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Abstract—This paper analyzes the benefits of the active
damping applied to transformerless three-phase grid-connected
photovoltaic (PV) inverters using modified LCL (MLCL) filter for
leakage current reduction. In comparison with passive damping
techniques, the active damping can reduce the MLCL filter reso-
nance peaks, improving the dynamic performance of the control
system without addition of power losses. Besides these classical
advantages, this paper demonstrates that the active damping
also contributes for PV leakage current reduction, preserving the
high-frequency attenuation of the MLCL filter. Additionally, an
active damping for the inverter common-mode circuit is also pro-
posed, reducing the low-frequency leakage current caused by the
common-mode signal used to extend the inverter modulation index.
Experimental results are given to demonstrate the leakage current
reduction and the grid current control for a 10 kW PV inverter.

Index Terms—Active damping, leakage current, modified LCL
(MLCL) filter, state feedback control.

I. INTRODUCTION

TRANSFORMERLESS grid-connected photovoltaic (PV)
inverters have been used in many distributed power gener-

ation systems due to their high efficiency, low cost, and reduced
size/weight associated with lack of galvanic isolation [1]–[3].
Nevertheless, a leakage current is generated between the par-
asitic capacitances and the grid, since the metallic surface of
PV arrays is connected to the ground [4], [5]. The leakage cur-
rent deteriorates the system performance, resulting in safety
issues, electromagnetic interference, waveform distortion of the
grid currents, and increased power losses [6]. In order to mit-
igate this problem, the standards DIN VDE V 0-126-1-1 and
IEC62109-2 define some safety requirements against leakage
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current. These standards require the grid disconnection of the
PV inverter within a predefined time when a continuous residual
current exceeds 300 mA [7], [8].

Leakage current in transformerless three-phase grid-
connected PV systems is directly related to the common-mode
voltage generated by the inverter [9]. Therefore, some tech-
niques used for leakage current reduction have been proposed
and they can be classified according to modulation techniques,
topology modifications, and filters [10]. Several authors pro-
posed modified modulation techniques to change the behavior
of the common-mode voltage generated by the three-phase in-
verter [9], [11]–[13]. Nevertheless, these techniques penalize the
inverter modulation index and may increase the switching losses
and the magnetic core losses. Modified three-phase inverter
topologies were also proposed to reduce the high-frequency
components of the voltage on the parasitic capacitance, such as
the full-bridge three-phase zero voltage rectifier [14], DCM-232
converter [15], H7 inverter [16], and H8 inverter [17]. Neverthe-
less, the increased number of components usually increases the
complexity and cost as well as reduces the overall efficiency. In
[18], a space vector modulation technique using two medium
vectors with an adaptive neutral point voltage to allow the in-
verter operation with maximum modulation index in the linear
region and constant common-mode voltage was proposed. Nev-
ertheless, this technique requires the use of a bidirectional half-
bridge dc–dc converter to generate the adaptive neutral point
voltage, increasing the complexity of the converter.

On the other hand, modified LCL (MLCL) filter in grid con-
nection is a reliable and simple alternative for leakage current
reduction [10], [19], [20]. In the MLCL filter, the common point
of the output filter capacitors is connected to the dc bus central
point. This solution attenuates the high-frequency components
of the voltage on the PV parasitic capacitance, without modifi-
cations in the inverter topology or modulation technique. Nev-
ertheless, inverters based on LCL-type filters require the use of
passive or active damping techniques because filter’s resonance
may result in poor dynamic response of the inner current control
loop or even instability.

Passive damping techniques are the most used solution due
to simple design and implementation, as well as low cost.
However, these schemes degrade the inverter efficiency, control
performance, and harmonic attenuation at high-frequencies
[21]. Furthermore, passive damping applied to the MLCL filter
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increases the leakage current of the transformerless PV inverter
since it modifies the high-frequency attenuation of the filter
[22]. In contrast, active damping methods are lossless and they
can improve the system performance without compromising
the high-frequency attenuation of the filter [23], [24].

Alternatively, other papers have addressed the leakage cur-
rent reduction using active filtering or active damping in the
inverter common-mode circuit [25]–[28]. An active common-
mode filter was proposed in [25] to reduce the leakage current
in a single-phase grid-connected PV inverter operating with
any power factor. However, this solution requires additional
components, increasing the complexity and losses. Addition-
ally, the extension to the three-phase version was not addressed.
Other employed a hybrid solution for suppression of the leak-
age currents, where an active common-mode filter was used
together with a passive filter [26]. Although the technique is
effective in reducing the common-mode voltage variations, an
additional half-bridge structure is necessary to implement this
solution. A common-mode and differential-mode active damp-
ing for pulse width modulation (PWM) rectifiers is presented
in [27] and compared with a passive damping solution. Pole
placement by the state feedback was used, where the feedback
gains were analytically derived from a desired damping factor
and their impact on the grid current lower order harmonics was
analyzed. However, the system stability under filter inductance
variation was not addressed. The problem of the low-frequency
common-mode voltage was addressed in [28] for a two-stage
bidirectional single-phase inverter with the MLCL filter, where
an active common-mode duty cycle injection method is pro-
posed to control dc and low-frequency common-mode voltage.
The generalization for the three-phase version was also per-
formed, but the dc bus voltage utilization is limited due to the
use of the sinusoidal PWM modulation.

