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Active Power Decoupling by Closed-Loop Control
of Power Oscillations for a Bidirectional

Single-Phase DC–AC Converter
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Abstract—A control strategy for the active power decoupling
in a single-phase full-bridge-based bidirectional dc–ac converter
is proposed in this work. An ac-side auxiliary-circuit three-leg
topology is used for the implementation. The proposal makes use
of the instantaneous power theory for three-phase systems, applied
to single-phase systems. A closed-loop control in the power domain
is implemented, by matching the instantaneous power oscillations
in the main circuit of the converter connected to the grid, with
the instantaneous power oscillations in the auxiliary circuit. The
control loop does not employ the measurement of the voltage or
current on the dc-bus, nor the voltage on the auxiliary-circuit
capacitor. Not requiring a calculation for the voltage reference on
the auxiliary-circuit capacitor depending on the circuit parameters
allows to eliminate the second harmonic power oscillations on the
dc-bus even in the presence of parameteric uncertainty. Experi-
mental and simulation results are presented to demonstrate the
validity and effectiveness of the proposal.

Index Terms—Distributed generation, full-bridge converter,
power decoupling, single-phase voltage source converter.

I. INTRODUCTION

S INGLE-PHASE converters are widely used in power elec-
tronics applications as an interface between a direct current

(dc) power system and an alternating current (ac) power system.
Among the most outstanding applications are the distributed
power-generation systems [1], [2], battery chargers for electric
vehicles [3], and light-emitting diode drivers [4]. One of the most
used topologies for these applications is the four active switches
full-bridge converter [5], [6]. Because of advantages in terms of
efficiency, cost, and size, this topology is usually implemented
without an isolation transformer.

In most applications, a constant power flow on the dc side of a
single-phase converter is desirable. However, the ac side requires
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a constant power plus a pulsating power generated by the product
of its sinusoidal voltage and current waveforms. This produces
a power ripple on the dc-bus pulsating at twice the fundamental
grid frequency, which degrades the system performance, for
example, by reducing the efficiency of photovoltaic panels [2],
[7], shortening the lifespan of fuel cells [8], or producing
flickering effects on light-emitting diodes [4]. This issue can
be addressed by methods generally called “power decoupling,”
which consist of adding to the basic converter topology, an
auxiliary mechanism (generally, with a capacitor as main energy
storage element) that provides the oscillatory component of the
power required on the ac side, while the stationary power flow on
the dc-bus is held constant. Typical passive methods of power
decoupling make use of a large capacitor bank placed on the
dc-bus [7], [9], which is desirable to eliminate or minimize since
their implementation requires large electrolytic capacitors with
a short lifespan and low reliability. As an alternative to reduce
the dc-bus capacitance, many active power decoupling (APD)
methods have been proposed and various reviews on this topic
can be found in the literature [2], [7], [10], [11], [12], [13]. In
general, the APD methods add to the main converter an auxiliary
circuit made up of power electronic switches combined with
small-size capacitors and/or inductors. The auxiliary circuit is
an internal instantaneous power supply that must be controlled
to provide the power oscillations to the ac side of the converter,
decoupling them from the dc-bus.

In topological terms related to the place where the auxiliary
circuit is connected, the APD methods can be classified into two
main groups [12], [13], [14]: 1) dc-side arrangements, in which
the auxiliary circuit is connected to the dc-bus [15], [16], [17],
[18], and 2) ac-side (or mixed-type) arrangements, in which a
part of the auxiliary circuit is connected to the ac side and part
to the dc side of the converter [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28].

