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Abstract—The LLCL-filter is emerging into grid-connected 
converters due to a smaller size compared to the conventional the 
LCL-filter. Similar to LCL-filter, the high order resonance 
introduces potential instability to the overall system which should 
be properly damped either passively or actively. In this paper, 
different feedback coefficients like the proportional, derivative, 
integral, high pass and low pass feedback coefficients of the filter 
capacitor current and the LC-trap circuit voltage are investigated 
for damping the filter resonance. Active damping methods are 
analyzed by using the concept of the equivalent impedance with 
and without the delay effect of an LLCL-filter based grid-
connected inverter. Their corresponding equivalent circuits for 
the purpose of resonance damping are given to identify whether 
the feedback coefficient should be negative or positive for the 
different state-feedback methods. Then the stability of the 
different methods and the design of the feedback coefficient are 
analyzed and compared using root loci. Finally, experimental 
results are presented to validate the theoretical analysis. 

Keywords—Active damping; LLCL-filter; grid-connected 
converter; impedance-based design; grid-side current control; 
delay; different feedback coefficients. 

I.  INTRODUCTION 
Nowadays, distributed generation (DG) systems using clean 

renewable energy such as solar energy, wind energy, etc., are 
becoming popular in the industry [1], [2]. Regardless of the 
type of renewable power source, the grid-connected voltage 
source inverter is a crucial component that converts the energy 
generated by the source to the grid. Normally, a low-pass 
power filter is inserted between the voltage source inverter 
(VSI) and the grid to attenuate the undesirable harmonics 
caused by pulse width modulation (PWM) harmonics to a 
desirable limit on the grid. Typically, an L-filter or an LCL-
filter is adopted to attenuate switching harmonics. Compared 
with L-filter, the LCL-filter is competitive for its higher 
attenuating ability, which allows the use of smaller inductors to 
meet the harmonic limits [3], [4]. Recently, a new high order 
filter called the LLCL-filter was proposed, which has a better 
reduction of switching harmonics with less weight and volume 
compared to  the LCL-filter [5]-[8].  

Similar to the LCL-filter, the LLCL-filter has also resonance 
problems. To suppress the possible resonance of an LCL-filter 
or LLCL-filter, active damping [9]-[14] or passive damping 
[15]-[18] methods may be adopted. A direct way to damp the 
resonance is to insert real resistors in the filter circuit and also 

called passive damping. However additional resistors will 
reduce the overall system efficiency. The active damping that 
using control algorithm instead of the resistor has been widely 
explored without any additional power loss [10], they can be 
more effective and flexible. Among the various active damping 
solutions, the multi-loop active damping methods which 
introduces extra feedback to provide damping effect is 
effectively used. Normally, for the LCL-filter, the proportional 
feedback of the capacitor current is frequently used, which is 
equivalent to the resistor in parallel with the capacitor when the 
delay effect is not considered [10], [11]. Similarly, for the 
LLCL-filter, different filter variables can be measured to form a 
virtual resistance to damp the filter resonances [19].  

However, in digital-controlled systems, sampling and 
transport delays caused by controller and the PWM modulation 
will affect the system stability and should be taken into account 
[20]. Due to the influence of the delay, [20] comes to the 
conclusion that only single grid current feedback is required at 
high filter resonant frequencies and in contrast only single 
converter side current feedback is required at low filter 
resonant frequencies for stability. But active damping is also 
required when the resonant frequency varies and grid 
impedance changes. Ref. [10] showed the equivalent virtual 
impedances of the proportional feedback of the capacitor 
current feedback are different considering the delay effect and 
it proposed a method to reduce the effect of the delay. 
However, the proportional feedback is not the only way to 
damp the resonance for the capacitor current feedback and 
other feedback coefficients are also effective. But there are no 
studies comparing these multi-loop control active damping 
methods and as well explaining which feedback coefficient 
should be used. 