Besides the classical advantages over the passive damping
methods, this paper shows that the active damping also con-
tributes in the leakage current reduction of the transformer-
less PV inverter, since the active damping may be designed to
preserve the high-frequency attenuation of the MLCL filter. A
continuous-time active damping technique applied for leakage
current reduction in a three-phase grid-connected inverter was
proposed in [29]. However, the design procedure is not suit-
able for discrete-time control systems and the effectiveness of
the proposal was verified only by simulations. In this sense,
this paper has several improvements in comparison with [29],
such as: implementation of the control system in discrete-time,
a systematic and flexible design process using optimal linear
quadratic regulators, stability analysis against grid inductance
variation, grid disturbance rejection by using multiresonant con-
troller, experimental efficiency verification, and improvements
on the common-mode control system aiming to reduce the leak-
age current levels even more. In this sense, the proposed active
damping method is based on a full state feedback technique and
it is applied to a three-phase grid-connected PV inverter with
MLCL filter. A reduced leakage current is ensured by the use of
the MLCL filter without any damping resistor and using the ac-
tive damping in the differential circuit. Additionally, the active
damping of the inverter common-mode circuit is also proposed

to avoid low-frequency leakage current caused by the injection
of a common-mode signal to extend the inverter modulation
index. The control system of the differential circuits regulates
the grid currents and ensures the disturbance rejection using a
discrete-time multiresonant controller. The state feedback and
multiresonant controller gains are all computed simultaneously
using a discrete-time linear quadratic regulator (DLQR). Exper-
imental results are included to demonstrate the effectiveness of
the proposed approach.

II. SYSTEM DESCRIPTION

A. Topology

A generic representation of a transformerless three-phase in-
verter connected to the grid though an MLCL filter is shown
in Fig. 1. The total parasitic capacitance of the PV system is
modeled by the capacitor Cp connected to the dc bus negative
terminal [4]. According to Fig. 1, the MLCL filter has the same
components of the classical LCL filters. Nevertheless, there is a
connection between the central point of the dc bus (point o) and
the common point of the filter capacitors Cf . This connection
results in a common-mode filter and provides attenuation of the
high-frequency components of the voltage on the parasitic ca-
pacitance, reducing the leakage current of the PV system [19],
[20]. As a consequence, the MLCL filter performs two tasks
in the system: attenuation of the grid currents harmonics and
reduction of the leakage current.

Different topologies can be used for the three-phase inverter
shown in Fig. 1. For example, Fig. 2 illustrates the typical PV
inverter topologies, such as three-level neutral point clamped
(NPC) inverter [3], [11], [22], three-level T-type inverter [12],
and the two-level inverter [3], [9]. The NPC inverter shown
in Fig. 2(a) is suitable for PV applications due to waveforms
quality (five levels in the line-to-line voltages), which helps to
reduce the output passive filters. Additionally, the semiconduc-
tors are submitted to a reduced blocking voltage compared to
the two-level inverter, allowing a high-voltage in the PV array.
Similarly, the T-type inverter shown in Fig. 2(b) also can gen-
erate a multilevel voltage at output, where the semiconductors
connected to the central point are submitted to the half of the dc
bus voltage. However, the NPC and T-type inverters require a
voltage balance strategy for the dc bus capacitors C1 and C2 , jus-
tifying the two dc bus voltage sensors in Fig. 1. The two-level
inverter described in Fig. 2(c) is the simplest and most used
topology in three-phase systems. However, the semiconductors
are submitted to the total dc bus voltage, and a larger filter size
is required in comparison with the three-level inverters if rated
power increases. As can be seen in Fig. 2(c), there is no central
point (point o) in the two-level inverter as in the other presented
topologies. In this case, it is necessary to divide the dc bus ca-
pacitor of the two-level inverter in two parts for the MLCL filter
connection, as illustrated in Fig. 1. If the division of the dc bus
capacitor is not possible, an alternative is to connect the com-
mon point of the MLCL filter capacitors to the positive (point p)
or negative (point n) dc bus terminal. However, it brings the
disadvantage that the filter capacitors Cf are submitted to the
grid voltage plus the half of the dc bus voltage. Other inverter
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Fig. 1. Generic transformerless three-phase inverter connected to the grid through an MLCL filter.

Fig. 2. Typical transformerless three-phase PV inverter topologies. (a) Three-level NPC inverter. (b) Three-level T-type inverter. (c) Two-level inverter.

topologies can be also used, where the only requirement is to
allow the connection of the MLCL filter.

The modulation strategy employed for the three-phase
PV inverter is the PWM with phase disposition carriers,
which presents simple implementation provided by the carrier-
based concept. Additionally, a common-mode signal (or zero-
sequence signal) can be injected into the modulation signals to
extend the inverter modulation index 15% in the linear region
[30]. In this situation, the common-mode signal is also used for
voltage balance of the dc bus capacitors (C1 and C2) in the NPC
and T-type inverters, since it affects the time application of the
redundant states [31]. The MLCL filter design is not addressed
here, since it is well documented [10], [20].

