figure 5, a flowchart of the proposed
methodology is shown, the self-commissioning sequence
runs once at start-up and is not continuous during operation.

-
1 - Nominal control 2 - VSI connection
parameters to the grid
\
( 3 - Grid
VSI LCL filter Grid impedance
\ estimation
- N
5 - Update damping 4 - Adjust control
parameters parameters

Figure 5. Proposed methodology flowchart

The control system for the d-axis is not shown since it
has the same architecture of the explained g-axis. It is also
important to highlight that the control-loop of the V. voltage
is not considered in this work, since the contributions are
related to the current-control scheme. The block diagram of
the current-control system is presented in Figure 6.

The transfer functions in Figure 6 are defined as follows:

K.
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where Gpr(s) is the transfer function of the PI current
controller with gains Kj. and K., Gppu (s) is the inverter
transfer function with 75, being the inverter switching period
and represents the delay associated to the digital
implementation of the system, Gup(s) is the Il-order
Butterworth  HPF Active Damping feedback transfer
function with gain Kyp and cut-off frequency w.p, and
Grpr(s) is the II-order Butterworth LPF with cut-off
frequency wrpr and Grer(s) (defined on the bottom of the
page) is the LCL filte, transfer function between the applied
voltage by the inverter and the grid current.
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The resonance frequency f;., taking into consideration the
estimated grid impedance is defined as:

f — a)res Lﬁ + (Lfg + Lgf)

= (12)
2 27\ L,(L,+L,)C,
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L GAD(S )
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Figure 6 Current-control system block diagram.

A. Self-Commissioning PI Controller

As mentioned previously, for the low frequency range,
the capacitor can be neglected and the LCL filter can be
approximated to an equivalent L filter of inductance equal to
the sum of the LCL inductances plus the grid inductance, on
the other hand, only the network resistance has been
considered for the equivalent resistance, intrinsic resistances
being negligible. Taking this into consideration for the PI
design process, the equivalent synchronous inductance and
resistance defined in [50] are redefined as:

Li=L,+L,+L, (13)

R =R, (14)

These parameters are, then, applied to the following
calculation of K; and K, for a given cut-off
frequency w. (rad/s) and Phase Margin @pys (rad) [50]:
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0., =|(1-F*) +27* |1+ &2 )+ (1+@T3) (19
with F = w./ w.pr and Tdt being the dead-time of the Three-
Phase PWM Inverter. For simplicity, the cut-off frequency in
Hertz will be represented by f. and the Phase Margin in
degrees by Gpas.

The cut-off frequency and phase-margin are pre-defined
as input parameters for the controller design and kept the
same and this self-commissioning process is executed every
time a new grid impedance estimation is performed by the
system for different grid impedances. The PI controller
design excludes the influence of Active Damping, which is
responsible for maintaining the controller's dynamics.

B. Self-Commissioning Active Damping

The Active Damping itself is, in a few words, realized by
feedbacking the controlled grid current to the system through
an Il-order Butterworth LPF plus an II-order Butterworth
HPF. The main goal of the LPF is to limit high frequencies
that are not in the range of interest on the inverter’s
operation, avoiding amplification of noise on the HPF stage
as well. Besides that, it takes advantage that the chosen
control loop already considers this LPF on the feedback path
of the controlled variable.

G.p(s) is chosen to operate with a negative K4p, so the
function can have a phase of 180° at high frequencies and
w4p smaller than w,.s, so the output of the function contains
adequate information on the resonance frequency range.

The chosen value of K,p needs to be divided by Va2
because Gpwi (s) considers this factor to properly design the
controller output between 0 and 1. It has been chosen to use
Kp equal to:

20
AD v, (20)

2

K

In this way, adequate attenuation at the resonance
frequency is ensured. wpon the other hand, must be set such
as significant information at the w,., range is not attenuated
while being sufficiently higher than the controller cut-off
frequency .. wp is defined as:

a)AD = Kwa)res (21)
being K., always equal to 0.85 in this paper, to ensure that the
principle is respected, whereby the resonance is damped
without compromising the phase.

With the presented parameters it is possible to ensure that
the Active Damping system will not interfere with the
controller dynamics and will attenuate the resonance.

