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Abstract—DC systems connected to single-phase AC/DC con-
verters are subject to a second-order harmonic ripple affecting
the DC-bus voltage. Such ripple can be neutralized through an
active filter circuit. This paper presents an improved control
algorithm for a symmetrical half-bridge based active filter archi-
tecture. Contrarily to standard control approaches, the proposed
solution does not require any external measurement other than
the voltages and current internal to the active filter itself. This
makes the analyzed active filter architecture suitable for a plug-
and-play solution, meaning that it can be connected to the DC-
bus terminals of a pre-existing system without any additional
modification. The proposed control algorithm is based on mul-
tiple cascaded feedback loops, and the frequency and phase
synchronization with the second-order harmonic component to
be eliminated is based on an internally developed Phase-Locked-
Loop (PLL). The developed approach has been numerically
tested and validated in different operating conditions, showing
satisfactory performances.

Index Terms—Active filters, Second-Order Harmonic Elimina-
tion, Power Electronics Converters Control.

I. INTRODUCTION

Modern power systems are characterized by an increasingly
higher attention on the interoperability of different equipment,
apparatus and subsystems, that must coexist and operate
coordinately and harmoniously with one another. In this
framework, AC/DC conversion plays a central role, especially
considering new concepts of hybrid and smart grids, where
different networks can be interconnected together in a flexible
and controllable way through power electronic converters.

However, single-phase AC/DC conversion is subject to a
major drawback, being that the instantaneous power trans-
ferred between the AC and the DC side contains not only
a DC component, but also an oscillating harmonic at twice
the AC line frequency. This pulsating power may introduce
a significant harmonic ripple on the DC-bus voltage, which
could hamper the correct functionality of the system as a
whole [1]. This problem is nowadays also significant in some
multilevel converter architectures, especially in the medium
and high voltage range, and even in three-phase converters.
This is because some multilevel architectures are typically re-
alized by cascading multiple independent single-phase AC/DC
conversion cells, each of which suffers from a second-order
harmonic ripple affecting its DC-bus voltage [2], [3].
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Fig. 1. Circuit architecture of the symmetrical half-bridge based active filter.

The DC-bus voltage ripple can be reduced by installing
large DC-bus capacitor banks, designed to absorb the ripple
power generated by the AC/DC converter. However, this
approach increases the overall size, weight and cost of the
overall converter. Another solution to suppress the second-
order harmonic ripple is to use LC trap filters, in a way to
introduce (through a series LC resonance) a low-impedance
path for the second-order harmonic current generated (on the
DC side) by the AC/DC converter. However, since the required
resonance frequency is low (i.e., 100Hz or 120Hz for grid
connected applications), the volume and weight of the passive
components would be considerable, thus presenting the same
bulkiness issues of an increased DC-bus capacitor bank [4].

A different approach is to use an active filter. By in-
troducing additional controllable circuitry, the second-order
power harmonic can be shifted away from the DC-bus and
stored in other components in a more efficient and effective
way [5], [6]. At the expense of a slightly more complex
system and of additional switching components, this solution
allows to mitigate the second-order harmonic ripple without
compromising size, weight and cost.

Many different active filter topologies have been proposed in
the technical literature [2], [3], [5]–[11]. They differ in terms
of the energy storage device (i.e., inductive or capacitive), in
terms of the connection to the system (i.e., on the AC or DC
side, in series or in parallel, etc...) and in terms of the circuit
topology (i.e., buck, boost, buck-boost, full-bridge, etc...).

An active filter based on a Symmetrical Half-Bridge topol-
ogy has been proposed in [3]. With this architecture, schemat-
ically represented in Fig. 1, two series-connected DC-bus
capacitors can be used to sustain the DC voltage and to absorb



the ripple power at the same time. These capacitors (that
typically need to be rated for the entire DC-bus voltage) can
transfer power between one another, thanks to the proper con-
trol of the current flowing in a small filtering inductor, which is
itself driven through a standard half-bridge conversion circuit.
Such controlled exchange of energy can be synchronized with
the AC/DC converter in order to filter out the second-order
power harmonic, leading to a constant overall DC-bus voltage.