B. Equivalent Differential Circuit

The system shown in Fig. 1 was modeled in αβ0 coordinates
to transform the abc coupled three-phase power circuit into three
decoupled single-phase circuits, which can be controlled inde-
pendently [32]. The grid voltages were considered sinusoidal
and balanced. The equivalent differential circuit obtained from
αβ0 transformation and valid for both α and β axes is shown
in Fig. 3(a), where Lg = L2 + Lgrid and u is the voltage syn-
thetized by the inverter. One can observe that it is a third-order
circuit with a resonance peak fres , as illustrated in Fig. 4.

Resonance peak fres must be reduced to ensure current
control stability. This can be made through passive or active
damping methods. Fig. 3(b) presents a typical passive damping
scheme for reduction of this resonance peak. The parameter γ
is designed to balance the damping losses and the filter attenu-
ation while the resistance Rd is chosen to reduce the resonance

Fig. 3. Differential equivalent circuit (αβ-axis) of the three-phase PV inverter.
(a) Active damping. (b) Passive damping.

Fig. 4. Magnitude response of the differential circuit in Fig. 3(a) for the
parameters presented in Table I.

peak [33]. Unfortunately, passive damping schemes reduce the
inverter efficiency and degrade the high-frequency attenuation
of the filter. These issues were not verified in active damping
solutions. Specifically in case of the MLCL filter, the active
damping also brings other advantages from the point of view of
leakage current, detailed as follows.
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Fig. 5. Common-mode equivalent circuit (0-axis) of the three-phase PV in-
verter. (a) Active damping. (b) Passive damping.

Fig. 6. Magnitude response of the passive damped common-mode circuit for
the parameters presented in Table I and for γ = 0.4.

C. Equivalent Common-Mode Circuit

Fig. 5(a) shows the equivalent common-mode circuit of the
three-phase PV inverter for modeling the leakage current ip . This
circuit can also be considered as the inverter equivalent circuit
of the 0-axis obtained from the αβ0 transformation [32]. The
common-mode circuit takes into account that inductances (L1
and Lg ) and capacitances (Cf ) of the output filter are equal for
all phases and the dc bus capacitors (C1 and C2) are represented
by two equivalent constant voltage sources Vdc/2. In addition,
grid voltages are considered sinusoidal and balanced, so that
they do not contribute to the leakage current. The resistances
of the filter elements and the grounding impedance were not
included, representing the worst scenario for the leakage current
magnitude [4].

One can observe from Fig. 5(a) that the leakage current ip is
directly related to both filter parameters (L1 , Cf , and Lg ) and
frequency and amplitude of the voltage source u0 , which is also
called common-mode voltage, defined as

u0 (t) = vao (t) + vbo (t) + vco (t) (1)

where vao , vbo , and vco are the inverter leg-voltages referred
to the dc bus central point (point o). This voltage source u0
is composed of both high-frequency and low-frequency compo-
nents introduced by the PWM modulation. The L1 − Cf branch
of the MLCL filter offers a low impedance path for the high-
frequency leakage current components, avoiding its circulation
through the grid. From Fig. 5(a), one can also observe that the
common-mode circuit is a fourth-order system, which has two
resonance frequencies, named as f1 and f2 , as illustrated in
Fig. 6. Considering Cf >> Cp , the first and second resonance

TABLE I
PV INVERTER PARAMETERS

Parameter Value

Output power 10 kW
Grid voltage/frequency 220 V/60 Hz
DC bus voltage Vd c 600 V
Switching frequency fsw 7.74 kHz
Sampling frequency fs 15.48 kHz
Inductance L1 1100 μH
Inductance L2 200 μH
Maximum grid inductance Lg r id , m a x 1000 μH
Minimum grid inductance Lg r id , m in 0 μH
Capacitance Cf 25 μF
Parasitic capacitance Cp 1.25 μF

frequencies (in Hz) can be approximated as

f1 ∼= 1
2π

√
L1Cf

(2)

f2 ∼=
√

3
2π

√
(Lg + L2)Cp

. (3)

According to (2), the first resonance frequency depends on
well-known parameters and it has a defined position. Typically,
the frequency f1 is designed to be much smaller than the switch-
ing frequency to reduce the leakage current [10]. The damping
of f1 is necessary because in the three-phase inverter a low-
frequency common-mode signal can be used to extend its mod-
ulation index for low-voltage dc bus situations. The harmonic
components of this common-mode signal (mainly third-order
harmonics and its multiples) may excite the resonance at f1
resulting in low-frequency leakage current. On the other hand,
the second resonance frequency in (3) depends on the parasitic
capacitance Cp and grid side inductance Lg , which are unknown
a priori. This implies that f2 is unknown and may change in
practice.

