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Abstract—Resonance turns into a growing issue of paramount 

importance for stable operation of LCL filtered grid-connected 

inverters. Active damping algorithms are widely adopted to 

restrain the resonance peak associated with LCL filters. The focus 

of this paper is to develop an improved active damping solution 

based on filter capacitor current for better control performance of 

three-phase LCL grid-connected inverters. In the proposed 

solution, an improved compensator is included across the LCL 

filter system and capacitor current feedback. A damping loop is 

implemented with the proposed combination, which is further 

feedback at a reference voltage point of the three-phase inverter 

to damp the aroused resonance peak. The substantial features of 

the proposed configuration are wide damping range of resonance 

frequency and high control bandwidth, which results in faster 

dynamic response in comparison with conventional capacitor 

current proportionally feedback. Moreover, the stability of 

current loop is examined in detail by implementing the proposed 

damping method under the filter parametric variations. Finally, 

the efficacy of the proposed method is validated by illustrating the 

outcomes based on steady state and transient responses through 

simulations and experimental results of the laboratory prototype. 

Keywords—LCL filter; high pass filter; grid connected inverters 
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I. BACKGROUND 

In recent years, growing concerns associated with climate 
change and increase in energy demand require new 
opportunities in the power sector[1]. Power quality issues 
along with stability issues of distribution Systems are 
becoming more significant with massive penetrations of 
Renewable Energy Resources. To build sustainable power 
systems for providing clean and renewable energy, low 
voltage  power distribution system are frequently integrated 
with distributed generation units including wind power, 
photovoltaic power, and battery storage systems[2]. The 
mandatory and controlled active and reactive powers are 
injected through interfacing inverters known as pulse width 
modulated voltage source inverters [3]. 

Grid connected inverters have a considerable role in 
injecting power with high quality into power grids and utilized 
as an interface among the grid and renewable energy 
resource[4]. A filter is required to inject high quality power 
and to reduce high frequency harmonics produced due to pulse 

width modulation. The filter can be formed as either one 
inductor or two inductors with one capacitor LCL[5]. Among 
several available filters, LCL filter have drawn more attention 
due to enhance capability of current harmonics attenuation 
with lower value of inductance as compared to L and LC 
filters[6]. Furthermore, the grid side inductor in LCL filter 
limit the inrush current of capacitor and increase the 
robustness of inverter under grid impedance variation[5]. 
However, the presence of resonance phenomenon in LCL 
filter creates stability issues in control structure of the 
converter. The stability concern is raised due to high current 
gain produced by zero impedance at particular frequency that 
is called resonance frequency[7]. To prevent the instability 
issues in power grids produced by resonance effect, an 
appropriate damping approach is essential[8]. 

In general, for LCL filtered grid connected inverters, 
resonance suppression is achieved by employing active and 
passive damping approaches[9]. Passive damping approach is 
implemented by adding a passive component like inductor, 
resistor or both with the filter component. However, more 
power losses and reduced filter capability to suppress 
harmonics are the significant barriers of this approach[10]. 
Active damping approach has no damping losses by altering 
the control structure of an inverter [11]. However, the filter 
parameters variation and grid impedance may influenced the 
damping effectiveness of damping loop[12]. 

II. INTRODUCTION 

Active damping can be implemented in different ways 
based on number of control loops to effectually handle the 
aforementioned problems. In active damping methods, 
depending on single control loop, damping of filter resonance 
is obtained without any further measurements[13]. Methods 
based on such approach are sensor less methods, grid current 
feedback and notched-filter based methods[13][14][15]. 
Generally, these methods have minimum robustness during 
parameter uncertainty and weak grid conditions[16]. 

In multi-loop active damping methods, additional 
measures are needed[9]. Filter capacitor voltage, capacitor 
current feedback and weighted average current control 
methods are associated with multi-loop active damping 
methods[17][18][19]. The robustness of these methods tends 
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to be improved for filter parameter, and grid inductance 
variation is compared with single loop techniques. 