The APD in [24] uses two auxiliary capacitors at the ac
side of a full-bridge converter, without extra power electronics.
However, the utilization factor and stress on the switches can
be greatly improved by adding an extra leg [12]. The ac-side
auxiliary-circuit three-leg topology, initially proposed in [25],
has become popular because of advantages, such as low control
bandwidth requirement and high energy storage efficiency, since
its auxiliary circuit operates with purely sinusoidal voltage and
current waveforms. For this topology, in [27], it is shown that
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the current and voltage stress on the switches can be reduced by
adopting space-vector pulsewidth modulation (SVM) technique.
In [22], it is shown that this topology better aligns with power
density and efficiency constraints in comparison with typical
dc-side arrangements. In [26], a discontinuous pulsewidth mod-
ulation (PWM) strategy is proposed to reduce the converter
switching losses. Regarding the control strategies proposed for
this topology and other similar ones, most of the techniques in the
literature implement a closed-loop control of the auxiliary circuit
capacitor voltage. For this, they must estimate a capacitor voltage
reference from a given ac-side pulsating power ripple. This ref-
erence is predicted based on the circuital model of the auxiliary
circuit branch [13], [21], [22], [23], [25], [26], [27], [28], [29].
Then, the accuracy of such control strategies (in terms of second
harmonic power ripple suppression) is affected by parameteric
variations, since they depend on the exact knowledge of the
capacitance, inductance, and resistance of the auxiliary circuit
branch. Besides, in some cases the effect of the auxiliary-circuit
inductor is neglected in the reference calculation process [22],
[28], which can lead to greater error. The model-based feedback
linearization control technique in [17] requires many sensors
for full-state feedback, and its performance depends on the
precise knowledge of all the system parameters. As is mentioned
there, variations of the grid inductance can lead to steady-state
tracking errors and a change in the control bandwidth [17].
There, the focus is placed on rectifier operation and, as in other
control techniques [25], [28], a closed-loop control of the dc-bus
voltage is implemented, with the aim of suppressing the ripple
on this voltage, under the assumption that the dc current is a
constant. This practice can lead to control issues if the dc-bus
current or voltage is contaminated with ripple from other systems
connected to the same dc-bus [23].

This work proposes a new control strategy to implement
the APD in a bidirectional full-bridge-based single-phase dc–
ac converter, employing an ac-side auxiliary-circuit three-leg
topology [25]. The proposed control strategy makes use of the
instantaneous power theory for three-phase systems applied
to single-phase systems [5], [30]. The control loop does not
require the measurement of the dc-bus voltage or current, nor the
auxiliary-circuit capacitor voltage. A closed-loop control in the
power domain is implemented, by matching the instantaneous
power oscillations in the main circuit of the converter, with the
instantaneous power oscillations in the auxiliary circuit, without
the need to estimate a reference for the capacitor voltage depend-
ing on the circuit parameters. This allows to eliminate the second
harmonic power oscillations on the dc-bus even in the presence
of parameteric uncertainty. The validity and effectiveness of the
proposed control strategy are demonstrated via experimental and
simulation results.

II. SYSTEM DESCRIPTION AND MODELING

Fig. 1 shows the circuit diagram of the topology under
study. The four main switches S1, S2, S3, and S4 make up a
single-phase full-bridge converter, whose ac side is connected
to a single-phase grid with voltage vg and fundamental angular
frequency ωg , via an inductive filter with inductance Lg and

Fig. 1. Three-leg bidirectional single-phase DC–AC converter topology with
ac-side auxiliary circuit.

parasitic resistance Rg. The auxiliary circuit (marked in gray)
is composed of two switches S5 and S6, an inductive filter
with inductance La and parasitic resistance Ra, and a storage
capacitor with capacitance Ca, where vc and ia are the capacitor
voltage and current, respectively. The dc side of the system
is modeled here as a dc voltage source Vdc that supplies a
current ibus, in series with a resistance Rs and an inductance
Ls modeling the impedance of the connecting wires [31]. A
parallel filtering capacitor Cdc of voltage VCdc

is connected at
the dc-bus to absorb the high-frequency ripple from the converter
switching current iinv. The principal function of the auxiliary
circuit is to provide the instantaneous power necessary to cancel
out the power oscillations of fundamental frequency 2ωg in the
instantaneous power Pg = vgig transferred to the grid, while
the single-phase inverter injects a current ig synchronized with
vg. In this way, the instantaneous power Pi = Vdcibus supplied
by Vdc results free of ripple of angular frequency 2ωg . Note in
Fig. 1 that the inductors are arranged in such a way that the main
circuit and the auxiliary circuit can be controlled independently
by means of the control actions vm and va, respectively [25].

