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Abstract—Grid connected converters employ LCL-filters, in-
stead of simple inductors, because they allow lower inductances
while reducing cost and size. Active damping, without dissipative
elements, is preferred to passive damping for solving the asso-
ciated stability problems. However, large variations in the grid
inductance may compromise system stability, and this problem is
more severe for parallel converters. This situation, typical of rural
areas with solar and wind resources, calls for robust LCL-filter
design. This paper proposes a design procedure with remarkable
results under severe grid inductance variation. The procedure
considers active damping using lead-lag network and capacitor
current feedback. Passive damping is also discussed. The design
flow, with little iteration and no complex algorithms, selects the
proper ratios between the switching and resonance frequency,
the grid and converter inductance, and the filter capacitance and
total inductance. An estimation for the grid current THD is also
proposed. Simulation and experiments validate the proposals.

Index Terms—grid connected converter, LCL-filter, stability,
robust design, active damping, weak grid.

I. INTRODUCTION

G
RID connected converters supply sinusoidal currents and

employ either a simple inductor or an LCL-filter to limit

the current ripple [1]. Using an LCL-filter results in lower

inductance values and so allows a more compact design and

lower losses. Because of these advantages, this solution is

now used widely in distributed generation (solar and wind)

[2], [3] and power active filters [4]. However, the current

control in closed loop may be unstable because of the LCL-

filter resonance [5]. Passive damping solves this issue by using

simple resistors at the expense of additional losses [6], [7].

Active damping modifies the control algorithm without using

dissipative elements [8].

References [9], [10] established the basic guidelines for

the selection of the LCL-filter parameters using an iterative

process. The converter-side inductor is sized based on the

current ripple at the switching frequency. The capacitor rating

is limited by the fundamental reactive power. The grid side
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Fig. 1. Conceptual procedure and results of the proposed LCL-filter design
method.

converter is selected to further reduce the current ripple. In

[11], the wye and delta connections are also considered. The

analytical solution of the converter harmonics is used in [12],

and the minimum energy stored in LCL-filter is selected as

optimization criterion. In [13], [14] two parallel capacitors,

one of them with a series resistor for passive damping, are

considered. Reference [13] makes use of simple approxima-

tions to obtain the LCL-filter parameters that comply with the

grid requirements and while causing the most minimal losses.

In [14], after modeling all the losses with high accuracy, a

search algorithm enables the calculation of the optimal LCL-

filter values that result in the lowest volume and losses. In [15],

the integration of both inductors in one single core is proposed.

Reference [16] uses a graphic approach for an LCL-filter that

is intended to work in a shunt active power filter.
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Fig. 2. LCL-filter based three phase inverter.

A vast amount of literature on the active damping of LCL-

filters is available [3], [4], [6], [17]–[32]. Earlier methods use

a feedback loop additional to the usual PI current control

[23]. The feedback magnitude was the grid current derivative

[24], the capacitor current [23], [33] or the capacitor current

filtered by lead-lag network [6], [19], [22]. The use of a

notch filter at the output of the voltage reference to the PWM

modulator was proposed in [20], [21], [34]. In [34] a self-

commissioning procedure for tuning the notch filter to the

measured resonance frequency is proposed. The virtual resistor

method [31] emulates the behavior of a resistor without adding

it physically. Recent methods propose state feedback with

linear [27], [28], non-linear [29] and adaptive control [30].

The variations in the resonance frequency, caused by weak

grids with large inductance variations, may compromise sys-

tem stability [25]. Remote rural areas, typical locations of

renewable resources, are characterized by low power trans-

formers and long distribution wires that result in weak grids

with high impedance. Moreover, this situation is aggravated

by the increasing connection of grid converters [35], [36]

in parallel, which has raised new stability problems because

of the newly arising resonances. Ref. [37] shows that, when

converters with very similar characteristics are connected in

parallel, the equivalent grid inductance is multiplied by the

number of converters. Therefore, in view of wind parks and

solar farms located in remote rural areas, with weak grids and

numerous converters in parallel, this paper proposes an LCL-

filter design procedure that aims to achieve robustness in the

face of large inductance variations.