Therefore, the damping of these resonance peaks is an im-
portant question. In order to analyze this issue, the converter
with passive damping is considered, and its equivalent common-
mode circuit is shown in Fig. 5(b). This circuit has the same
passive damping used in differential circuits. Fig. 6 presents the
magnitude response of the common-mode circuit for different
damping resistance values and using the parameters presented
in Table I. It is verified that the damping resistance tends to
impair the high-frequency attenuation of the filter, which results
in amplification of the leakage current harmonic components in
comparison with Rd = 0Ω. This effect tends to be the worst
as damping resistance value increases. Additionally, the power
losses also increase with the damping resistance. Consequently,
the active damping of both differential and common-mode cir-
cuits is interesting since it keeps the high-frequency attenuation
of the filter with no additional power losses, preserving the
leakage current attenuation. However, unlike of f1 , the active
damping of f2 is not an easy task due to its undefined position.
Furthermore, f2 is generally higher than switching frequency
for high power applications. This makes the use of the con-
trol system for its active damping impossible, since the active
damping region does not include the frequency f2 . In Fig. 6, this
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region is up to switching frequency fsw . Therefore, the inverter
must be disconnected from the grid for safety reasons if the leak-
age current increases above the standard limit due to resonance
excitation at f2 . In this sense, the active damping is designed
specifically for the frequencies fres (αβ-axis) and f1 (0-axis).

III. CONTROL SYSTEM

A. System Modeling

The converter modeling process was carried out considering
that the grid is purely inductive and it is represented by its
equivalent circuit at the point of common coupling, as shown
in Fig. 1. The inverter switches are considered ideal and the
effect of the PWM harmonics in the inverter output voltage is
neglected. Therefore, considering the differential circuit shown
in Fig. 3(a), the continuous-time model for αβ-axis is

ẋ (t) = Acx (t) + Bcu (t) + Bgcvg (t)

y (t) = Ccx (t) . (4)

The state vector is xT = [vf ic ig ], the control signal u is
the voltage synthetized by the inverter, the controlled output ig
is the grid current, and the disturbance vg is the grid voltage,
where all these variables are time-variant signals. The matrices
of the model are given by

Ac =

⎡

⎣
0 1/Cf −1/Cf

−1/L1 0 0
1/Lg 0 0

⎤

⎦ ,Bc =
[
0 1/Lg 0

]T
,

Bgc =
[
0 0 −1/Lg

]T
,Cc =

[
0 0 1

]
. (5)

The discrete-time model can be obtained using the zero-order
hold (ZOH) discretization with a sampling period Ts [34]

x (k + 1) = Gx (k) + Hu (k) + Hg vg (k) (6)

G = eA c Ts ,H =
∫ Ts

0
eA c (Ts −τ )Bcdτ ,

Hg =
∫ Ts

0
eA c (Ts −τ )Bgcdτ . (7)

In addition, the implementation of the control law in a digital
processor brings an inherent delay in the PWM update. In this
way, one sample delay must be included in the digital model,
resulting in

[
x (k + 1)
ϕ (k + 1)

]
=

[
G H

01×3 0

] [
x (k)
ϕ (k)

]

+
[
03×1

1

]
u (k) +

[
Hg

0

]
vg (k)

y (k) =
[
Cc 0

] [
x (k) ϕ (k)

]T
(8)

where ϕ is the state that represents the one sample delay.
Regarding the 0-axis, the parasitic capacitance Cp is neglected

from the control system model since its value is much lower than
the filter capacitance Cf and the active damping of the resonance
peak at frequency f2 is not performed. Therefore, it results in a
second-order circuit (only with L1 and Cf ), with the following

continuous-time model:

ẋ0 (t) = Ac0x0 (t) + Bc0u0 (t) . (9)

The state vector is xT
0 = [vf 0 ic0 ], the control signal u0 is

the common-mode voltage synthetized by the inverter, where
all these variables are time-variant signals. The output matrix
of the 0-axis is not needed since it does not have a controlled
output. The matrices Ac0 and Bc0 are given by

Ac0 =
[

0 1/Cf

−1/L1 0

]
,Bc0 =

[
0

1/L1

]
. (10)

Finally, the discrete-time model considering one sample delay
(ϕ0) is also obtained using the ZOH discretization

[
x0 (k + 1)
ϕ0 (k + 1)

]
=

[
G0 H0
01×2 0

] [
x0 (k)
ϕ0 (k)

]
+

[
02×1

1

]
u0 (k) .

(11)
For simplicity, the discrete-time model given in (11) can be

rewritten in a compact form

λ0 (k + 1) = A0λ0 (k) + B0u0 (k) (12)

where λ0 ∈ �3×1 , A ∈ �3×3 , and B ∈ �3×1 .

B. Control System Structure

The differential control system is illustrated in Fig. 7, where
the structure is the same for both α-axis and β-axis. The control
architecture is based on the full state feedback principle. Al-
though it requires additional sensors, the full state feedback pro-
vides a systematic and flexible design process and allows a suit-
able closed-loop performance by using optimal linear quadratic
regulators [35], [36]. The αβ discrete-time control system uses
a full state feedback for damping the filter resonance peak fres
by changing the eigenvalues position of the original system.