A. Main-Circuit Control and Auxiliary-Circuit Oscillatory
Power Reference Generation

Indicated as “main-circuit control,” Fig. 2(a) illustrates the
controller usually used to regulate the current ig injected to the
grid by the converter. In the Laplace domain, the model of the
main circuit in Fig. 2(a) is given by

ig(s) =
1

Rg + sLg
[vm(s)− vg(s)] (1)

for which vm represents the control action, while vg represents
a bounded disturbance signal. Based on the internal model
principle [32], to copy a sinusoidal reference igr of angular
frequency ωg , without steady-state error at ωg , a proportional
plus resonant (PR) regulator tuned to that frequency is used
here, whose transfer function is given by

GPRm
(s) = Kpm

[
1 +

1

Trm

s(
s2 + ω2

g

)]. (2)
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Fig. 2. Proposed control strategy. (a) Main-circuit control block diagram and
generation of the oscillatory power reference �̂sar . (b) Auxiliary-circuit control
block diagram. (c) Estimate of �vass and computation of �δ.

Kpm
and Trm in (2) can be designed according to the guidelines

given in [33] and [34].
The blocks Tαβ in Fig. 2(a) represent second-order gen-

eralized integrator–quadrature signal generator (SOGI-QSG)
structures [5], tuned to ωg . Let “x” be an arbitrary single-phase
signal of angular frequency ωg . By applying to x, the operator
Tαβ{x}, a complex spatial vector with the form �x = xα + jxβ ,
is obtained, composed of a direct component “xα” with the same
magnitude and phase as “x,” and its quadrature version xβ with
the same magnitude but 90◦ lagging “x” [5]. The SOGI-QSG
transfer functions, with respect to the components α and β, are
given by [35]

Tα(s) =
ksωgs

s2 + ksωgs+ ω2
g

; Tβ(s) =
ksω

2
g

s2 + ksωgs+ ω2
g

(3)

where ks ∈ R
+. Thus, Tαβ{x} = L−1{Tαβ(s)X(s)} = L−1

{Tα(s)X(s)}+ jL−1{Tβ(s)X(s)} = �x, where X(s) = L{x}
is the Laplace transform of “x.”

Let �vm = Tαβ{vm} and�ig = Tαβ{ig} [see Fig. 2(a)]. Based
on the instantaneous power theory for three-phase systems [5],
[30], the instantaneous active power Pm and instantaneous reac-
tive power Qm, and the complex power vector �Sm of the main
circuit can be represented by

Pm = vmα
igα

Qm = vmα
igβ

�Sm = Pm + jQm =
1

2
�v∗m�ig︸ ︷︷ ︸

�̄Sm=P̄m+jQ̄m

+
1

2
�vm�ig︸ ︷︷ ︸
�̂sm

(4)

where the symbol “∗” indicates the conjugate operation. �Sm

in (4) is represented as the composition of a constant term
�̄Sm = (P̄m + jQ̄m) and an oscillatory term �̂sm of fundamental
angular frequency 2ωg [5]. Following the same reasoning, the
instantaneous complex power vector �Sa of the auxiliary circuit
in Fig. 1 can be represented by

�Sa =
1

2
�v∗a�ia︸ ︷︷ ︸
�̄Sa

+
1

2
�va�ia︸ ︷︷ ︸
�̂sa

(5)

where �̄Sa and �̂sa represent the constant and oscillatory terms of
�Sa, with �va = Tαβ{va} and�ia = Tαβ{ia}.

Let (�Sm + �Sa) be the total instantaneous complex power of
the system in Fig. 1. According to (4) and (5), for Vdc to supply
constant power (free of second harmonic ripple), it must be �̂sa =
−�̂sm. Thus, the oscillatory power of the auxiliary circuit must
be controlled to copy a reference �̂sar

given by

�̂sar
= −�̂sm = −1

2
�vm�ig. (6)

Indicated as “�̂sar
generation,” Fig. 2(a) illustrates how 2�̂sar

is
generated based on (6).

