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Abstract

This paper investigates a design method for regulating the injected current of renewable energy systems
connected to the power grid through single- or three-phase voltage source inverters equipped with LCL filters.
Inspired by the structure of passive damping schemes, a virtual resistance concept based on single grid-current
feedback is adopted to achieve active damping without requiring additional sensors, thereby reducing system
cost. Closed-loop analysis reveals that the proposed control strategy is equivalent to a conventional dual-loop
control with capacitor-current feedback. However, such equivalence can only be achieved through an accurate
second derivative approximation. To address the noise sensitivity associated of the derivative operation
connection of a pure second derivative and a second-order low-pass filter is proposed. A proportional-resonant
controller is employed to track the AC reference current, and a straightforward design procedure for determining
the active damping controller parameters is introduced. To evaluate the performance of the proposed control
method, the system is experimentally tested on a laboratory setup under distorted grid voltage. The obtained
results confirm the effectiveness of the selected active damping approach.
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1. Introduction

Distributed renewable energy sources such as photovoltaic, wind, and fuel-cell systems are commonly connected
to power distribution networks through pulse-width-modulated (PWM) voltage source inverters (VSls), which
are capable of injecting controlled active and reactive power into the grid. One of the most widely used control
strategies is grid-current regulation based on proportional—integral (PI) or proportional-resonant (PR) controllers
[1-4]. LCL filters are commonly employed due to their cost-effective attenuation of switching harmonics.
However, the resonance introduced by the LCL filter complicates the design of the current control loop and may
even compromise system stability [5—7].

Numerous approaches have been proposed to mitigate this resonance issue. Among them, active damping (AD)
techniques rely on an additional internal feedback loop involving one of the filter state variables, resulting in a
dual-loop control structure [8—14]. Capacitor-current-feedback-based active damping has attracted significant
attention because of its simplicity, effectiveness, and robustness, requiring only a proportional feedback gain
[10-12]. Nevertheless, this method requires either an additional high-precision current sensor or a complex
observer to estimate the capacitor current, which increases system cost and reduces overall reliability.

An alternative approach investigated in this paper relies solely on grid-side current feedback and has been shown
to provide an effective and cost-efficient damping solution. Previous studies have demonstrated that damping
performance comparable to proportional capacitor-current feedback can be achieved by introducing second-order
derivative feedback of the grid current. However, the derivative operation significantly amplifies high-frequency
noise, making practical implementation challenging. To address this issue, several studies have proposed
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replacing the second-order derivative term with a first-order high-pass filter (HPF) [15-18]. Nevertheless, the
co-design of the HPF and the fundamental current controller remains relatively complex and often leads to
degraded dynamic performance.

Unlike previous approaches, the method proposed in this paper employs a second-order HPF to approximate the
derivative term within the required frequency range, thereby simplifying the controller design while improving
system performance. In addition, the closed-loop system is analyzed in the continuous-time domain, and a
straightforward procedure for tuning the controller parameters is presented. Finally, the effectiveness of the
proposed active damping strategy is experimentally validated on a laboratory-scale setup.

2. System Configuration and Modeling

Fig. 1 illustrates the converter system considered in this work, comprising a standard PV power system with
single-phase VSI supplied by a constant DC bus voltage and connected to the grid through an LCL filter. The
LCL filter is primarily designed to the guidelines in [2], and the system parameters are summarized in Table I.
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Fig. 1. Topology and control block diagram of a grid-connected VSI with an output LCL filter
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For such systems, the DC-link voltage must be regulated while maintaining synchronization between the injected
current and the grid voltage. This requires accurate estimation of the grid-voltage phase angle, commonly
achieved using a phase-locked loop (PLL). The inverter is controlled to regulate the magnitude and phase of the
grid current, thereby controlling the active and reactive power exchanged with the grid. In this study, the DC-
link voltage is assumed constant and the switching frequency is considered much higher than the fundamental
frequency. Under these assumptions, the state-space equations of the LCL filter can be expressed as follows:

SL1iy(8) = vin(s) — ve(s)
sCv.(s) = i1(s) — ir(s) €]
SLyiy(s) = ve(s) — vy(s)

where L, is inverter-side inductance, L, is grid-side inductance, and C is filter capacitor. v; denotes is inverter
output voltage, i; the inverter current, v, the filter capacitor voltage, i, the grid current and, v, the grid voltage.