Just like for the PI controller design, the self-
commissioning Active Damping is executed every time a
new grid impedance estimation is performed.

C. Stability analysis

To assess the stability of the system, the open loop
transfer function of the system needs to be defined. To
highlight the effect of the AD, both open loop transfer

functions (with and without it) are defined respectively in
(22) and (23).

G () = G ()G (8)G 0y ()G e () (22)

GPIC (S)GPWM (S)GLCL (S)GLPF (S)

G()L(AD) (s)= (23)

14 Gy (8)G 1, ()G ()G (5)
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Figure 7 Open loop transfer functions of the system with and without
the proposed AD System.

With the parameters defined on Table I, Gor(s) and
Gorwup)(s) are plotted in Figure 7. From this Bode Diagram,
it is possible to check that:
- The utilized control design methodology is valid. On
Gou(s), the obtained f, is 611 Hz and the obtained
Opur 18 59.9°.

- The AD damps the resonance and has a low effect in
the control frequency range. The newly obtained f is
638 Hz and the obtained fpy/ is 64.7°.

Another important aspect of stability is the behavior of
the open loop system when a grid impedance is added to the
system. The system must remain stable even before
executing the Self-Commissioning process and while using
its initial design parameters.

Bode Diagram
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Figure 8 Gorwp)(s) when the grid inductance is equal to 2.16 mH. The
nominal case represents that no self-commissioning has occurred. The
Self-Commissioned represents the resulting Gor4p)(s) after Gap(s) and
Grr(s) are self-commissioned using the grid inductance.
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The worst case for the controller is when the grid is
purely inductive, and the considered maximum value of this
inductance is equal to 2.16 mH. Figure 8 presents the Bode
Diagram of Gorup)(s) when the grid inductance is equal to
2.16 mH for two cases. The Nominal case is when no self-
commissioning process has been realized. Although the
system is still stable, f- is 282 Hz, and the Phase Margin is
55.3°. This case is important because the system needs
stability when connected to a weak grid at start-up.

The Self-Commissioned case is when the Self-
Commissioning has been realized using a grid inductance of
2.16 mH. Now the f; is 662 Hz, and the Phase Margin is
63.8°. It is possible to notice that the resulting £ is slightly
higher than the f. =638 Hz of Figure 7. This is since with a
greater grid inductance, the resonance frequency is smaller,
which implies in an wp closer to the low frequency behavior
of the controller.

D. The delay effects

One final effect that deserves attention is the interaction
between the delay introduced by the digital implementation
of the control system and the Active Damping procedure.
The delay has already been inserted into the system through
Gpwu (s). In [47], the authors propose a methodology of
implementation of a first order HPF as feedback function for
the AD system. As presented in the paper mentioned, the
insertion of a delay in the control loop system causes the
Phase Margin to decrease abruptly.

Figure 9 shows a comparison between the proposed
Active Damping system with the one proposed in [47] using
the same PI Controller.

For this, G.p(s) is replaced by -K./(s+wp) and Grpr(s) is
removed from Gorwup)(s). For the AD proposed in [47], f- is
982 Hz and 6pys is 24.6°. For the AD proposed in this paper,
as already presented, f. is 638 Hz and 6Opysis 64.7°. This
shows that when considering the delay effect of digital
implementation, using the proposed method has less impact
on the cut-off frequency and phase margin of the controller.

Bode Diagram

Magnitude (dB)
)
S

— N [
0w 30 D b
S OO0 OO

™

Proposed
[47]

(=}

Phase (deg)
©
S

)
S

10° 10
Frequency (Hz)
Figure 9 Comparison the proposed AD system with the proposed in
[47]. For the system in [47], k = 0.85, resulting, accordingly to the
methodology, in .= 4592-2n rad/s and k. = 27.6449.
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To provide a more comprehensive stability assessment,
an analysis in the discrete domain has also been conducted
to evaluate the effects of the delay introduced by
discretization. Delay can significantly impact system

stability, altering the frequency response compared to the
continuous-time case. To highlight these differences, the
following Figure 10 presents a comparison between the Bode
diagram of the transfer function in continuous time and its
discrete counterpart. This analysis illustrates how the
frequency behavior changes due to discretization, allowing
us to assess how the delay affects system performance but
does not alter stability.

