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ABSTRACT The capacitor current active damping method is widely used to dampen the LCL-filter reso-
nance in grid-connected inverters due to its simple implementation. Alternatively, it can be replaced by the
capacitor voltage active damping (CVAD) as a low-cost solution, utilizing the capacitor voltage of LCL-filter
for synchronization and damping, avoiding an extra sensor. A critical part of CVAD is the differentiator that
is used to estimate capacitor current, yet, differentiators bring challenges due to their sensitivity to noise. To
address these challenges, this article proposes a family of enhanced discrete-time differentiators—Lanczos,
Super Lanczos 1, and Super Lanczos 2—for CVAD. This class of discrete-time differentiators based on finite
impulse response filters is discussed, with detailed explanations provided on how to obtain the coefficients
of the differentiators. The system was implemented using controller hardware-in-the-loop and experimental
results demonstrate the effectiveness of the proposed method in damping the LCL resonance in a single-phase
grid-connected inverter under steady state, under reference step conditions, and in the presence of noise.

INDEX TERMS Active damping (AD), capacitor voltage, digital differentiator, LCL-filter.

I. INTRODUCTION

Differentiators play a central role in both industrial and aca-
demic control applications, particularly in power electronic
interfaces, such as grid-connected inverters (GCI) [1], [2],
[3], [4], [5]. On the other hand, the differentiator inherently
amplifies noise and adds phase error during the discretiza-
tion process, which tends to adversely affect the GCI control
strategy [3]. For this reason, several efforts in the litera-
ture have been focused on designing new differentiators with
reduced noise amplification for capacitor voltage active damp-
ing (CVAD) of LCL filter resonance in GClIs [2].

The implementation of the digital derivative is carried out
either by direct discretization of the ideal “s” function or
indirectly through an approximate filter function [2], [6],
[7].

Among conventional implementations of the differential
element, represented in the z-domain, i.e., forward Euler,
backward Euler (BE), and Tustin methods, only the BE is
recommended [4], which provides better magnitude matching
than the Tustin method, but results in a —90° phase shift
at the Nyquist frequency, which leads to a significant phase
delay and, consequently, affects the accuracy of the differen-
tiator [1].

The indirect approach is implemented through a digital
filter capable of replicating the frequency response of the ideal
derivative term around an operating point [3]. The high-pass
filter approximates the behavior of the “s” function below
its cutoff frequency [8], [9]. Nevertheless, in high-frequency
components, this structure introduces significant phase lag
and adds extra hardware considerations [4].
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TABLE 1. Comparative Analysis of Digital Differentiators

Criterion BE [6] HPF [8] LLF [10] nGI [1] LF
Noise attenuation No Medium Low Medium Medium
Simplicity Higher Good Good Low Good
Direct discrete form Yes No No No Yes
Effective frequency Low Low Narrow Wide Medium
Order First First First Second Higher

The lead-lag filter (LLF) element is another common ap-
proach [10]; however, its operation is limited to a narrow
frequency range, resulting in a slight phase deviation from
the desired 90°. This method also exhibits low robustness to
parametric variations because its tuning is based on the filter’s
resonance frequency, which is sensitive to different feeder
impedance conditions [1]. The quadrature-second-order gen-
eralized integrator [1] exhibits similar behavior to the LLF,
but, it guarantees zero phase delay at the desired frequency.
A drawback is that its derivative is only effective over a
narrow range [11]. An adjustable differentiator based on the
generalized integrator, both ideal (GI) and nonideal (nGI), was
introduced in [1], with its magnitude and phase conveniently
designed for differentiation.

According to [12], the nGI has proven to be one of the
main methods for highly accurate derivative emulation. This
approach mimics the “s” function across the entire frequency
range; however, it introduces complexity into the tuning
process and the undesirable characteristic of amplifying high-
frequency components of the feedback signal [13]. Moreover,
the nGI depends on a trade-off between noise amplification
and phase error due to the damping factor. A higher damping
factor increases noise rejection capability, nevertheless, it is
penalized by a larger phase error. Conversely, a lower damping
factor brings the performance closer to the ideal derivative,
but it results in a noisier signal [2]. In [2], two digital dif-
ferentiators are proposed, directly developed in the discrete
domain, which are a first-order backward-lead differentiator,
and a second-order differentiator that combines the Tustin
differentiator with a digital notch filter, whose fundamental
concept involves adjusting the frequency responses to align
with the “s” function with embedded filters [3]. The two meth-
ods present simple expressions, given by their direct discrete
nature, and share the same derivative characteristics as the
nGI [14].

The discrete-time optimal control-based tracking differen-
tiator (fHan-TD) [15] offers high noise attenuation, which
makes it frequently used in active disturbance rejection con-
trol to meet a transient profile. Like other differentiators,
the fHan-TD involves a tradeoff between noise attenuation
and phase delay [3]. Huang et al. [3] proposed a novel
reduced-order generalized differentiator, which achieves good
differentiation properties with zero phase delay and simulta-
neously improves noise attenuation. Nevertheless, the main
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drawback is its nontrivial and complex design methodology.
In [16], a model-free and robust trapezoidal method-based
high-gain tracking differentiator is proposed to extract dif-
ferential signals and mitigate the impact of time delay in the
point of common coupling (PCC) voltage feedforward. Still,
this approach involves a tradeoff between phase lag and noise
suppression.

To overcome the aforementioned drawbacks, this article
proposes the application of a new resonance active damping
(AD) strategy based on high-frequency differentiators by ap-
plying the Lanczos, super Lanczos 1 (SL1), and super Lanczos
2 (SL2) techniques, here called the Lanczos family (LF).
These differentiators are attractive due to their simplicity, low
computational cost and can be applied to inherently noisy
signals, producing a smoothing effect at each new sample. In
addition, they offer superior matching bandwidth compared
to traditional differentiators. They also exhibit low gain at
high frequencies, which reduces sensitivity to noise. They
have a narrow-band characteristic, as their frequency response
matches that of the ideal differentiator only at low frequen-
cies [17].

The concept of this family of differentiators is explained
in [18] and [19] and has been used in biomedical sys-
tems [20], power systems [21], and sensorless electric drive
systems [22], [23]. It is noteworthy that the differentia-
tion characteristics and accuracy have not been discussed
in the literature for LCL filter resonance damping strategies
in GCIs. In this case, the capacitor-voltage-based AD em-
ploys a sinusoidal signal, characterized by continuous and
smooth variation without discontinuities, which results in
a more predictable frequency-domain behavior and reduced
harmonic content. Consequently, the analyzes and applica-
tions associated with sinusoidal signals differ from those
involving sawtooth-type signals, both in terms of modeling
and filtering as well as in the design of controllers and dif-
ferentiators, thus constituting an innovation and an alternative
solution compared to traditional techniques. The main differ-
ence from [22], [23] lies in the fact that the derived signal
exhibits a sawtooth waveform. This type of signal presents a
linear time variation; however, it features an abrupt disconti-
nuity at the waveform peak, i.e., during the transition from the
rising to the falling slope, which results in high harmonic com-
ponents and increased susceptibility to noise and saturation
in the practical implementation of the differentiator. Table 1
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summarizes the review of the literature on the state-of-the-art
differentiators for CVAD in GCI, highlighting comparative
analyzes.

In this regard, this article addresses the development of a
tuning methodology for high-frequency differentiators based
on LF, the derivation of compact expressions for digital
implementation in digital signal controllers (DSC), and the
preservation of simplicity and low computational cost while
improving robustness to noise, provides contributions to
discrete-time differentiators, offering superior performance
compared to conventional methods for AD strategies. The
main contributions of this article are as follows.

1) A detailed tuning methodology for the high-frequency
differentiators, based on Lanczos and SL1 and SL2
techniques, for computing CVAD in GCI, achieving
greater accuracy in derivative extraction and improved
noise rejection.

2) A set of compact difference equations suitable for dig-
ital implementation of the derivative in DSC, which
facilitate their implementation in real-world applica-
tions.