This paper mainly focuses on the active damping based on 
the LLCL-filter trap circuit. The LC trap circuit voltage and 
capacitor current feedback with five different general 
coefficients k, ks, k/s, ks/(s+τ) (high-pass), k/(s+τ) (low-pass) 
are analyzed and compared, when the grid-side current is 
controlled. It shows also how to define the k and τ, when 
different active damping methods are used to keep the system 
stable.  In section II shows the modeling of the grid-connected 
inverter with the LLCL-filter. Section III, the equivalent 
impedances of the difference state-feedback methods are 
deduced with and without taking into account delays. In 
Section IV the stability and robustness of different cases are 
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analyzed by root loci in the discrete domain. Last, experimental 
results are provided to validate the theoretical analysis. 

II. MODELING THE GRID-CONNECTED INVERTER WITH THE 
LLCL-FILTER  

A. System Description 
Fig. 1 shows the general structure of a three-phase grid-

connected inverter with LLCL-filter. The DC-link voltage is 
assumed to be constant. L1 is the inverter-side inductor, Cf is 
the filter capacitor, Lf is the resonant inductor and L2 is the 
grid-side inductor. The voltage and current of the inverter 
output phase are represented as ui and i1, and the grid voltage 
and current are represented as ug and ig. The voltage of the trap 
circuit Lf-Cf is uLC, ic is the capacitor current, and Lg is the grid 
impedance. Table I shows the parameters of the system. 

As shown in Fig. 1, the grid-side current is controlled. The 
feedback signal ic and uLC can be used to damp the resonance 
of the LLCL-filter. The open loop transfer function from ig to 
ui is expressed in (1). The resonance frequency of the LLCL-
filter r (ωo = 2πfo) is derived in (2). 

( ) ( )
2

2 2
1 2 1 2

1
( )

[ ]i g

f f
u i

f f r

L C s
G s

C L L L L L s s ω→

+
=

+ + +
         (1) 

 
                        

(2) 
 

The Proportional-Resonant with the Harmonic- 
Compensation (PR+HC) controller can be used in the current 
controller [21]. In the s-domain, the current controller is 
expressed as: 

( )22
1,5,7 0

( ) ih
c p

h

K sG s K
s hω=

= +
+

∑                       (3) 

where ωo = 2πfo is the fundamental angular frequency, Kp is 
the proportional gain, and Kih is the integral gain of the 
individual resonant frequency h. 

B. Active Damping Based on LC-trap  
According to [14] and [22] different feedback variables are 

feasible for damping the resonant problems. Capacitive 

voltage is relatively easy to measure and can also be used for 
synchronization, so the capacitor voltage is usually used as a 
feedback variable. Fig. 2 shows the structure of an active 
damping method based on the Lf-Cf trap voltage for grid-
connected VSI with LLCL-filter. K(s) is the feedback 
coefficient. Delay part is modelled as (s) ssT

dG e λ−= where Ts is 
the sampling period and λ is the delay coefficient. PWM 
inverter transfer function is expressed as KPWM = Vin /Vtri, where 
Vin is the input voltage, and Vtri is the amplitude of the 
triangular carrier.  If the voltage Vtri is the same as Vin, KPWM 
can be regarded as 1. 

When the feedback node is moved from the output of Gd(s) 
to the output node of 1/sL1, an equivalent block diagram of the 
equivalent virtual impedance is obtained, as shown in Fig. 2 
with a solid line. The Lf-Cf trap voltage based active damping 
is equivalent to the virtual impedance Zeq(s) in parallel with Lf-
Cf trap circuit. Computational and PWM delays are introduced 
into the grid current loop and the active damping feedback 
circuit.  

Similar to Lf-Cf trap voltage based active damping method 
the capacitor current can also be sensed to damp the 
resonance. The structure of the active damping method based 
on the Lf-Cf trap voltage for grid-connected VSI with LLCL-
filter is shown in Fig. 3. When the feedback node is moved 
from the output of Gd(s) to the current output node of 1/sL1 
and the initial feedback variable is moved from ic to uLC, an 
equivalent block diagram of the equivalent virtual impedance 
is obtained. 