B. Auxiliary-Circuit Control

Fig. 2(b) illustrates the block diagram proposed in this work
to implement the closed-loop control of the instantaneous os-
cillatory power of the auxiliary circuit. The dark-gray block in
Fig. 2(b) corresponds to the model of the auxiliary-circuit LCR
branch in Fig. 1 of transfer function

ia(s)

va(s)
=

sCa

LaCas2 +RaCas+ 1
= Y (s). (7)

Voltage va must be regulated based on the measurement of ia,
to stabilize the auxiliary circuit and makes that �̂sa in (5) copy
to �̂sar

in (6). In Fig. 2(b), the calculation of the term 2�̂sa in
(5) is implemented using va and ia. A virtual resistance-based
active damping of the auxiliary circuit [5] is implemented here
to damp the LC resonance of (7). The need to implement the
active damping is justified later in Section IV via Bode plot
analysis. By adding the term −Rdia as is shown in Fig. 2(b), the
following modified transfer function Hm(s) with input signal
ha is obtained

Hm(s) =
ia(s)

ha(s)
=

sCa

LaCas2 + (Ra +Rd)Cas+ 1
(8)

where ha is the output of the PR regulator in Fig. 2(b). The
constant Rd represents a virtual resistance that can be selected
as Rd = (2ζ

√
La/Ca −Ra), where ζ is the desired damping

factor for the poles of (8). The signalha applied to (8) is obtained
based on making zero the instantaneous oscillatory power error
defined as

�̂es = 2(�̂sar
− �̂sa) = −

(
�vm�ig + �va�ia

)
(9)

in the complex instantaneous power domain [see Fig. 2(b)]. In
order to map this error �̂es defined in the power domain, to an
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error �ei in the current domain, let �ei be such that �̂es = �va�ei.
Multiplying by �v∗a on both sides of this expression and solving
it results

�ei =
�v∗a�̂es
|�va|2 . (10)

Note in (10) that if the system starts with�va = �0, it will be�ei = 0
regardless of the value of �̂sar

. For this reason, it is necessary to
add a signal �δ to �va, which provides the disturbance that allows
the controller to start. In addition, to avoid the division by zero
when |�va| = 0, a constant value ε > 0 can be added to the de-
nominator of (10). Thus, instead of (10), it is implemented here

�ei =
(�va + �δ)∗

|�va + �δ|2 + ε
�̂es. (11)

Another important aspect is that for each reference vector �̂sar,
there are two possible combinations of�va and�ia that satisfy �̂es =
�0 in (9). Indeed, the value of �̂sa resulting from the pair {�va,�ia}
is identical to the value resulting from the pair composed of
the same waveforms shifted 180◦, {−�va,−�ia}. These two pairs
produce different results for the voltage (vm − va) and for the
current (ig + ia) (see Fig. 1). To avoid saturation of the control
action, the pair that provides a smaller magnitude |�vm − �va| is
selected in this work. The signal �δ in (11) is defined as

�δ = kδ(�vass
− �va) (12)

where 0 < kδ < 1 is a constant, and �vass
is the steady-state

value for �va, corresponding to the selected steady-state pair
{�vass

,�iass
}, whose estimate is given in Section II-C. Note in

(12) that �δ → �0 at the steady state. Note also that if �va = �0,
immediately after applying �̂sar = �vass

�iass
�= 0, the initial value

�ei0 of �ei is

�ei0 =
kδ�v

∗
ass

�̂sar

|kδ�vass
|2 + ε

≈ 1

kδ
�iass

. (13)

In this way, the initial error �ei0 has the initial orientation
corresponding to the selected steady-state pair {�vass

,�iass
}. By

symmetry, the complex error signal �ei in (11) is composed of
two identical 90◦ phase-shifted error signals eiα and eiβ of
fundamental angular frequency ωg . The closed-loop control of
the auxiliary circuit is implemented here by using the imaginary
component eiβ of �ei given by

eiβ = Im

{
(�va + �δ)∗

|�va + �δ|2 + ε
�̂es

}
. (14)

The stability of the auxiliary-circuit control using (14) is verified
in Section IV via Bode plot analysis, based on the linearization
of (14) developed in Section III. Finally, ha is obtained by
applying to eiβ , a PR regulator tuned to ωg , of transfer function

GPRa
(s) = Kpa

[
1 +

1

Tra

s(
s2 + ω2

g

)] (15)

where the controller constants Kpa
and Tra must be selected

in order to guarantee the stability of the closed-loop system

and obtain a proper dynamic response. It should be noted that
the calculation of �̂es in (9) does not depend on the circuit
parameters, since �vm and �va are known control variables, and ig
and ia are measured variables. Then eiβ in (14) neither depends
on the circuit parameters. Therefore, according to the internal
model principle [32], as long as the system is stable in closed
loop, the PR regulator will make the error eiβ (and so �̂es) zero
even in the presence of parameteric uncertainty.

