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Abstract—A novel concurrent scheme of current control with 
active damping for LCL-based grid-tied voltage source converter 
has been proposed based on the D-decomposition methodology. 
By using the grid-current feedback only, the paper demonstrates 
that grid-current feedback technique provides a satisfactory 
system performance, regardless of the resonance frequency of the 
filter. It also can readily satisfy the relative stability required 
such as phase margin (PM) and gain margin (GM) by 
considering gain parameters simultaneously for the two-loop 
control scheme. The proposed design method is quite simple to 
implement, without the need of expert knowledge-based 
parameter tuning. Simulation and experimental results have 
demonstrated the validity and effectiveness of the proposal.  

Keywords—active damping; grid-current feedback; LCL-filter; 
voltage source converter  

I. INTRODUCTION  

LCL resonance has been one of the most important 
concerns for LCL-based voltage-source-converter [1]. 
Although many literatures [2-6] have proven that an LCL-filter 
with a high-frequency / low-frequency resonance can be 
stabilized with the grid-current / converter-current feedback 
only, drifting system parameters affect the resonance frequency 
significantly. For the sake of controllability and robustness, a 
damper control is usually incorporated. A physical passive 
damper, such as a resistor in series with the filter capacitor [1], 
however causes a power loss and reduces the high-frequency 
attenuation of LCL-filter. Active dampers [7-15] therefore are 
considered as the promising way at the present time. One 
conventional way to actively damp the resonance is to 
feedback an extra current [7-9] or voltage [10] of the filter 
capacitor. Another way is to develop a robust active damping 
technique that relies only on the grid-current feedback [11-15], 
in which no additional sensor is needed. For the second active 
damping technique, a first-order High-Pass-Filter (HPF) is 
introduced as an active damper in [12-14]. To obtain a good 
system dynamic response, the active damper and the current 
controller must be concurrently designed. So far, these two 
control loop designs are done sequentially. In [12-15], the 
current controller is designed first based on the so-called 

optimum design method proposed in paper [7], which can only 
provide an approximate calculation for controller gains without 
taking into consideration the active damper. Hence in reference 
[15], it is concluded that a poor dynamic response of closed-
loop system will be obtained when an active damper of High-
Pass-Filter is used to control a low resonance-frequency LCL-
filter. This paper provides a new method to design an active 
damper and a current controller simultaneously in a graphical 
way for grid-current feedback active damping LCL-based 
converter. Simulation and experimental results demonstrate 
that the grid-current active damping technique gives 
satisfactory performance independent of the ratio between the 
resonance frequency and the sampling frequency of the LCL-
filter.  

II. SYSTEM DESCRIPTION  

A. Coordinate Transformations  

For a balanced system, the three-phase quantities can be 
modeled as equivalent two-phase quantities in αβ-frame, by 
disregarding  zero-sequence components. Based on the 
transformation matrix, complex vector associated with a set of 
phase quantities  ሼݑ௔, ,௕ݑ   ௖ሽ can be given byݑ
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The space vector is expressed in stationary coordinate, which is 
denoted by subscript αβ of the vector itself and composed of  
α- and β-components [16]. The qd-transformed space vector 
corresponding to uαβ is denoted by subscript qd and with 
components denoted by subscripts  q and d, respectively. The 
relation of transformation between stationary coordinate and 
synchronous coordinate can be given by  
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where ߠ௘ሶ = ߱௘ is the fundamental angular frequency.  

Suppose that we have an input-output relation in stationary 
as ݕఈఉ = ఈఉݑ݌  , where ݌ = ݐ݀/݀  is the derivative operator 
which is substituted for Laplace variable s whenever a transfer 
function or matrix is used as an operator. Transformation to the 
synchronous coordinate ݑఈఉ = ݁௝ఏ೐ݑ௤ௗ  and ݕఈఉ = ݁௝ఏ೐ݕ௤ௗ  
yields ݕ௤ௗ = ݁ି௝ఏ೐݌൫݁௝ఏ೐ݑ௤ௗ൯ . According to the chain rule, ݌൫݁௝ఏ೐ݑ௤ௗ൯ = ௤ௗݑ൫݁௝ఏ೐൯݌ + ݁௝ఏ೐ݑ݌௤ௗ = ݁௝ఏ೐ሺ݌ + ݆߱௘ሻݑ௤ௗ , 
which gives the relation of transformation by  

 ( )qd e qdy pu y p j uαβ αβ ω= ⇔ = +  (5) 

Transformation to the synchronous coordinate gives the system 
model in which the complex transfer function is frequency 
translated as ݏ → ݏ + ݆߱௘. 