Typically, the control of this active filter is synchronized and
developed together with the single-phase AC/DC converter,
in a way to take advantage of the AC side measurements
to compute the reference current to be forced in the filtering
inductor. A current-mode controller is then used to generate
the switching signals for the semiconductor devices [3], [12],
[13]. This solution is convenient if the whole system is
designed at once, but makes the active filter less attractive to be
installed on a pre-existing system, since it would either require
communication with the controller of the AC/DC converter or
to have direct access to the measurements on the AC side
circuit.

To overcome such drawback, this paper presents an im-
proved control algorithm for the symmetrical half-bridge based
active filter topology. The proposed solution does not require
any external measurement other than the voltages and current
internal to the active filter itself, and the frequency and phase
synchronization is achieved thanks to an internally developed
Phase-Locked-Loop (PLL), specifically designed with respect
to the second-order harmonic to be neutralized. A control
algorithm based on multiple cascaded feedback loops is then
used to neutralize the second-order harmonic ripple affecting
the overall DC-bus voltage.

The paper is structured as follows: first, Section II de-
rives the mathematical model of the system, that is used in
Section III to develop the proposed control algorithm; then
Section IV shows the numerical validation of the approach in
multiple operating conditions, and finally Section V summa-
rizes the conclusions of the work.

II. CIRCUIT TOPOLOGY AND MATHEMATICAL MODEL

The circuital architecture of the active filter under analysis
is represented in Fig. 1. The output of a regular half-bridge
leg is connected, through an inductor of inductance Lf , to
the midpoint of two series-connected capacitors with equal
capacitance Cf,top = Cf,bot = Cf . The half-bridge leg and
the capacitors are then connected to the overall DC-bus of
the system, which may also include an additional external
capacitor Cext (note that, since Cf,top and Cf,bot contribute
to the overall DC-bus capacitance, the external capacitor Cext

may also be absent).
In the analyzed setup, the DC-bus is connected to a single-

phase AC/DC converter, that introduces to the DC-bus voltage
an undesired frequency oscillation at 2 fg (fg being the fun-
damental frequency of the AC grid), and feeds a generic DC
load which, without loss of generality, is here supposed not to
introduce any harmonic at 2 fg .

The working principle of the active filter is based on the
injection of a controlled current iL in the inductance Lf ,
which creates an unbalance between the voltages vC,top and
vC,bot of the DC-bus capacitors. This voltage unbalance, here
defined as vC,∆ = vC,top − vC,bot can generate a periodic
oscillation at frequency 2 fg into the overall DC-bus voltage
vDC = vC,top + vC,bot, which can be used to neutralize the
harmonic oscillation introduced by the AC/DC converter [3].

The two switches of the half-bridge leg are always con-
trolled in a complementary way, and their state can be iden-
tified by the switching signal stop ∈ {0, 1} of the top device
(the bottom device being controlled by sbot = 1− stop).

Considering a Pulse Width Modulation (PWM) algorithm
with a modulation frequency fsw, and denoting as d ∈ [0; 1]
the duty-cycle of the half-bridge leg (i.e., the average of stop in
a modulation period), the average voltages across the bottom
and top devices are equal to d · vDC and (1 − d) · vDC ,
respectively. Similarly, the average currents flowing through
the top and bottom devices are d · iL and (1 − d) · iL,
respectively. A mathematical model for the system, suited for
control purposes, can be formulated by applying a standard
state-space averaging procedure considering the modulation
period Tsw = 1/fsw.

The average dynamics of the current iL of the inductor
can be found by applying Kirchhoff’s voltage law to the loop
involving Lf , Cf,bot and the bottom switching device:

Lf · diL
dt

= d · vDC − vC,bot (1)

The average dynamics of the voltages vC,top and vC,bot can
be found by applying Kirchhoff’s current law to the positive
and negative nodes of the DC-bus:

Cf ·
dvC,top

dt
+Cext ·

dvDC

dt
= −d · iL+(iAC/DC− iload) (2)

Cf ·
dvC,bot

dt
+Cext·

dvDC

dt
= (1−d)·iL+(iAC/DC−iload) (3)

and the difference (iAC/DC − iload) = iDC represents the
equivalent current injected into the DC-bus by the combined
contributions of the AC/DC converter and of the DC load.
In steady-state conditions, the average value of iAC/DC is
equal to the average value of iload, and thus iDC is only the
harmonic current at frequency 2 fg to be neutralized through
the active filter. Note that, despite the presence of three
capacitors (i.e., Cf,top, Cf,bot and Cext), the voltage on Cext is
always equal to vDC = vC,top+vC,bot, and does not represent
an additional state variable for the system.