C. Estimate of �vass
From Steady-State Analysis

Here, an estimate for �vass
in (12) based on steady-state analy-

sis of the auxiliary circuit is obtained. Consider for this analysis
Ra = 0 and that (7) presents a capacitive behavior at ωg (i.e.,
LaCaω

2
g < 1). Taking as reference the grid voltage complex

space-vector �vg = Tαβ{vg} represented as

�vg = Vge
j(ωgt) (16)

suppose the auxiliary circuit of Fig. 1 operating on a stable
steady-state condition (subscript “ss”) with applied voltage
vass

= Vass
cos(ωgt+ θa), being θa the phase-shift angle be-

tween vass
and vg . In this condition, the complex space-vectors

of voltage, current, and power oscillation in the auxiliary circuit
are

�vass
= Vass

ej(ωgt+θa) = vaαss
+ jvaβss

(17)

�iass
= Vass

|Y (jωg)|ej(ωgt+θa+π/2) (18)

�̂sass
=

1

2
V 2
ass

|Y (jωg)|ej(2ωgt+2θa+π/2) (19)

where Y (jωg) = Y (s)|(s=jωg) is the complex steady-state ad-

mittance obtained by evaluating (7) at s = jωg . Given �̂sar

computed with (6) and with the form

�̂sar
= |�̂sar

|ej(2ωgt+θsr) (20)

where θsr is an angle to be computed in the following.
Using (20) and (16), it can be obtained that −j�̂sar

�v∗g =

|�̂sar
|Vge

j(ωgt+θsr−π/2), from which

θsr = Arg{−j�̂sar
�v∗g} − Arg{�̂vg}+ π/2 (21)

where Arg{�x} = atan2{�x} represents the argument (or four-
quadrant inverse tangent) of the complex vector �x [36]. In order
to (19) be equal to (20), it should be

Vass
=

√
2

|�̂sar
|

|Y (jωg)| (22)

θa =
θsr − π/2

2
=

Arg{−j�̂sar
�v∗g} − Arg{�̂vg}
2

. (23)

Fig. 2(c) illustrates how an estimate of (17) is obtained in practice
based on (22) and (23), and how this estimate is used to obtain
�δ in (12). Taking into account that vm ≈ vg, |�vm − �va| can
be approximated as

√|�vm|2 − 2|�vm||�va| cos(θa) + |�va|2. Thus,
to obtain the smaller magnitude |vm − va| between the two
possible solutions for the estimate of θa in (23), it is selected that
the one within the range −π/2 ≤ θa ≤ π/2. The logic diagram
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used to ensure that θa is within that range is illustrated enclosed
in dashed lines in Fig. 2(c).

III. LINEARIZATION OF THE AUXILIARY-CIRCUIT CONTROL

Consider for this analysis ε = 0 in (14). Note in Fig. 2(b) that
(�va + �δ)/|�va + �δ|2 is a nonlinear function of �va involved in the
auxiliary-circuit control. Next, a linearization of the control loop
involving this nonlinear function is obtained.

At the steady-state operating point defined by (17)–(19), it is
intended to linearize the complex function

(�va + �δ)

|�va + �δ|2
= fα + jfβ (24)

where, using (12)⎧⎪⎨
⎪⎩
fα =

vaα+kδ(vaαss−vaα )

|�va+kδ(�vass−�va)|2

fβ =
vaβ

+kδ

(
vaβss

−vaβ

)

|�va+kδ(�vass−�va)|2 .
(25)

In (25), fα and fβ are nonlinear functions of vaα
and vaβ

, which
can be modeled as fα = (fαss

+ f̃α) and fβ = (fβss
+ f̃β). Be-

ing fαss
= vaαss

/|�vass
|2 and fβss

= vaβss
/|�vass

|2 steady-state
components obtained by evaluating (25) at (17), considering
that there is no error estimating �vass

. The signals f̃α and f̃β are
small-signal components obtained as [37]{

f̃α = a11ṽaα
+ a12ṽaβ

f̃β = a21ṽaα
+ a22ṽaβ

(26)

where a11 = ∂fα/∂vaα
|�vass

, a12 = ∂fα/∂vaβ
|�vass

, a21 =
∂fβ/∂vaα

|�vass
, anda22 = ∂fβ/∂vaβ

|�vass
are the partial deriva-

tives of fα and fβ with respect to vaα
and vaβ

, evaluated at �vass
.

