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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

978-1-4799-6735-3/15/$31.00 ©2015 IEEE

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 &, ks, k/s, ks/(s+7) (high-pass), k/(s+7) (low-pass)
are analyzed and compared, when the grid-side current is
controlled. It shows also how to define the £ and 7, 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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Fig. 1. General structure of three-phase grid-connected inverter with
LLCL-filter.
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. L, is the inverter-side inductor, Cy is
the filter capacitor, L, is the resonant inductor and L, is the
grid-side inductor. The voltage and current of the inverter
output phase are represented as u; and i;, and the grid voltage
and current are represented as u, and i,. The voltage of the trap
circuit L~Cy i8S u; ¢, i. is the capacitor current, and L, 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 i. and u;¢ can be used to damp the resonance
of the LLCL-filter. The open loop transfer function from i, to
u; is expressed in (1). The resonance frequency of the LLCL-
filter @, (w, = 2af,) is derived in (2).

L,C,s*+1
G, ()= RN
e C/LL +(L+L)LJs(s* +®?)
1
Q=

LILZ
—=2 41 |C 2
(L]+L2+ ! j ! @
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:

K
G.()=K,+ Z +hs2 3)
h=1,5,7 82 + (a)oh)
where w, = 2xf, is the fundamental angular frequency, K, is
the proportional gain, and Kj, is the integral gain of the
individual resonant frequency 4.

B. Active Damping Based on LC-trap

According to [14] and [22] different feedback variables are
feasible for damping the resonant problems. Capacitive

TABLE |
Parameters of System

DC link voltage U, | 650 V Sampling frequency f; | 10 kHz
Grid phase voltage U, | 220V Resonant frequency f; | 2.45 kHz
Inductor L, 1.8 mH | Grid-side inductor L, | 2 mH
Capacitor C; 4 uF Resonant inductor L, | 64 pH
Switching frequency f;,, | 10 kHz | Sampling period T 100 ps

Fig. 2. Equivalent block diagram of grid current control with L-Cjtrap
voltage feedback.

Fig. 3. Equivalent block diagram of grid current control with capacitor
current feedback.

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 L,~C;trap voltage for grid-
connected VSI with LLCL-filter. K(s) is the feedback

coefficient. Delay part is modelled as G, (s) = ¢ " where T, is

the sampling period and 1 is the delay coefficient. PWM
inverter transfer function is expressed as Kpyy = Vi, /Vyi, where
Vin is the input voltage, and V,,; is the amplitude of the
triangular carrier. If the voltage V,,; is the same as V;,, Kpyys
can be regarded as 1.

When the feedback node is moved from the output of G,(s)
to the output node of 1/sL;, an equivalent block diagram of the
equivalent virtual impedance is obtained, as shown in Fig. 2
with a solid line. The L~C,trap voltage based active damping
is equivalent to the virtual impedance Z,,(s) in parallel with L,
Cytrap circuit. Computational and PWM delays are introduced
into the grid current loop and the active damping feedback
circuit.

Similar to LCytrap 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 L~C,trap voltage for grid-connected VSI with LLCL-
filter is shown in Fig. 3. When the feedback node is moved
from the output of G,(s) to the current output node of 1/sL,
and the initial feedback variable is moved from i, to u;c, an
equivalent block diagram of the equivalent virtual impedance
is obtained.

The open loop transfer functions from i, to u; and u; ¢ to u;
are expressed in (4) and (5), respectively.
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Fig. 4. Bode plot of the of transfer functions i, (s) / u; (s) with and without
damping in high resonant frequency.

L,s?
Gu,—)[‘ (S)= : 2 2
[LL+(L+L)L1s(s* + &) @
Ls(L,C,s+1)
Gy ()= — —
C/LL+(L+L)Ls(s* +@?) )

Fig. 4 shows the Bode plot of the of transfer functions i,
(s) / u; (s) when A 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 -180° at fi/6 due to the
sampling and transport delays [10]. Here, f; is the sampling
frequency and f;/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 (f; /6) the phase will cross -180 ° 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 f; /6 should be larger
than 0 and the magnitude margin at the resonance frequency f.
should be smaller than O [10]. But in a weak grid, the
resonance frequency will probably be decreased below f; /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 f; /6 to f; /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+7), k/(s+7). When £ is larger than
zero, it is feedback control and when k is smaller than zero, it