The dynamics of the overall DC-bus voltage vDC can be
found by summing term-to-term the equations (2) and (3),
and dividing the result by 2, which leads to:

Ceq ·
dvDC

dt
=

(
Cext +

Cf

2

)
· dvDC

dt
=

=

[
−d · iL + (1− d) · iL

2

]
+ (iAC/DC − iload) =

= iAF + iDC

(4)



where Ceq = (Cext +Cf/2) is the overall equivalent DC-bus
capacitance, while iAF = [−d · iL + (1− d) · iL]/2 can be
interpreted as an equivalent current generated by the active
filter. This current can be controlled through d and iL to
compensate the effect of iDC .

The dynamics of the voltage unbalance vC,∆ can be found
by subtracting term-to-term (2) and (3), resulting into:

Cf · dvC,∆

dt
= −iL (5)

III. PROPOSED CONTROL ALGORITHM

Considering equation (4), the neutralization of the harmonic
ripple at 2 fg on vDC can be achieved if the equivalent current
iAF introduced by the active filter can balance the harmonic
current iDC . However, two main challenges hamper this goal.

Firstly, the expression of iAF is non-linear, and depends on
the product of the duty-cycle d and of the inductor current iL,
the last of which is itself dynamically depending on d through
the effects of vDC and vC,bot, as can be seen by (1) and (3).

Secondly, the direct knowledge of the harmonic current iDC

is typically not available, since its measurement would require
introducing additional sensors externally of the active filter
(e.g., additional current sensors on the DC-bus or measure-
ments on the AC side of the AC/DC converter).

As a result, a proper control algorithm must be developed
to overcome these drawbacks and allow to achieve the desired
control target by only using measurements available within
the active filter itself (i.e., iL, vC,top and vC,bot). This section
describes the proposed solution.

A. Control of the Equivalent Current of the Active Filter

The expression of iAF can be simplified by assuming that
the voltage across the filtering inductor is small enough when
compared to the voltages of the top and bottom capacitors.
With this approximation (which is typically verified in most
designs and that would not anyhow alter the applicability of
the proposed approach) from (1) it can be derived that:

d ≈ vC,bot

vDC
, and (1− d) ≈ vC,top

vDC
(6)

Then, the expression of iAF becomes:

iAF =
−d · iL + (1− d) · iL

2
≈

≈ (vC,top − vC,bot) · iL
2 · vDC

=
vC,∆ · iL
2 · vDC

(7)

The task of the active filter is to generate a sinusoidal current
iAF with frequency 2 fg . By denoting as ωg = 2πfg the
angular frequency of the AC grid, the second-order harmonic
current to be developed can be expressed as:

iAF (t) = IAF,2 · cos (θ(t)) = IAF,2 · cos (2ωg t+ θ0) (8)

with IAF,2 and θ(t) = (2ωg t + θ0) denoting the magnitude
and instantaneous phase angle of the second-order harmonic
current (with respect to an arbitrary initial instant of time,
which defines the value of the initial phase angle θ0).

When the active filter is operating in steady-state conditions,
the voltage vDC is constant and equal to its average value
VDC,0. Then, to generate a sinusoidal current iAF at frequency
2 fg , it is sufficient that both vC,∆ and iL are sinusoidal
waveforms at frequency fg .

The voltage vC,∆ can be expressed as:

vC,∆(t) = VC,∆,1 · cos (γ(t)) = VC,∆,1 · cos (ωg t+ γ0) (9)

with VC,∆,1 and γ(t) = (ωg t + γ0) denoting the magnitude
and phase of the voltage harmonic at frequency fg .

The corresponding expression of iL can be found from (5):

iL(t) = ωg Cf VC,∆,1 · sin (ωg t+ γ0) =

= IL,1 · sin (ωg t+ γ0) = IL,1 · sin (γ(t))
(10)

with IL,1 = ωg Cf VC,∆,1 denoting the magnitude of the
current harmonic at frequency fg .