Calculating (26) using (25) and (17), it results

�̃f = �̃v∗a
(kδ − 1)

V 2
ass

ej(2ωgt+2θa) (27)

where �̃f = (f̃α + jf̃β) and �̃va = (ṽaα
+ jṽaβ

), being ṽaα
and

ṽaβ
the small-signal components of vaα

and vaβ
, respec-

tively. Let ir be a fictitious current reference such that ir =
Im{2�̂sar

(�va + �δ)∗/|�va + �δ|2} for the product involving 2�̂sar
in

Fig. 2(b). By considering the reference �̂sar
fixed at a steady-state

condition �̂sarss
= �̂sass

�= �0, by using (19) and (27), it can be
easily demonstrated that the linearization for ir is given by

�̃ir = Im
{
2�̂sarss

�̃f ∗
}
= −(1− kδ)|Y (jωg)|ṽaα

(28)

where ĩr is the small-signal component of ir. Now, let i be
a fictitious current such that i = Im{2�̂sa(�va + �δ)∗/|�va + �δ|2}
for the product involving 2�̂sa in Fig. 2(b). To linearize i, the
following linearization for �̂sa is used

�̂sa =
1

2

(
�vass

�iass
+ �̃va�iass

+ �vass
�̃ia

)
. (29)

Using (25) and (29) to calculate Im{2(ŝaα
+ jŝaβ

)(fα +
jfβ)

∗}, discarding the quadratic terms resulting from the prod-
ucts between small-signal components, the linearization for �i

Fig. 3. Equivalent small-signal model for the auxiliary-circuit control.

TABLE I
SYSTEM AND CONTROLLER PARAMETERS

results

ĩ = ĩaβ
+ kδ|Y (jωg)|ṽaα

(30)

where ĩ represents the small-signal component of i. Using (28)
and (30), the small-signal component ẽiβ of the error eiβ in (14)
can be calculated as

ẽiβ = ( ĩr − ĩ ) = −ĩaβ
− |Y (jωg)|ṽaα

. (31)

Note that, in (31), the components proportional to kδ are can-
celed out, resulting ẽiβ independent of this parameter. Fig. 3
illustrates the equivalent small-signal model for the nonlinear
feedback of the auxiliary-circuit control in Fig. 2(b). By opening
the path from eiβ to (̃ir − ĩ), using (3), (8), and (15), the model
can be simplified as the negative feedback of the open-loop
transfer function

Fol(s) = −
(̃
ir − ĩ

)
(s)

ẽiβ (s)

= [(1−RdHm)Tα|Y (jωg)|+ TβHm]GPRa
. (32)

This model is employed in Section IV to verify the system
closed-loop stability, given the parameters used for the imple-
mentation.

IV. SIMULATION RESULTS

This section presents simulation results that demonstrate the
performance of the proposed control strategy. Table I lists the
parameters used in the simulation. Sn is the nominal apparent
power of the converter, while Vgn and Ign are the nominal
rms values of vg and ig , respectively. The value of Ca was
selected so that this capacitor operates with a rms voltage
equal to Vgn when its rms current is equal to Ign , i.e., Ca =
Ign/(ωgVgn). In this way, the current and voltage stress of the
system can be minimized [27]. The maximum current stress of
the switches S3 and S4 [current (ig + ia) in Fig. 1] is approxi-
mately

√
2Ign for zero leading power factor. Lg and La were se-

lected such that maximum peak-to-peak high-frequency current
ripples ΔigHFmax

≈ Vdc/(8Lgfpwm) = 1 A and ΔiaHFmax
≈
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Fig. 4. Open-loop Bode plot of the equivalent small-signal model for Rd =
0 Ω and Rd = 7.41 Ω.