R, ;
u; )
v o

Fig. 5. Equivalent circuit considering delay.

is feedforward control. Ref. [11] analyzed the influence of
different resonant frequencies for proportional capacitor
current feedback. For grid current control with L,~C; trap
voltage feedback, Z,(s) is expressed as:

Z,(s)=s-L/K(s)-e"" (6)
For grid current control with capacitor current feedback, Z,(s)
is expressed as:

7 (s)= L (1+S2L,/ C,/ ) T @)

“ C,K(s)

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

JOAT,

e =cosWAT + jsinwAT , s = jw ®)

Z,(jo)=R, (@) + jX (@) ©)

R., and X, are frequency dependent. The actual LLCL-
filter resonance frequency is probably changed by the
imaginary part of the virtual impedance X,,. 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

Fig. 6. Equivalent virtual impedances of the L,- Cyvoltage feedback
without delay. (a) &, (b) ks, (¢) k/s, (d) ks/(s+7), (e) k/(s+7).
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TABLE II
R., and X,, of Equivalent Virtual Impedances for the L,;- C; Trap Voltage feedback

K(s) k ks k/s

ks/(s+7) kA s+1)

2
Req (C()) _i: -sin ﬂ,aﬂ; % -COS ACUTY —Lo

——-cos AaT,
X .

L‘Zf -cos Aaf, Lf” -sinAaf,

%’-cosﬂaﬂ; —L'Tw-sin/la)];

Xeq (@) L‘—w-cosﬂ»a)Tv £~sin/la)]: _Llw2 -sin Adal’ E-sinﬂaﬂz +L'—w~cos/10)7; —Msin/M)T_ +ﬂ)-cosﬂa)T
k S I e
Iu /3 116 116 see Fig. 7(a) see Fig. 7(b)
. . . Bode Diagram
unstable Right Half-Plane (RHP) poles into the grid current o s gy
=) L = -03 =i~

control loop. I h’fﬁ_—?f:"_‘_}_{e\& : : |
B. Virtual Impedance Model of the LC;Trap Voltage Based gn ok k=1

Active Damping

Table II shows the equivalent R,, and X,, with different
feedback coefficients of L, - C; 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 A=0, Fig. 6 shows the equivalent circuits of
Ly - Crvoltage feedback without delay effect. R; and L, are
shown in (10).

L .
Ry="t L, =—”ZL‘

When the delay is considered, R,, 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 L~C, trap voltage with k k/s and k/(s+7)
feedback have negative resistance R,, at low frequency, so k
should be negative to get the damping effect and this method
can be regarded as feedforward. The L,-C; trap voltage with ks
and ks/(s+7) feedback have positive resistance R, at low

(10)

Sl o
ot

T

1

0.2 7

o.lﬁ .

(@

04+ .
“2,03F =

0 0.5 1 1.5 2
fel f
(b)

Fig. 7. Relationship between the frequency when the virtual resistance
becomes negative and the cut-off frequency of the filter using the L - C,
voltage feedback. (a) ks/(s+7), (b) k/(s+1).

Phase (deg)

4

Frequency (Hz)

Fig. 8. Bode plot of the open-loop gain of the grid current control with the L
Cytrap voltage with k feedback (-1, -0.3, 1).
frequency and & should be positive in order to get the damping
effect and this method can be regarded as feedback control.

Table II shows the frequency f, at which the real part of the
virtual impedance becomes negative (f,) before Nyquist
frequency. It can be seen from Table II that L~C;trap voltage
active damping with & feedforward has a larger critical
frequency f,. It means the actual resonance frequency is higher
than one-third of the sampling frequency (f; /3), where the
virtual impedance contains a negative resistive component.
The critical frequencies of L~C;trap voltage active damping
with ks/(s+7) feedback and k/(s+r7) feedback are dependent on
the cut-off frequency f,. (=2xf,.). It can be seen from Fig. 7,
the critical frequency is increased when f,. is increasing.

