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Abstract—Grid-tied power inverters are typically interfaced
with damped LC or LCL filters to limit the injection of switching
harmonics. To minimize filter losses, the damping resistance of
the filter is often reduced, resulting in poorly damped or unstable
conditions at the resonant frequency. Therefore, different active
damping solutions have been proposed in the literature to reduce
passive elements while avoiding unstable conditions. However,
most available solutions require additional current sensors or
implement complex active damping algorithms. Moreover, the
literature provides only partial guidelines to tune the active
damping parameters. Therefore, this paper proposes a sensorless
active damping solution based on a resonant current estimator
and provides a straightforward tuning for its parameters. The
proposed active damping method is experimentally tested on a
three-phase, two-level 30 kVA inverter, thus demonstrating the
validity of the presented approach.

Index Terms—LCL Filter, Active Damping, Current Estima-
tion

I. INTRODUCTION

Power converters are connected to the grid through damped
LC or LCL filters to reduce high-frequency switching har-
monics [1]. Indeed, the LC or LCL structure filters out the
switching ripple while ensuring the output voltage and current
quality meet the grid codes requirements [2], [3]. However, the
LCL resonance must be damped to avoid current oscillations
in the grid.

A straightforward solution to damp such oscillations is to
include a damping resistor in series with the filter capacitor
[1]. However, this leads to additional power losses in the filter,
thereby impacting the converter efficiency [4]-[6].

The Active Damping (AD) approach is a well-established
solution in the literature for reducing the damping resistance
while maintaining a damped system response [5], [6]. Indeed,
the authors in [6] demonstrate how two main quantities can be
utilised to reduce the resonant peak: the capacitor voltage [7]-
[9] and current [6], [10], [11]. While the AD with the capacitor
current can be implemented through a proportional term [10],
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a derivative compensator must be applied to the capacitor
voltage to ensure adequate damping [6], [10]. Consequently,
different approaches are proposed in the literature to avoid
amplifying high-frequency noise caused by the derivative term
[7]-[9]. For instance, a high-pass filter-based approach is
presented in [7], while a lead-lag filter is proposed in [9].
Nevertheless, the voltage-based AD can be sensitive to time
delays and discretization techniques [6], [9], [12].

On the other hand, the AD with the capacitor current
requires additional sensors [6], thus increasing the hardware
architecture complexity and total cost [11]. To this end, the lit-
erature provides control algorithms to avoid the installation of
extra current sensors. For instance, an observer-based control
is implemented in [13]-[15] to estimate the capacitor current.
Although some estimation approaches are available, they often
feature complex implementations or are sensitive to parameter
variations [13]-[15]. To this purpose, this paper proposes a
current sensorless AD strategy based on a simple proportional-
resonant estimator, providing a straightforward design of its
coefficients.

Moreover, the analog-to-digital conversion and PWM delays
have a significant impact on the AD control [6]. Indeed,
the time delay determines an additional inductive component,
thus varying the resonant frequency of the controlled sys-
tem. Furthermore, the overall delay can result in a negative
resistance, depending on the resonant frequency value [5],
[6], [8]. Consequently, the time delay can lead to unstable
operating conditions if the AD parameters are not correctly
tuned. Nevertheless, the literature lacks clear guidelines to tune
the AD control parameters properly.

Therefore, this paper proposes an AD control and its analy-
sis to damp the LCL resonance. The main contribution of this
paper is the design of a simple proportional-resonant estimator
for the capacitor current, which is employed as the input
signal in the AD algorithm. Moreover, a theoretical analysis
is provided to tune the AD coefficient, evaluating the effect
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Fig. 1. Schematic overview of a grid-tied inverter.
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Fig. 2. Block diagram of the proposed active damping (AD) technique
integrated into the grid-following control.

of time delays on the damping and resonant frequency of
the controlled system. Furthermore, the current estimation is
considered to analyse its impact on the system’s damping. The
effectiveness of the proposed approach is experimentally vali-
dated, underlining the significant improvement in the system’s
damping.

Notably, the proposed AD approach features the following
advantages:

« No additional current sensors are required;
o Low sensitivity to output filter parameter uncertainties;
« Reduction of the output filter losses.

The rest of the paper is structured as follows. Section II
presents the system under study and the proposed AD solution.
The current estimator is described in Section III, along with the
tuning procedure for its coefficients. Section IV provides the
theoretical analysis for the AD proportional term. In Section
V, the proposed AD control is experimentally validated on a
three-phase, two-level 30 kVA inverter. Section VI concludes
the paper.