Capacitor current feedback technique is mainly adopted in 
the literature due its simple operation, higher current quality, 
and damping effectiveness. The method is implemented with 
capacitor current is feedback through a coefficient for 
improved dynamics[20]. Furthermore, the stability features for 
this method are enhanced and the region of damping is 
extended by presenting a high pass filter and band pass filter 
in current control loop along with capacitor current[21][22]. 
These methods show reasonable effect of resonance damping; 
however, bandwidth is limited in case of grid impedance 
variation. 

The focus of this paper is to introduce an alternative 
capacitor current method, which modify the damping loop 
with simple compensator adjustments in transfer function for 
capacitor current feedback damping method. The resonance 
peak is damped by further applying the capacitor feedback 
current across the LCL filter at a reference voltage. A 
modified controlled structure is demonstrated to improve the 
aforementioned issues. The proposed method presents better 
control performance of the system along with improvements 
in effective harmonic compensation region and control 
bandwidth of the system in comparison with the capacitor 
current active damping approaches method. Better robustness 
and faster dynamic response of the system even under week 
grid condition are substantial benefits of the proposed 
configuration. 

The remainder of the paper is arranged as follows: 
Sections III explains the design of a typical three-phase 
system. Theoretical study of control and design of proposed 
compensator are presented in Section IV. Damping and 
comparative study analysis is examined in Section V. The 
simulation and prototype outcomes are illustrated in 
Section VI. Concluding comments are designated in 
Section VII. 

III. SYSTEM DESCRIPTION AND DESIGN PARAMETERS 

A three-phase grid connected inverter system is presented 
in Fig. 1 and design parameters of the system are described in 
Table I. The inverter system is comprised of four main parts 
including conversion unit, power grid, filter unit, and inverter 
control. The assumed Constant DC-link bus voltage is 
supplied at the input of three-phase voltage source inverter, 
which is connected with the grid through LCL filter. The filter 
contains inverter side inductor Li, grid side inductor Lg and 
filter capacitor Cf. The filter capacitors are connected in delta. 
The resonance frequency of the LCL filter is given in equation 
(1). 
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Control structure is employed to ensure the significant 
objectives, which includes high quality of injected current 
without resonance component and unity power factor. The 

control structure contains current control loop and inner 
damping loop that ensures good steady-state and transient 
performance of the system. The current control loop is 
implemented by measuring the grid current Ig, which is 
transferred into stationary reference frame by using the abc–
αβ module and compared with the reference grid current I

*
g. 

The reference grid current I
*

g is obtained by measuring the 
angle of voltage at common coupling point vpcc using phase 
lock loop (PLL). Proportional Resonant (PR) controller Gpr is 
used to regulate the error signal. The output of Gpr controller 
produces a reference value for the inner damping loop. 

The inner damping loop is implemented by measuring the 
filter capacitor current Ic, which is transferred into stationary 
reference frame by using the abc–αβ module and compared 
with the reference current I

*
c. The reference capacitor current 

is achieved when the output of proportional P controller is 
feedback through a compensator in order to damp the 
resonance peak. This configuration is known as parallel feed-
forward compensation. Furthermore, the output of inner 
damping loop is transferred into sinusoidal signal by using 
αβ–abc module in order to produce a modulating signal for the 
inverter. 

 

Fig. 1. Three-Phase LCL Filtered Grid Connected Voltage Source Inverter 

with Proposed Damping Loop. 

TABLE. I. GRID PARAMETERS 

Parameter Symbol Value 

Grid voltage Vg 400V 

DC-Bus voltage Vdc 800V 

Inverter-side inductor Li 3.6mH 

Grid side inductor Lg 1mH 

Filter capacitor Cf 4.7uF 

Line frequency fl 50Hz 

Sampling freq. fs 10kHz 

Switching freq.  fsw 10kHz 

Resonance freq. fres 2.6kHz 
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IV. CONTROL LOOPS DESIGN 

The linearized “Average Switching Model (ASM)” related 
to control structure of an inverter is given in Fig. 2 to design 
the current control loop and inner damping loop. In this 
model, the inverter switches are represented by its average 
value using a function over each carrier interval [23]. 