The open loop transfer functions from ic to ui and uLC to ui 
are expressed in (4) and (5), respectively. 
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Fig. 2. Equivalent block diagram of grid current control with Lf-Cf trap 
voltage feedback. 
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Fig. 3. Equivalent block diagram of grid current control with capacitor 
current feedback. 
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Fig. 1. General structure of three-phase grid-connected inverter with 

LLCL-filter. 

  TABLE I 
Parameters of System 

     DC link voltage   U
dc

 650 V Sampling frequency  fs 10 kHz 

Grid phase voltage  Ug 220 V Resonant frequency fr 2.45 kHz 

Inductor L1 1.8 mH  Grid-side inductor L2 2  mH 

Capacitor Cf 4 μF  Resonant inductor Lf 64 μH 

Switching frequency fsw 10 kHz  Sampling period Ts 100 μs 

2904



        
 

( ) ( )
2

2
2 2

1 2 1 2

( )
[ ]i cu i

f r

L sG s
L L L L L s s ω→ =

+ + +
            (4) 

( ) ( )
2

2
2 2

1 2 1 2

( s 1)
( )

[ ]i LC

f f
u u

f f r

L s L C
G s

C L L L L L s s ω→

+
=

+ + +               (5) 
Fig. 4 shows the Bode plot of the of transfer functions ig 

(s) / ui (s) when λ is 1.5. It can be seen from Fig. 4, that the 
LLCL-filter resonance has no influence on system stability 
since the phase is already well below -180º at fs/6 due to the 
sampling and transport delays [10]. Here, fs is the sampling 
frequency and fs/6 is called the critical frequency. But the 
resonance frequency will be changed when grid impedance 
varies, so active damping is still necessary in order to improve 
the robustness. As shown in Fig. 4, when the proportional 
capacitor-current-feedback active damping is used  if the 
resonant frequency is larger than one-sixth of the sampling 
frequency (fs /6) the phase will cross -180 º twice, because a 
non-minimum phase behavior of the outer grid current control 
loop is introduced by the negative virtual impedance of the 
active damping. A stability analysis should be carried out by 
means of the Nyquist stability criterion. In order to get the 
system stable, the magnitude margin at fs /6 should be larger 
than 0 and the magnitude margin at the resonance frequency fr 
should be smaller than 0 [10]. But in a weak grid, the 
resonance frequency will probably be decreased below fs /6, so 
if the critical frequency can be increased the robustness 
against the grid-impedance variation can be better. Ref. [10] 
reduces the computational delay by shifting the capacitor 
current sampling instant towards the PWM reference update 
instant to get a wider frequency. The critical frequency is 
changed from fs /6 to fs /4 for the proportional capacitor-
current-feedback active damping.  

The next section will analyze the impedance-based active 
damping methods in more details. 

III. IMPEDANCE-BASED ACTIVE DAMPING ANALYSIS 

A. Virtual Impedance Model 
The parameter K(s) is discussed from five different 

coefficients:  k, ks, k/s, ks/(s+τ), k/(s+τ). When k is larger than 
zero, it is feedback control and when k is smaller than zero, it 

is feedforward control. Ref. [11] analyzed the influence of 
different resonant frequencies for proportional capacitor 
current feedback. For grid current control with Lf-Cf trap 
voltage feedback, Zeq(s) is expressed as:  

1( ) / ( ) ssT
eqZ s s L K s eλ= ⋅ ⋅                          (6) 

For grid current control with capacitor current feedback, Zeq(s) 
is expressed as: 

( )2
1 1

( )
( )

s
f f sT

eq
f

L s L C
Z s e

C K s
λ+

= ⋅                         (7) 

Substituting (8) into (6) and (7),  a general Zeq is expressed 
as (9). Fig. 5 shows the general equivalent circuit considering 
the delay. Req is the equivalent resistance part of Zeq and Xeq is 
the equivalent inductive or capacitive part of Zeq. 

                    cos sinsj Te T j Tωλ ωλ ωλ= + , s jω→            (8) 

  ( ) ( ) ( )eq eq eqZ j R jXω ω ω= +                        (9) 

Req and Xeq are frequency dependent. The actual LLCL-
filter resonance frequency is probably changed by the 
imaginary part of the virtual impedance Xeq. The real part of 
the virtual impedance might be negative and it is relative to 
the ratio of the LLCL resonance frequency to the control 
frequency. The negative resistance brings in open-loop 
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fC
iu gufL

1i gi
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Fig. 5. Equivalent circuit considering delay. 
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Fig. 6. Equivalent virtual impedances of the Lf - Cf voltage feedback 
without delay. (a) k, (b) ks, (c) k/s, (d) ks/(s+τ), (e) k/(s+τ). 