II. OVERALL CONTROL STRATEGY

The system under study, illustrated in Fig. 1, consists of
a three-phase inverter connected to the grid through an LC
filter. The grid is modelled as a voltage source e, in series
with its impedance Z, = R, + j X, connected to the inverter
at the point of common coupling (PCC) with voltage v,. When

considering the grid inductance Lg, the output filter behaves
Lf‘+Lg
LiLyCr"
Fig. 2 schematically depicts the proposed AD solution
(highlighted in green), which is applied to a conventional
grid-following control. More in detail, the inverter injects the
power references P* and Q*, defined by a higher control level
(e.g., maximum power point tracking (MPPT)). The power
references are applied through a current control, where the

as an LCL filter with a resonant frequency wyes =
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Fig. 3. Small-signal diagram of the capacitor current estimator.

current references 4 ; and z;; ; are calculated as in (1) and (2),
respectively.
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Moreover, the current control consists of a proportional-
integral controller implemented in the (d, ¢) frame rotating at
w, and tuned based on [1], [16], [17]. The control synchronizes
to the grid through a Phase-Lock-Loop (PLL) [17], whose
parameters are selected according to [18]. Furthermore, the
d—axis is aligned to the grid voltage vector (i.e., vgq = 0
pw.

The AD control consists of a proportional coefficient, Kap,
which is applied to the estimated capacitor current 7., obtained
from the estimator in Fig. 2. More specifically, the estimator
comprises a proportional-resonant (PR) cell, whose output
represents the estimated capacitor current .. The PR block
operates at approximately zero error through the estimated
PCC voltage v, feedback, which is obtained by integrating ie
and dividining it by the gain Ct. Moreover, the AD algorithm
operates in parallel with the conventional control (i.e., applied
to the current control output). Therefore, the main control
structure can be easily modified as it is independent of the
AD algorithm.

III. CAPACITOR CURRENT ESTIMATOR

As discussed in [6], a valuable approach for AD imple-
mentation is based on the feedback of the capacitor current.
Nevertheless, this strategy requires additional current sensors,
thus increasing the total cost. Therefore, this section provides
a straightforward method for estimating the capacitor current.

The proposed estimation strategy consists of a proportional
resonant cell in («, /3) frame, where the resonant part operates
at West = Wres. Fig. 3 illustrates the small-signal diagram of the
capacitor current estimation, where G4(s) and G.(s) are the
time delay and filter capacitor transfer functions, respectively.
In more detail, the output of the proportional resonant block
is the estimated current 7., which is multiplied by G.(s), thus
obtaining the estimated PCC voltage v,.

The open-loop transfer function of the estimator GG (s) is
expressed in (3), where Gys(s) and Gc(s) are defined in (4)
and (5), respectively. Moreover, G4(s) models the time delay



effect as expressed in (6), where Ty = 1.57g,, and Ty, is the
switching period [19].
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The estimation coefficients are tuned considering the open-
loop transfer function G§ (s), for which the crossover fre-
quency wes and phase margin ®,,,, are imposed. To this
purpose, the open-loop transfer function is expressed in jw,
as in (7). Note that the time delay effect does not influence

the signal magnitude (i.e., |G4(jw)| = 1).
. . 12K w 1
Gest _ JTqw K 7
Slw) = ( bt _w2+wgst> - O
Let us consider w = wcoss to evaluate the open-loop

transfer function G§&(jw) in magnitude and phase. When

W = Wcross, the resonant part determines an attenuation of
pr and a phase shift of —3, as pointed out in (8), where p; is
defined as in (9).

Gres (jwcrs) = Kp — Jpr ()
2K, wers
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Next, the open-loop transfer function module |G (jwers)| is

set as equal to one at werogs, thus determining the relation in
(10).
GEL (jwers)| = 1 = Kp + p = wer OF (10)

Crs

Then, the phase of G&} (jwers) is calculated as in (11), where
Kinar is defined as in (12).

LGS (jwers) = —Tiwers — atan (Kmar) — g (11
Pr
P 12
& = K (12)

The phase margin ®,,,, is imposed by applying the condition
in (13), from which the expression in (14) is derived.

4GE’O€£ (jwcrs) = q)mar -7 (13)

m
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When (10) and (14) are combined, the expressions for K, and
K, result in (15) and (16), respectively.
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Fig. 4. Small-signal diagram of the proposed AD control.