B. System Model 

The diagram for the system considered is depicted in 
Figure 1 which illustrates a three-phase LCL-based grid-tied 
voltage-source-converter with active damping control. A 
constant DC voltage Vd is assumed for simplicity. Parasitic 
resistances have been ignored to arrive at the worst case 
condition. The Phase-Lock-Loop (PLL) has been employed to 
extract the phase angle of grid Vg, which has also been 
considered as an ideal AC-source. For the current regulation, a 
proportional-integral (PI) controller Gc(s) is used as the current 
controller, represented in the reference-frame by 

 ( ) 1
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where kp and τi are proportional gain and integral time 
constant, respectively. G2(s) is for the active damper, whose 
transfer function is denoted as 
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Where, k2 and ω2 are gain and cutoff frequency of HPF.  

Assume the DC-bus voltage is divided into two halves by a 
neutral point of N, as shown in Figure 1, the state-space 
description of three-phase LCL-based converter is as in the 
followings:  
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Note that ܵ௫௣ሼݔ = ܽ, ܾ, ܿሽ is the switching function for the top 
device of x phase, and ܯ௫௦∗ ሼݔ = ܽ, ܾ, ܿሽ is the expression of the 
actual modulation signal of x phase.  

Taking into account the time delay of the digital control 
system, the control variables are influenced by the digital time 
delay [14, 17, 18], which may be modeled as   

 * ,        , ,dsT
xs xsM e M x a b c−= =  (11) 

where Mxs is the demand control variable. The quantity  ௗܶ =1.5 ௦ܶ  is the total delay time resulting from the digital 
computation delay (Ts) and the pulse width modulation delay 
(0.5Ts) [14, 18], Ts is the converter sampling period. To obtain 
a linear state-space model of the pure delay term, an adequate 
Pade approximation is given by  

 2
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By substituting (12) into (11), the relations between the actual 
modulation variable and the demand control variable for three-
phase quantities can be expressed as  
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Figure 1: Three-phase LCL-based grid-tied voltage-source-
converter with grid-current feedback active damping. 
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Transforming (8)-(10) and (13) into the synchronous 
reference frame by using equation (5), a state-space model of 
three-phase LCL-based converter is given in (14) including the 
time delay of the digital control system.  
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The equations can then be converted into the state-space 
form as  
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in which the new state is ܺ௤ௗ௦ = ∗௤ௗ௦ܯ +   .௤ௗ௦ܯ
For grid-current feedback active damping control as shown 

in Figure 1, the demand control variable is determined by  

 ( ) ( ) ( )*
2qds qdr qdr c qdrM I I G s I G s= − +  (16) 

And then by solving (15) and (16), the open-loop and closed-
loop transfer functions can be expressed by (17) and (18), 
respectively, which are shown at the bottom of the previous 
page.  

III. CONTROL PARAMETERS DESIGN  

The conventional approach toward designing an actively 
damped system is to design the current controller first, which 
however can hardly assure the demanded system performance. 
The method proposed in this paper is to design the current 
controller and the active damper simultaneously. Four 
parameters from the two controllers of (6) and (7) must be 
determined in the design process. And the integral time 
constant τi of (1) is the first parameter to be computed by  
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Where, ωs is the sampling frequency of the system in radian, 
and ωc(max) is the maximum crossover frequency [19] in radian 
corresponding to the defined phase margin of γ which is 
associated to the relative stability. Note that the PI controller 
has little phase contribution at the maximum crossover 
frequency.  