Bode Diagram
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Figure 10 Comparison Bode Diagram between active damping control
transfer function in continuous and discrete domain.

VI. EXPERIMENTAL RESULTS

This section will initially present the results obtained for
impedance estimation, then the operation of damping, and
finally the application of self-commissioning is shown. Table
I reports the parameters used in the simulation.

TABLE I - SYSTEM PARAMETERS.

Parameters Symbol Value
Multi-SIN maximum bandwidth [ 1 kHz
Algorithm sampling frequency Foam 30 kHz
Frequency resolution Fresor 10 Hz
Number of samples N 3000
Sampling duration Atgum 0.1s
Noise factor Ktimulus 5
LCL filter inductance grid side Ly 500 uH
LCL filter inductance inverter side Ly 1 mH
LCL filter capacitance Cr 4 uF
Inverter control frequency Sfemt 30 kHz
Inverter switching frequency Jaw 15 kHz

The proposed impedance estimation method was
validated using a real-time Hardware-In-The-Loop (HIL)
emulator. This allowed for proof of the algorithm’s
effectiveness in a controlled impedance environment (i.e.,
unknown grid impedance). The eHS64 Gen5 FPGA solver
from OPAL-RT emulated the power inverter and the
impedance in real-time with a time-step of 125 ns. The
OP4610XG HIL platform accurately represented power
converter behavior connected to the grid. The control
structure, data acquisition, and buffering were implemented
on the PED-Board® controller’s FPGA using the LabVIEW
environment. The PED-Board, based on National
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Instruments’ sbRIO-9651 System-on-Module with a Xilinx
Zynq7020, facilitated real-time analysis by sending data
directly to the on-board microprocessor. This resulted in a
rapid online estimation method. Figure 11 illustrates the
experimental setup for verification.

el

Control Board
(PED-Board)

OPAL-RT 4610XG

Figure 11 HIL arrangement.

A. Impedance Estimation

In this subsection, the estimated values for different grid
impedances are presented and compared to their actual
values. Figure 12 shows voltage and current sampled during
the stimulus injection when the system was in a steady state.
The dg quantities are computed from the measured PCC
waveforms via a synchronous Clarke—Park transforms using
PLL angle, giving voltage/current vectors in the synchronous
frame voltage and current vectors derived from voltage abc
measurements. In this image, on one hand, the aim is to
illustrate how the current appears with stimulus, and on the
other hand, to demonstrate that the disturbance is not
particularly intrusive given its limited duration.

20
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16
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14

12 ; !
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230
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220 ‘ ]
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Figure 12 I; Current and V, voltage sampled

Figure 13 shows the FFT of the measurements shown in
Figure 12. This result demonstrates the goal of the stimulus
design: introducing exactly 99 harmonics (from 10 Hz to 990
Hz), all of which contribute to the impedance estimation. So,
substantially no harmonics are introduced that are not
necessary for the result sought. In order to generalize the
result, two types of grids have been hypothesized, one weak
and one strong, which respond to the extremes of the package
of tests performed and the results are shown in Figure 14. A

total of 12 tests were carried out with impedance values
ranging from a strong to a weak grid network. Figure 14
depicts the estimation result in blue and yellow and the real
impedance in red. The impedance values are the result of the
ratio of the voltage and current FFTs shown in Figure 13 after
being filtered as described above. This image aims to
emphasize that the points used for estimating the impedance
correspond to the 99 harmonics introduced by the stimulus.
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Figure 13 FFT of current and voltage used to estimate the impedance
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Figure 14 Impedance estimation results

In Figure 15, Figure 16, in Table II and Table III are
shown the real values and the impedance estimations results.
From the results obtained it can be seen that as the resistance
increases, the percentage error increases, the accuracy may
depend on various factors, for example control, but one
hypothesis is that as the resistance increases, the damping
increases and the information content of the network about
the resistive component decreases. On the other hand, as the
inductance increases, the results improve, this can be
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explained by a greater information content of the network
due to a higher inductance which leads to resonance at lower
frequencies and greater gain.
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Figure 15 Percent error of impedance inductive component