Fig. 8 shows the Bode plot of the open loop gain when the
LrCytrap voltage with k feedback is used. When & is smaller
than O the open-loop unstable poles have been removed and
the phase at f, is already well below —180°. When £ 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 R,, and reactance
X., where A, B, C are expressed as:
o hl-eLC)
C,k

_L (1—sz/c/)’ CZM_LIL,@ a1
wC k Chk  k

They are always larger than zero before switching frequency.
So the effect of L,to the active damping can be neglected
before the Nyquist frequency and the L-C;circuit features like
a capacitor, which is similar to the LCL-filter. When A=0, Fig.
9 shows the equivalent circuits of capacitor current feedback
without any delay effect.
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TABLE III
R., and X, of Equivalent Virtual Impedances of L,- C, Trap Current Feedback

K(s) k ks k/s ks/(s+1) k/( s+1)
R, (@) | Acos Aol | Bsindwl | —Csindal | Acos AwT + Brsin AwT | TAcos AT —Csin Al
X, (o) | Asindal | —BcosAal' | CcosAal | Asindal —7BcosAal | dsinAal +Ccos Al
fu 16 73 53 see Fig. 10(a) see Fig. 10(b)

Fig. 9. Equivalent virtual impedances of the capacitor current feedback
without delay. (a) &, (b) ks, (c) /s, (d) ks/(s+7), (€) k/(s+7).

1
Joel i
(@

0.4 7

Filfs
=)
T
1

02F .
0.1ﬁ .

0 05 |
Juel f:
(b)

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+7), (b) k/(s+7).

£,(9)

*

i@

+
O

' Gll‘ *}14 (S)
Gy )

)
i(s)

where R, L,, L, and C, are derived as:

R :Ll(l—a)szCf) LIQ)_LIL/»COS) (12)
Ck Ck  k
_JoLL, L

) = 1
! k " joC k

L= j(
(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/(str) and k/(s+7) feedback, the
equivalent impedances have positive resistance part R,, at low
frequency, so k should also be positive. For k/(s+7) and
ks/(s+7) feedback, the f, is dependent on the cut-off frequency
Jue» s 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.

Fig. 11. Block diagram for active damping using a digital controller.

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 A is 1.5. To investigate the
critical situation, the critical gain of the controller K, can be
found from the root locus analysis. (14) and (15) are the open
loop transfer functions from i, to ", when the L,- C; voltage

and current are sensed respectively, which can be expressed as:

O TN N S (C TN
i,(2) z+K(2)G, ,,, (2) uy(2)
L9 G- %@ @ (15)
i,(2) z+K(2)G, , (2) i(2)
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The discrete PR controller at the fundamental frequency w,
is listed with forward or Backward Euler discretization [24].
The discrete PR is given by:

-T, z? +T, z™!
2+ (Twy) —2)z7" +1

G. (z) can be reduced to K|, since the resonance gain has
negligible effect above the fundamental frequency w,.

(16)

G.(2)=K,+K,

B.  Design and Analysis of the Active damping based on
Root-Locus

Then Root Loci analysis studying the of variation in active
damping gain & for different methods with a given K, are
shown in Fig. 12. The gain K|, of the controlor G(z) is set at
the critical stable state without active damping and the value
of K, is 23.9. Then different active damping methods can be
analyzed. Capacitor current k feedback is similar to the L~-C;
trap voltage ks feedback and the capacitor current k/s feedback
is similar to L,-Cytrap 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 £ is larger than 0 (feedback) and the dotted line shows
the root loci when £ is smaller than 0 (feedforward). It can be
seen in Fig. 12(a), when L-C;trap voltage is controlled with
proportional k£ active damping the system can be stable when &
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 £ is positive.

As shown in Fig. 12(b) when L,C; trap voltage is
controlled with &/s active damping, the system can be stable
when feedforward control is used. The stable period of & is
from 0 to 15200. When L~C,trap voltage is controlled with
k/(s+7), as shown in Fig. 12(c), k should also be negative and
the poles trend to move inside the unit circle again with ¢
increasing.