With respect to the cutoff frequency ω2 of (7), noise 
amplification and digital sampling error realistically limits it to 
below the Nyquist frequency of 0.5ωs. Observations from [14] 
are that a high ω2 is preferable to avoid non-minimum-phase 
behavior of system, and that a high ω2 imposes trajectories of 
closed-loop poles inside and far away from the unit circle 
altering the dynamic performance of the overall system. The 
cutoff frequency ω2 of (7) therefore is set to 0.45ωs in the paper.  

Seen from the closed-loop transfer function of (18), a sixth-
order complex system is discussed in the paper, which may not 
be directly solved for the control parameters. The well-known 
Routh-Hurwitz criterion is generally the most efficient 
algorithm to determine whether all the zeros of a characteristic 
polynomial of the system have negative real parts. However, 
the extension of the Routh-Hurwitz criterion to polynomials 
with complex coefficients [20] is much complicated for a high-
order system. In order to describe the overall system stability, 
the D-decomposition [21-23] may therefore be one of the best 
tools to deal with a complex high-order system, which can be 
easily employed for providing stability regions graphically. By 
substituting ݏ = ݆߱  into the characteristic polynomial of 
closed-loop transfer function, the boundary of the stability 
domain is given by the equation  
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in which the imaginary axis (the boundary of instability in the 
root plane) is mapped into the parameters space. Solving for kp 
and k2 
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Where, ∆= ܽଵሺ߱ሻܾଶሺ߱ሻ − ܽଶሺ߱ሻܾଵሺ߱ሻ . By varying ω from 
negative infinity to positive infinity, a curve of critical stability 
will be drawn in kp-k2 parameter plane.  

In designing a control system, it is most important that the 
system must be stable. Furthermore, it is necessary that the 
system have adequate relative stability. For indicating the 
degree of stability of the system, the phase and gain margins 
are  introduced. It should be noted that either the phase margin 
or the gain margin alone does not give a sufficient indication of 
the relative stability. Both should be given in the determination 
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of the relative stability. However, only the phase margin has 
been discussed in many other works, like in [6,7]. Proper phase 
and gain margins are to be  selected which are robust to 
parameter changes and ensure closed-loop stability. For 
satisfactory performance, the phase margin should be between 
30o and 60o, and the gain margin should not be less than 6dB 
[24].  

Substituting ݏ = ݆߱ into the open-loop transfer function of 
(17), the phase angle ϕ can be readily determined. HPF gain k2 
of (7) can therefore be computed from:  
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Where, θ(ω) is the phase contribution of the PI controller 
whose notation is given as ߠሺ߱ሻ = tanିଵൣ߱௖ሺ௠௔௫ሻ/ሺ10߱ሻ൧ . 
Furthermore, the proportional gain of the PI controller kp of (6) 
can be determined for selected Km using equation (23).  
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By varying the value of ω in (22) and (23), a curve of 
correlation between kp and k2 can be drawn associated to the 
defined phase angle and magnitude of the open-loop transfer 
function. With respective to the definition of the phase margin, 
we have the following relations:  

 
1mK

γ π ϕ= +
 =

 (24) 

And for the gain margin, we have another set of relations as  

 
( ) 20logg mK dB K

ϕ π= −
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 (25) 

Note that both sets of different relations will be used for 
plotting the curves of defined phase margin and defined gain 
margin of the system, respectively.  

IV. STUDY CASES  

 For the grid-side current control scheme, many literatures 
have demonstrated that the active damping is identified as 
essential for control loop stability in the low resonance 

frequency region where the resonance frequency of the LCL-
filter is lower than 1/6 of the sampling frequency of the system. 
Active damping is identified as not being required in the higher 
resonance frequency region in which resonance frequency is 
high than 1/6 of the sampling frequency. At the critical 
resonance frequency where these regions cross over (resonance 
frequency equals to 1/6 of sampling frequency), it is essentially 
not possible to design a current regulator with an effective 
damping [7]. This paper addressed this issue by setting three 
study cases whose resonance frequencies are located in high 
resonance frequency region, low resonance frequency region, 
and at the critical resonance frequency, respectively. Table I 
shows the system parameters for the study cases.  