3) This approach preserves the simplicity and low com-
putational cost characteristic of derivative-based algo-
rithms, while simultaneously improving their robust-
ness to noise.

4) The effectiveness of the proposed differentiator is ver-
ified through controller hardware-in-the-loop (C-HIL)
testing and experiments in a laboratory scale prototype,
allowing modifications of system parameters in real
time and thus evaluating the performance of the CVAD.

The rest of this article is organized as follows. Family of
differentiators applied for CVAD is described in Section II.
Section III presents a performance analysis of these elements
based on different figures of merit. A brief review modeling
of the LCL type GCI in Section IV. Experimental results are
carried out in Section V. Finally, Section VI concludes this
article.

II. DIFFERENTIATORS BASED ON FIR FILTERS

This section presents considerations on discrete-time differ-
entiators from the LF, along with simple and widely discussed
discrete-time differentiators found in the literature. It is em-
phasized that these differentiators behave similarly to ideal
differentiators within the application range of the CVAD tech-
nique.

A. THEORETICAL BASIS OF DIGITAL DIFFERENTIATION
Differentiation is a mathematical operation used in continuous
systems and often adopted in discrete-time systems. How-
ever, the ideal differentiator cannot be directly implemented in
discrete-time applications, as it has an infinite and noncausal
impulse response, requiring approximation to a causal and
finite impulse response (FIR) [17].

It is important to note that derived signals are prone to
accurate issues, such as phase error and noise pollution, which
can destabilize the GCI control, particularly in inverter-based
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FIGURE 1. Comparison: continuous-time ideal differentiator versus digital
filter as differentiator.

applications, when the LCL filter cannot adequately attenuate
switching harmonics. Therefore, the discrete derivative is em-
ulated by digital filters that mimic the differentiator’s behavior
in the frequency range of interest (low frequencies), while
providing high attenuation at high frequencies [24].

Fig. 1 depicts this concept, illustrating a comparison be-
tween a “s” function and a digital filter working as a digital
differentiator. Although the concept of a matching band is not
typically addressed in digital signal processing, it becomes
relevant in the context of differentiator filters. Unlike conven-
tional filters, ideal differentiators exhibit a gain that increases
monotonically with frequency. Therefore, this concept is in-
troduced and discussed in the following section.

B. DIFFERENTIATOR COINCIDENCE RANGE

The concept of a coincidence region or matching band for
differentiator filters is essential, as these filters ideally exhibit
increasing gain with frequency and do not have a well-defined
passband or stopband. Noise typically arises over a wide range
of frequencies; but it is more prominent at high frequencies
in digital systems, contributing to significant amplification in
continuous-time differentiators. In this respect, differentiator
filters have an advantage, as they mimic the behavior of ideal
differentiators within a limited region called the coincidence
region (linear range). However, unlike the ideal differentiator,
they attenuate high-frequency signals, enabling applications
that rely on differentiation in noisy signals [23].

Therefore, in the coincidence range shown in Fig. 1, the
matching band corresponds to the frequency range of a dif-
ferentiator filter that aligns with the response of an ideal
differentiator of the same order, with only a slight gain de-
viation [25].

It is emphasized that, for proper digital implementation
of a derivative function, the signal to be differentiated must
have its frequency range confined within the operational band-
width of the differentiator. In this region, the differentiation
operation of a given input signal is performed accurately and
robustly, while outside this region, noise-polluted signals are
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FIGURE 2. Frequency responses for enhanced discrete-time differentia-
tors. (a) Magnitude. (b) Phase.

smoothed. Therefore, it is crucial that the bandwidth of the
analyzed signal fit within this region to ensure that the discrete
derivative is performed efficiently [22].

C. SIMPLE DISCRETE-TIME DIFFERENTIATORS

Signal differentiation is a common task used to compute
derivatives of discrete-time signals. The first-difference (FD)
differentiator, denoted by ygrp[k], calculates the difference be-
tween successive samples of the signal x[k], as described by
(1), with the sampling period omitted for convenience. While
its implementation is straightforward, the FD differentiator
tends to amplify noise, which propagates into the output sig-
nal, as shown in its frequency response in Fig. 2(a)

yeplk] = x[k] — x[k —1]. 6]

Using Lagrange’s interpolation polynomials, several meth-
ods of numerical differentiation were developed based on
central difference (CD), whose the general form is in the
following equation [20]:

N-1)/2

Faoy~ 2 Y a(fi—f4) )

k=1

where xg is the point of interest, N is the total number of
points used (odd), fi, represents f(xo =+ kh), and a; are the
parameters to be determined.

The CD differentiator, ycp[k], as described in (3), is derived
by taking the difference between two consecutive samples of
the signal, which results in noise attenuation due to its low-
pass filter characteristics. For this reason, CD is commonly
used in practical applications. However, the drawback of this
method is amplification of noise and a limited frequency range
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of linear operation, which is narrower than that of the FD
differentiator [26]

x[k] — x[k — 2]
—

Thus, it is essential to develop computationally efficient dif-
ferentiators that retain the high-frequency attenuation benefits
of the CD differentiator while expanding its linear frequency
range [19]. To address this gap, the proposed enhanced differ-
entiators are based on the CD and Hamming differentiators,
known as low-noise Lanczos filters, y; [k], SL1, ysi1 [k], and
SL2, ysr.2 [K].

Lanczos presents this technique to develop a polynomial
interpolation technique for discrete functions. Moreover, these
differentiators are inherently FIR filters, making them suit-
able for low-cost and low-power applications [20]. Therefore,
they are always stable, their implementation is straightfor-
ward [27]. For classical FIR filters, their design essentially
involves defining the filter order and obtaining its coefficients.
This is achieved by the window method and then applying the
inverse discrete Fourier transform, as follows:

yeplk] = 3)

N—-1
hik] = le go H(m) el F* )

where h[k] is the coefficients vector of the discrete-time dif-
ferentiator, N is the size of the window, H (m) is the discrete
sequence that describes the desired frequency response, and
n and m are indexes in discrete-time domain and discrete
frequency domain, respectively [23].

In summary, the design of the differentiators consists of
locally approximating the analyzed function, f(x), by a poly-
nomial of degree M. Thus, signal filtering is performed
through polynomial approximation [28]

M
Py(x) =) ajx’. (5)
j=0

Subsequently, the metric based on the mean-squared error
in (6) is minimized, such that the unknown coefficients a; are
obtained as the solution of a linear system of equations [20]

(N=1)/2

2

k=—(N—1)/2

Z= (fie — Pu(x))*. (6)

Finally, with the aid of the computed polynomial, f’(xo)
can be estimated as in (7). Further details are provided in [18]

f'(x0) = Py (xo). )

On the other hand, the Lanczos differentiator is derived by
fitting a second-order polynomial to five consecutive samples
using a least squares (LSs) criterion. By minimizing the sum
of squared differences between the curve and the data, the
coefficients of the Lanczos differentiator can be obtained. This
is achieved by taking the partial derivative of the LS function
and setting it to zero to get the final coefficients.
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The SL1 method focuses on matching an FIR filter to an
ideal differentiator in the frequency domain by using a Taylor
series expansion of the filter’s frequency response and sets
specific constraints to ensure the first term equals one for dif-
ferentiation and the second term equals zero for noise filtering.
In contrast, SL2 extends the original Lanczos approach by
fitting a third-order polynomial to seven consecutive samples.
This involves solving a system of equations derived from par-
tial derivatives with respect to two coefficients to determine
the set of filter coefficients.