A multiresonant controller is used to ensure zero steady-state
error and to reject grid harmonic disturbances. In other words,
the control signal u(k) is composed of a damping signal c(k) from
the state feedback and a reference signal r(k) from the multires-
onant controller. Each continuous-time resonant controller has
the following form:

Gc (s) =
s

s2 + 2ζωi + ωi
2 (13)

where ωi is the frequency of the resonant controller and ζ is
the damping factor used to avoid problems in the discrete-time
implementation due to positioning of the controller poles at edge
of the unit circle. Discretizing (13), the resonant controller can
be written in state-space form [34]

ξi (k + 1) = Niξi (k) + Tie (k)

e (k) = iref (k) − ig (k) = iref (k) − Ccx (k) (14)

where ξi ∈ �2×1 , Ni ∈ �2×2 , and Ti ∈ �2×1 . Multiple res-
onant controllers are used to ensure zero steady-state error and
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Fig. 7. Block diagram of the αβ-axis control system.

to reject the grid harmonics disturbances

ξ (k + 1) = Nξ (k) − TCcx (k) + Tiref (k) (15)

ξ =

⎡

⎢
⎣

ξi
...
ξn

⎤

⎥
⎦ ,N =

⎡

⎢
⎣

Ni

. . .
Nn

⎤

⎥
⎦ ,

T =

⎡

⎢
⎣

Ti

...
Tn

⎤

⎥
⎦ , i = 1, 2...n. (16)

The state vector ξ has dimension 2n, where n is the number
of resonant controllers in each axis. From (8) and (15), the
complete αβ discrete-time control system is given by

⎡

⎣
x(k + 1)
ϕ (k + 1)
ξ(k + 1)

⎤

⎦ =

⎡

⎣
G H 03×2n

01×3 0 01×2n

−TCc 02n×1 N

⎤

⎦

⎡

⎣
x(k)
ϕ (k)
ξ(k)

⎤

⎦

+

⎡

⎣
03×1

1
02n×1

⎤

⎦ u (k) +

⎡

⎣
Hg

0
02n×1

⎤

⎦ vg (k) +

⎡

⎣
03×1

0
T

⎤

⎦ iref (k)

y (k) =
[
Cc 0 01×2n

] [
x(k) ϕ (k) ξ(k)

]T
. (17)

The control system described in (17) can be rewritten in a
compact form

λ (k + 1) = Aλ (k) + Bu (k) + Bg vg (k) + Br iref (k)

y (k) = Cλ (k) (18)

where λ ∈ �(2n+4)×1 ,A ∈ �(2n+4)×(2n+4) ,B ∈ �(2n+4)×1 ,
Bg ∈ �(2n+4)×1 , Br ∈ �(2n+4)×1 , and C ∈ �1×(2n+4) .
Therefore, the state feedback control law is given by

u (k) = −Kλ (k) = − [
K1 −K2

]
λ (k) (19)

where K1 = [Kvf Kic Kig Kϕ ] are the feedback gains associ-
ated with the converter’s states and K2 ∈ �1×2n are the gains
of the resonant controllers’ states, as illustrated in Fig. 7.

The 0-axis control system shown in Fig. 8 is also composed
of a state feedback control that generates the signal c0(k) to
reduce the resonance peak at frequency f1 . The control signal
u0(k) is given by

u0 (k) = v0 (k) − c0 (k) = v0 (k) − K0
[
x0 (k) ϕ0 (k)

]T

(20)

Fig. 8. Block diagram of the 0-axis control system.

where K0 = [Kvf0 Kic0 Kϕ0 ] are the feedback gains associ-
ated with the 0-axis states, as shown in Fig. 8. The reference
v0(k) is the optional low-frequency common-mode signal that
can be injected to extend the inverter modulation index. It is
worth mentioning that active damping of the resonance peak
at frequency f1 is only required when is desired to tracking a
non-null common-mode reference signal (v0(k) �= 0).

Differently from αβ-axis, the 0-axis control system was mod-
ified to include a low-pass digital filter Gf (z). This filter is used
to attenuate the high-frequency components of the control sig-
nal u0(k) originated from the sampling of x0 . Consequently, it
reduces the noise impact on the control system and allows in-
creasing the magnitude of the feedback gains K0 . The increase
in the feedback gains is important to improve the low-frequency
attenuation of the leakage current.

C. Control System Design

The state feedback control for the differential circuit
(αβ-axis) aims to tracking a sinusoidal reference and rejecting
grid harmonics disturbances, as well as performing the active
damping of the resonance peak. Additionally, the control system
must be stable even considering parametric variation in the grid
inductance (Lgrid). To comply with these objectives, a discrete-
time linear quadratic regulator can be used. It is known that
DLQRs can ensure good stability margins and allow a trade-off
between performance and control signal energy [34]. Therefore,
considering the αβ-axis, the feedback gains K are obtained to
optimize a cost function J that represents the energy of the state
variables and of the control signal simultaneously [34]

J =
1
2

∞∑

k=0

(
λ(k)T Qλ (k) + Ru(k)2

)
(21)

where the diagonal matrices Q and R are the only parameters
that must be designed and they represent the relative importance



3994 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

of the state variables λ and control signal u in the cost function,
respectively

Q = diag
(
wv wi wg wϕ wr · ones (1, 2n)

)

R = wu. (22)

The optimal feedback gains are derived from the following
relationship:

K =
(
BT PB + R

)−1
BT PA (23)

where P ∈ �(2n+4)×(2n+4) is the positive-definite solution of
the well-known algebraic Riccati equation [34]

P = Q + AT PA − AT PB
(
BT PB + R

)−1
BT PA. (24)

The Riccati equation given by (24) can be easily solved using
computational algorithms. In this paper, the dlqr function of the
MATLAB was used, where K = dlqr(A,B,Q,R). Similarly,
the DLQR is also applied to the 0-axis to obtain the vector K0 ,
minimizing the cost function J0

J0 =
1
2

∞∑

k=0

(
λ0(k)T Q0λ0 (k) + R0u0(k)2

)
(25)

where

Q0 = diag
(
wv0 wi0 wϕ0

)

R0 = wu0 . (26)

The dlqr function can be also used in this case, resulting in
K0 = dlqr(A0 , B0 , Q0 , R0). The matrices Q, Q0 , R, and
R0 must be positive-definite and they are commonly chosen to
obtain a satisfactory performance and robustness [36]. In this
case, the following guidelines have been adopted for selection
of Q and R (αβ-axis):

1) The highest value is adopted for wg for a well-damping
of fres and to obtain a fast response for the grid currents.

2) Similarly, a higher value is also adopted for wr to improve
the rejection of grid harmonics disturbances.

3) The weight wu is chosen slightly above one to decrease
the amplitude of the feedback gains K. This decrease is
well-desired because it reduces the noise in the control
loop originated from the measurements. Additionally, wu

should be lower than the other weights to not reduce the
damping action over fres .

4) The weights wv and wi are set to one due to their lower
importance in comparison with the other states. Further-
more, the increase in wv tends to reduce the bandwidth of
the control system.

5) The weight associated with the one sample delay (wϕ )
is set to one in order to not compromise the resonance
damping.

Regarding the 0-axis, the guidelines suggested for the selec-
tion of Q0 and R0 are:

1) the highest value is adopted for wi0 for better attenuation
of the resonance peak at frequency f1 ;

2) the weight wv0 is chosen higher than one and lower than
wi0 in order to reduce the gain at low frequencies, im-
proving the low-frequency leakage current reduction;

TABLE II
PARAMETERS OF THE DLQR CONTROLLER

αβ -axis 0-axis

Q = diag( 1 1 8 · 103 1 100 · ones(1, 8) ) Q0 = diag( 10 100 1 )
R = 50 R0 = 1

TABLE III
FEEDBACK GAINS

K1 [0.27055 14.84974 −1.81661 0.81928]
K2 [−42.146 41.442 −14.813 14.172 −10.039 9.754 −7.260 7.275]
K0 [0.02807 11.17076 0.63739]

Fig. 9. Magnitude response of the αβ-axis from the reference (iref ) to the
output (ig ) considering the grid inductance values presented in Table I.

3) the weights wϕ0 and wu0 are set to one in order to not
compromise the resonance damping.

The inverter parameters considered in this paper are shown
in Table I. The multiresonant controller was designed for fun-
damental frequency (60 Hz) as well as for its third, fifth, and
seventh harmonics (n = 4). The damping factor considered for
each resonant controller was ζ = 0.0001. By adopting the above-
mentioned design guidelines, the matrices Q, Q0 , R, and R0
employed to design the active damping scheme are shown in
Table II. In addition, the resulting vectors K = [K1 − K2 ]
and K0 are shown in Table III. The low-pass digital filter Gf

used in the 0-axis was designed with a first-order dynamic. It is
worth mentioning that Gf is not taken into account in the design
of K0 because its cut-off frequency is chosen to be higher than
frequency f1 . In this case, the cut-off frequency of this filter
was defined as one-fourth of the switching frequency to achieve
a satisfactory attenuation of the high-frequency components in
the 0-axis control system.

Therefore, Fig. 9 shows the magnitude response of the closed-
loop system from the reference iref to the output ig for the maxi-
mum and minimum grid inductances presented in Table I. Notice
that the magnitude at fundamental frequency is 0 dB, indicat-
ing a satisfactory steady-state reference tracking. The eigenval-
ues of the closed-loop system for the αβ-axis are presented in
Fig. 10, where the grid inductance was varied from the maxi-
mum to the minimum value with 50 μH steps. One can observe
that the control system stability is ensured in the whole grid
inductance range considered.
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Fig. 10. Closed-loop eigenvalues of the αβ-axis for the grid inductance range
presented in Table I with 50 μH steps.

Fig. 11. Magnitude response of the 0-axis for different damping schemes.