R
1 T T T T :
x*
*  Real * ¥ x
0.9 r *  Estimated * ¥ x %
0.8 [ J
0.7 J
(e * % ox ¥
0.6 1 * ok Kk Kk .
05r J
04r J
* * ¥
0.3 *———* L I I
2 4 6 8 10 12
#

Figure 16 Percent error of impedance resistive component

Table II resistive component results

L Actual [pH] L Estimated [pH] Error (%)
540 487 9.877
600 545 9.167
660 603 8.636
720 662 8.102
1080 1014 6.142
1200 1134 5.500
1320 1251 5.202
1440 1369 4.954
1620 1547 4.506
1800 1725 4.148
1980 1903 3.906
2160 2081 3.673

Table 111 resistive component results

R [Q] Real R [Q] Estimated Error (%)
0.3 0.311 3.667
0.3 0.320 6.667
0.3 0.329 9.778
0.3 0.330 9.889
0.6 0.647 7.778
0.6 0.639 6.500
0.6 0.639 6.500
0.6 0.645 7.556
0.9 0.946 5.111
0.9 0.942 4.630
0.9 0.936 4.037
0.9 0.973 8.074

B. Self-Commissioning and Active Damping

Figure 17 presents the system current on phase a and the
computed g-axis current in steady state with no grid
impedance considered. The system is stable thanks to the
active damping system. Figure 18 depicts the same currents
for the step response of the system from a current g reference
change from 10 A to 15 A.

20 T T T
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10F 1
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Figure 17 Grid current on phase A and iq in steady state operation for
iq reference of 15 A

20 T T T r r
15
10

20 1 1
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Figure 18 Step response for iq from 10 to 15A nominal case

Figure 19 and Figure 20 present the step response
comparison of the system currents for different grid
impedances. The Nominal case represents the step response
while the controller still presents its original gains designed
for the grid without impedance. The self-commissioned case
presents the response of the system after the impedance
estimation has been realized. In both cases, when the system
presents a grid impedance and the nominal controller gains,
the response is slightly slower, due to the decrease in
bandwidth caused by the connection of the grid impedance,
as explained before. With the self-commissioning of the
controller after the grid impedance estimation, the responses
again with the desired bandwidth, even though they oscillate
a bit more due to the presence of the grid impedance.
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Figure 19 Step response comparison of the nominal control system and
the resulting self-commissioned control for a grid impedance of 540 pH
and 0.3 Q.
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Figure 20 Step response comparison of the nominal control system and
the resulting self-commissioned control for a grid impedance of 2160
pH and 0.9 Q.

C. Actual setup test

To further validate the proposed approach, tests were
conducted on a real experimental setup. The test system
includes an inverter connected to the grid through an LCL
filter and a 1:1 transformer for galvanic isolation. The control
board used is the same as the one employed in the HIL
simulations, ensuring continuity between the simulated
environment tests and the real hardware tests. Figure 21
shows an image of the experimental setup, while Table IV
lists the characteristic parameters of the system, including
those of the LCL filter and the transformer. The main system
parameters are presented in Table V, and Figure 22 shows
the impedance estimation of the grid performed by the

10

system. In this figure, the red curve represents the real
impedance measured with an LCR meter, while the blue
points show the values estimated by the proposed method.

Transformer + Grid

Figure 21 Real experimental setup.

TABLE IV —REAL SETUP PARAMETERS.

Parameters Symbol Value
LCL filter inductance grid side L 690 uH
LCL filter inductance inverter side L; 2.2mH
LCL filter capacitance Cr 92 pF
LCL filter resistance grid side Rig 0.23Q
Transformer inductance L, 440 uH
Transformer resistance R, 049 0Q
20 -
—— Zreal

10° 10! 102
Hz

Figure 22 Real setup impedance estimation.

A good correspondence between the estimation and the real
measurement is observed, especially at the frequencies
relevant for control. Subsequently, dynamic tests were
carried out to evaluate the effectiveness of self-
commissioning control. Figure 23 presents a step response
comparison between the system with nominal control and the
self-commissioned system. It is observed that the self-
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commissioned system restores a faster response with the
desired bandwidth, compensating for the effects of grid
impedance variation. Finally, Figure 24 highlights the
system’s behavior under a limit stability condition,
comparing the results with and without active damping.
Without damping, the system shows significant oscillations
and a tendency towards instability, while with active
damping, the behavior becomes more damped and stable,
confirming the effectiveness of the proposed approach.