 
Fig. 4. Bode plot of the of transfer functions ig (s) / ui (s) with and without 

damping in high resonant frequency.  
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unstable Right Half-Plane (RHP) poles into the grid current 
control loop.  

B. Virtual Impedance Model of the Lf-Cf Trap Voltage Based 
Active Damping 
Table II shows the equivalent Req and Xeq with different 

feedback coefficients of Lf - Cf voltage feedback. In the 
continuous time domain, it is easy to deduce the physical 
equivalences and stability conditions for the active damping 
control loop. When λ=0, Fig. 6 shows the equivalent circuits of 
Lf - Cf voltage feedback without delay effect. Rd and Ld are 
shown in (10). 

1
d

LR
k

= , 1
d

j LL
k

ω=                            (10)         

When the delay is considered, Req could both be negative 
or positive and also the resonant frequency of the LLCL-filter 
will be changed by the virtual impedance. It can be seen from 
Table II that the Lf-Cf trap voltage with k, k/s and k/(s+τ) 
feedback have negative resistance Req at low frequency, so k 
should be negative to get the damping effect and this method 
can be regarded as feedforward. The Lf-Cf  trap voltage with ks 
and ks/(s+τ) feedback have positive resistance Req at low 

frequency and k should be positive in order to get the damping 
effect and this method can be regarded as feedback control. 

Table II shows the frequency fn at which the real part of the 
virtual impedance becomes negative (fn) before Nyquist 
frequency. It can be seen from Table II that Lf-Cf trap voltage 
active damping with k feedforward has a larger critical 
frequency fn. It means the actual resonance frequency is higher 
than one-third of the sampling frequency (fs /3), where the 
virtual impedance contains a negative resistive component. 
The critical frequencies of Lf-Cf trap voltage active damping 
with ks/(s+τ) feedback and k/(s+τ) feedback are dependent on 
the cut-off frequency fnc (τ=2πfnc). It can be seen from Fig. 7, 
the critical frequency is increased when fnc is increasing. 

Fig. 8 shows the Bode plot of the open loop gain when the 
Lf-Cf trap voltage with k feedback is used. When k is smaller 
than 0 the open-loop unstable poles have been removed and 
the phase at fr is already well below −180°. When k is equal to 
-0.3, the phase margin is very small. 

C. Virtual Impedance Model of the Capacitor Current Based 
Active Damping 
Table III shows the equivalent resistance Req and reactance 

Xeq, where A, B, C are expressed as: 

( )2
1 1 f f

f

L L C
A

C k
ω−

= , ( )2
1 1 f f

f

L L C
B

C k
ω

ω
−

= , 
3

11 f

f

L LLC
C k k

ωω= − (11) 

They are always larger than zero before switching frequency. 
So the effect of Lf to the active damping can be neglected 
before the Nyquist frequency and the Lf-Cf circuit features like 
a capacitor, which is similar to the LCL-filter. When λ=0, Fig. 
9 shows the equivalent circuits of capacitor current feedback 
without any delay effect. 