By replacing (9) and (10) in the approximate expression of
iAF given in (7), it results that:

iAF (t) ≈
VC,∆,1 · IL,1

4VDC,0
· sin (2ωg t+ 2 γ0) =

=
(ωg Cf ) · V 2

C,∆,1

4VDC,0
· sin (2 γ(t)) =

=
I2L,1/(ωg Cf )

4VDC,0
· sin (2 γ(t))

(11)

The expression (11) can be compared to the expression (8)
to find the equivalence between the magnitude and phases:

VC,∆,1 =
√

(4VDC,0)/(ωg Cf ) · IAF,2 (12)

IL,1 =
√

(4VDC,0) · (ωg Cf ) · IAF,2 (13)

sin (2 γ(t)) = cos (θ(t)) ⇔ γ(t) =
θ(t)

2
+

π

4
(+kπ) (14)

Several properties can be deduced from (12)-(14).
• Firstly, the control of iAF does not depend on the value

of Cext, but it is instead only related to the internal
capacitance Cf of the active filter.

• Secondly, in steady-state, both the top and bottom ca-
pacitors of the active filters are simultaneously subject
to a DC voltage (being equal to VDC,0/2) and to an
harmonic oscillation at frequency fg , with magnitude
VC,∆,1/2. Since the required VC,∆,1 is proportional to the
square root of IAF,2, the higher is the ripple suppression
requirement, the higher is the voltage rating of the active
filter capacitors. In the extreme case, both Cf,top and
Cf,bot need to be rated for the full DC-bus voltage VDC,0.

• Additionally, the required current magnitude IL,1 is also
changing proportionally to the square root of IAF,2. This
not only represents a design requirement for the choice of
the inductor and of the switching devices, but may also
be relevant for the energetic efficiency of the active filter
itself, since both the conduction and switching losses
depend on the required current iL.
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Fig. 2. Generation of an angle at frequency fg from an angle at frequency
2 fg while avoiding discontinuities.

• Finally, the phase angle γ(t) of the voltage vC,∆ and of
the current iL is related to half of the phase angle θ(t)
and, since θ = θ+ 2kπ (with k ∈ Z), there is more than
one possible available angle γ. Any choice of k ∈ Z
would provide a feasible angle γ in (14). However, to
guarantee the continuity of the trigonometric functions
(e.g., to avoid discontinuities in γ when θ jumps from
2π to 0), the angle γ can be computed as γ = θ/2+π/4
on odd-order cycles of θ, and as γ = θ/2 + π + π/4
on even-order cycles of θ (starting from any arbitrary
initial condition). This easily allows generating an angle
varying at frequency fg starting from an angle varying at
frequency 2 fg , as graphically exemplified in Fig. 2.

B. Neutralization of the External Harmonic Current

As previously mentioned, the equivalent current iAF of the
active filter is required to track the overall harmonic current
iDC . However, this current is typically not available, because
it would either require a direct measurement (e.g., by placing
additional current sensors on the DC-bus of the system),
or it would need to be reconstructed or estimated (e.g., by
measuring the AC voltage and current of the AC/DC converter
and reconstructing the corresponding DC-side current, which
is the source of the second-order harmonic disturbance).

Moreover, the equivalent current iAF developed by the
active filter can show a mismatch with respect to its desired
reference i∗AF , resulting from non-idealities in the modeling
and control approach. For example, the tracking of i∗AF may be
affected by the simplifying assumption (6), by some parameter
uncertainties (e.g., tolerances on the capacitances Cf,top and
Cf,bot), by imperfect control performances or by the presence
of additional higher-order harmonics in the system.

Therefore, the control of the active filter requires overcom-
ing these drawbacks. A simple, but effective solution, is to use
a closed-loop control algorithm acting on the overall DC-bus
voltage vDC , with a resonant action at the frequency 2 fg .
Since no second-order harmonic is desired on the DC-bus
voltage, the reference signal of such controller is zero, while

the output represents the reference current i∗AF to be applied
by the active filter. As known, the resonant action achieves an
infinite gain at the resonance frequency, and helps neutralizing
the effect of both the current iDC (which acts as an external
disturbance at frequency 2 fg on the model (4)) and of the
imperfect tracking of i∗AF (which can be treated as the result
of unmodeled dynamics in the model (4)).