This paper proposes a simple design procedure that enables

LCL-filters to obtain enhanced stability and robust results

based on selecting the ratios between the switching and

resonance frequency, the grid and converter inductance, and

the filter capacitance and total inductance. The main novelty

is the integration of the damping procedure with the LCL-

filter design to achieve maximum robustness in the face of grid

inductance variations. This robustness is due to the importance

of the ratio between the switching and resonance frequency

for the damping procedures. The proposed robust LCL-filter

design is applicable to active damping using lead-lag network

and capacitor current feedback. Passive damping, achieved by

inserting resistors in series with the capacitors of the LCL-

filter, is also explained. The derivation of the ratio between the

switching and resonance frequency for the capacitor current

Active

Damping

Active

Damping

Fig. 3. Cascade control of the grid converter with active damping: a) capacitor
current feedback and b) lead-lag network.

feedback is shown. The effects of the ratio between the grid

and converter inductance on the harmonic attenuation and

on the robustness of the LCL-filter is explained. In addition,

an estimation for the grid current THD is proposed. All the

equations derived are simple and accurate, and provide the

insight needed to make the necessary trade-off in designing the

LCL-filter. This enables the calculation of all the parameters in

a simple design flow with little iteration and without complex

algorithms. Analysis in the z-plane is used to assess the

stability and robustness against the parameter variation. Fig. 1

shows the main achievement of the proposed procedure:

- The parameters of the robust LCL-filter are obtained

by simply selecting the proper ratios by considering the

active damping method, the attenuation, the robustness,

and the reactive power consumption.

- The LCL-filter converter is stable even in the presence

of a very large grid inductance.

The paper is organized as follows: Section II succinctly

reviews the control for grid connected converter based on the

LCL-filter. Section III explains considerations for the LCL-

filter design. Section IV. provides a step-by-step procedure for

implementing the LCL-filter, along with examples. Simulations

are shown in Section V and experiments in Section VI. Finally,

conclusions are presented in Section VII.

II. CONTROL OF GRID CONNECTED CONVERTERS:

BACKGROUND REVIEW

Fig. 2 shows an LCL-filter based three-phase inverter. For

the power range of kW-MW, the current sensors are usually

integrated into the converter for protection [10]. The value of

grid inductance Lg includes the inductance of the grid side in-

ductor and the leakage inductance of the isolation transformer,

both assumed to be known, and the line inductance, assuming

to be unknown.
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In this paper, the converter side current is the one sensed

for control. Fig. 3 shows the cascade control used for grid

connected converters. In the low frequency region, the LCL-

filter behaves approximately as an equivalent L-filter, as a

result of the neglect of the capacitor branch [19]. Therefore,

the usual formulas for tuning the controllers when using an

L-filter can also be employed when using an LCL-filter. The

synchronization with the grid voltage is obtained by means of

a PLL [38]. The LCL-filter based converter uses the same PI-

controllers, tuned following the same procedures, as does the

L-filter based counterpart. The current control in the dq-frame

uses simple PI controllers tuned according to the technical

optimum criterion [22], with the following proportional gain

and integration time:

Kp =
LT fsw

3
(1)

Ti =
LT

RT

(2)

with LT = L+Lg the sum of the converter and grid inductor

inductances (L and Lg respectively), RT = R + Rg the sum

of the converter and grid resistances (R and Rg respectively)

and fsw the switching frequency. The bandwidth achieved

is fbw ≈ fsw/20. As (2) is usually large, the integration

time can be reduced for better disturbance rejection, provided

the overshoot is still acceptable [39]. The d-current performs

the DC voltage regulation, whereas the q-current controls the

reactive power, usually to achieve unity power factor. The

grid voltage feed-forward and dq-current uncoupling terms are

omitted in Fig. 3 for clarity.

III. CONSIDERATIONS FOR THE LCL-FILTER DESIGN

A. Ratio between the switching and resonance frequency

The active damping methods considered for the LCL-filter

design are the capacitor current feedback, Fig. 3a, and the lead-

lag network, Fig. 3b. When using these active damping meth-

ods, the ratio rf = fsw/fres between the switching frequency

and the resonance frequency, fres has crucial importance.

In general, fres should be halfway between fbw and fsw.

In this way, the resonance does not interfere with the current

control loop, while the LCL-filter provides proper harmonic

reduction [9]. Therefore, by taking the geometric mean be-

tween fbw and fsw for fres, the appropriate ratio should be

around rf ≈ 4.5.

For grid current control with rf < 6 [26], no active damping

method is necessary to achieve stability. For the lead-lag

network, it was shown in [19] that the required ratio should

be rf ≈ 3.2–3.4.

For capacitor current feedback, it will be shown in the

following subsection that the required ratio should be rf ≈ 3.

The resonance frequency is equal to:

fres =
fsw
rf

=
1

2π

√

1

Cf

(
1

L
+

1

Lg

)
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Fig. 4. LCL-filter with capacitor current feedback for active damping.
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Fig. 5. Digital implementation of the capacitor current feedback.

where Cf is the filter capacitance. Thus, from (3) for a

constant fsw, larger rf requires larger passive elements.