A. Proposed Damping Loop Design 

The capacitor current feedback method used for active 
damping is initially proposed by Twining and Holmes[10]. In 
this method, the capacitor current is feedback through a 
coefficient H(s) with the output of current controller, which 
provides an additional damping in the closed loop. 

In this paper, an alternative intuitive method is used to 
construct the damping loop known as Parallel Feed-forward 
Compensation (PFC). According to this technique, the 
damping compensator in feedback loop is visualized as a 
linear compensator across the plant to improve the stability 
characteristics, and the augmented plant output is feedback at 
the current controller output [24][25][26]. The considered 
plant in this case is LCL filter between inverter output voltage 
and capacitor current and transfer function K(s) is added as a 
compensator is illustrated in Fig. 2(b). From stability point of 
view the diagram shown in Fig. 2(b) is similar to Fig. 2(c) 
where the damping loop is applied separately by visualizing 
the controller of Fig. 2(b) in two sections as shown in 
Fig. 2(c). The basic idea is to increase the output impedance of 
the grid-connected inverter at higher frequencies, thus further 
enhancing the suppression capability. 

The compensator K(S) can have different expressions. 
Here a first order high pass filter is used as compensator, 
because it provides adequate damping to oscillations and show 
robust response against grid inductance variation with good 
transient response[21]. The transfer function of high pass filter 
is given in equation (2). 

( )
( )                                          (2)rc

rc

sk s
K s

s 
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Where, krc and ɷrc represent gain and cut-off-frequencies 
respectively. Intuitively speaking, the high pass filter in feed-
forward can be visualized as a resister and capacitor in parallel 
with the filter capacitor. With this alternative, the current 
through the filter capacitor ic is multiplied by a gain krc to 
emulate the effect of a resistor in series with the filter 
capacitor. The cut off frequency ɷrc compensates the phase lag 
around the resonance frequency. At certain values of high pass 
filter parameters this configuration ensures a large stability 
margin, which is needed for accounting grid impedance 
variations. However, the high value of ɷrc may also shift the 
gain crossover frequency over a wide range, leading into 
instability. Therefore, it is very important to select proper 
values of krc and ɷrc to avoide instability. The compensator 
paramter are selected anaylitically from the stability plots as 
provided in Section  IV. 

For evaluating robustness and dynamic response subject to 
wider grid inductance variations, two transfer functions of the 
“plant” are necessary and derived accordingly. A linearized 

average switching model in „S‟ domain of the proposed 
methodology is developed as shown in Fig. 3(a). Referring to 
Fig. 3(a), the transfer functions from the inverter output 
voltage vinv(s) to the grid current Ig(s) and the capacitor current 
Ic (s) can be derived as follows: 
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From Fig. 3(a), the open damping loop with the proposed 
scheme can be calculated as 
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Where the Q(s)=F(s).R(s) 
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B. Current Control Loop Design 

The control parameters are sinusoidal; therefore, PR 
controller is used.The PR controller removes the steady state 
error and results in low-settling and rise time around the line 
frequency.  Moreover, it is easer to implement and requires 
less work for signal processing. Equation (6) shows transfer 
function of an ideal PR controller. 
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Fig. 2. Active Damping with (a) Proportional CCF Method (b) Parallel 

Feed-forward Configuration (c) Equivalent Control. 
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Fig. 3. (a) ASM Model of Proposed Method (b) Simplified Control Diagram. 

Where ɷl, Kp and Kr are resonant frequency, proportional 
gain and resonant gain, respectively. Quasi-PR (Q-PR) 
controller is an developed form of PR controller, which is 
implemented because of better harmonics attenuation 
capability along with less severity to resonance frequency. Q-
PR controller transfer function is shown in equation (7), where 
the variation in fundamental frequency is compensated with 
the bandwidth of resonant term ɷPR 
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Using Mason‟s rule, the average switching model model 
shown in Fig. 3(a) is simplified to Fig. 3(b) and injected grid 
current Ig is calculated. This current is equal to the sum of 
injected current by voltage Vg and reference grid current I*g 

given in equations (8). 
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Equations (5) and (8) show that the damping attributes of 
miserable or non -minimum phase system can be enhanced 
with suitable values of krc and ɷrc, which is discussed in this 
paper. 