Based on the previous considerations, the difference equa-
tions for the Lanczos, y[k], SL1, ysp1[k], and SL2, yg1»[k],
differentiators are obtained and given by (8), (9), and (10),
respectively. It is also noted that the central coefficient is
zero for the Lanczos, SL1, and SL2 schemes [19]. The
Appendix presents all the steps required to determine the
coefficients of these differentiators

1 1 1 1
yolk] = gx[k] + Ex[k —1] - Ex[k —3] - gx[k — 4;)
(

youilkl = — oxlk] + ik — 1]
- i)C[k -3+ ix[k — 4] 9)
12 12
22 67 58
ysa2lkl = — 25—2x[k] + 25—2x[k — 11+ 25—2x[k -2]
- ﬁ)C[k —4] — 6—7x[k — 5]+ 2)C[k —6].
252 252 252

(10)

Fig. 2(a) compares the amplitude response of the ideal
differentiator, FD, CD, Lanczos, SL1, and SL2 structures.
The frequency axis is normalized with respect to f;/2, where
fs 1s the sampling frequency. The accuracy of the differen-
tiators is high within a certain matching band. As observed
from the Fig. 2, the FD differentiator most closely approx-
imates the ideal magnitude response, exhibiting the largest
region of coincidence with the ideal differentiator. However, it
also shows high magnitude at high frequencies (above f=0.5
fs/2). In practical applications, this can be disadvantageous,
as the differentiator may amplify high-frequency noise [17]. It
should be noted that, unlike ideal differentiators, practical dig-
ital differentiators are designed to exhibit low-pass magnitude
response characteristics, since they behave as differentiators
only up to a certain cutoff frequency, beyond which higher
frequency components are attenuated, thereby rejecting high-
frequency noise and reducing its impact [29].

Fig. 2(b) shows the phase response of the analyzed differ-
entiators. These curves are plotted with limits varying from
—m to m, which explains the observed discontinuities. The
curves clearly reflect the natural behavior of FIR filters, with
differences in slope. The ideal differentiator exhibits a null
phase shift because the phase is normalized at 7 /2, by con-
vention, the output signal of the ideal differentiator introduces
a /2 phase shift relative to the input signal, valid across
all frequencies, implying the absence of phase distortion and
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TABLE 2. Effective Time Delay Introduced by the Evaluated Differentiators

Differentiator Aty (ps)
FD 11

CD 11.1
Lanczos 22

SL1 22
SL2 334

zero phase delay. In contrast, the other differentiators induce
a phase shift that depends on the signal frequency input.

It is worth noting that the FD exhibits a nonlinear phase and,
consequently, a frequency-dependent phase delay, which leads
to temporal distortions. In contrast, the CD and the Lanczos
differentiator present an approximately constant phase delay
only at low and mid frequencies, whereas the super Lanc-
zos differentiators preserve this property more consistently
within the design bandwidth due to their frequency-response
sampling-based synthesis method. The apparent “jumps” ob-
served in the phase curves arise from the phase wrapping
phenomenon, which results from limiting the phase to the
interval [—s, 7]. Such discontinuities correspond to integer
multiples of 27 and do not affect the effective phase delay of
the filter; they vanish when the phase is unwrapped, reveal-
ing an almost linear behavior within the frequency band of
interest.

Ideally, differentiators should be designed to operate at
these frequencies to match the phase behavior of the ideal
differentiator. Alternatively, they can be designed for any
frequency, but this requires angle compensation techniques,
which are beyond the scope of this article. It is noteworthy
that, at a frequency of 60 Hz, the point lies near the origin
of the coordinate plane; therefore, all differentiators exhibit
nearly the same phase response.

1Il. PERFORMANCE INDICES OF DIFFERENTIATORS

In this section, a comparative analysis of the performance of
the proposed differentiators is presented, utilizing various nu-
merical and graphical metrics. This approach provides a more
detailed and accurate assessment, facilitating the selection of
the most suitable differentiator for each specific application.
Further details regarding the different figures of merit are
presented as follows.

A. TIME DELAY

To evaluate the impact of time delay (Azg) and amplitude
(Ay) associated with the differentiators designed in Section II,
the respective analysis results are presented in Fig. 3 and
Table 2. In this case, a resistive—capacitive (RC) circuit with
a sinusoidal input signal of 127 Vrys at 1 kHz, around the
control system bandwidth, was used to compare the estimated
capacitor current (ic,) obtained via the FIR filter described
in Section II with its actual measured value (ié/), directly

acquired from the capacitive branch of the RC circuit using the

VOLUME 7, 2026
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FIGURE 3. Time-delay analysis of the evaluated differentiators. (a) FD.
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PSIM! software. The sampling frequency was set to 90 kHz,
and further details are discussed in [11].

It is observed that these differentiators exhibit excellent per-
formance in approximating the magnitude frequency response
of an ideal differentiator, as shown in Fig. 3. However, higher
order filters, such as SL2, introduce an increased time delay,
which results in additional delay in the system and may be
detrimental to the performance of capacitor current estima-
tion. These results are quantified in Table 2. The effective
delay increases from approximately 11 us for FD and CD
to 22 us for Lanczos and SLI1, reaching 33.4 us for SL2.
Consequently, the attenuation of the resonance peak can be
compromised, posing a risk of performance degradation and
potentially leading to system instability. Furthermore, in the
case of CVAD, time delay compensation is not required. Note
that, for other sampling frequencies, the delay effects should
be evaluated again, since changes in the sampling rate may
significantly influence the phase response and overall system
performance.

B. PERFORMANCE INDICES

For better quantitative and qualitative interpretation of differ-
entiators, some error-based performance indices for control
analysis were used, namely: integral absolute error (IAE),

IRegistered trademark

VOLUME 7, 2026

TABLE 3. Error-Based Performance Indices Obtained for the Evaluated

Diff. TIAEx102 ISEx10® ITAEx10%® ITSEx103
FD 3.3429 43395 0.1751 21.1110
CD 3.9222 43527 0.2629 31.5980
Lanczos 5.0821 43914 0.43857 65.2710
SL1 5.0824 4.4013 0.43859 65.2750
SL2 6.2437 4.4570 0.61425 115.8700

integral of time multiplied absolute error (ITAE), integral
squared error (ISE), and integral of time multiplied squared
error (ITSE) [30]. These performance indices are represented
in (11), (12), (13), and (14), respectively. For these indices,
the error is measured as the difference between the current
measured directly in the RC circuit and the current estimated
via the derivative of the voltage.

The IAE is evaluated based on the magnitude of the er-
ror, disregarding its duration or persistence. IAE and ITAE
consider the absolute value of the error, while ISE and ITSE
consider the squared error. In addition, ISE is similar to IAE,
but the error is squared. Finally, ITSE and ITAE incorporate
the error multiplied by time; however, in ITSE, the error is
squared, giving greater weight to larger errors in the steady
state. These specific characteristics of each performance index
highlight different aspects of the differentiator response. It
is noted that (6) follows the same principle as the ISE/ITSE
indices, as it is based on the minimization of the squared error,
thus emphasizing larger deviations

.
IAE=ff e (1) — x(1)| dt (11)
0
Iy
ISE = / (tref(t) — x(1))* dt (12)
0
ITAE = / ft [Xeef(£) — x(2)| dt (13)
0
Iy
ITSE = f t (eef(t) — x(1))* dt (14)
0

where 17 is the final simulation time, x is the controlled vari-
able, and x.r is the reference.

Table 3 presents the performance indices of differentiators.
The results demonstrate the superiority of the FD method, as
it consistently exhibited lower values of IAE, ISE, ITAE, and
ITSE across all scenarios. The CD method showed slightly
higher performance indices compared to the FD method, with
minimal differences observed in specific cases, such as ISE.
Both Lanczos and SL1 exhibited intermediate and similar per-
formance indices; however, they were higher compared to the
previous methods. Finally, the SL2 case presented the worst
performance indices when compared to the others.
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FIGURE 4. Comparison of the differentiators. (a) Amplitude step test.
(b) Zoomed view at the event instant.

C. STEP RESPONSE PERFORMANCE

To evaluate the dynamic behavior of the differentiators, a step
response performance analysis was conducted with a 100%
amplitude variation in the sinusoidal source at the instant
0.104167 s. The parameters analyzed were settling time and
overshoot, as shown in Fig. 4. Fig. 4(a) presents the derived
signal of a sinusoidal waveform subjected to a step at a given
instant, with the results obtained for each of the analyzed dif-
ferentiators. For this evaluation, the same RC circuit described
in Section III-B was considered. In turn, Fig. 4(b) provides a
zoomed-in view of this scenario, highlighting the impact of
the step on the responses of the differentiators. It is noted
that the FD exhibits the shortest settling time; however, it
has the drawback of a more pronounced overshoot. The CD
demonstrates similar settling behavior to the FD but with a
lower overshoot. The SL1 shows intermediate behavior when
compared to the others, while the SL2 exhibits the longest set-
tling time but with a reduced overshoot. Finally, the Lanczos
differentiator definitively offers the best cost-benefit ratio in
this scenario.