Fig. 5. Generation of converter gate signals from control signals vm and va.

Vdc/(8Lafpwm) = 1.15 A [22], [25] are obtained for the main
circuit and the auxiliary circuit, respectively. The dc-bus low-
pass filter transfer function is given by ibus(s)/iinv(s) =
1/[LsCss

2 +RsCdcs+ 1]. Since Rs ≈ 0, the cutoff frequency
fc (bandwidth) of this transfer function can be approximated as
fc ≈ [

√
(1 +

√
2 )/(LsCds) ]/(2π)[38]. In order to guar-

antee a low-pass filtering of ibus with fc < 5 kHz, Cdc > (1 +√
2 )/[Ls(2πfc)

2] = 407 μF is required. Thus, the commer-
cial capacitance value Cdc = 470 μF is used for the implemen-
tation.ks =

√
2was selected in (3), a value that is usually used to

obtain a good performance of the SOGI-QSG [5]. Thus, the poles
of (3) result in (−1/

√
2± j1/

√
2)ωg , with which a 5% settling

time ts5% ≈ 3
√
2/ωg = 13.5 ms is obtained [5]. In Table I, fs

is the sample frequency used to simulate the digital implemen-
tation of the control strategy, which corresponds to the one used
for the practical implementation presented in Section V. For the
digital implementation (with sampling period Ts = 1/fs), the
transfer functions (2), (3), (8), and (15) were discretized using the
zero-order-hold method [39]. For the discrete modeling, a one
sample delay z−1 cascaded with the PR regulators was consid-
ered, which takes into account the digital processing delay [34].
The virtual resistanceRd was selected to obtain a damping factor
ζ = 0.7 for the poles of (8). Fig. 4 shows the open-loop Bode plot
obtained from the discretization of (32), for the case in which the
selected value for Rd is used, and for the case in which Rd = 0
is used. Note that if Rd = 0, the system is unstable since its gain
is greater than 0 dB when the phase crosses −180◦, this is the
reason why the active damping is implemented in Section II-B.
With the selected values forKpa

and Tra in (15), a stable system
with phase margin φm ≈ 45◦ and gain margin Gm ≈ 14 dB is
obtained. Fig. 5 shows the block diagram used for generating
the converter PWM gate signals to synthesize the control action
signals vm and va (see Fig. 2). This block diagram implements
a carrier-based modulation equivalent to SVM [22], [40].

Fig. 6. Simulation results. (a) P̄mr , Q̄mr . (b) vg . (c) ig . (d) vc. (e) ia.
(f) iinv , ibus. (g) VCdc

. (h) Pi, Pg .

In order to evaluate the performance of the control strategy
under different conditions of power injected to the grid, the
simulation results shown in Fig. 6 were obtained. Fig. 6(a)
shows the references P̄mr

and Q̄mr
for P̄m and Q̄m defined in

(4), respectively. Initially, P̄mr
= Q̄mr

= 0. At the instant t =
0.05 s, the active power reference is increased to P̄mr

= Sn/
√
2

holding Q̄mr
= 0. At t = 0.15 s, the reactive power reference

is increased so that P̄mr
= Q̄mr

= Sn/
√
2. At t = 0.35 s, the

reactive power reference is reduced again to Q̄mr
= 0, and at

t = 0.45 s, the active power reference is reduced to P̄mr
= 0.

Fig. 6(b) shows the grid voltage vg . Fig. 6(c) shows the current
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Fig. 7. Simulation results. Pi and Pg for a 50% increase in La and Ca.

Fig. 8. Experimental setup.

ig injected to the grid. Fig. 6(d) shows the auxiliary circuit
capacitor voltage vc. Fig. 6(e) shows the auxiliary circuit current
ia. Fig. 6(f) shows the dc-source current ibus and the converter
dc-side current iinv (ver Fig. 1). Fig. 6(g) shows the dc-bus
capacitor voltage VCdc

. Fig. 6(h) shows instantaneous power
Pi = Vdcibus supplied by the dc-bus, and the instantaneous
power Pg = vgig transferred to the grid. Note that the large
second harmonic power ripple observed in Pg is the ripple that
should be present in Pi if the APD were not implemented.
However, the proposed control strategy successfully eliminates
the presence of such a ripple fromPi. It can be seen that after each
variation in the power injected to the grid, the proposed control
strategy eliminates the second harmonic power ripple fromPi in
less than one grid cycle. Fig. 7 shows dc-bus instantaneous power
Pi = Vdcibus, and the power Pg = vgig injected to the grid, for
the case in which the experience of Fig. 6 is repeated for a 50%
increase in La and Ca. Note that although the transient response
is degraded, the control strategy demonstrates its effectiveness
in eliminating the second harmonic power oscillations on the
dc-bus even against large parameteric variations.