Regarding the 0-axis, its discrete magnitude response after
the active damping is illustrated in Fig. 11 together with the
frequency response of the continuous-time passive damping
scheme [see Fig. 5(b)]. In this case, the passive damping branch
was designed according to its classical requirements, which im-
plies γ = 0.4 and Rd = 7.4Ω [37]. From Fig. 11, it is possible
to verify clearly the advantages of the active damping over the
passive damping related to the leakage current reduction. The
magnitude response of the active damping in the damping re-
gion (f < fsw ) is significantly reduced in comparison with the
passive solution and with the undamped system. Additionally,
for f > fsw the active damping response is considered equiv-
alent to the curve without damping, since the control system
does not act above fsw . This means that the leakage current
attenuation is also lower than the passive solution for f > fsw .
From Fig. 11, one can also observe the importance of the use
of the filter Gf . The active damping with addition of the filter
Gf provides better attenuation in comparison with active damp-
ing without the filter. Therefore, the active damping improves
the low-frequency attenuation of the MLCL filter at same time
that keeps its high-frequency attenuation, helping to reduce the
leakage current of the system.

IV. RESULTS

The parameters used in the simulation and experimental tests
are presented in Table I. Notice that the parasitic capacitance
employed is in agreement with typical values for crystalline

Fig. 12. Simulation results for the proposed active damping technique applied
to the two-level inverter.

Fig. 13. Simulation results for the proposed active damping technique applied
to the NPC inverter.

silicon modules [6]. The PV system was emulated with a con-
trolled dc power source and the converter was connected to the
utility grid. A typical common-mode signal (v0) based on min–
max principle was used to extend the inverter modulation index
and to balance the dc bus capacitor voltages [30], [31].

A. Simulation Results

Simulations were performed to verify the effectiveness of the
proposed control technique in the leakage current reduction in
the transformerless PV system. In this sense, Figs. 12 and 13
illustrate the results for the two-level and NPC inverter topolo-
gies, respectively, where the phase grid voltage (vgrid), grid
current (igrid), leakage current (ip), and inverter line-to-line
voltage (vab) are shown. In these results, the active damping
technique was adopted in the αβ0-axis and a grid inductance
of 400 μH was considered. One can verify that the proposed
technique is effective in the reduction of the leakage current
considering the standard limit of 300 mA [7], [8] and using
different inverter topologies. The lower leakage current in the
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Fig. 14. Experimental results. (a) Passive damping. (b) Active damping in αβ-axis. (c) Active damping in αβ0-axis. (d) Leakage current spectrum for passive
damping. (e) Leakage current spectrum for active damping in αβ-axis. (f) Leakage current spectrum for active damping in αβ0-axis.

NPC topology in comparison with the two-level inverter is due
to its higher number of output voltage levels.

B. Experimental Results

Experimental results were obtained for the NPC inverter to
validate the control system and the leakage current attenuation.
The parasitic capacitance was modeled by the connection of
a polypropylene capacitor at negative terminal of the dc bus.
First, the leakage current was analyzed for the passive damping
structure presented in Fig. 3(b) (γ = 0.4 and Rd = 7.4Ω).
Fig. 14(a) shows the grid current (igrid) and the grid voltage
(vgrid) of the phase a, the dc bus voltage (Vdc) and the leakage
current (ip) for the passive damping solution. One can observe
that the rms leakage current of 316.8 mA violates the standard
limits [7], [8]. Furthermore, the total losses in the damping
resistances are around 60 W at nominal power, representing
0.6% of the power processed by the inverter.

The experimental results using the active damping only in
the αβ-axis are shown in Fig. 14(b), where the 0-axis re-
mained without damping (c0(k) = 0) with only the common-
mode signal v0 injected. The obtained rms value of the leakage
current was 195.7 mA, below the standard limits and repre-
senting a reduction of 38.22% in comparison with the passive
damping solution. However, the common-mode signal produces
some low-frequency leakage current components due to the fact
that the resonance peak at frequency f1 is undamped. Con-
sequently, the active damping in the 0-axis was performed in
the experimental results shown in Fig. 14(c). One can observe
that the leakage current is below the standards limit, present-
ing an rms value of 172.2 mA, 45.64% less than the passive
damping solution. The reduction of 12% in relation to the leak-
age current obtained with the active damping only in the αβ-
axis is due to attenuation of the low-frequency leakage cur-
rent associated with the harmonic components of v0 . In other

Fig. 15. Experimental control signals: uα (Ch1), uβ (Ch2), and u0 (Ch3).

words, it is because the common-mode circuit was actively
damped.

The leakage current spectrum for the three cases is also shown
in Fig. 14 for better understanding. Note from Fig. 14(f) that
there is a significant reduction of the leakage current around the
switching frequency (fsw ) and it multiplies in comparison with
the passive damping in Fig. 14(d) and with the active damping
only in αβ-axis in Fig. 14(e). As explained previously, it occurs
because the proposed active damping provides more attenua-
tion at high-frequencies in comparison with the others schemes.
Additionally, one can observe a reduction in the low-frequency
harmonics of the leakage current with the active damping in
αβ0-axis [see Fig. 14(f)] in comparison with the active damping
only in αβ-axis [see Fig. 14(e)] and with the passive damping
[see Fig. 14(d)]. This can be explained by analyzing Fig. 11,
where the proposed active damping also provides better attenu-
ation at lower frequencies.

The experimental control signals are shown in Fig. 15, while
the composition of the control signal of the 0-axis is illustrated
in Fig. 16. One can observe the common-mode signal v0 in-
tentionally injected and the damping signal c0 generated by the
state feedback. Regarding the waveform quality considering the
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Fig. 16. Experimental control signals: v0 (Ch1), c0 (Ch2), and u0 (Ch3).