For the capacitor current feedback, see Fig. 4, the transfer

function relating the converter current i and the converter

voltage reference u is:

Gad(s) =
i(s)

u(s)
=

1

Ls

s2 + z2LC

s2 + 2

[
kd

2Lωres

]

︸ ︷︷ ︸

active damping

ωress+ ω2
res

(4)

where z2LC = [LgCf ]
−1

and ω2
res = (2πfres)

2 = (1 +
Lg/L)z

2
LC . It can be seen that the damping in (4) is varied

by varying the feedback gain kd. This is analogous to what

happens with passive damping when varying the value Rd of

the damping resistor in series with the LCL-filter capacitor.

The transfer function relating the converter current i and

voltage v for passive damping is:

Gpd(s) =
i(s)

v(s)
=

1

Ls

s2 + 2ζ ′zLCs+ z2LC

s2 + 2
Cfωres

2
Rd

︸ ︷︷ ︸

passive damping

ωress+ ω2
res

(5)

and the damping in (5) can be varied with Rd. Unlike (4),

(5) has zeros with damping ζ ′ = Rd(CfzLC)/2. By consider-

ing the minimum damping resistor for stability established in

[40], and after introducing the ratios rl and rf , the minimum

damping for stable closed-loop poles is:

ζ ′min =
1

12π
rf

rl√
1 + rl

(6)

with rl = Lg/L. For the usual values of rf and rl and

considering that Rd is limited by the damping losses, the zeros

in (5) are slightly damped (ζ ′ << 1). Therefore, (4) and (5)

will behave similarly.

The Padé approximant pN,M (x) of a function f(x) is a

quotient of two polynomials, with degrees N and M , having
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the same Taylor series expansion up to degree M+N [41]. The

Padé approximant is simple to calculate and allows to use the

tuning formulas for PI controllers (1)-(2). When considering

the capacitor current feedback, the Padé approximant p0,1(x)
(same order as an L-filter) of (4) (including the inductor

resistances) can be used as an equivalent model for the low

frequency region ω << ωres:

Gadlf (s) =
i(s)

u(s)
= (7)

1

(L+ Lg −R2
gCf + kdCfRg)s+ (R+Rg)

This is almost the same as neglecting the capacitor branch

in the LCL-filter, since the additional terms are very small.

The digital implementation of the capacitor current feedback

incorporates lag phase shifts due to the computational and

PWM delays, see Fig. 5. It is considered that all the calcula-

tions (PI controllers and active damping procedure) take one

PWM cycle (the sampling and the PWM are synchronous).

This is usually the case with DSP and rapid prototyping tools

such as dSpace that are used to produce experimental results

[8]. In the s-domain, the transfer function modeling the effects

of the computational delay and the PWM is [42]:

Gd(s) = e−Tss
1− e−Tss

Tss
(8)

with Ts = 1/fsw, the sampling period coincident with the

switching period. The first product of (8), a pure delay, models

the computational delay. The second product of (8) models a

ZOH equivalent to the PWM for control modeling purposes

[21]. The effect of the computational delay and PWM at the

resonance frequency can be studied by substituting s = jωres

in (8):

Gd(jωres) = e−Tsjωres
1− e−Tsjωres

jTsωres

(9)

which can be factorized as [42]:

Gd(jωres) = sinc

(
Ts

2
ωres

)

e−
3Ts
2

jωres (10)

According to (10), the effects of the PWM and computations

at the resonance frequency are a gain, first factor, and a pure

delay, second factor. By selecting ωres = 2π/3Ts, (10) the

pure delay produced by the PWM and computations is null

and the gain results in:

Gd(jωres) = −3

√
3

2π
(11)

Hence, the digital implementation delays at the resonance

frequency, where damping is necessary, can be compensated

for by simply inverting (11). Selecting ωres = 2π/3Ts,

(10) corresponds to the ratio between the resonance and the

sampling frequency rf = fsw/fres = 3. For the general case,

by separating the real and imaginary components of (10):

kdGd(jωres) = kd sinc

(
Ts

2
ωres

)[

cos

(

−3Ts

2
ωres

)

+ j sin

(

−3Ts

2
ωres

)] (12)

with kd the feedback gain of the capacitor current. The only

feedback component of (12) that produces active damping

is the real part in phase with the capacitor current at the

resonance frequency. Therefore, the condition to obtain active

damping is:

kdℜ{Gd(jωres)} = kd sinc(π/rf ) cos (3π/rf ) > 0 (13)