Note that the resonant frequency of the filter w..s may
be close to the control bandwidth. In this scenario, a high
crossover frequency wes and high phase margin ®,,,, cannot
be ensured simultaneously. Therefore, a boundary stability
condition is derived to correlate w.s and ®,,,. Being the
estimator unstable for K,,,, < 0 (i.e., K, < 0), the condition
in (17) needs to be satisfied for the selected wers and @ ar.

Kmar > 0 = 0 < wacrs + émar < Z

5 a7

From (17), the boundary stability condition is derived,
resulting in (18).

g
Whm < = (f — (18)

crs Td 2 (I)mar)

Therefore, given a phase margin ®,,,,, the maximum allowed
crossover frequency is w'™

Ccrs *

IV. TUNING OF THE PROPOSED ACTIVE DAMPING

This section presents a theoretical analysis to select the
appropriate AD gain, Kap, thus ensuring a well-damped
response for the system under study. To this purpose, the
control scheme in Fig. 2 is modelled with the small-signal
diagram of Fig. 4. For the sake of the analysis, the output
inverter voltage is defined as vi/ when no AD control is applied,
while the actual output inverter voltage is indicated as v;. Note
that the block diagram in Fig. 4 includes the effect of the time
delay, which significantly impacts the tuning of the AD gain
[5], [6], [8]. Indeed, the analog-to-digital conversion and PWM
delays determine a total delay of Ty = 1.5T%y, [19]. Therefore,
the total delay is modelled in the continuous frequency domain
as in (6).

At this stage, the dynamic behaviour of the estimation block
is neglected (i.e., the estimator perfectly tracks the capacitor
current G&(s) ~ 1). Note that the resistive elements are
neglected, thereby underestimating the actual damping. Based
on the small-signal diagram in Fig 4, the closed-loop transfer
function G4 (s) is obtained, resulting in (19).

ic(s) 1 s

(19)
L¢ 1
24wl + fKADGd(S)S
£

As it emerges from (19), the gain Kap determines an addi-
tional damping term, which depends on G4(s).
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Fig. 5. Impedance model of the active damping term: series (a) and parallel
(b) representations.

A. Equivalent Impedance Model

The damping term is typically modelled as an additional
impedance in series Z; or parallel Z, to the filter capacitor Ct,
as illustrated in Fig. 5a and Fig. 5b [10]. The corresponding
transfer functions for series and parallel representation are
equal to (20) and (21), respectively.

Go(s) = ) 1 5 (20)
Ui(s) SSQ—FOJQ n f+LgZS
res Lng S
ic(s) 1 s
= — 21
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The additional impedance related to the active damping term
can be obtained by analogy between G“CdL(s) and the transfer
functions in (20) and (21), thus resulting in (22) and (23),
respectively.

_ L
Z(s)= —2 K 22
5(3) Lf+Lg ADGd(S) ( )
Z-t 1 23
p(s) = C; KapGal(s) 23)

When considering s = jw, the additional impedance can
be expressed in resistive and inductive components, thereby
obtaining (24) and (25) for series and parallel representations.

LsKap LsKap
= 5 AD S(wTy) Lo = — =2 2PGn(wTy) (24
I JrLgcos(cu q) I JrLgsm(w a) (24

Lf Lf .
Rp = mCOS(WTd) Lp = mSIH(WTd) (25)

The expressions in (24) and (25) highlight the time delay
effect, which results in an additional inductive component.
Therefore, the resonant frequency of the controlled system is
expected to vary depending on Kap. Moreover, the resistive
and inductive parts are nonlinearly dependent on w. Conse-
quently, the system damping cannot be evaluated analytically
with the impedance representation. For this reason, the Pade
approximation of G4 (s) is considered, as will be presented in
the following subsection.
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Fig. 6. Critical damping ., to the variation of the AD gain Kap.
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Fig. 7. Placement of the critical pole p3 to the variation of the AD gain
Kap.
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Fig. 8. Critical damping &cr to the variation of the AD gain Kap when
adding a time delay of Atq.

B. Small Signal Analysis

The second-order polynomial approximation in (26) (i.e.,
Padé approximation [20]) is applied to G4(s), thus allowing
the calculation of the G& (s) damping term.