The y-axis scaling in Fig. 4(b) is consistent with Fig. 4(a).
However, the peak value was intentionally omitted in Fig. 4(a)
to preserve waveform readability and emphasize the over-
all (steady state) sinusoidal behavior. In contrast, Fig. 4(b)
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FIGURE 5. Noise-sensitivity analysis of the evaluated differentiators.
(a) FD. (b) CD. (c) Lanczos. (d) SL1. (e) SL2.

highlights the transient effects introduced by the step vari-
ation, including response peaks and differences among the
evaluated differentiators. This separation improves result in-
terpretation by distinguishing the steady-state and transient
g analyzes.

D. NOISE REJECTION

In this test, the influence of noise caused by effects such
as converter switching, power supply, grid emulator source,
among others, was considered. To quantify the noise, it was
set as a random voltage source at 1% of the original signal
value. An alternative approach based on the signal’s power
spectral density is seldom available in practice and relies on
spectral assumptions that may not be representative, poten-
tially failing to capture the dynamics of the differentiator [31].
Based on these considerations, the FD is the most prone to
noise amplification, followed by the CD, which exhibits simi-
lar behavior to the SL1. The SL2 shows good noise immunity
compared to the previous methods. Finally, it is noteworthy
that the Lanczos differentiator demonstrates the best perfor-
mance in noise rejection, as shown in Fig. 5.
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TABLE 4. Comparisons of the Computational Resources LCL - Filter
GCI Ry L1 i Ry Ly | pCC Zg
. . . . 1 .
Diff. Coefficients  Order Delay  Execution Time | )
Yinv i v
FD 2 1 145 ns Ve | —I ! CI—°< '|'Cf 2 g
|
CD 2 2 167 ns : . P
Lanczos 4 4 260 ns PWM I';iid
SL1 4 4 260 ns <_- ref Y sinf
LL
+O<—|z+|,,:03
SL2 6 6 330 ns
Denmtne UCf

Performance

Computational Cost

sL2|

|-e—FD ——CD —e—Lanczos —6—SL1

FIGURE 6. Qualitative radar-chart comparison of the evaluated
differentiators based on normalized performance metrics.

E. COMPUTATIONAL COST
The computational cost of the differentiators is measured in
relation to the number of mathematical expressions, digital
delay, number of cycles required for differentiation, and the
average execution time of the differentiators for each DSP
cycle. The results are displayed in Table 4. It can be found
that the FD differentiator not only uses fewer computational
resources but also executes the algorithm in a faster way. It is
observed that the Lanczos differentiator exhibits intermediate
behavior, while the SL2 shows the highest computational cost.
Fig. 6 depicts radar chart of the differentiator. Each parame-
ter has been normalized based on performance on a scale from
1 to 5, where a value of 1 represents the worst performance
and 5 represents the best performance. When comparing the
proposed differentiators, it becomes evident that there is a
tradeoff between all of them. The SL2 ranks as the worst,
presenting good dynamic robustness and noise immunity;
however, it exhibits high delay, the worst overall performance,
and higher computational cost. On the other hand, the FD
and CD show intermediate behavior, with an emphasis on
low computational cost and minimal phase delay. Finally, the
Lanczos differentiator stands out for its best cost-benefit ratio,
due to its excellent performance in the main metric, i.e., its
noise rejection capability, combined with reduced phase delay
and good performance under dynamic variations.
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FIGURE 7. Schematic diagram of an LCL filter-c
inverter system to the grid.

cted single-ph

FIGURE 8. Block diagram of the control structure for CVAD of the GCI with
the LCL filter.

IV. MODELING AND CONTROL STRATEGY FOR LCL-TYPE
GCI

This section presents the modeling and the design of controller
for the GCI.

A. TOPOLOGY OF THE GCI

Fig. 7 depicts the schematic diagram of a single-phase
grid-connected system. A distributed energy resource, imple-
mented as a DC power supply, is connected to the DC bus. In
this way, the GCI operates with a constant DC-link voltage.
The LCL filter consists of a converter-side inductor L1, a filter
capacitor Cy, a grid-side inductor L, and L, represents the
grid inductance at the PCC.

The variable #; is the output current on the inverter side,
ip represents the output current on the grid side, and ic,
represents the current through Cy. The grid current (i2) is
controlled, and the voltage of the capacitor, v¢c s is sensed for
both the CVAD and a phase-locked loop (PLL) to ensure grid
synchronization. The term G, represents PWM and computa-
tion delays, whose expression can be given by (15), where T
is the sampling period [32]

—1.5Tss

Gy=e (15)

To avoid an extra current sensing, ic, is estimated through
the derivative of vcy» as shown in Fig. 7, where K,; is the
damping gain. The function relating the inverter bridge output
voltage vi,y to the grid current i, is calculated by (16), where
o, 1s the LCL filter resonance frequency, as expressed in (17).
According to Fig. 8, the functions from wvj,, to vc, and as
well as the transfer function from vc, to i are given as (18),
respectively [1], [2]. Observe that G, is a digital differentiator
used to emulate the ideal “s” function, being valid only within
the frequency range in which the differentiator accurately
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approximates the ideal derivative behavior
(s) 1

Giz(s) = Uinv(s) - (L2 + Lg)Llcfs (S2 + a)}%) (16)
S NGRS a7
"\ Lilo + Ly)Cy
B vc_,(S) _ 1
Gi(s) = v (s) = LiC; (S2 +w%) (18)
Ga(s) = at) _ 1 )

ve,(s) s (Lo + L)

Since the LF differentiators are inherently implemented di-
rectly in the z-domain for the digital realization of the CVAD,
zero-order hold discretization is applied to (16) and (18), ac-
cording to the discrete model shown in Fig. 2(b), yielding (20)
and (21), respectively [1], [2]

o, Tyo — sin(w,T;) (z — 1)2

G; = 20
N (P vemn s

_ [ —cos(ew, T5)] (z + 1)
Gvcf (2) = a)%Lleot (21)
o =72 — 2zcos(w, Ty) + 1. (22)

To eliminate the current steady-state error at the funda-
mental frequency wp, a proportional-resonant (PR) current
controller, G;(s), is used, as given in (23), with a proportional
gain K, and a resonant gain K;, defined by (24) and (25),
respectively [33]

sB,
Gi(S) = Kp + K,m (23)
= (26 + 1) (VQ2E + D wrLeg — Reg) o4
Vdc
wiLeq [(26 + 1) — 1]
i = W (25)

where Leq = L1 + L3, Req represents the sum of the resis-
tances of the inductors of the LCL filter, £ is the damping
factor, wg is the grid angular resonant frequency, B, is the
resonant bandwidth in hertz, and ¢ is the damping factor of the
resonant filter. It is noteworthy that the discretized coefficients
of the resonant filter in (17) are obtained by applying the Z-
transform to the continuous-time transfer function, resulting
in

bo+ b1z~ 4 byz?

@ = ao+aiz=! + axz™? (20
such as
by = B, T; (27)
by = =By " T cos(Twx — y) T (28)
by =0 29)
ap =1 (30)
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FIGURE 9. Frequency response of the compensated open-loop transfer
function with CVAD and passive damping.

a; = —2e 93BT cos(Twy ) (31)

wy = /w? — 0.25B2 (32)
0.5B%

r e 0BT gin(Towy) . (33)

V=77
Jw? —0.25B}

It is important to ensure that the PR controller’s bandwidth
is at least ten times lower than the switching frequency. The
value of B, should be around 1.5 Hz and ¢ any value between
0.1 and 1, where ¢ = 0.5 makes the resonant filter present
0 dB at the resonant frequency. Design details of the PR
controller can be found in [33], and the designs of the damping
gain K,; have been intensively discussed in [34], thus, they are
not repeated here.