V. DESIGN AND COMPARATIVE STUDY 

This section presents significant aspect of compensator 
parameter limits and comparative study of suggested method 
with conventional capacitor current feedback method. 
Furthermore, the stability performance of current control loop 
is analyzed with filter parameter variation. The design 
parameters are given in Table I. 

A. Compensator Parameters Limits 

The effects of gain and cut-off frequencies of high pass 
filter are illustrated in Fig. 4, where three scenarios are 
considered, in the 1

st
 case, the value of ɷrc is considered 

smaller than ɷs (angular sampling frequency), while in the 2
nd

  
and 3

rd
 case, the value is much higher than ɷs. To achieve 

similar magnitude in db and damping performance for all the 
cases, the damping krc need to be much higher for larger ɷrc 
and hence larger phase lag around the resonance frequency as 

shown in Fig. 4(b) and Fig. 4(c). For an acceptable system the 
gain and phase margin should be higher than 5db and 30 
degree respectively. However, when the value of ɷrc increased, 

phase margin decreases dramatically below 30 degree as shown 
in Fig. 4(b) and Fig. 4(c). Therefore, to retain the system in 
acceptable margin a compromised range for the value of ɷrc 
might be 0.2ɷs<ɷrc<0.5ɷs, where the upper limit shows the 
Nyquist frequency that should not be exceeded because of 
noise amplification of high pass filter in noisy environment. 

B. Frequency Response 

The frequency response of proposed method is compared 
with conventional capacitor current feedback method as 
shown in Fig. 5. From the figure, it can be observed that in 
each case the resonance peak is damped effectively because 
the gain margin is very close to each other. The gain margin 
curve also shows much higher bandwidth for proposed 
technique, which ensures faster dynamic response for the 
suggested method. Moreover, the higher phase margin of 
proposed technique results in better delay response of the 
system. The phase margin curve also indicates high compensation 
capability of delay for proposed method with high control 
bandwidth. The values for the proposed scheme are derived 
through methods used in[12][21][27][28][29]. Moreover, the 
values used for conventional capacitor current feedback are 
those which offer best performance for this technique. 

In Fig. 5(b) the frequency response of proposed and 
conventional CCF methods are compared for resonance 
frequency less than fs/6. The filter capacitance C value is 
increased from its nominal value of 4.7µF to 22.5µF to shift 
the resonance below fs/6. From the figure it can be observed 
that the conventional capacitor current feedback method fail to 
damp the aroused resonance peak and the system is unstable. 
However, the proposed method damps the resonance peak 
with high phase margin. The proposed method maintains the 
stability of the system with wide range of resonance frequency. 

C. Robustness Evaluation 

The stability performance of current control loop is 
analyzed with filter parameter variation in Fig. 6(a), (b) and 
(c). When the inverter side inductor Li varies 50% above and 
below its nominal value, the system remains stable as shown 
in Fig. 6(a). In this case, the open loop is stable and the phase 
margin is above 50 degree and the gain margin is above 5db. 
The system robustness and dynamic response reduces slightly 
for the lower value of Li but remain in acceptable margin. On 
the other side, for high value of Li, the dynamic response is 
still higher and gain margin remain in acceptable region. 
Similar changes in grid side inductor Lg are considered, which 
results in higher deviation in resonance frequency even the 
resonance frequency fall below 1/6

th
 of the sampling 

frequency fs as shown in Fig. 6(b). However, it shows greater 
phase margin and almost similar robustness as compared with 
variation in Li. The current control loop is stable in both the 
cases. In Fig. 6(c), stability characteristics are observed under 
variation in filter capacitor; the overall result shows better 
phase margin with acceptable gain margin. The results shown 
in these graphs illustrate that proposed method is more robust 
to variation in resonance frequencies and can damp wide 
range of resonance frequencies with high phase margin. 
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Fig. 4. Effect of (a) Low and (b and c) High Cutoff Frequencies Around 

LCL Resonance Frequency. 