In order to make (13) positive, up to the maximum ratio

rf = 6, the gain kd should be negative. For higher rf , the

gain kd must be positive to fulfill (13) and the computation

and PWM delays can be considered negligible. The minimum

ratio should be rf = 2, as the sampling frequency should be

higher than the resonance frequency so that the resonance is

visible to the digital control. This finding is consistent with

[18], where the same ratios rf and signs for kd are obtained

by applying the Jury’s criterion to the digital implementation

of the capacitor current feedback. By setting the derivative of

(13) with respect to rf equal to zero, the optimal value for

rf ≈ 3.12 is obtained, which results in maximum real part of

(12) and so maximum damping at the damping frequency. This

value is very close to the previously rf = 3, which resulted

in canceling the pure delay in (10).

B. Ratio Between the Grid and Converter Inductance

The ratio rl refers to the quotient between the known part

Lg (corresponding to the grid side inductor and the isolation

transformer), and L (corresponding to the converter side

inductor). The ratio between the grid and converter inductance

values rl = Lg/L affects total attenuation of the LCL-filter.

In addition, it will be shown that the ratio also affects the

variation of the resonance frequency when the grid inductance

varies.

In equation (3), by substituting fres with fsw/rf , L with

LT /(1 + rl) and Lg with LT rl/(1 + rl) where LT = Lg +L
the total inductance and rl = Lg/L the ratio between the grid

and converter side inductance, the result is:

LTCf =
1

4π2

r2f
f2
sw

(1 + rl)
2

rl
(14)

With constant fsw, the value of the product CfLT is

minimum for rl = 1, by setting the derivative of (14) with

respect to rl equal to zero. This means that the passive

elements will have a minimal size when rl = 1 (L = Lg)

is selected. Therefore, whatever the selection of Cf , selecting

rl = 1 results in the minimum total inductance LT . The

minimum LT implies that there will be a minimum voltage

drop, and so a higher dynamic response. Conversely, whatever

the selection of LT , rl = 1 also results in the minimal require-

ment for capacitor Cf , as was shown in [13], and therefore

in minimal reactive power. In addition, equal inductors may
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be economically advantageous. However, the attenuation of

the LCL-filter at the switching frequency, by considering the

transfer function relating the converter voltage v and the grid

current ig , is found to be:

ig(fsw)

v(fsw)
= 2π

Cffsw
r2f (r

2
f − 1)

rl
(1 + rl)2

(15)

and the ratio rl = 1 corresponds to the minimum attenua-

tion. Nevertheless, variations of rl between 0.5 and 2 results

in variations in the attenuation (15) of just 12%.

The ratio rl also influences the per unit variation of fres
related to the per unit variation of the LCL-filter inductance

according to:

dfres
fres

dLg

Lg

= −1

2

1

1 + rl
(16a)

dfres
fres

dL
L

= −1

2

rl
1 + rl

(16b)

by deriving fres in (3) with respect to Lg and L respectively.

According to (16), increasing rl results in increased robustness

in the face of the grid inductance variations Lg . The detri-

mental effect for the robustness of the converter inductance is

not problematic, as L is a known parameter and not likely to

vary. However, the value of rl should not be increased very

much, in order to prevent the overall inductance LT becoming

excessively large in (14). The ratio rl has no effect on the per

unit variation of the LCL-filter variation:

dfres
fres

dCf

Cf

= −1

2
(17)

by deriving fres in (3) with respect to Cf . Thus, the

robustness against the resonance frequency variation caused

by the capacitor variations can only be increased by increasing

the capacitance Cf .

C. Ratio between the LCL-filter inductance and capacitance

The last ratio to be selected is related to the reactive power

produced by the LCL-filter capacitor. In order to achieve unity

power factor at the point of common coupling (PCC), the

converter needs to compensate for the reactive power produced

by the filter capacitor. Assuming the rated grid current Ig = In
in phase with the rated voltage Vg = Vn at the PCC, by doing

phasor calculations the converter voltage and current are found

to be v = (1−cf l)+j(l+ lg−cf llg) and i = (1−cf lg)+jcf
respectively, with lower letters indicating per unit values. The

selected base values for the per unit system are Sb = Sn, with

Sn the rated power, Vb = Vn with Vn the rated ac voltage,

and fb = fn with fn the grid fundamental frequency. The

derived base values are Cb = 1/(Zbωb) and Lb = Zb/ωb with

Zb = V 2
b /Sb and ωb = 2πfb. Hence, the active power injected

by the converter is p = 1 pu and the reactive power is:

q = cf (1 + cf l)− (1− cf lg)(l+ lg − cf llg) ≈ cf − lT (18)

For other power factor values at the PCC, the following

analysis is analogous. The last approximation in (18) assumes

the rated current In circulating through both inductors L and

Lg an the rated voltage Vn across the capacitor Cf .