Through these expressions, the open-loop transfer function
considering the capacitor voltage feedback loop in the discrete
domain, T,,(z), can be determined according to (34) [2]. Note
that G,(z) represents the Lanczos differentiator, and that in-
creasing the sampling frequency of the differentiator expands
the range of coincidence, thereby making the approximation
significantly more accurate and reliable

Kwpm Gi(2)Gin(2)
z+ KademefGa (Z)Gvc‘f (2) -

Tz (z) = (34)

Therefore, Fig. 9 compares the frequency responses of the
compensated open-loop transfer function with CVAD and tra-
ditional passive damping (PD) [34], the latter implemented
by inserting a resistor in series with the capacitor, demon-
strating similar performance within the target differentiation
bandwidth.
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FIGURE 10. Equivalent representations used for impedance-based
stability analysis. (a) Simplified control block diagram. (b) Norton
equivalent circuit of the GCI.

B. ANALYSIS ON THE IMPEDANCE-BASED STABILITY

The inverter impedance model is employed to analyze the
external stability of the GCI [35], [36], taking into account the
interaction between the GCI and the power grid to which it is
connected. This analysis highlights the influence of external
factors, such as variations in the grid impedance. Ensuring
external stability is essential to prevent oscillations in the
injected current, mitigate waveform distortions, and avoid
degradation of power quality, as well as instability in the
converter [37].

In summary, the stability of the GCI is determined by the
interaction between its output impedance, Z,, and the grid
impedance, Z,. To facilitate the impedance analysis, the equiv-
alent control diagram in Fig. 8 is simplified to yield the Norton
equivalent circuit shown in Fig. 10(a) and the equivalent cir-
cuit model is shown in Fig. 10(b) [38].

With the aid of Fig. 10(b), the transfer functions relating
the grid-injected current to the inverter output voltage, Y,,,(s),
as well as the grid-injected current to the PCC voltage, Yo (s),
are derived and given by (35) and (36), respectively [39]

1

Y(5) = ——— (35)
L L>Cs® + Ly Gy KpwmKadGas + (L1 + Lo)s
You(s) LiCs? + 1 + GyKpwmKags
S) = .
o L1LyCs3 + LG 1 KpwmKadGas + (L1 + Lo)s
(36)

Therefore, the grid current can be expressed as a function
of the closed-loop transfer function, G|, and inverter output
admittance, Z,(s), as (37) [40]

. C upec(s)
i2(5) = Gef iref — chfs) :

(37)
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TABLE 5. Main Electrical and Control Parameters of the Single-Phase
LCL-Filtered GCI

Parameter Value Parameter Value
Vrid 127 V/60 Hz Lg; Ry 0.33 mH; 0.1 ©
Pres; Vie 3 kW; 235V Li; Ry 1.4 mH; 10 mQ
Cy 22 uF L2; R 23 pH; 10 m2
¢ 0.975 By 1.5 Hz
wo 377 rad/s fswiSparks 18 kHz, 90 kHz
(a)100 T T T T T
o
< 50
g
g
=
0
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FIGURE 11. Frequency responses of the GCl output impedance under grid
impedance variations. (a) Magnitude. (b) Phase.

According to the derivation procedure presented in [39], the
inverter output impedance of the GCI is obtained as follows:

14T,
Z, = Yo (38)
Tn(s) = Ge(s) Ga(s) Kpwm Yu(s) Hi(s). (39)

For the system to remain stable, the impedance ratio Z,/Z,
must satisfy the Nyquist stability criterion. For this condi-
tion, the amplitude-phase characteristic curves of the two
impedances do not intersect, or the phase margin ¢,, at the
intersection frequency, f;, must be greater than zero, i.e., ex-
pressed in (40) [41], [42]

Om = 180° — [LZ,(j27 f;) — £Z,(j27 fi)] > 0. (40)

Based on the parameters in Table 5 and the Lanczos dif-
ferentiator, for example, the Bode diagram of Z,,(s) can be
obtained in Fig. 11, evaluated under different impedance val-
ues, namely 0.5 mH (Zy), 1 mH (Z,), and 2 mH (Zg ), aiming
at a more comprehensive stability assessment. Considering
the 1 mH impedance case, note that the phase margin at the
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intersection frequency with the grid impedance is approxi-
mately 36°, which is lower than 90° and satisfies the stability
condition established in [41]. On the other hand, the results
consistently demonstrate that the GCI remains stable under
impedance variations, including in the region near the Nyquist
frequency, confirming the system stability over the entire
considered operating range. Conversely, if this angle were
negative, the system could become susceptible to oscillatory
behavior, potentially leading to overall instability [43]. More-
over, the output impedance exhibits minor deviations from
the passivity condition, whose solution to guarantee complete
passivity within the context of this work will be investigated
and addressed in future studies.

The impact of the digital implementation is analyzed; thus,
(8) is converted into the s-domain by replacing z with &%
[44]. By comparing the upper limit of the matching band of
the Lanczos differentiator, in Fig. 2, with the corresponding
converter output impedance considering its implementation,
in Fig. 11, it is verified that stability is ensured up to the end of
this frequency range. It is observed, however, that the output
impedance exhibits minor deviations from the passivity con-
dition. These deviations arise both from modeling the inverter
impedance in the s-domain and from the limited matching
band of the differentiator. It is worth emphasizing that beyond
the end of the matching band, around 3 x 10* rad/s, a max-
imum plotting error is observed, and the output impedance
begins to exhibit small angular deviations on the order of
10° to 15°, locally violating the passivity condition. Neverthe-
less, the system remains passive over the remaining frequency
ranges. To mitigate this limitation, several AD techniques
have been proposed to extend the stable frequency region.
Further details can be found in [45], which are beyond the
scope of this article.

C. DESIGN CONSIDERATIONS FOR THE PROPOSED CVAD
STRATEGY

The switching frequency is a key parameter in GCI design, as
it affects the LCL filter sizing, controller design, and converter
losses. Typical values reported in the literature and adopted in
commercial converters range from 12 to 24 kHz, with 18 kHz
often selected as a practical compromise between waveform
quality and acoustic considerations. In the proposed AD
approach based on the LF differentiators, the sampling fre-
quency is more critical than the switching frequency. It must
be higher than the switching frequency to accurately capture
the capacitor voltage ripple and minimize phase distortions in
the estimated current. To ensure deterministic timing, a par-
titioning strategy using an independent PWM peripheral was
adopted, generating a 90 kHz interrupt for the differentiator,
while the control loop operates at 18 kHz. Although different
switching frequencies could be employed with an appropriate
redesign of the LCL filter and PR controller, the differentiator
sampling frequency has a stronger influence on the stability
margins of the CVAD implementation. Therefore, 90 kHz
was selected as a multiple of both switching and fundamental
frequencies. Further details can be found in [46].
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FIGURE 12. Flowchart of the proposed step-by-step design procedure
CVAD.

The delay introduced by the sampling and differentiator
computation processes manifests itself as an additional phase
lag in the control loop, thereby reducing the phase margin
and potentially compromising the robustness of the GCI.
Moreover, increasing time delay intensifies grid-side current
oscillations, especially peak currents excursions, imposing
higher stress on the power switches and requiring overcur-
rent protection strategies [47]. Although adjustments in the
switching frequency, LCL filter parameters, and PR controller
tuning may preserve similar overall system performance after
redesign, changes in the sampling frequency directly affect
system stability due to the additional phase lag introduced
by the differentiator, which reduces the phase margin of the
AD loop [48]. Furthermore, differentiator design inherently
involves a tradeoff between noise amplification and phase
lag, which must be assessed through frequency response
analysis [16].