Finally, to properly identify the magnitude I∗AF,2 and the
instantaneous phase angle θ∗ to be applied, a Phase-Locked-
Loop (PLL) algorithm can be employed on i∗AF . The same
PLL can be also used to estimate in real-time the frequency
2 fg of the second-order harmonic oscillation, which helps
guaranteeing a selective behaviour of the active filter and
compliance against fluctuations of the AC grid frequency.

C. Overall control algorithm

The block diagram of the overall control algorithm de-
scribed in the previous subsections is represented in Fig. 3.

The closed-loop control of the second-order harmonic of
vDC (yellow subsystem in Fig. 3) is realized through a
pure resonant controller, which is designed to have a narrow
bandwidth around 2 fg , in order for it to be very selective
around the second-order harmonic to be compensated and not
to interfere with the other harmonic components of the DC-bus
voltage. The output of this control loop is the reference current
i∗AF to be generated through the active filter. In case there is
any available information regarding the DC-side currents (e.g.,
through the direct or indirect knowledge of iAC/DC), it can be
used as a feed-forward term i∗AF,FF to improve the dynamic
performances of the controller.

A single-phase PLL is then executed (grey subsystem in
Fig. 3) on i∗AF . It estimates the magnitude I∗AF,2 of the second-
order harmonic to be generated, the instantaneous phase angle
θ∗(t) and the frequency 2 fg of the second-order harmonic.

The magnitude I∗AF,2 is used to compute V ∗
C,∆,1 and I∗L,1 via

(12) and (13) (blue subsystem in Fig. 3). The value of VDC,0

is estimated as the average of vDC in a long time interval (i.e.,
several fundamental periods).

The phase θ∗ is used to compute γ∗ through (14) (orange
subsystem in Fig. 3). As also previously mentioned, the angle
is computed as γ = θ/2 + π/4 on odd-order cycles of θ, and
as γ = θ/2 + π/4 + π on even-order cycles of θ.

The instantaneous reference voltage unbalance v∗C,∆ is
reconstructed as per (9), and a closed-loop control is im-
plemented on it (red subsystem in Fig. 3). A Proportional-
Integral-Resonant (PIR) controller architecture can be used
for this purpose. The resonant action, synchronized with fg ,
guarantees a zero steady-state error when tracking the sinu-
soidal reference v∗C,∆. The integral action instead guarantees
that the steady-state average values of vC,top and vC,bot are
equal with one another (and equal to vDC/2). The output of
this controller is the reference current i∗L to be tracked with
the active filter. To improve the dynamic performances of the
controller, it is possible to introduce a feedforward term i∗L,FF

computed through I∗L,1 and γ∗ as per (13).
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Fig. 3. Block diagram of the proposed control algorithm.

The closed-loop control of iL (purple subsystem in Fig. 3)
is also based on a PIR structure, with the resonance frequency
synchronized with fg , and the measured voltage vC,bot is here
added as a feed-forward term.

The output of this controller is a reference voltage v∗AF to be
applied with a standard PWM algorithm (green subsystem in
Fig. 3). The duty-cycle d is immediately computed by dividing
v∗AF by vDC , and is finally compared with a triangular carrier
to compute the switching signals stop and sbot to control the
gate drivers of the semiconductor devices.

To improve the controller reliability and prevent dynamic
instabilities, the resonance frequencies of the resonant con-
trollers are updated at a much slower rate than the overall
system dynamics, and based on a periodic average of the PLL
estimated frequency.

IV. ALGORITHM VALIDATION

The proposed control algorithm has been numerically vali-
dated in the PLECS simulation environment.

The parameters of the system are summarized in Tab. I.
In all the following simulations, the single-phase AC/DC

converter controls the average value of the DC-bus voltage,
while the DC load has been simulated with a controlled
current source. The AC/DC and the active filter controllers are
completely independent from one another, and no information
is exchanged between them. To better evaluate the active filter
performances independently from the surrounding system,
the AC/DC converter has been simulated with an averaged
model (meaning that the switching-related injected harmonics
have been neglected), while the active filter has instead been
simulated with a switching model.