 For sufficient performance, the phase margin γ is set to be 
45o, and the gain margin Kg is set to be 6dB. Applying the D-
composition tool, the critical boundary can be determined at 
first, which divides the parameter plane into two parts of stable 
region inside and unstable region outside. And then a curve 
associated with the specified phase margin can be drawn to 
identify the trace where phase margin is 45o. The last step is to 
identify the trace for the gain margin of 6dB. Figure 2 shows 
all possibilities for control parameters due to these 
specifications. It should be noted that as the resonance 
frequency increases,  the region of stability reduces.  

 In Figure 2(a), the GM line of 6dB coincides with  the PM 
line at two points. However, the point denoted by o is invalid 
since it is beyond the stable region. Note that the active 
damping contributes a more degree of stability for Case A, 
though active damping is not essential. In Figure 2(b), two 
intersections are within the stable region. The point denoted by 
x is chosen since it has a bigger PI gain which can provide a 

TABLE I.  LCL-BASE SYSTEM PARAMETERS  

Nominal System Parameters 
Vd DC bus voltage 380V 
Vg Grid phase RMS voltage 120V 
fe System fundamental frequency 60Hz 
fsw Switching frequency 5kHz 
fs Sampling frequency 10kHz 

LCL-filter Parameters 
Ls = 8.4mH Lr = 2.5mH 

Case A C = 2.1uF fres = 2.50kHz > fs / 6 
Case B C = 4.6uF fres = 1.69kHz ≈ fs / 6 
Case C C = 16uF fres = 0.91kHz < fs / 6 

TABLE II.  CONTROLLER PARAMETERS  

Test Case PI (kp) PI (τi) HPF (k2) HPF (ω2) 
Case A     

Kg = 6dB 0.1969 
120/ωs 

0.1626 
0.45ωs Kg = 3dB 0.2409 0 

Case B     
Kg = 6dB 0.1153 

120/ωs 
0.4651 

0.45ωs Kg = 3dB 0.1515 0.2894 
Case C     

Kg = 3dB 0.0552 120/ωs 0.6611 0.45ωs 
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wider system bandwidth, leading to a faster system response. 
In Figure 2(c), there is no intersection between the GM line of 
6dB and the PM line. It implies that it is not always possible to 
design a current regulator for Case C to meet both relative 
stability requirements, no matter whether an active damping 
scheme is introduced.  To address this issue, a compromised 
gain margin of 3dB is applied. A compromised gain margin 
contributes to a smaller HPF gain k2 and a larger PI gain kp, so 
as to readily meet the gain margin requirement for Case A with 
no use of active damping. However, a small gain margin may 
weaken the robustness of the system. All controller parameters 
determined graphically from Figure 2 are summarized in 
Table II. With the summarized parameters, bode plots of open-
loop  transfer functions are drawn for the adequate gain margin 
of 6dB and the compromised gain margin of 3dB, respectively. 
From Figure 3, the 45o phase margin can be readily identified. 
However, only Case A and B can meet the 6dB gain margin 
requirement, shown in Figure 3(a). The Bode plot frequency 
respond for Case A without an active damping is shown in 
Figure 3(b) to meet the 3dB gain margin, as well Case B and C 
with an active damping.  

 
(a) Case A 

 

 
(b) Case B 

 

 
(c) Case C 

Figure 2: Loci of the controller parameters between kp and k2 
for the three study cases.  