TABLE II 
Req and Xeq of Equivalent Virtual Impedances for the Lf - Cf Trap Voltage feedback  

K(s) k ks k/s ks/(s+τ) k/( s+τ) 

( )eqR ω  1 sin s
L T
k
ω λω− ⋅  1 cos s

L T
k

λω⋅  
2

1 cos s
L T
k
ω λω− ⋅  1 1cos sins s

L LT T
k k
τ ωλω λω⋅ − ⋅  

2
1 1cos sins s

L LT T
k k
ω τωλω λω− ⋅ − ⋅  

( )eqX ω  
1 cos s

L T
k
ω λω⋅  1 sin s

L T
k

λω⋅  
2

1 sin s
L T

k
ω λω− ⋅  1 1sin coss s

L LT T
k k
τ ωλω λω⋅ + ⋅  

2
1 1sin coss

L LT T
k k
ω τωλω λω− ⋅ + ⋅  

fn  fs /3 fs /6 fs /6 see Fig. 7(a) see Fig. 7(b) 
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Fig. 8. Bode plot of the open-loop gain of the grid current control with the Lf-

Cf trap voltage with k feedback (-1, -0.3, 1). 
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Fig. 7. Relationship between the frequency when the virtual resistance 
becomes negative and the cut-off frequency of the filter using the Lf - Cf 

voltage feedback. (a) ks/(s+τ), (b) k/(s+τ). 
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where Rv, Lv,  Lv1 and Cv are derived as: 

( )2
1 1 f f

v
f

L L C
R

C k
ω−

= ,
3

11( )f
v

f

L LLL j
C k k

ωω= −          (12) 

  1
1

f
v

j L L
L

k
ω

=  ,  1
v

f

LC
j C kω

=                  (13) 

The capacitor current feedback with high pass active 
damping is a virtual series R-C damper in parallel with the 
filter capacitor. When the delay effect is considered, with 
capacitor current k, ks, ks/(s+τ) and k/(s+τ) feedback, the 
equivalent impedances have positive resistance part Req at low 
frequency, so k should also be positive. For k/(s+τ) and 
ks/(s+τ) feedback, the fn is dependent on the cut-off frequency 
fnc, as shown in Fig. 10. 

 It can be seen from Fig. 10(a), the critical frequency of the 
capacitor current feedback with high pass active damping 
increases with the cut-off frequency and it is higher than the 
proportional capacitor current feedback [12]. The stability and 
robustness analysis of these methods will be shown in the next 
section. 

IV. ROOT-LOCUS ANALYSIS IN THE DISCRETE Z-DOMAIN 

A.  Modeling of Active Damping in Discrete Time 
As shown in the Fig. 11, the continuous LLCL-filter model 

is discretized by a zero-order hold method with a discrete-time 
active damping control [23]. The feedback function K(s) is 
discretized by the tustin method and λ is 1.5. To investigate the 
critical situation, the critical gain of the controller Kp can be 
found from the root locus analysis. (14) and (15) are the open 
loop transfer functions from ig to  gi∗ when the Lf - Cf voltage 
and current are sensed respectively, which can be expressed as: 

( )( ) ( )
( )

( ) ( ) ( )( )
i LC

i LC

u ug g
c

u u LCg

G zi z i z
G z

z K z G z u zi z
→

∗
→

= ⋅ ⋅
+

        (14) 

( )( ) ( )
( )

( ) ( ) ( )( )
i c

i c

u ig g
c

u i cg

G zi z i z
G z

z K z G z i zi z
→

∗
→

= ⋅ ⋅
+

           (15) 

TABLE III 
Req and Xeq of Equivalent Virtual Impedances of Lf - Cf Trap Current Feedback 

K(s) k ks k/s ks/(s+τ) k/( s+τ) 
( )eqR ω  cosA Tλω  sinB Tλω  sin TC λω−  cos sinT BA Tτλω λω+  cos sinT TA Cτ λω λω−  

( )eqX ω  sinA Tλω  cos TB λω−  cosC Tλω  sin cosT TA Bλω τ λω−  sin cosT TA Cτ λω λω+  

fn fs /6 fs /3 fs /3 see Fig. 10(a) see Fig. 10(b) 
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Fig. 9. Equivalent virtual impedances of the capacitor current feedback 
without delay. (a) k, (b) ks, (c) k/s, (d) ks/(s+τ), (e) k/(s+τ). 
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Fig. 10. Relationship between the frequency when the virtual resistance 
becomes negative and the cut-off frequency of the filter using the capacitor 

current feedback. (a) ks/(s+τ), (b) k/(s+τ).
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Fig. 11. Block diagram for active damping using a digital controller.
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The discrete PR controller at the fundamental frequency ωo 
is listed with forward or Backward Euler discretization [24]. 
The discrete PR is given by: 

2 1

1 2 2 2 1
0

(z)
( 2) 1

s s
c p i

s

T z T zG K K
z T zω

− −

− −

− += +
+ − +

          (16) 

Gc (z) can be reduced to Kp since the resonance gain has 
negligible effect above the fundamental frequency ωo. 