The PLL for the synchronization with the instantaneous
angle θ of the reference current iAF has been realized based on

TABLE I
SYSTEM PARAMETERS

Symbol Description Value
fg,rated Rated Frequency of the AC Grid 50Hz
Sg,rated Rated Apparent Power of the AC Grid 1 kVA
Vg,rated Rated Voltage of the AC Grid (RMS) 90V
Ig,rated Rated Current of the AC Grid (RMS) 11.1A
VDC,rated Rated DC-bus Voltage 250V
Pload,rated Rated Power of the DC Load 1 kW
Lf Inductance of the Active Filter 200 µH
Cf Internal Capacitance of the Active Filter 240 µF
fsw Switching frequency of the Active Filter 20 kHz
Cext External DC-bus Capacitance 60 µF

a standard Second-Order Generalized Integrator (SOGI) [14].
The resonance frequencies of the feedback controllers have
been updated at constant time intervals of Tupdate,fg = 2 s
based on the average value of the PLL estimated frequency
over the previous Tavg,fg = 1 s time interval. No additional
external measurements have been included in the control
of the second-order harmonic of vDC,∆, meaning that the
feedforward term i∗AF,FF of Fig. 3 is absent.

A. Nominal Operation

The first test is aimed at showing the effect of the active
filter in nominal operating conditions.

Initially, the system is charged at the nominal voltage of
vDC = 250V, the top and bottom capacitors of the active
filter are equally charged (i.e., vC,top = vC,bot = 125V), and
both the AC/DC converter and the DC load are inactive. At the
instant t0 = 0 s, the load is activated and, in a time window
of 0.25 s, its power is linearly increased from zero to 1 kW.
The AC/DC converter reacts to the load power change and it



also starts absorbing power from the AC grid. In this process,
it injects into the DC-bus a current iAC/DC with a frequency
of 2 fg = 100Hz and, as a consequence, generates into the
DC-bus voltage a ripple at the same frequency. At the instant
t1 = 0.5 s the control of the active filter is enabled, and it
operates to actively neutralize such DC-bus voltage ripple.

The results are depicted in Fig. 4. The top graph shows
the instantaneous DC-bus voltage vDC and its average value
VDC,0 (computed with a moving average algorithm with a
time window of Tavg = 1/(2 fg) = 10ms). The second
subplots shows the magnitude of the second-order harmonic
component VDC,2 of the DC-bus voltage (computed through a
Fourier decomposition in a Tavg = 1/(2 fg) = 10ms moving
time window). The third subplot shows the instantaneous
waveforms of the voltages of the top and bottom capacitors
vC,top and vC,bot of the active filter. The fourth subplot
shows the equivalent current iAF injected by the active filter
(computed as per (7)), the current iDC = iAC/DC − iload,
that identifies the equivalent contribution of the AC/DC con-
verter and of the load on the DC-bus voltage (to be more
specific, the graph shows the current −iDC , to allow for an
easier comparison with iAF ), and the reference magnitude
current I∗AF,2 computed by the feedback control algorithm.
The fifth subplot shows the voltage unbalance vC,∆, together
with its instantaneous reference v∗C,∆ and with the reference
magnitude VC,∆,1 computed by the control algorithm. Finally,
the last subplot shows the inductor current iL, together with
its instantaneous reference i∗L and with the magnitude I∗L,1

computed by the control algorithm (and used as feedforward
term in the controller).

As can be noted, after the load is activated, the current
iDC increases, and the DC-bus voltage vDC shows a visible
ripple at 2 fg , whose magnitude reaches around VDC,2 ≈ 35V.
The voltages vC,top and vC,bot are also affected by this ripple,
but are still equal to one another (as can also be seen from
vC,∆ = 0). Once the active filter is enabled, the current iAF

is increased by properly acting on vC,∆ and iL, in a way to
compensate for the harmonic current iDC . The second-order
harmonic component VDC,2 is then reduced and is effectively
neutralized in around 0.5 s.