According to the superposition theorem, the transfer function relating the inverter output voltage to the injected
grid current is expressed as:

i(s) _

T .= =
° vi(s) sLiL,C.(s? + w?

)(2)

where w, is the resonance angular frequency of the LCL filter.

The system Bode diagram can be obtained from (2). It can be noted that at the resonance frequency, the LCL
filter resonance causes a sharp phase drop of —180° accompanied by a high resonance peak. From a control
perspective, this negative phase crossing will create a pair of closed-loop right-half plane poles, leading to
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system instability. Therefore, in practical operation, an effective damping method must be employed to suppress
the resonance and ensure system stability.

3. Proposed Control Approach

This section presents an active damping (AD) approach based on a virtual resistance (VR) concept derived
through block-diagram manipulation. The proposed controller is selected by considering both the transient
performance of the power stage and the minimization of required measuring sensors.

3.1. Developing of AD Controller

Among the possible damping-resistor locations in the LCL filter, the parallel connection across the filter
capacitor provides the most suitable damping characteristics without significantly affecting the frequency
response at low or high frequencies. Moreover, using single grid-current feedback eliminates the need for an
additional sensor, since the grid current is already measured for power regulation. Therefore, this active damping
(AD) approach offers a suitable compromise between damping performance, transient response, and
implementation cost.

The corresponding block diagram for the proposed control is shown in Fig. 2, where the grid current is fed back
for both injected power regulation and active damping purposes.
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Fig. 2. Control diagram of the proposed scheme using only grid-side current feedback

In Fig. 2, G;(s) represents the control loop delay, which corresponds to 1.5 sampling periods, consisting of one
sampling period of computation delay and equivalent half sampling period of zero-order-hold (ZOH) effect in
PWM delays [10]. In the continuous time domain analysis, the time-delay effect is typically approximated using
rational transfer functions, with the second-order Padé approximation being widely adopted. G.(s) denotes the
current controller which is implemented with a PR regulator to achieve accurate tracking of the AC current
reference. The AD function G,4(s) based on the grid-side current feedback is expressed as:

Gaa(s) = kgL,Cs? (3)

As shown in (3), the AD function contains a second-order differential term, s°, which cannot be directly
implemented due to possible noise amplification. Considering first that G,,(s) as an ideal differentiation, it can
be easily identified that the proposed control structure is equivalent to a traditional dual-loop control structure
with capacitor current feedback, where the damping gain k; can be regarded as the proportion gain of the inner-
loop controller. Thus, the same closed loop transfer function and so the same control effects can be achieved. It
should be noted that such equivalence is obtained only with an accurate approximation of the derivative term.

3.2. Second-order Differential Approximation

The approximate term used to replace s° must exhibit the same frequency characteristic, especially around the
resonant frequency range. It is well known that the phase angle of the s term is always -180° and that its
magnitude increases at a rate of 40 dB/dec. In this work, a second-order transfer function, expressed by (4), is
proposed to achieve this approximation.

2 o2

C(s) = % @

c
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The frequency response of C(s) is similar to that of s° over the range where the frequency is much lower than
w.. However, it exhibits infinite gain at w,, which may lead to high-frequency noise amplification. To address
this issue, a damping term is introduced in the denominator of (4), resulting in the following final form

w?.s?
52 4+ 2{yw.S + w?

C(s) = (5)

The frequency responses of C(s) and s’ are plotted in Fig. 3, illustrating the accuracy of the proposed
approximation. When a suitable {, is applied, the frequency responses of C(s) coincide with s?in the frequency
ranges around and below w,. A smaller {, minimizes the phase angle difference between C(s)and s however,
this is accompanied by a larger gain in the high-frequency range. Conversely, a larger {, enables C(s) to achieve
better noise attenuation, but the damping performance is consequently weakened. Therefore, the selection
of{yinvolves a trade-off between the accuracy of the derivative approximation and noise attenuation.
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Fig. 3. Frequency responses of s° and € (s) for different damping factor

3.3. Closed-Loop ControllerAnalysis

From Fig. 2, the open-loop transfer function of the system in Laplace frequency domain can be derived as:

Ga(S)Ty;i(s)
1+ Goa(s)Gy(s)Ty;