B. Design and Analysis of the Active damping based on 
Root-Locus 
Then Root Loci analysis studying the of variation in active 

damping gain k for different methods with a given Kp are 
shown in Fig. 12. The gain Kp of the controlor Gc(z) is set at 
the critical stable state without active damping and the value 
of Kp is 23.9. Then different active damping methods can be 
analyzed. Capacitor current k feedback is similar to the Lf-Cf 
trap voltage ks feedback and the capacitor current k/s feedback 
is similar to Lf-Cf trap voltage k feedback. The differential term 
usually introduces high frequency noise and it is not used in 
practical application. So Fig. 12 only shows six active 
damping methods. 

As shown in Fig. 12, the solid line shows the root loci 
when k is larger than 0 (feedback) and the dotted line shows 
the root loci when k is smaller than 0 (feedforward). It can be 
seen in Fig. 12(a), when Lf-Cf trap voltage is controlled with 
proportional k active damping the system can be stable when k 
is negative and it is in fact a feedforward method. The stable 
period of k is from 0 to 0.3. At the critical stable state the 

system cannot be stable, when k is positive. 

As shown in Fig. 12(b) when Lf-Cf trap voltage is 
controlled with k/s active damping, the system can be stable 
when feedforward control is used. The stable period of k is 
from 0 to 15200. When Lf-Cf trap voltage is controlled with 
k/(s+τ), as shown in Fig. 12(c), k should also be negative and 
the poles trend to move inside the unit circle again with τ 
increasing. 

As shown in Fig. 12(d), when the capacitor current is 
controlled with k feedback the system can be stable when k is 
positive. When k increases to 11.6, the system becomes 
unstable again. When the capacitor current is controlled with 
ks/(s+τ) feedback the system can be stable when k is positive.  
With increasing τ of the high pass filter, the stable region of 
the system is larger. The maximum k can be obtained 
according to the root loci with different τ. When the capacitor 
current is controlled with k/(s+τ) (low-pass) feedback the 
system can be stable if k is positive, but the stable region is 
very small which matches the analysis using the equivalent 
impedance method before. 

C. Comparision of Different Active Damping Methods 
According to the virtual impedance-based analysis and 

designed parameters of different active damping methods, the 
comparisons are shown in Table IV. When Lf-Cf trap voltage 
uLC with proportional and low pass control are used, the 
feedforward method should be applied to make the system 
stable. When the capacitor current ic with proportional, low 
pass and high pass control are used, the feedback method 

0k <

0k >  

                   
(a)                                                                           (b)                                                                          (c) 

                    
                                               (d)                                                                            (e)                                                                         (f) 

      Fig. 12. Root loci of the variation in active damping gain k for a given Kp using Lf-Cf trap voltage feedback using the parameters in Table I. (a) k (b) 
k/s (c) k/(s+τ) and capacitor current feedback (d) k (e) ks/(s+τ) (f) k/(s+τ). 
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should be applied to make the system stable. In terms of the 
robustness against the grid-impedance variation of different 
active damping methods, Lf-Cf trap voltage uLC with 
proportional, low pass control and capacitor current ic with 
high pass control are better to select. 

V. EXPERIMENTAL RESULTS 
The experimental setup consists of a 2.2 kW Danfoss 

FC302 converter connected to the grid through an isolating 
transformer and the DC-link is supplied by Delta Elektronika 
power sources. The control algorithm has been implemented 
in a dSPACE DS1103 real time system. The aim of this 
section is to test the current control for the stability analysis 
with the different types of active damping control. The system 
parameters are given in TABLE I. 