The reactive power production implies an increase in the

converter rating. In order not to over-rate the converter, cf
should be equal to lT according to (18). Defining the ratio

rq = cf/lT = Z2
bCf/LT , this is the same as selecting

rq = 1. However, this may result in very low capacitance and

excessively large inductance values. This implies bulky and

expensive inductors and prevents the LCL-filter from providing

any substantial advantage compared to the simple L-filter. In

order to reduce the inductance values, rq = cf/lT should be

increased but not so as to make the resulting capacitance too

large. Hence, the reactive power q should be small, with a

power factor PF at the converter terminals higher than 0.995.

This corresponds to a reactive power q = 0.1 pu with a

converter overrating of s =
√

1 + q2 = 1/PF pu, less that 1%.

The reactive power q is related to rq , by substituting rq and

(18) in the per unit version of (14), according to the following

expression:

q =
(rq − 1)
√
rq

(1 + rl)√
rl

rffn
fsw

(19)

and the power factor PF at the converter output is:

PF =
real power

apparent power
=

1
√

1 + q2
≈ 1− q2

2
(20)

The stored energy in the LCL-filter can be considered as a

measure for the size and expense of the passive components.

The total filter energy can be approximated by [12]:

Wt =
3

2

(
LT I

2
n + CFV

2
n

)
(21)

The stored energy, in the per unit system, is:

wt =
3

2
(lT + cf ) (22)

The total inductance per unit, by taking into account rq =
cf/lT in (14), is:

lT = rf
fn
fsw

1 + rl√
rlrq

(23)

The stored energy in the per unit system, by substituting

(23) and rq = cf/lT in (22), is:

wt =
3

2
lT (1 + rq) =

3

2
rf

fn
fsw

1 + rl√
rl

1 + rq√
rq

(24)

The ratio rl = 1 corresponds to the minimum stored energy,

by setting the derivative of (24) with respect to rl equal to

zero. This result was expected, as rl = 1 resulted in minimum

product LTCf in (14). The ratio rq = 1 corresponds to the

minimum stored energy, once more, by setting the derivative

with respect to rf to zero. For values rq > 1 the stored energy,

in pu, increases slightly, and almost linearly.
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D. Estimation for Total Harmonic Distortion of the Grid

Current

This subsection proposes an estimation of the grid current

THD (total harmonic distortion) in order to assess that attenua-

tion of the LCL-filter. A study on how the different ratios affect

the grid current THD is also shown. Finally, the proposed

formulas allow the losses of the passive damping case to be

studied.

Lower and higher bounds for rms value of the capacitor cur-

rent, based on the negligible impedance path in the capacitor

branch, were established in [40] as follows:

ĩlowc =
1

2
√
3

1√
48

vDC

fswL

√
√
√
√3

2
m2 − 3

√
3

π
+

9

8

(

3

2
− 9

8

√
3

π
m4

)

(25a)

ĩupc = ĩlowc

∣
∣
∣
∣

s2

s2 + ω2
res

∣
∣
∣
∣
s=j[(mf−6)ωn]

(25b)

with m the modulation index, ωn = 2πfn, mf = fsw/fn
the frequency modulation ratio and vDC the dc link voltage.

By assuming negligible current harmonic for order mf − 6,

an upper bound for the rms value of the grid current can be

obtained by considering the transfer function relating ig and

ic in the LCL-filter:

ĩupg = ĩupc

∣
∣
∣
∣

ig(s)

ic(s)

∣
∣
∣
∣
s=j[(mf−6)ωn]

= ĩupc
z2LC

[(mf − 6)ωn]
2 (26)

The previous equations assume ideal conditions, with no

harmonic content in the grid voltage, ideal power switches and

passive elements and constant dc link voltage, which enables

the attainment of a simple approximation. Hence, even though

it is an upper bound estimation, the result of (26) is optimistic,

and in order to account the previous factors, additional margin

should be considered. Dividing (26) by the rated current In
(rms values of the fundamental current harmonic) results in

an approximate THD of the grid current. Aggregating all the

factors in (26) results in:

ĩupg =
1

24

vDC

fswLLgCf

1

(mf − 6)2ω2
n − ω2

res

f(m) (27)

where f(m) refers to the terms under the square root in (25).