T(s) = Go(s). 5 ©

Frequency-domain synthesis technique can now be applied to the grid-current control loop. The frequency
responses of Ty; (s)with three different values of {, are plotted in Fig. 4. It can be observed that when {,= 0.7,
the resonance peak is sufficiently suppressed with a smooth phase change, indicating that system stability can be
easily ensured. However, for small values of {,, even if the resonance peak is sufficiently damped, a pair of
poles on the right half-plane may appear, leading to non-minimal phase behavior, which is undesirable in the
control system. Therefore, a lower limit exists for {, to avoid this behavior. Conversely, when {, is large,
C (s)cannot approximate s” accurately, and the damping of the resonance is reduced, leading to an under-damped
system. In this case, if the proportional gain of the current regulator is high, the system may become unstable.
Hence, an upper limit for {; is also required to ensure that the resonance is sufficiently damped.

Regarding the value of w,, it must be set much larger than w, so that the AD controller exhibits the same
frequency characteristics as the ideal damping controller within the range (0, w,). Consequently, the G, (s)
function can perform the damping effect around resonant frequencies. The value of w, should not be set
excessively high to avoid undesired amplification of high-frequency noise. Following these design guidelines,
w, is selected as 3w, and { is set to 0.7.
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Fig. 4.Frequency response of the open-loop system considering the s? approximation

Based on the above analysis, two parameters need to be determined to ensure system stability in the current
controller, namely k; and k,,. The design process, which is based on the power stage characteristics and control
theory, has been thoroughly explained in [3, 12]; therefore, the detailed derivation is not repeated in this paper.
Based on the selected parameters, the Bode plot of the open-loop system is shown in Fig. 5. As expected, the
loop gain exhibits a high magnitude characteristic in the low-frequency range, indicating that both system
stability and satisfactory dynamic performance can be achieved with the proposed control method.

Gm = 12 dB (at 2.182+003 Hz) . Pm = 62 deg (at 600 Hz)
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Fig. 5.Bode plot of the open-loop system with the designed PR controller

4. Experimental verificationand results

The effectiveness of the proposed grid-current active damping method was experimentally verified using a
laboratory prototype based on a single-phase inverter equipped with an LCL filter. The parameters of the
experimental setup are listed in Table 1. The proposed closed-loop control was implemented on a dSPACE
DS1202 platform, whose output gating signals are channeled to SEMIKRON inverter supplied by a constant DC
power source. The grid phase voltage was detected by LV25-P sensor, while the grid-side current was measured
using LAS55-P sensor. An oscilloscope and power quality analyser were employed to capture and analysis the
experimental waveforms.

Table.1. Parameters of the experimental setup

Parameters Value
Grid voltage 100 V
Grid frequency 50 Hz
DC bus voltage 120 V
Nominal power 800 W
Inverter-side inductance 2 mH
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Grid-side inductance 1 mH
Filter capacitance 14 pF
Switching frequency 10 kHz

The experimental tests were conducted to evaluate the reference current tracking performance and the overall
dynamic response of the proposed control. In these tests, the inverter was operated with a sinusoidal reference
current at the nominal grid frequency. Fig. 6 presents the transient responses obtained when the reference current
is suddenly turned on and off, respectively. It is observed that the whole system remains stable under these
operating conditions. The resonance of the LCL filter is effectively suppressed, and both steady-state and
transient performances are satisfactory. Furthermore, the system exhibits a very fast dynamic response, with a
settling time lower than 1ms; and ensures excellent current waveform quality, as verified by the low Total
Harmonic Distortion (THD) of the injected current (1.6%), even when the grid voltage contains low-order
harmonics with a THD of about 5%. This high-quality performance is mainly attributed to the high loop gain at
low frequencies provided by the high-bandwidth current controller, which guarantees accurate reference tracking
and strong disturbance rejection capability.
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Fig. 6. Experimental transient and steady state performance of the VSI under sinusoidal reference current.

5. Conclusion

This paper has investigated a grid current feedback-based active damping strategy for LCL resonance mitigation
in grid-connected VSI systems. In order to minimize the number of sensors, the grid-side current feedback is
used simultaneously for regulating the injected power and actively damping the filter resonance. To address the
implementation challenge caused by the second-order differential term in the controller, a second-order HPF is
proposed to emulate the s2 behavior within the desired frequency range. The controller design process, supported
by theoretical stability analysis, has been presented, and the experimental validation confirms the effectiveness
of the proposed control in achieving stable operation with high-quality current injection performance.
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