Fig. 17. Passive damping losses for several power levels.

Fig. 18. Experimental efficiency of the PV inverter.

active damping in all axes, the total harmonic distortion (THD)
of the grid currents was 2.92% for a grid voltage THD equals to
2.40%.

Passive damping also brings disadvantages in terms of effi-
ciency, since it inserts power losses due to the use of damping
resistors. To exemplify, Fig. 17 shows the experimental power
losses in the damping resistors for several power levels injected
into the grid. One can observe that damping losses increase
with the output power. Additionally, the damping losses repre-
sent a significant portion of the power processed by the inverter,
mainly in low-power situations. This is undesirable because the
PV system can operate with low-power levels for a long time in
situations of reduced irradiance. On the other hand, it is possi-
ble to improve the system efficiency using the active damping,
as illustrated in Fig. 18. The system efficiency using the active
damping is higher than the system efficiency using the passive

TABLE IV
COMPARISON OF LEAKAGE CURRENT REDUCTION TECHNIQUES FOR THE

NPC INVERTER

Parameter Proposed Passive damped classical
LCL filter [37] + 2MV1Z

modulation [9], [11]

Maximum modulation index 1 0.866
Leakage current <300 mA <300 mA
Line-to-line voltage THD∗ 35.3% 52.3%
Number of voltage sensors 8 5
Number of current sensors 6 3

∗Considering Vd c = 600 V, m = 0.866, and fsw = 7.74 kHz.

damping for the whole range of power levels. This difference is
caused by the elimination of the losses in the passive damping
resistors when the active damping technique is applied. As a con-
sequence, the euro efficiency achieved with the active damping
is 95.04%, which represents an increase of 1.70% in comparison
with the passive damping.

C. Comparative Analysis

In this section, the proposed technique is compared with one
modified modulation method to reduce the leakage current of
the grid-connected NPC inverter. Therefore, some definitions
regarding the use of the modified modulation method must
be made to perform a proper comparative analysis between
these leakage current reduction methods. In this sense, it was
considered that the NPC inverter is connected to the grid with a
classical LCL filter with a passive damping scheme [37], where
a resonant current control is performed in αβ coordinates [38]
and the modified modulation technique two medium and one
zero vectors (2MV1Z) proposed in [9] and [11] is used for
leakage current reduction. Table IV shows the comparison.

As can be seen in Table IV, although the proposed MLCL
filter with active damping requires a larger number of sensors if
compared to the modified modulation technique, it has a better
dc bus voltage utilization (maximum modulation index), due
to the injection of the common-mode signal. Anyway, if the
number of sensors is a concern, state observers can be used
and its design is straightforward from the discrete state space
models [34]. Additionally, due to the reduced number of output
vectors used in the modified modulation technique, the output
voltage THD obtained with the proposed technique is lower.
As a consequence, the filter size is reduced as well as the grid
current distortion. To illustrate, Fig. 19 shows the comparison
of the simulated line-to-line voltage for each method.

Additionally, the active damping control technique presented
in this paper was also compared with other usual grid current
control methods for the NPC converter. It was defined that all
control methods used in the comparison employ the MLCL fil-
ter for leakage current reduction. As a consequence, the same
modulation technique is used for all techniques, i.e., PWM with
phase disposition carriers and common-mode signal injection.
The parameter used in this comparison is the computational
effort to execute the control law. The control unit has a digital
signal processor of 150 MHz (TMS320F28335), where the sam-
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Fig. 19. Simulated line-to-line output voltage for Vdc = 600 V, m =
0.866, and fsw = 7.74 kHz. (a) 2MV1Z modulation. (b) Proposed technique.

TABLE V
COMPARISON OF COMPUTATIONAL EFFORT FOR DISTINCT GRID CURRENT

CONTROL TECHNIQUES FOR THE NPC

Control technique Δ t (μs)

Proposed active damping in αβ0-axis 32.3
Active damping only in αβ -axis 31.92
Passive damping [37] with resonant control in αβ [38] 29.46
Passive damping [37] with PI control in dq [38] 29.86

pling time is equal to 64.6 μs. Table V shows the comparison,
where Δt is the time interval necessary to execute the control
law verified experimentally. One can observe from Table V that
the computational effort of the proposed technique is similar to
the classical control techniques [38].

V. CONCLUSION

This paper proposed an active damping technique applied
to transformerless three-phase grid-connected PV inverters that
use the MLCL filter for leakage current reduction. Besides the
classical advantages of the active damping over the passive
damping, this paper demonstrated that it also brings benefits in
the leakage current attenuation when it is applied to the MLCL
filter. The proposed control system performs the active damping
without any damping resistor, improving the inverter efficiency
and leakage current attenuation in comparison with a typical
passive damping technique. Furthermore, the proposed active
damping strategy for the 0-axis reduces the low-frequency leak-
age current originated from the common-mode signal used to
extend the inverter modulation index. Experimental results for
a 10 kW PV inverter demonstrated the effectiveness of the full
sate feedback technique, where the obtained leakage current
levels comply with the standards.
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