By substituting (14) in (27) and incorporating the factors rf ,

rl and rq the upper bound of the grid current is found to be

as follows:

ĩupg =
πvDC

12Zb

√
rq

r3f

√
rl

(1 + rl)

1
[

(1− 6/mf )2 − 1/r2f

]f(m)

(28)

Eq. (28) summarizes the effects of all the defined coef-

ficients in the grid current THD. Increasing rf reduces the

grid current THD substantially, as the switching frequency is

further in the 60 dB/decade region. Increasing rq , to decrease

LT by increasing Cf , slightly decreases the LCL-filter effec-

tiveness. Therefore, in selecting rq , the reactive power must

not overrate the converter, see (19)-(20), and the requirements

for the grid current THD must be fulfilled, see (28). Finally,

variations in rl are also lenient for the grid current THD as

explained previously.

Previous derivations assume an overall LCL-filter behavior

as described in (4) and (5). The rationale for the lead-lag

network method uses (4); details can be found in [19]. The

procedure basically consists of the feedback of the approx-

imate derivative of the capacitor voltage. This is the same

as feeding back the component of capacitor current at the

resonance frequency, where damping is needed. Hence, the

lead-lag network method will result in a less robust response

to resonance frequency variations when compared to the

capacitor current feedback method. In addition, the transfer

function is considerably modified, with a behavior that departs

from (4) and, in the case of the lead-lag network, the previous

formulas are less accurate.

For passive damping, the minimum damping resistor for

stability, Rd = fswL
2
g/3(L+Lg) [40], and the approximation

(25b) enables the study of the effects of the different param-

eters in the damping losses Pd = Rdĩ
2
c :

Pd ≈ πv2DC

864Zb

√
rq

rf

√
rlr

2
l

(1 + rl)

(1− 6/mf )
4f2(m)

(1− 1/r2f − 12/mf + 36/m2
f )

2

(29)

Eq. (29) is again obtained by incorporating the factors

rf , rl and rq to (25b). Therefore, elevated rf should be

considered for passive damping in order to reduce the losses

with moderate rl.

IV. STEP-BY-STEP DESIGN PROCEDURE FOR THE

LCL-FILTER

A. Design Flow

The previous discussions enable the proposal of a design

procedure that requires very little iteration and results in a

very robust LCL-filter. The procedure’s steps, illustrated in 6,

are as follows:

1) Start with power converter parameters: the rated power

Sn, rated ac voltage Vn, rated grid frequency fn Hz, dc

link voltage vDC and switching frequency fsw.

2) Select the active damping procedure: determine the

ratio between switching and resonance frequency rf
as discussed in Section III. For the lead-lag network

method, rf should be around 3.3; for the capacitor

current feedback method it should be around 3.1, as was

shown previously. Higher ratios should be used if passive

damping is chosen, as was shown in (29).

3) Select the ratio between grid and converter inductance

values rl, as discussed in Section III.B. Selecting rl = 1
results in the minimum voltage drop and is economically

advantageous (L = Lg); higher ratios result in increased

robustness in response to grid inductance variations, as

shown in (16a).

4) For the different values of rq , plot the total inductance

LT with the help of (23), taking into account that LT =
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lTLb, the grid current THD using (28), and the power

factor using (19) and (20).

5) The minimum rq = 1, with no reactive power consump-

tion, as discussed in Section III.C, and results in overly

elevated LT when compared to the case of the single L-

filter. In order to select the proper rq , the power factor

should be less than 0.995 and the grid current THD

should be below limit 5% and have sufficient margin

to account for the non-modeled elements. With all the

ratios selected (rf , rl, and rq), the values for L, Lg and

Cf can be obtained.

6) Check the results considering non-ideal power devices,

passive elements, dc link voltage and grid voltage.

B. Example

Step 1: The grid converter has rated Sn = 2.2 kW, Vn = 380
V, fn = 50 Hz and fsw = 8 kHz. The dc link voltage is usually

selected as a 15% over the diode bridge voltage so vDC = 650
V.

Step 2: The example will be for both active damping

methods the capacitor current feedback, rf = 3.12, and the

lead-lag network, rf ≈ 3.2–3.4.

Step 3: To attain minimal voltage drop and only one inductor

model, the inductance ratio rl = 1 (L = Lg) is selected.

Steps 4-5: For the case of the capacitor current feedback,

Fig. 7 shows the total inductance LT , the grid current THD,

and the power factor when varying rq . Selecting rq = 1 results

in Cf = 1.9 µF and L = Lg = 4.1 mH. This would result

in no reactive power and no over-rate, but the inductors are

excessively large. The total inductance (LT = L + Lg) is

almost that required for the converter when using a simple

L-filter. To calculate the required inductor for the case of the

simple L-filter, the same formula as in (25a) can be used, after

replacing ĩlowc with the ĩg. When rq = 6.1 is selected, the

resulting Cf = 4.7 µF does not produce very much reactive

power, with PF = 0.9967, and the resulting inductance values

are moderate: L = Lg = 1.6 mH, with THD equal to 2%.