Furthermore, Fig. 12 summarizes a systematic and itera-
tive design procedure for a GCI employing CVAD. Initially,
the LCL filter is designed by determining the parameters Li,
Ly, and Cy, together with the resulting resonance frequency
wres; Which defines the dynamic behavior of the system.
Subsequently, the PR controller is designed through the def-
inition of the proportional gain and resonant gain, ensuring
accurate reference tracking under sinusoidal operating con-
ditions. Next, the differentiator is synthesized to emulate the
continuous-time operator “s.” This stage includes defining the
differentiator sampling frequency, computing the differentia-
tor coefficients through LS polynomial fitting, and evaluating
the differentiator frequency response.
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Afterward, the CVAD strategy is implemented. For this
purpose, a passive damping structure composed of a resis-
tor connected in series with the capacitor is adopted as the
reference for the analyzes. Then, the damping gain, K4, of
the CVAD strategy is defined according to the procedure
presented in [34]. The capacitor voltage is measured and mul-
tiplied by K4, the filter capacitance Cy, and the differentiator
transfer function (G,), which emulates the differentiation pro-
cess. The resulting signal is then feedback to the modulator
input in order to provide AD. Finally, the system performance
is evaluated to verify whether the CVAD strategy satisfies the
desired specifications. If the performance is not satisfactory,
an iterative tuning procedure is carried out, including adjust-
ments in the differentiator sampling frequency, differentiator
parameters (frequency response), and damping gain. This pro-
cess is repeated until the desired performance is achieved.

V. EXPERIMENTAL RESULTS

In order to evaluate the effectiveness of the proposed control
strategy, experimental validation based on hardware-in-the-
loop (HIL) results and experimental prototype, as shown in
Fig. 13 has been developed to certify the digital control
approach for real applications. It is worth noting that HIL
validation has been extensively employed in the literature, as
reported in [49]. In the following, further details on the HIL
validation and the experimental setup are described.

The prototype parameters are given in Table 5, and the
following sections present the experimental validation of the
proposed scheme of CVAD. According to Table 5, the K,
and K; gains of the PR controller are given as 0.0109055 and
0.003368843557, respectively.

A. ANALYSIS CVAD VIA C-HIL

Initially, tests were carried out on a C-HIL platform, in
which the power-stage structure is emulated using the HIL402
platform, while the control strategy is implemented on the
TMS320F28335 DSC. The interface between the DSC and
the HIL402 is established through the Typhoon HIL-DSP-100
interface board, which provides offset and gain adjustments
to ensure signal compatibility with the microcontroller input
ranges, as illustrated in Fig. 13(a). In this case, the Rigol
DS2102 A digital oscilloscope was used to acquire voltage
and current waveform signals The system parameters are
listed in Table 5.

1) CASE I: CVAD UNDER NOISE INJECTION

In order to assess the robustness and effectiveness of the
differentiator and the adopted AD methodology, noise is in-
tentionally injected into the capacitor voltage, which directly
affects both the synchronization signal and the CVAD perfor-
mance. In this case, the Lanczos differentiator was selected
due to its superior noise immunity characteristics, which is an
essential requirement when dealing with differentiators.
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FIGURE 13. Platforms used for result validation. (a) HIL-based validation.
(b) Experimental setup of a single-phase LCL-GCI.

In this scenario, the noise injected into the capacitor voltage
is generated by a random source with an amplitude corre-
sponding to approximately 2% of the voltage component,
which constitutes an excellent performance verification test
for the proposed technique, since this situation is highly fea-
sible in industrial environments. Further details are provided
in [50]. Moreover, the differentiator was sampled at a fre-
quency of 90 kHz, and system synchronization was achieved
based on the measurement of the filter capacitor voltage. To
enable a comparative assessment with state-of-the-art meth-
ods, the nGI differentiator was selected due to its proven
effectiveness in providing high-accuracy derivative estima-
tion, as reported in [11] and [12]. To ensure a fair comparison,
the damping gain and current controller parameters were
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FIGURE 14. C-HIL comparison with the state-of-the-art under noise
injection conditions for the CVAD strategy employing. (a) Lanczos
differentiator. (b) nGl differentiator [1].

kept identical across all cases, and the nGI differentiator was
discretized at 18 kHz to match the switching frequency, as
usually is the case for nGI.

Fig. 14 illustrates the capacitor voltage, vc;, and the grid-
injected current, ip, in response to an injected disturbance.
Fig. 14(a) considers the analysis of the CVAD strategy under
noise injection using the Lanczos differentiator. It can be ob-
served that both waveforms exhibit predominantly sinusoidal
behavior, indicating stable converter operation. Moreover, the
injected current remains well regulated, with controlled am-
plitude and no high-frequency oscillations, which highlights
the effectiveness of the AD strategy in mitigating filter res-
onances and improving the quality of the current delivered to
the grid. It is also observed that the voltage and current remain
in phase, indicating a power factor close to unity. Furthermore,
the grid current THD; remained around 2.27%, staying below
the recommended 5% limit established by the IEEE std. 519
regulation [51].

Fig. 14(b) presents the analysis of the CVAD strategy under
noise injection using the nGI differentiator. In this case, the
injected current exhibits high-frequency oscillatory content,
indicating that the strategy is not immune to the effects of
noise injection, which are reflected in the capacitor voltage.
Although stable operation is maintained, such a condition
could potentially lead to performance degradation of the
CVAD strategy and even affect the synchronization algorithm.
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FIGURE 15. C-HIL comparison with the state-of-the-art under noise
injection and step frequency variation conditions for the CVAD strategy
employing. (a) Lanczos differentiator and (b) nGl differentiator [1].

Despite these undesirable effects, the proposed technique
remains capable of effectively damping the LCL filter, main-
taining a power factor close to unity. However, the resulting
THD; reached 9.34%, exceeding the limits established by the
IEEE standard power quality limits.

Therefore, the results of this scenario confirm that the pro-
posed CVAD strategy ensures system stability, high-quality
waveforms without high-frequency oscillations, and effective
resonance damping, validating its applicability in the analyzed
scenario.

2) CVAD UNDER NOISE INJECTION AND STEP FREQUENCY
Fig. 15 presents a comparative analysis of the CVAD strategy,
considering both noise injection into the capacitor voltage
and step changes in the source frequency, in which the grid
frequency was changed by 2 Hz, i.e., from 60 to 62 Hz.
The adopted differentiators are evaluated against the state-
of-the-art nGI differentiator in order to demonstrate their
effectiveness, while the noise level is maintained identical to
that of the previous case. It is worth noting that variations in
grid frequency lead to shifts in harmonic components, which,
in the worst case, may excite the resonance frequency of
the LCL filter, potentially resulting in violations of harmonic
limits imposed by national grid codes [52].

Fig. 15(a) shows the performance of the CVAD strategy
using the Lanczos differentiator under the second scenario.
It can be observed that the capacitor voltage and grid current
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FIGURE 16. C-HIL analysis of the CVAD strategy under grid-impedance
variations. (a) Ly = 0.5 mH. (b) Ly = 1.5 mH. (c) transition from Ly = 0.5 mH
toLg = 1.5mH.

waveforms remain sinusoidal and free of oscillatory compo-
nents, demonstrating that the strategy is robust even in the
presence of noise injection and grid frequency variations.
Once again, the voltage and current waveforms remain in
phase, ensuring a unity power factor.

On the other hand, the CVAD strategy employing the
nGI differentiator is presented in Fig. 15(b). In this case,
high-frequency oscillations are more pronounced than in the
previous scenario, since the nGI differentiator is susceptible
to frequency step variations, as reported in [11]. Despite its
low computational burden and proven effectiveness for CVAD
under disturbance-free conditions, this differentiator exhibits
limited immunity when the capacitor voltage is used for the
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FIGURE 17. Analysis of the CVAD strategy under the presence of grid
harmonics. (a) Result in time-domain. (b) FFT of the current.

synchronization algorithm under abrupt frequency variations.
Consequently, these results indicate that the CVAD approach
based on the Lanczos differentiator represents a feasible and
robust alternative to the nGI-based solution.