T, T2
1—s-dyg22d

Gals) » —2—12 (26)
L SR
HCRED

By substituting (26) in (19), the closed-loop transfer func-
tion features a fourth-order denominator. The denominator is
numerically solved for different K op to study its impact on the
damping. Refer to the Appendix for the numerical procedure.
The resulting four poles are complex conjugate in pairs as
follows:

e p1 = P2, which are located at |wp1| = |wpa| > Wres.
This pair features damping always greater than zero
independently on Kap;
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e p3 = P4, located at |wp3| = |wpa| < wres. These poles TABLE I

are critical as the damping can be negative depending on
KAD .

The variation of the critical damping ., versus the AD
gain Kap is shown in Fig. 6. Moreover, Fig. 7 illustrates the
placement of the critical pole ps, while py = p3. Three main
aspects can be noticed in Figs. 6 and 7:

max max.

o A maximum critical damping {7%" exists at K 15%;

o The resonant frequency w,, of the critical poles depends
on Kap (i.e., wer < wres for Kap < 0 (orange curve),
whereas we, > wres for Kap > 0 (blue curve));

e The critical poles do not distribute uniformly to a
variation AKp, as illustrated in Fig. 7. Indeed the
critical poles move quickly to the unstable area for
K5® + AKap but tend to remain in the stable area
for K{i5" — AKap.

Therefore, Kap should be selected lower than KJ35% (i.e.,
K3%* — AKap), at which a lower resonant frequency is
expected for the system under study.

C. Sensitivity to Capacitor Current Estimation

In Section I'V-B, the current estimator is neglected, assuming
a perfect tracking of the capacitor current. However, the
estimated 7. and actual i, currents may differ in phase and
module (i.e., delay in time and attenuation). For instance, an
error in the estimated current can occur when west 7# Wyes (€-g-,
due to wrong parameter estimation). Therefore, the estimator
needs to be considered as the damping term strictly depends
on time delays.

For this purpose, the critical poles are calculated assuming
an additional delay Atq in (26), where the Atq represents
the delay caused by the current estimator. Fig. 8 shows the
critical damping to the variation of Kpop when adding a time
delay up to the switching period. When increasing Atq, the
maximum critical damping £22%® moves to higher values for
higher |Kap]|, as illustrated in Fig. 8.

Therefore, the current estimation improves the system
damping as the maximum critical damping £}%* increases,
moving to higher values of |Kap|. As a consequence, a
higher system damping is expected for the same K ap when i,
features a time delay. Note that an attenuation of the estimated

EXPERIMENTAL SETUP PARAMETERS.

Inverter Base Values Grid

Sy 30kVA  Spase  30KVA V. 120/2V

Vbc 400 V Vbase 120/2V Ly 0.0609 pu

fsw 10 kHz Whase 3l4rad/s Rg  0.0075 pu

AD LC Filter

Ky 0.842 pu Kap -1 pu L¢  0.0480 pu

K 19.944 pu fres 1.78 kHz  C¢  0.0299 pu
0.16 With AD| No AD
01 — Iia Lia
=T — Ly | —— Iy
— i |=—I,

10 15
Time (ms)
Fig. 10. Three-phase inverter-side current ¢; with and without the proposed
AD solution.

20

current does not influence the maximum critical damping £7%*
but only the K}5*.

V. EXPERIMENTAL VALIDATION

Fig. 9 schematically illustrates the tested system along with
the experimental setup consisting of a 30 kVA, three-phase,
two-level inverter connected to a grid emulator with an LC
filter and a grid inductor. An ideal DC source supplies the
inverter, which is controlled by a dSpace platform. Table I
summarizes the main system and control parameters.

Based on the analysis in Section IV, the proposed AD
strategy is expected to improve the system damping. Moreover,
the current estimator should increase the critical damping, as
discussed in Section IV-C. Therefore, the capacitor current
is measured to evaluate the current estimator and validate its
effect on the system damping. Note that no additional resistors
are included in the LC filter for the experimental validation.

The test consists of applying a reactive power reference step

Q" of 0.15 pu (i.e., iy = 0.15 pu) to trigger the resonant
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Fig. 11. Three-phase estimated ic and measured ¢. capacitor current: (a)
without and (b) with the proposed AD solution.
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Fig. 12. High frequency component of estimated 7. and measured ¢. capacitor
current without the proposed AD solution.

frequency of the LCL. As shown in Fig. 10, the system
damping is significantly improved when the proposed AD
control is applied. Indeed, the inverter-side current in Fig. 10
features lower oscillation for Kxp = —1. Furthermore, the
estimated and measured capacitor currents are displayed in
Fig. 11, where two main aspects can be observed:

o The measured capacitor current is significantly more
dampened when applying the AD control, as shown in
Fig. 11b;

o The estimated and measured capacitor currents differ in
phase and magnitude.