In the case of the lead-lag network with rf = 3.3, selecting

rq = 1 results in Cf = 2 µF and again in excessively large

inductors: L = Lg = 4.3 mH. When selecting rq = 5.5, the

resulting Cf = 4.7 µF does not produce very much reactive

power, with PF = 0.9968, and the resulting inductance values

are also moderate: L = Lg = 1.8 mH, with THD well bellow

5%.

V. SIMULATION RESULTS

Fig. 8a shows the root locus in the z-plane for the closed

loop poles of the current control by varying kd in the case of

the capacitor current feedback. The current control comprises

the PI controller and the active damping mechanism; details

on the discretization can be found in [6]. The plant includes

the inductor resistances, and the PI controllers are tuned

according to (1)-(2). It can be seen that the damping for

the resonance poles can be selected at will by increasing the

gain kd. Damping the resonance poles too much would not

be appropriate, as it would result in excessive control effort;

a damping factor equal to ζ = 0.1 is adequate [6]. The

simulations consider ideal power devices and passive elements

with rated parameters. The grid current THD is equal to 1.8%

according to simulations, consistent with the upper bound for

the grid current THD, which is 2.17% according to (26).

Fig. 9a shows the root locus in the z-plane for varying Lg

from 40% to 1000%. The minimum value of 40% for Lg

was selected considering inaccuracies in the measurements,

temperature variations and aging effects. The maximum value

of 1000 for Lg was selected considering the line impedance in

a weak grid and the presence of many parallel converters. The

system remains stable for the full variation range. Hence, the

proposed procedure for the capacitor current feedback is very

robust when faced with grid inductance variations. Simulation

waveforms for the grid current and capacitor voltage are shown

in Fig. 10. Some resistance was added to the grid inductor

to emulate the behavior of the resistive grid. This provides

some damping but there is still resonant oscillation in the
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grid current and voltage capacitor that disappears upon the

connection of the active damping mechanism. At t = 0.1 s,

an additional grid inductor of 1.5 mH is added; this small

increment in the grid inductance is only slightly noticeable.

At t = 0.15 s, an additional grid inductor of 6.9 mH is added;

the simulation shows that the system is still stable.

Fig. 8b shows the root locus in the z-plane for the closed

loop system by varying Rd when using passive damping. It

can be seen that, as expected, the behavior is very similar

to that of the capacitor current feedback. To get the same

previous damping factor ζ = 0.1, the damping resistor should

be equal to Rd = 4.7 Ω. Apart from additional losses and

encumbrances, the grid current THD is increased up to 4%

according to simulations. This is because zero at z = 1/RdCf

in the the transfer function between the grid current and

converter voltage, which decreases the attenuation. Fig. 9b

shows the root locus in the z-plane for varying Lg from 40%

to 1000%. It can be seen that the equivalent passive system is

less robust against the grid inductance variations, as it results

in instability for Lg that is over 4.5 times greater than the

rated grid inductance.

Fig. 8c shows the root locus in the z-plane for the closed

loop system in the case of the lead-lag network. This procedure

(see [19] for details) approximates the derivative of the capac-

itor voltage (i.e. the capacitor current) by means of a lead-

lag network. Hence, increasing kd allows the pole damping

to be increased, but only to a certain extent. Simulations for

rated parameters result in a grid current THD equal to 2%.

As explained previously, (26) is not so accurate for the case

of the lead-lag network and results in a grid current THD of

1.5%; however, it is sufficient for a first approximation. Fig. 9c

shows the root locus in the z-plane for varying Lg from 40%

to 1000% (ten times), with the system also remaining stable

for the full range. Simulations for the grid current and the

capacitor voltage are shown in Fig. 11 upon the connection

of the active damping mechanism for the rated parameters.

Again, at t = 0.1 s, an additional grid inductor of 1.2 mH is

added without noticeable effect and finally, at t = 0.15 s, an

additional grid inductor of 6.9 mH is added with the system

remaining stable.

It can be seen in Fig. 8a and Fig. 8b, that the active damping

affects the low frequency poles while the passive damping, Fig.

8b, does not. For the case of the capacitor current feedback,

Fig. 8a, the low frequency poles result in greater damping.