V. EXPERIMENTAL RESULTS

This section presents experimental results to verify the sim-
ulation results obtained in Section IV. A photograph of the
experimental setup is shown in Fig. 8. The results were ob-
tained using a three-leg converter prototype implemented with
insulated-gate bipolar transistor devices IRG4PH50UD.Vdc was
implemented using a unidirectional dc voltage source Sorensen
SGI 600-25. A diode STTH6004 W was added in series with
the source to protect it from negative current flow. The control
strategy was implemented in a floating point digital signal pro-
cessor TMS320F28335. An oscilloscope Agilent MSO7104B

Fig. 9. Experimental results. (a) vg [200 V/div], ig [10 A/div]. (b)ibus
[5 A/div]. (c) vc [200 V/div]. (d) Pg . (e) Pi. Time scale: 50 ms/div.

of four analog channels was used for the measurements. A
generic electrolytic capacitor LGW2W471MELC45 was used
for Cdc. Available film capacitors B25667B5237A375 (77μF +
77/2μF) in parallel with B32674D6505 K (5μF) were used for
Ca. The parameters of the experimental system are listed in
Table I. In Table I, fpwm is the switching frequency and tD
is the turn-ON dead time of the converter switches. The same
variations in the references P̄mr

and Q̄mr
shown in Fig. 6(a)

were implemented in practice. The obtained experimental results
can be seen in Fig. 9. Fig. 9(a) shows the grid voltage vg
and the current ig injected to the grid. Note that this current
is contaminated with high-frequency ripple produced by the
converter modulation. Fig. 9(b) shows the measurement of the
current ibus supplied by Vdc (see Fig. 1). Fig. 9(c) shows the
auxiliary-circuit capacitor voltage vc. Note that this voltage is
similar to the one obtained by simulation in Fig. 6(d). Fig. 9(d)
shows the instantaneous power Pg = vgig injected to the grid,
calculated with the data corresponding to ig and vg , acquired
by using the oscilloscope internal memory. In the same way,
Fig. 9(e) shows the instantaneous power Pi = Vdcibus on the
dc-bus, calculated with the data acquired from the measurements
of ibus and Vdc. This last figure experimentally verifies that after
each variation in the power injected to the grid, the proposed
control strategy eliminates the presence of second harmonic
ripple from Pi, in less than one grid cycle. At steady state,
Pi only shows the presence of high-frequency ripple generated
by the converter switching, the nonlinear harmonic distortion
introduced by the dead time of the switching devices, and the
grid harmonic distortion.
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TABLE II
AC-SIDE APD USED IN THIS WORK AND DC-SIDE BUCK-TYPE APD: CHARACTERISTICS OF BOTH TOPOLOGIES AND DIFFERENT CONTROL STRATEGIES

VI. CONCLUSION

A control strategy to implement the APD and, thus, eliminate
the second harmonic ripple from the dc-bus in a bidirectional
dc-ac single-phase converter was proposed. A three-leg topology
with ac-side auxiliary circuit was used for the implementation.
Making use of the instantaneous power theory for three-phase
systems applied to single-phase systems, the proposal imple-
ments the control of the power oscillations on the ac side of the
converter. The calculation of a reference for the auxiliary-circuit
capacitor voltage based on the circuit parameters is not required.
This allows to eliminate the second harmonic power oscilla-
tions on the dc-bus, even in the presence of parameteric varia-
tions. Both experimental and simulation results are presented to
demonstrate the validity and effectiveness of the proposal. For
the ac-side APD used in this work and the dc-side buck-type
APD, the main characteristics of both topologies and different
control strategies are listed in Table II.
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