3) CVAD UNDER VARIATIONS IN GRID IMPEDANCE

Fig. 16 depicts the behavior of the grid-injected current and
the capacitor voltage, which approaches the PCC voltage,
during the analysis of the CVAD strategy under variations in
grid impedance. Fig. 16(a) illustrates the first scenario, con-
sidering a strong grid with line inductance Ly = 0.5 mH. In
this case, the injected current maintains a predominantly sinu-
soidal waveform, presenting a THDI of approximately 2.76%.
In turn, Fig. 16(b) addresses a weak-grid condition, with line
inductance Ly = 1.5mH [53]. Even under this condition, the
injected current continues to exhibit a sinusoidal waveform,
while the THD; is reduced to approximately 2.23%. Finally,
Fig. 16(c) analyzes the impact of a sudden variation in line
impedance, corresponding to the transition from Ly = 0.5 mH
to Ly = 1.5mH. It can be observed that, even under this
external disturbance, the GCI remains stably operating, high-
lighting the robustness of the proposed strategy under both
strong-grid and weak-grid conditions.

4) CVAD UNDER THE PRESENCE OF GRID HARMONICS

With the aim of evaluating the disturbance rejection capability
of the GCI, the presence of grid harmonics was considered,
more specifically a seventh-order harmonic component with
an amplitude corresponding to 1% of the fundamental voltage
component, in addition to a weak-grid scenario, as shown
in Fig. 17. Under these conditions, the injected current, in
Fig. 17(a), remains predominantly sinusoidal, although slight
distortions are observed, as evidenced by the increase in THD;
to approximately 4.16%, which is higher than that observed
in the previous scenario. In turn, Fig. 17(b) shows the har-
monic spectrum of the injected current obtained from the
FFT analysis under this scenario. It can be observed that
the harmonic components are predominantly concentrated at
low amplitudes, indicating that the proposed CVAD strategy

769



FILHO ET AL.: ENHANCED DISCRETE-TIME DIFFERENTIATORS FOR LCL RESONANCE DAMPING THROUGH CAPACITOR VOLTAGE FEEDBACK

' .
10.0ms 100KkS/s

Wi 171.500ms 10k point 0.00 V

127.2V ] (a)
6.373 A
Ve /Vpcc
f | 3
=1\
| Ahl]
vgrlcw
i :

@ 500V N @ 500V 10.0ms 100kS/s Line s H |
@ 500A §iev-21.2000ms 10k point 0.00 V | b
@ RvIS 125.9V ( )
@ RVS 6.272 A

Line 7
0.00V

10.0ms T 100kS/s
i»v-65.4000ms 10k point

@ s00VAN @ 00V
@ 5.00A
@ rvs
@ RVS

126.2V
5.321A

10.0ms 100kS/s Line s

@ 500V A @ 500V

} (b)

@ 5.00A Wi v-£7.9000ms 10k point 0.00 V
@ rVis 1261V
@ RMS 5.357 A

ch

@ 500V

@ 500V & 10.0ms T100kS/s  Line /
‘@ s0. ovVA @ 500V T\(10.0ms T100KS/s Line 7 | @ 5004 §+v-3.50000ms 10K point  0.00 V
@ 5.00A }{u »v64.1000ms 10k point ~ 0.00V | @ RMS 126.2V
@ RViS 126.8 V ] (c) @ RVS 5.355 A
RMS 5.830 A

FIGURE 18. Experimental steady-state response of the inverter with AD
disabled and enabled using. (a) Lanczos, (b) SL1, and (c) SL2.

is capable of attenuating the propagation of harmonic dis-
turbances to the injected current. In addition, no significant
resonance peaks are observed around the LCL filter resonance
region, demonstrating the effectiveness of the AD method
in maintaining system stability even under distorted grid
conditions.

B. ANALYSIS CVAD VIA EXPERIMENTAL SETUP

The experimental setup of the single-phase inverter uses
SEMIKRON SEMiX 403GB128Ds IGBT modules with
Skyper 32PRO gate drivers. A 3 kVA GCI with an LCL filter
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FIGURE 19. Experimental transient response to a 50% step increase in the
injected-current reference using. (a) Lanczos, (b) SL1, and (c) SL2.

was adopted for experiments, and the DC bus of the inverter
is fed with 235 V. by a bidirectional DC voltage source from
ITECH (model IT6012C-800-50). The prototype also uses
a bidirectional grid emulator (model TC.ACS.30.528.4WR,
from Regatron), providing a phase voltage of 127 Vi at
60 Hz. Line impedances, Z;; = 0.18 + j0.188 €2, connecting
the grid to the PCC of the prototype, were implemented via ca-
bles. In addition, analog conditioning circuits based on LEM
LV-25P and LA-55P sensors are employed to measure voltage
and current throughout the setup.

The TMS320F28379D DSC from Texas Instruments em-
beds the GCI’s control algorithm using code composer studio,
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considering sampling and switching frequencies of 18 kHz.
The DPO3000 oscilloscope from Tektronix is used to acquire
voltage and current waveforms. It is worth noting that the sam-
pling frequency was adjusted to 90 kHz, ensuring an integer
multiple of both the switching and fundamental frequencies,
thereby guaranteeing an exact sample count. Additional de-
tails are discussed in [8].

1) CASE I: STEADY-STATE PERFORMANCE VALIDATION

The first set of experiments was conducted to assess the
performance of CVAD using Lanczos, SL1, and SL2 dif-
ferentiators in an ideal grid. Initially, with CVAD disabled,
significant oscillations were observed in the grid-current
waveform, as shown in Fig. 18. However, when AD was
enabled, these high-frequency oscillations were no longer
visible in the grid-current waveform. It is important to note
that, with AD disabled, the current control scheme reverts
to a single-loop grid-current control, which remains sta-
ble only above f;/6 [54]. Consequently, although the grid
current is stable, the system fails to effectively mitigate
resonance.

Comparing the performance of the AD strategy with the ac-
tivation of the three proposed differentiators qualitatively, it is
observed that the Lanczos differentiator produces a waveform
with a shape closer to a sine wave. However, it also exhibits
pronounced oscillations at the peak of the waveform, which
are associated with the effects originating from the capacitor
voltage and system noise, including switching sources, com-
mutation processes, and interactions with the grid emulation
source. On the other hand, the SL2 differentiator results in a
more distorted waveform but with reduced oscillations, while
the SL1 differentiator shows performance that is intermediate
between the two. It is important to emphasize that the voltage
and current waveforms exhibit a 180° phase shift due to the
signal acquisition process. In the analyzed cases, a power
factor close to unity and a current THD of approximately 3.5%
were achieved, remaining below the 5% limit established by
the IEEE standard.

2) CASE II: STEP-UP IN THE CURRENT REFERENCE
The GCI with an LCL filter is subject to abrupt changes in
reference current during operation. In this context, the second
scenario examines a step change in the current injected into
the grid and evaluates the dynamic response of the control sys-
tem. This is crucial for determining how quickly the system
can reach the desired reference current and how it maintains
stability under transient conditions. The dynamic response of
the current control scheme is assessed based on the transient
response to a 50% change in the current reference value, as
demonstrated in [55], where the output power is shifted from
half load to full load.

According to Fig. 19, the results show that the injected cur-
rent can quickly track the reference within 5 ms, with minimal
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settling time and an overshoot around 10%—15%, demonstrat-
ing the excellent dynamic response of the proposed method.
In addition, the SL1 differentiator is capable of tracking the
reference command change with a good response time com-
pared to the other two differentiators, although it exhibits the
highest overshoot.

Furthermore, the CVAD with Lanczos and SL2 shows
minimal oscillation during the reference step, while the SL2
differentiator has a higher overshoot but demonstrates a rapid
dynamic response.

VI. CONCLUSION

This article introduced an active LCL-resonance damping
method for GCls, utilizing capacitor voltage feedback and
Lanczos, SL1 and SL2 differentiators. The proposed method
successfully achieved AD by estimating the capacitor current
through the derivative of the capacitor voltage using the Lanc-
zos, SL1 and SL2 differentiator, eliminating the need for an
additional current sensor. The performance of all differen-
tiators from the LF was evaluated, as well as their practical
application, thereby expanding the possibilities of using these
differentiators in CVAD strategies, since they had not been
employed in this type of application.