For the case of the lead-lag network, elevated values of kd
can cause the low frequency poles to have little damping with
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large overshoot. In such cases, it may be necessary to reduce

the proportional gain at the expense of reducing the bandwidth

[19]. However, by limiting the damping of the resonance poles

to ζ = 0.1, as explained previously, the variations in the

location of the low frequency poles are very small and the

proportional gain reductions, if needed, are also very small.

VI. EXPERIMENTAL RESULTS

Table I shows the parameters employed in the experimental

setup, which is depicted in Fig. 12. The dc link is supplied

TABLE I
PARAMETERS OF THE EXPERIMENTAL SET-UP

Parameter Symbol Value

Rated power Sn 2.2 kVA
Rated ac voltage Vn 380V
Rated frequency fn 50Hz
dc link voltage vDC 650V
Sampling frequency fs 8 kHz
PWM frequency fsw 8 kHz

Converter inductor L 1.8mH
Filter capacitor Cf 4.7 µF
Grid inductor Lg 1.8mH
Resonance frequency fres 2.447 kHz

Extra Grid inductance 1 Lgx1 1.2mH
Extra Grid inductance 2 Lgx2 6.9mH

Fig. 12. Set-up used for the experiments.

by a programmable power source. The dc source by Delta

Elektronika is unidirectional, so the power flows from the

dc link to the grid. The Danfoss FC302 converter is directly

connected to the grid through an isolating transformer, the

leakage inductance of which corresponds to Lg . The overall

system is controlled by means of a dSpace DS1103 controller

board. The sign convention for the experiments is the same

as in Fig. 2, with positive grid current toward the grid. Only

this set-up will be used and the discrepancies with the rated

parameters are considered inaccuracies. This approach allows

the robustness of the LCL-filter design to be assessed.

For the case of the capacitor current feedback, the converter

inductance is a little larger than the design value and the real

grid inductance is almost double the design value. The resistive

distribution grid provides damping and initially, even though

the current resonates, the closed loop control is stable. How-

ever, the component at the resonance frequency is prominent,

which indicates that there is not sufficient damping. Upon the

connection of the capacitor current feedback, the oscillation

is canceled due to the active damping, and regardless of the

parameter inaccuracies, see Fig. 13, proving the correctness of

the proposed design formulas.

To further test the robustness of the proposed procedure,

additional inductors of 6.9 mH are inserted between the

converter and the isolated transformer. In this condition and

without the capacitor current feedback, the damping provided

by the resistive distribution grid is unable to stabilize the

current control and the system trips. Therefore, the overall

system must be started with the active damping connected. The

experiment shown in Fig. 14 goes from inactive gate drivers to

full rated generation. Initially, the grid current corresponds to
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Fig. 13. Capacitor voltage and grid current upon the connection of the
capacitor current feedback.

Fig. 14. Capacitor voltage and grid current from disconnection to connection
of the LCL-filter based converter for active damping with capacitor current
feedback.

the current absorbed by the filter capacitor. The system results

in stable operation upon the activation of the gate driver. This

demonstrates the effectiveness of the proposed procedure and

its robust operation even under extreme operating conditions.

For the case of the lead-lag network, the experiment with

an additional 6.9 mH inductors is presented in Fig. 15. Again,

without the lead-lag network, the damping provided by the

resistive distribution grid is unable to stabilize the current

control and the system trips. When starting the experiment

with the active damping connected, it can be seen that the

grid current displays considerable oscillation at the resonance

frequency. However, the current control remains stable and the

system does not trip. The reason for this is that even though

the systems is stable, the damping is very small. Hence, the

system is not able to damp the oscillations triggered by the

non-linear effects, such as the inductor saturation, which were

not modeled in the simulations. This effect is more pronounced

in the case of the lead-lag network because it is a less robust

method than is the capacitor current feedback and because

of the lower accuracy and bandwidth of the voltage sensors,

which were designed mainly for grid synchronization.

Fig. 15. Capacitor voltage and grid current from disconnection to connection
of the LCL-filter based converter for active damping with the lead-lag network.

VII. CONCLUSION

This paper proposes a design flow for LCL-filters with

robust active damping that requires little iteration and no

complex algorithm. The design formulas provide insight and

ease the design trade-offs. The ratio between the frequency

and resonance frequency depends on the damping procedure.

The ratio between the grid and converter inductance affects the

filter voltage drop and the resonance frequency variation. The

filter capacitor should not produce excessive reactive power

to prevent over-rating the converter. The designs parameters

obtained resulted in very robust operation with the system

remaining stable even for a grid inductance five times the rated

value. This makes the proposed procedures adequate for wind

parks and solar farms located in remote rural areas that have

weak grids and numerous converters in parallel, and that are

therefore subject to large grid inductance variations.
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