 

 

Fig. 5. Comparison of Proposed Method with Conventional CCF, and AD 

with PFC using Coefficient Gain. 

 

 

 

Fig. 6. Bode Plot under Filter Parameter Variation (a) Li+50%,-50% (b) 

Lg+50%, -50% (c) C+150%,-70%. 

VI. SIMULATION AND EXPERIMENT RESULTS 

To verify the effectiveness of proposed technique, a model 
of three-phase Grid-connected LCL filter is developed in 
MATLAB/Simulink environment. SPWM technique is used 
for gate signal generation. The design parameters of the 
system are described in Table I. 

The steady-state injected current Ig and voltage Vpcc in 
phase A are shown in Fig. 7(a), Fig. 8(a) and Fig. 9(a) 
verifying the unity power factor operation. However, without 
the implementation of damping loop, the overall THD is 
24.78% of the fundamental frequency where the contribution 
of resonance frequency region is highest as shown in 
Fig. 7(b).When conventional capacitor current feedback and 
proposed damping loop are applied, the overall THD is 
reduced to 6.39% and 3.28% respectively for the injected 
current, and the resonance peak is damped effectively as 
shown in Fig. 8(b) and Fig. 9(b). When damping is applied, 
half of the switching frequency region shows major 
contribution in the THD. However, with the proposed 
damping method the percentage is less than 5%, which is 
acceptable because the grid standards allow THD of less than 
5% of fundamental frequency for stable operation. 
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Fig. 7. Current Control Loop Response when no Damping Loop is 

Employed(a) Ig and vpccin Phase-A (b) Harmonic Spectrum of Igin Phase-A. 

 

 

Fig. 8. Current Control Loop Response when CCF Damping Loop is 

Employed(a) Ig and vpccin Phase-A (b) Harmonic Spectrum of Igin Phase-A. 

To illustrate the effect of resonance frequency shift, the 
filter capacitance C value is increased from its nominal value 
of 4.7µF to 22.5µF. The stability and robustness of the system 
is examined for the resonance frequency of 1.2 kHz and 
ɷrc=0.2ɷs as shown in Fig 10. The system does not exhibit 
inherent damping because in this case the resonance frequency 
is lower than fs/6. The figure illustrates that the conventional 
capacitor current feedback method fails to remove the 
resonance harmonics from the injected grid current and results 
in high THD and unstable system as shown in Fig. 10(a). 
However, with the proposed method the injected grid current 
tracks the reference current and also attenuate the resonance 
harmonics is shown in Fig. 10(b). 

Fig. 11 verifies the better transient response of the system, 
when 50% reduction occurs in the reference load current, the 
measured current tracks the reference load current accurately. 

The resultant overshoot is between 7-8%, which is acceptable 
overshoot value, therefore, confirms the better transient 
response of the system. 

 

 

Fig. 9. Current Control Loop Response with Proposed Damping Loop (a) Ig 

and vpccin Phase-A (b) Harmonic Spectrum of Igin Phase-A. 

 

 

Fig. 10. Three Phase Injected Current behavior for Resonance Frequency 

Less than fs/6 (a) Conventional CCF (b) Proposed Method. 

 

Fig. 11. Transient Response with Proposed Damping of Current Control Loop 

after Change in Reference Current. 
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A. Hardware Setup 

A 1 kW experimental setup of inverter is used to evaluate 
the control dynamic response and harmonic attenuation 
capability of the proposed method. The experimental test 
bench consists of an inverter with constant DC power source 
and LCL filter connected with grid is shown in Fig. 12. The 
overall control strategy, presented in Fig. 1, including the 
proposed resonance damping is implemented on D-Space 
DS1006 control board based on parameter shown in Table I. 