The controller gain is set to be 23.9 to make the system 
initially unstable and active damping methods are activated in 
the middle. Fig. 13(a) shows the waveforms when Lf-Cf trap 
circuit voltage proportional feed forward is used and k is 

designed to 0.25 and the system becomes stable. When k is set 
to positive as feedback of the system is still unstable as shown 
in Fig. 13(b). It means for Lf-Cf trap circuit voltage 
proportional active damping method, feedforward has the 
damping effect and feedback does not have. This is in good 
agreement with the theoretical analysis. Fig. 13(c) shows the 
experimental waveforms when low pass feedforward is used. 
The k is set as 12200 and τ is set as 10000.  

Fig. 14 shows the experimental results when the capacitor 
current control with k feedback is used, a high pass feedback 
and a low pass feedback are enabled. The system turns to be 
stable after these active damping methods are enabled. 

Fig. 15 shows the experimental results with Lg = 4.8 mH 
for different active damping methods. It can be seen from 
Fig.15, for capacitor current active damping with k feedback, 
the current control is not stable. But for capacitor current 
active damping with high pass feedback and Lf-Cf trap voltage 
control with k feedforward, the current control is stable. 
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  (a)                                                                                       (b)                                                                          (c) 

                                                        Fig. 13.  Waveforms of Lf-Cf trap voltage control of (a) k feedforward (b) k feedback (c) low pass feedforward. 
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Fig. 14. Waveforms of capacitor current control of (a) k feedback (b) high pass feedback (c) low pass feedback are enabled. 

                                                                   TABLE IV   Comparison of Different Active Damping Methods 
 

Active damping uLC control  ic control  
Feedback coefficient k  k/(s+τ)  (Low pass) k ks/(s+τ) (high pass) k/(s+τ)(Low pass) 

Stability feedforward feedforward feedback feedback feedback 
Critical frequency fn fs /3 fs /3 fs /6 fs /6 - fs /3 0 - fs /6 

Robustness ++  ++ 0 + 0 
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                                            (a)                                                                           (b)                                                                            (c) 

     Fig. 15. Experimental results with Lg = 4.8 mH. (a) Lf-Cf trap voltage control with k feedforward (b) capacitor current control with k feedback (c) 
capacitor current control with high pass feedback. 
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VI. CONCLUSIONS 
This paper analyses the stability of the grid-connected 

inverter with LLCL-filter using different active damping 
methods based on the virtual impedance. The principle of 
virtual impedance method of the Lf-Cf circuit voltage and 
capacitor current with and without delay effect is presented by 
the equivalent impedance functions and circuits.  

(1) Lf -Cf trap circuit of LLCL-filter perform capacitance 
characteristic before the switching frequency, so the 
extra Lf in the equivalent impedance does not 
influence the control of active damping and it is 
similar to the LCL-filter. 

(2) The virtual impedance models show the essential 
principle of different active damping methods. 

(3) It can be seen that different feedback coefficients can 
be used as active damping methods to suppress the 
resonance with a suitable design. Lf -Cf trap voltage 
with k and k/(s+τ) active damping should use a 
feedforward method. Lf -Cf trap voltage with k/(s+τ),   
capacitor current with k, ks/(s+τ) and ks/(s+τ) should 
use the feedback method. 

(4) For Lf -Cf trap voltage with k feedforward the critical 
frequency fn is one-third of the sampling frequency 
and for the capacitor current with k feedback the 
critical frequency fn is one-sixth of the sampling 
frequency. Hence, Lf -Cf trap voltage feedback with k 
feedforward method has a better robustness for the 
variation of the resonant frequency due to the grid 
impedance variation. And for Lf -Cf trap voltage with 
k/(s+τ) feedforward method and capacitor current with 
ks/(s+τ) feedback method, the open-loop unstable 
Right Half-Plane poles caused by negative resistance 
can also be moved behind one-sixth of the sampling 
frequency with a suitable design of  τ. 

(5) Root loci are used to analyze the stability and design 
of these active damping methods in the z-domain. The 
experimental results match the active damping design 
and analysis well.  
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