A key consideration in implementing the differentiator is
balancing the tradeoff among noise rejection capability, re-
duced phase delay and good performance under dynamic
variations. The results obtained through C-HIL demonstrate
that the Lanczos differentiator exhibits excellent performance
even in the presence of noise in the capacitor voltage and
under variations in the source frequency, thus representing a
promising alternative to the nGI differentiator. Experimental
results demonstrated satisfactory performance, with Lanczos,
SL1 and SL2 differentiators showed similar dynamic response
and waveforms. From an implementation standpoint, the sys-
tem exhibited susceptibility to noise from switching power
supply, which was mitigated by integrating filtering capacitors
directly onto the DSC board. The proposed methodology is
noteworthy for achieving AD without additional sensors. By
utilizing the capacitor voltage for simultaneous AD and PLL
operation, the proposed approach simplifies the control struc-
ture while enhancing system stability and reducing sensor
count. Future work will address the integration of additional
functionalities into the control framework, including active
filtering, as well as the enhancement of wideband dissipativity
under weak grid conditions.

APPENDIX 1
This Appendix presents the steps to determine the coefficients

of the Lanczos differentiators. The content of this Appendix is
based on the books [19], [56], [57], [58], [59].

A. LANCZOS DIFFERENTIATOR
For each point, take that point together with its two neighbor-
ing points, one to the left and one to the right, and combine
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them. This operation produces a fourth-difference sequence
of points, which smooths the data. In the end, five consecutive
points are obtained, which are assumed to lie on a parabolic
curve described by

y=a+bx+cx2 41

where a, b, ¢ are the coefficients to be adjusted to be used in
the Lanczos differentiators. Since three parameters cannot be
adjusted to five data points, the principle of LS is used, given
by

2
P=Y" (—w’ (42)
k=-2
by combining (41) and (42), it results in
2

P = Xz(a—l—bx—{—cxz—yk)2 (43)

k=-2
P=(a—2b+4c—y 2> +(a—b+c—y_1)?

+(a—y0) +(a+b+c—y)

+ (a+2b+4c — )% (44)

By computing the partial derivative with respect to b, it is
obtained

9 2 df(a,b,c)

— =2 - 4

@b o] =2f@be) == (45)

op =2 2b+ 4 )(—=2)

ab a €T
+2(a—b+c—y_1)(—1)+0
+2(a+b+c—y)(l)
+2(a+2b+4c—y2)(2) (46)

which results in
oP
— =20b+2Q2y_2+y_1 —y1 —2y2). 47)

ab

By making the partial derivative equal to zero and isolating
b, it results in

P

— =0 48
b (48)
b= Sy2+ Sy 4 Oyo — =y — o (49)
= 5)’2 10)’1 Y0 10)’—1 5)’—2-
This results in the following set of coefficients:
1 1 1 1
h=4-;—:0; ——; —=¢. (50)
510 100 5
B. SL1 DIFFERENTIATOR
The ideal differentiator in s-domain is given by
H(s) =s. on
And its function for frequency response is given by
H(s) = jo. (52)
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For an FIR filter with coefficients that have odd symmetry,
it is possible to write

hy = —h. (53)
The output sequence of the FIR filter is given by
N
Vo= ) ity (54
k=—N

where Ay are the coefficients. The frequency response function
is given by

N
H(w) = Z hye Ik,
k=—N

(55)

For negative and positive values of k, we have, respectively

hpe 1% = h_ el (56)
which can be written as
N . .
H@) = Y (e ™ 4 h_ye™) (57)
k=—N
which is also equal to
N . .
Hw)= Y (e = elok). (58)
k=—N
Giving the Euler’s identity, expressed as
Jjok _ ,—jwk
sin(wk) = -— ¢~ (59)
2j
Then, we have
N
H(w)= Y —hl2jsin(wk)]. (60)
k=—N
The Taylor series for sin(x) is given by
ne)—x— 2 4 ¥ 61
sm(x)_x—a—i—g—n- (61)
So
. (ko)
sin(kw) ~ kw — 6 (62)
Then,
N 3
. (kw)
H)= Y —h [2; (kw - )} . (63)
k=—N
Arranging it, it leads to
N N
H(w) 203 5
T=2w2hkk—Tthk. (64)
k=—N k=—N

To make this filter close to an ideal differentiator, the first
term of the right side of the equation must be equal to 1 and
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the second term must be equal to zero, ensuring noise filtering

N

Z ik =1 (65)
k=—N

N

Z hek® = 0. (66)
k=—N

ForN =2

2
Y ik =hoo(=2) + hoy (=1 + 0+ (1) + ha(2)
k=—2
(67)
N
D ik =hoa(=8) + hoi(=1) + 0+ hi(1) + ha(8).
k=—N
(68)

Then, the following system of equations can be written:

—2h_g—h_1+h +2h =1 ©9)
—8h_g —h_1+h; +8h =0.
Since h_» = hy and h_y = —ho, the system results in
dhy +2h; =1
2+ 2hy (70)
16hy + 2hy = 0.

Subtracting the first equation in the second, it results in

—12h = 1. (71)
Therefore
hy = : (72)
Ty
In addition, using it in the system, it results in
8
hy = —. 73
=4 (73)

Using these results, with (53), in (54), we get the super
Lanczos differentiator, which is given by

1 8 8 1
Yn = _Eun—Z + Eun—l + Ouy, — Eun—i-l + Eun+2~
(74)
Therefore, the coefficients are
1 8 8 1
h=]——; —:;0; ——; — . (75)
127 12 127 12

C. SL2 DIFFERENTIATOR

For the SL2 differentiator, the procedure is similar to the
Lanczos, but instead of using a parabolic function, a cubic
function is used, which is given by

y=a+bx+cx2+dx3. (76)
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Besides that, one should use N = 3, reaching the expression
of

3
P= Z(a+bx+cx2+dx3 —yk)2
k=-3

P=(a—3b+9c—27d —y_3)*

7

+(a—2b+4c—8d —y_»)*
+(a—b+c—d—y_1)2
+@—y)+@+b+c+d—y)
(a+2b+ 4c + 8d — y,)*
+(a+3b+9c +27d — y3)>. (78)

Similar the Lanczos differentiators, only the coefficients b
and d results partial derivatives that can be arranged into a
system of equations

opP

P —6(a—3b+9—27d —y_3)
—4(a—2b+4c—8d —y_3)
—2@a—b+c—d—y_1)
+2(a+b+c+d—y1)
+4(a+2b+4c+8d —y7)
+6(@+3b+9+27d —y3)=0 (79)

%: —54@—3b+9c—27d —y_3)
—16(a—2b+4c—8d —y_»)
—2@a—b+c—d—y_1)
+2(a+b+c+d—y)
+16(a+2b+4c+8d —y2)
+54(a+3b+9c+27d —y;) =0.  (80)

With the two partial derivatives, the following system of
equations is created:

28b+ 196d = —3y_3 —2y_» — y_1 + Oyp
+y1 +2y2 + 3y3

81
196b 4 1588d = —27y_3 — 8y_» —y_1 + Oyo D
+y1 + 8y + 27y3.
Defining two variables as in
3
Si= Y kw (82)
k=—
3
Si= Y Ky (83)
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Then, we can write

28b + 196d = §;

(84)
196D 4 1588d = S».

Solving this system, it results in
S, — 7181
~ 216
397 49
I ETEAN Tt
Using now the definition of (82) and (83), it results in

3 3
>
k=3

2 b
Now, moving the constants inside the sums

3 3
397 49
b= ) - By,
2 (1512 y") kz (1512 y")

(85)

b (86)

397
1512

49

- — 87
1512 (87)

(88)
k=—3 =3

By combining into a single sum, it results in

3
() (e
b= k;3 [(ﬁk”c) (1512k )’k>:| - (39

Factoring and arranging it, it results in

3 3
397k — 49k
b= _ .
2 ( 1512 )y"

k=-3

(90)
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