Different performances are observed for damping strategy 
in the presence of grid voltage harmonics. The control board 
link the inverter and MATLAB simulated model for real-time 
operation. The control board or PWM board generates 
sinusoidal plus-width modulation signal for the switching 
devices (IGBTs) of the inverter with the accomplishment of 
PR controller in synchronous reference frame. The sample or 
sensor board is used for the measurement of DC bus voltage, 
three-phase injected grid currents and voltages at common 
coupling point. The transferred power to grid is 1kW via 
three-phase inverter with 10 kHz switching frequency. 

The steady-state response of the current loop is shown in 
Fig. 13(a), Fig. 14(a), Fig. 15(a). However, without the 
implementation of damping method, the overall THD is 
16.31% of the fundamental frequency where the influence of 
resonance frequency region is the highest as shown in 
Fig. 13(b). When conventional capacitor current feedback and 
proposed damping loop are applied the overall THD is 
reduced to 5.512% and 2.91% respectively for the injected 
current, and the resonance peak is damped effectively as 
shown in Fig. 14(b) and Fig. 15(b). The three-phase grid 
injected currents with the proposed damping loop are shown 
in Fig. 16. 

The conventional capacitor current feedback method fails 
to maintain the stability of the system at low resonance 
frequencies but with the proposed method the region can be 
enhanced. In this section, the system response is examined 
under resonance frequency less than 1/6th of the sampling 
frequency and ɷrc=0.2ɷs as shown in Fig. 18. The filter 
capacitor cf value is increased from 4.7uF to 22.5uF to 
demonstrate the effect of resonance frequency shift. The 
system does not exhibit damping in case of conventional 
capacitor current feedback as shown in Fig. 17(a). However, 
the system is stable with the proposed method and show 
evidence of damping as shown in Fig. 17(b). 

To verify the better transient response of the proposed 
method, there is step change in reference current from 2 to 4A 
as shown in Fig. 18(a). Unlike proportional capacitor current 
feedback method discussed in [9] [10] and [28], there is no 
transient spikes and the injected current tracks the reference 
current smoothly with least amount of transient resonance and 
oscillation. The Phase-A line current THD for one cycle after 
the step change with the proposed damping loop is shown in 
Fig. 18(b). 

 

Fig. 12. Experimental Prototype of Three Phase Grid Connected Inverter 

using D-Space. 

 
(a) 

 

Fig. 13. Current Control Loop Response when no Damping Loop is 

Employed(a) Ig and vpccin Phase-A (b) Harmonic Spectrum of Igin Phase-A. 

 

 

Fig. 14. Current Control Loop Response when CCF Damping Loop is 

Employed(a) Ig and vpccin Phase-A (b) Harmonic Spectrum of Igin Phase-A. 
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Fig. 15. Current Control Loop Response with Proposed Damping Loop (a) Ig 

and vpccin Phase-A (b) Harmonic Spectrum of Igin Phase-A. 

 

Fig. 16. Three-Phase Inject Current with Proposed Damping Loop 

 

 

Fig. 17. Three Phase Injected Current behavior for Resonance Frequency 

Less than fs/6 (a) Conventional CCF (b) Proposed Method. 

 

 

Fig. 18. (a) Transient Response and (b) Harmonic Spectrum, of Current 

Control Loop after Step Change in Reference Current. 

VII. CONCLUSION 

In this paper, active damping associated with three-phase 
grid connected LCL filter is explored with two different 
approaches. A new method is proposed, which is compared 
with the existing method to verify its efficacy. In the proposed 
strategy, a high pass filter is used as a compensator across the 
LCL filter to damp the arouse resonance peak. Based on 
proposed method, mathematical relation for grid injected 
current and capacitor damped current are derived. The 
proposed method gives faster dynamic response in comparison 
with conventional capacitor current feedback damping 
method. Moreover, the stability features with filter parameter 
variation illustrate that the proposed technique has potential to 
damp wide range of resonance frequencies as compared to the 
existing method. A case study of a 1 kW inverter is used to 
evaluate the control dynamic response and the harmonic 
attenuation capability. Different performances are observed 
for damping strategy in the presence of grid voltage 
harmonics. Finally, the simulation and experimental results 
validate the better dynamics response and damping 
effectiveness of the proposed methodology. 
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