TABLE V — REAL SETUP IMPEDANCE ESTIMATION.

R Measured [Q] R Estimated [Q)] Error (%)
0.72 0.77 6.95
L Measured [pH] L Estimated [pH] Error (%)
1130 1185 4.87
6 : : : :
5 L 4
4t ]
<
(S 3 L 4
S
2 [ 4
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: j Self-Commissioned
0 1 1 1 1

0 0.01 0.02 0.03 0.04 0.05
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Figure 23 Step response comparison of the nominal control system
and the resulting self-commissioned control in the real setup.
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Figure 24 Comparison between with and without damping in a limit
stable condition in real setup.
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VII. IN CONCLUSIONS

In this paper, a novel real-time impedance estimation
technique based on Multi-SIN excitation has been proposed
and validated for self-commissioning control and active
damping in LCL-filtered grid-tied Voltage Source Inverters
(VSIs). The method enables accurate estimation of grid
impedance using a deterministic excitation composed of 99
fixed-amplitude sinusoids, all within the frequency range of
interest. Unlike other methods that inject wideband or
stochastic signals, this approach avoids unnecessary
harmonic content and reduces signal distortion, making it
well suited for real-time applications. The frequency-domain
formulation, combined with the carefully designed Multi-
SIN stimulus, ensures robust estimation without requiring
prior system identification, extensive post-processing, or
iterative optimization. The estimated impedance is then used
within a self-commissioning control architecture. By
approximating the LCL filter as an equivalent R L model in
the low-frequency region, valid due to the negligible
contribution of the capacitor branch in that range, the
proposed method recalculates PI gains analytically,
maintaining predefined bandwidth and phase margin
specifications under different grid conditions. This
eliminates the need for manual retuning and guarantees
consistent dynamic behavior. Moreover, a novel active
damping strategy is introduced, relying on the combination
of second-order Butterworth low-pass and high-pass filters
applied to the grid current feedback. This structure, whose
parameters are also tuned based on the estimated impedance,
addresses the limitations of conventional damping methods,
such as poor phase characteristics, noise amplification, or
sensitivity to digital delays. The dual-filter approach
improves selectivity and ensures robust performance across
a wide range of operating conditions.

An additional advantage of the proposed method lies in
the possibility of selecting the frequency band of the Multi-
SIN excitation according to the specific application. Since
the minimum frequency of the injected band directly
determines the minimum injection time and the amount of
data to be processed, this feature allows optimizing the trade-
off between estimation accuracy, time requirements, and
computational effort. This is not feasible with other active
estimation methods that rely on broadband excitations,
which inherently require longer acquisition windows and
more complex post-processing. Simulation and experimental
results confirm that the proposed method enhances VSI
stability by mitigating resonance phenomena while
maintaining control performance and noise immunity. The
unified estimation, control, and damping framework offers
flexibility, adaptability, and ease of deployment, making it
particularly suited for smart grid applications. Future work
may focus on extending the method to large-scale or multi-
converter systems, integrating it with advanced grid
monitoring and diagnostic platforms, and further optimizing
the Multi-SIN excitation pattern to minimize computational
requirements while preserving accuracy. In Table VI we
report the typical estimation windows and key characteristics
of the most widely used grid-impedance identification
methods.
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TABLE VI — IMPEDANCE ESTIMATION METHODS COMPARISON.

Stimulus E::::]ndaot:m Computational effort Frequency sweep Accuracy Dris;;:;?t?l?l?

Sequential single/dual-tone injection [13] 30 ms High (FFT + LSQ) No Medium High
single tone75 Hz [26] 40 ms Low (Ohm law) No Medium Low
Triangular pulse [3] 50 ms High (FFT + LSQ) Yes Medium High

Multi-sine (proposed) [20] 100 ms Medium (FFT + Ohm law) Yes High Medium
White Noise [52] 500 ms Medium (FFT + Ohm law) Yes Medium High

Stimulus: PRBS [32] 500 ms High (FFT + LSQ) Yes High Medium

Active and reactive power variations [30] [14] 500 ms Low (Ohm law) No Medium/high Medium
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