As shown in Fig. 12(d), when the capacitor current is
controlled with k feedback the system can be stable when £ is
positive. When k increases to 11.6, the system becomes
unstable again. When the capacitor current is controlled with
ks/(s+7) feedback the system can be stable when & is positive.
With increasing 7 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 z. When the capacitor
current is controlled with k/(s+7) (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 L-C trap voltage
urc with proportional and low pass control are used, the
feedforward method should be applied to make the system
stable. When the capacitor current i. with proportional, low
pass and high pass control are used, the feedback method

Feedforward £ <0

———  Feedback k>0
Root Locus Root Locus Root Locus
<
. : . ~_ 15200 |
[REET TR e
—— 03 N
: ~ LTS 2
@ - %
Zos . 205 <05
. < =
2 . N )
< . =l
g . g )
20 j ] 5,, 0 7 E
£
-0.5
0.5 R 0.5
. - . —
1 o e 1 /o/ 1
- i
1 -0.5 0 0.5 1 1 -0.5 0 0.5 1 0
Real Axis Real Axis Real Axis
(a) (b) ©
Root Locus Root Locus Root Locus
T
1 1 REEE T A
— = 9300~ <>
w « r 2 = T — = .
Z 0, Z05 . %05 - N
< < ; < N 5
: — .
g E’ R E -
=1 = - o
) Sy 0 fe . o— o0
& 8 -
E E : g l ;
0.5 0.5 _ R
~fR==F ==
< = — 4
-1 — 1 @t i
= i
1

-1 -0.5 0.5 1 -1 -0.5

0
Real Axis

()

L
0
Real Axis

n L 1 1 L
0.5 -1 -0.5 0.5 1
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© ®

Fig. 12. Root loci of the variation in active damping gain k& for a given K, using L~C;trap voltage feedback using the parameters in Table I. (a) & (b)
k/s (c) k/(s+7) and capacitor current feedback (d) & (e) ks/(s+7) (f) kK/(s+7).

2908



TABLE IV Comparison of Different Active Damping Methods

Active damping uc control i.control
Feedback coefficient k k/(st7) (Low pass) k ks/(s+7) (high pass) | k/(st7)(Low pass)
Stability feedforward feedforward feedback feedback feedback
Critical frequency f, f/3 /3 £ /6 f16-£173 0 ﬁ /6
Robustness ++ ++ 0 +
[100Y/div]  [T00Vdiv]
5 A/dj

\ K
A A A

A

A "”M" N’ ‘%‘-%ﬂ Nyt

ime: [\{ms/div

Time:"[10ms/div]

™

Y/”v

N N W

V:f
/Time: y)ms/dy

(2)

()

Fig. 13. Waveforms of L~Cytrap voltage control of (a) k£ feedforward (b) & feedback (c) low pass feedforward.

7div]

4 4 [100Y/div]

[ Time: [FOms/diV'

Fig. 14. Waveforms of capacitor current control of (a) k feedback (b) high pass feedback (c) low pass feedback are enabled.
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Fig. 15. Experimental results with L, = 4.8 mH. (a) L~Cytrap voltage control with k feedforward (b) capacitor current control with & feedback (c)
capacitor current control with high pass feedback.

should be applied to make the system stable. In terms of the
robustness against the grid-impedance variation of different
active damping methods, L~C, trap voltage u;,c with
proportional, low pass control and capacitor current i, 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 1.

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 L-C; trap
circuit voltage proportional feed forward is used and £ is

designed to 0.25 and the system becomes stable. When £ is set
to positive as feedback of the system is still unstable as shown
in Fig. 13(b). It means for L-C; 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 7 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 L, = 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 L,-C trap voltage
control with k feedforward, the current control is stable.
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This paper analyses the stability of the grid-connected

CONCLUSIONS

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

(1

[2]

[3]

[4]

[3]

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

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

It can be seen that different feedback coefficients can
be used as active damping methods to suppress the
resonance with a suitable design. L, -Cytrap voltage
with &k and k/(s+r) active damping should use a
feedforward method. L, -Ctrap voltage with k/(s+7),
capacitor current with &, ks/(s+t) and ks/(s+7) should
use the feedback method.

For L, -Cstrap voltage with k feedforward the critical
frequency f, is one-third of the sampling frequency
and for the capacitor current with k& feedback the
critical frequency f, is one-sixth of the sampling
frequency. Hence, L, -Ctrap 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 L, -Cytrap voltage with
k/(s+t) feedforward method and capacitor current with
ks/(s+7) 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 <.

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.

@
3)

“)

®)
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