 

 
(a) 

 

 
(b) 

Figure 3: Bode plots of the open loop transfer function for 
case A, B and C: (a) 6dB gain margin; (b) 3dB gain margin.  
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Figure 4: Simulation results of grid-current responses for the 

systems with 45o phase margin and 6dB gain margin. 
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V. SIMULATION RESULTS  

The implementation of the proposed design method for the 
three study cases (A, B and C) of Table I is simulated with 
piecewise linear electrical circuit simulation (PLECS). 
Controller parameters considered are taken from Table II. 
Transient time-domain system responses are shown in Figure 
4 and Figure 5. For each case, a step change in commanded 
peak current from 4 to 6 A is used to demonstrate the system 
dynamic performance. Figure 4 shows that the system 
responds with sufficient gain margin for Case A and B, where 
the grid-currents are well damped during the time of transition, 
and little oscillations are produced. Corresponding to the case 
with the compromised gain margin, the system responses for 
three study cases are shown in Figure 5. Compared with the 
responses of the systems with sufficient gain margins, more 
oscillations are found during the transient event. It is noted that 
when the resonance frequency is low, the settling time is longer 
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Figure 5: Simulation results of grid-current responses for the 

systems with 45o phase margin and 3dB gain margin. 
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(b) Case B 

Figure 6: Simulation result comparisons of the q- and d-
component of the grid-currents under different gain margin 

conditions.  
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Figure 7: Simulation of system in Case A when grid-side 
inductance is double. (a) Control parameters associated to 6dB 

gain margin; (b) Control parameters associated to 3dB gain 
margin.  
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under the same relative stability conditions. Especially, for 
Case C shown in Figure 5, more than a half fundamental 
period is required to settle the grid-currents. In order to easily 
compare the responses of the currents between different gain 
margins, the q- and d-components of the grid-currents are 
given in Figure 6 for Case A and B, respectively. It 
demonstrates that the larger PI gains can lead to a faster grid 
current response.  

The grid-side inductance is now doubled and the gain 
margins retained as the nominal values in case A. It turns out 
that the system whose control design is done with the higher 
gain margin has more stability margin and provides stronger 
system robustness, as demonstrated in Figure 7. 

VI. EXPERIMENTAL RESULTS  

For further verification, the three-phase LCL-based grid-
tied inverter shown in Figure 1 was implemented in the 
Laboratory. Circuit parameters used for the setup are listed in 
Table I, while Table II lists the parameters of the PI 
controllers and active damper designed using the proposed 
concurrent design method. The designed control scheme was 
eventually implemented using a DSP of TMS320F28335 as 
the controller for sampling the grid-current feedback signals 
and generating the modulation pulses.  

With the implemented setup, Figure 8 shows the measured 
grid currents for Case A listed in Table I using different 
controlling parameters. Since the resonance frequency of the 
LCL filter is higher than the critical resonance frequency (fs / 
6), the system remains stable even when no active damping is 
activated, as demonstrated in Figure 8(a) with k2 = 0. 
However, the system dynamics can be improved by specifying 
a higher gain margin, as shown in Figure 8(b). Corresponding 
experimental results for Case B and C are given in Figures 9 
and 10, respectively. Figure 9 shows that the system with a 
higher gain margin has a better system dynamics when the 
active damping is essentially required. Figure 10 shows the 
controlled grid side currents when the resonance frequency is 
lower than the critical resonance.  

VII. CONCLUSIONS  

In this paper, a novel concurrent design scheme based on 
the D-decomposition methodology was proposed for the 
current control design with active damping of LCL-based grid-
tied VSC converter using the grid-current feedback only. 
Unlike other conventional methods, an accurate defined phase 
margin and gain margin can be met easily. Proposed design 
also demonstrates that the grid-current active damping 
technique can provide satisfactory system performance 
independent of the resonance frequency. The overall controller 
design is quite intuitive and graphical, and no expertise 
parameter tuning is need, which thus is ideal for non-expert use 
or for adaption of different configurations. Simulation and 
experimental results have demonstrated the validity and 
effectiveness of the proposal.  

 

 

 

 
   (a) 

 

 
   (b) 

Figure 8: Experimental results of grid-current responses for 
Case A with: (a) 3dB gain margin; (b) 6dB gain margin.  

 
 

 
   (a) 

 

 
   (b) 

Figure 9: Experimental results of grid-current responses for 
Case B with: (a) 3dB gain margin; (b) 6dB gain margin. 

 
 

 
Figure 10: Experimental results of grid-current responses for 

Case B with 3dB gain margin.  
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