Even though a phase shift appears at the fundamental fre-
quency, the main purpose of the estimator is to track the high-
frequency component (i.e., close to the resonant frequency).
Therefore, the estimated and measured currents are compared
by observing the high-frequency component. As shown in Fig.
12, the estimated current follows the measured one with a time
delay of Aty = 0.1 ms.

Nevertheless, the time delay is expected to improve the
damping for the same Kap value, as presented in Section
IV-C. Therefore, the control in Fig. 2 is modified by utilising

03| AD with Est 1
I Kap =0
S 021 | W Ky = - 1 1
= Kayp=-15
0.1+ I | II | 4
. [l
) - " ) u lll I I ‘ o M
g TR T TR [T I \Im |
(a)
1.5 T T T T T
AD with Meas
1t | B Kap =0 _
= Il Ko =-1
= Kyp=-15

1000 1200 1400 1600

[ (Hz)
(b)
Fig. 13. Harmonic contents of the measured capacitor current i. for different

Kap values: (a) when utilizing the estimated current i, and (b) when
utilizing the measured current i. in the AD control.

1800 2000 2200

0.16
0.1
=
= 0
-0.1
-0.16
Time (ms)
Fig. 14. Three-phase inverter-side current ¢; when cosidering the estimated
ic and measured ¢c capacitor current for Kap = —1.5.

the measured current instead of the estimated one to compare
the system response for the same Kap. As can be observed
in Fig. 13a, the high-frequency component peak is reduced
(i.e., increase in damping) when applying the proposed AD
strategy with the estimated capacitor current i, (i.e., Atq # 0).
Moreover, the harmonic content moves slightly to lower fre-
quency values. On the other hand, the resonant frequency
significantly decreases to lower values when utilising the
measured capacitor current ., as illustrated in Fig. 13b. For
Kap = — 1 (marked in red), the resonant peak is higher
when considering the measured current (0.32 %) instead of
the estimated one (0.15 %). As can be seen in Fig. 13b, the
system damping is considerably reduced when applying the
measured current i, and Kap = — 1.5 (marked in orange),
leading to unstable operating conditions. Indeed, the current
oscillations after the step increase over time, as shown in Fig.
14.

VI. CONCLUSION

The paper proposes an AD solution based on a simple cur-
rent estimator, providing a straightforward method for select-
ing the estimator parameters. The effect of the AD proportional



coefficients is comprehensively analyzed to tune the control
properly and investigate the impact of time delays. Moreover,
the current estimator is considered to evaluate its effect on
the system damping. The performed analysis demonstrates
how the estimation delay improves the critical damping of the
system. The proposed AD strategy is experimentally validated,
showing consistent results that align with theoretical consid-
erations. Indeed, the proposed control improves the system’s
damping when the current estimator is employed. On the
other hand, using the measured capacitor current may decrease
system damping for the same AD parameter. Therefore, the
proposed AD strategy represents a robust and straightforward
solution that allows the reduction of resistive components in
the LC and LCL filters without requiring additional sensors.

APPENDIX

The denominator of the approximated closed-loop transfer
function can be written as in (27), where the coefficients are
specified in (28), (29), (30), and (31).

y . s{1+ s% + 821—5
Gevls) ~ Ly as* +bs3+cs2+d @7
b= (1 +w365% - KLAfD T;) ;32 (29)
¢ (wfesj;d " IED> ;32 (30)
d= wfes,z; 31)

The denominator in (27) can be written as in (32) and
imposed equal to zero.

2\ 2 2
(sz—i—a25) :<2—b)32—cs—d

Then, the auxiliary variable y is introduced to complete the
square, thus reducing the fourth-order into a second-order
equation. If the condition in (34) is verified, the expression in
(33) is a square of a binomial. The condition in (34) determines
a third-order equation in y, solved by applying the Cardano

method [21].
2 1 2
(Z -b+ y) 52— (c — 2ay> s—d—i—yz

a? y 2
2 e — =
(s + B s+ 2)
(33)
1 2 a2 y?
— = 4(— —0b —d+ =
(= 5) =4(5-0+9) (a4 %)
Once that y is calculated, the obtained value is replaced in
(33) to solve the second-order equation.

(32)

(34)
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