The steady-state results of this test are shown in Fig. 5. It
can be seen that the DC-bus voltage is only affected by the
switching ripple, while the second-order harmonic has been
effectively canceled. It can also be noted that, apart from the
switching ripple, the fundamental component of the current
iAF is equal to the equivalent current −iDC injected by the
AC/DC converter and by the DC-bus load.

However, for the correct functioning of the active filter, the
voltages vC,top and vC,bot of the top and bottom capacitors
need to oscillate at the frequency fg = 50Hz with an overall
peak-to-peak excursion almost equal to VDC,0 = 230V. This
is also evident from the analysis of the voltage unbalance
vC,∆ = vC,top − vC,bot.

Finally, it can be noted that, thanks to the resonant actions,
both the voltage vC,∆ and the current iL can track the
corresponding references v∗C,∆ and i∗L, and the magnitudes
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Fig. 4. Results of the Active Filter enabling at nominal operating conditions.

V ∗
C,∆,1 and I∗L,1 are effectively representing the envelopes of

these sinusoidal waveforms. The switching-related behaviour
is evident for the current iL, while it is instead almost
completely filtered for the voltages of the capacitors.

B. Response to Reactive Power Injection

This test shows the performances of the active filter fol-
lowing a change in the reactive power of the AC grid. The
results are shown in Fig. 6. Initially, the system is working
in steady state operation with a power absorption equal to
Pload = 500W from the DC load. To stabilize the average
DC-bus voltage, the AC/DC converter is absorbing the same
power Pg = 500W from the AC grid, and is controlled to
work with unitary power factor, meaning that its apparent
power is Sg = Pg = 500VA. The active filter is already
enabled and the second-order harmonic ripple generated by
the AC/DC converter is compensated.

At the instant t0 = 0 s, the AC/DC converter references
are modified, and it starts absorbing a reactive power of
Qg = 866VAr from the AC grid, in a way that the apparent
power becomes Sg =

√
P 2
g +Q2

g = 1kVA. As a consequence
of the AC-grid apparent power doubling, the AC-grid current
Ig is also doubled, and the second-order harmonic of iAC/DC

increases accordingly. This phenomenon produces itself a
second-order ripple in vDC , which is sensed and neutralized
by the active filter control.

As can be seen, after the reactive power change, the mag-
nitude of the second-order harmonic of the DC-bus voltage
reaches around VDC,2 ≈ 40V, but it is quickly neutralized by
the active filter control in around 0.5 s.
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At the end of the test, the magnitude of the fundamental
current of iAF has also been doubled with respect to the initial
conditions (i.e., from around 2A to around 4A) and, coher-
ently with (12) and (13), the magnitude of the fundamental
components of vC,∆ and iL have been increased by around√
2 times (i.e., from 163.6V to 230.4V, and from 12.3A to

17.3A, respectively).

C. Response to Load Power Change

This test shows the performances of the active filter with
respect to changes in the DC-bus load power. The results are
shown in Fig. 7. Initially, the system is working in nominal
operating conditions. At the instant t0 = 0 s the load is
changed, and its power is linearly changed from Pload = 1kW
to Pload = −1 kW in a time window of 0.5 s (i.e., the load
becomes active).

The AC/DC converter always works with unitary power
factor, and the change in the active power results in a change
in both the AC grid current and in the current iDC .

As can be noted, the second-order harmonic ripple VDC,2

increases up to around 17V during the power load change, but
is again quickly brought back to zero after the transient. Since
the apparent power of the AC grid at the end of the sequence
is the same as in the beginning, the final magnitudes of iAF ,
vC,∆ and iL are also equal to their initial values.

D. Response to AC Grid Frequency Changes

This final test is aimed at showing the controller perfor-
mances with respect to changes in the AC grid frequency. The
results are shown in Fig. 8. Initially, the system is working in
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Fig. 6. Results following a reactive power step change in the AC grid.

nominal operating conditions, with a load power absorption
of Pload = 1kW. At the time instant t0 = 0 s, the AC
grid frequency is immediately changed from fg,0 = 50Hz
to fg,1 = 51Hz, while all the other operating conditions are
kept unchanged. The frequency change has been simulated
to act simultaneously on both the AC grid voltage and the
AC grid current (i.e., the grid synchronization dynamics of
the AC/DC converter has been neglected). Simultaneously
with the frequency step change, the averaging time for the
computation of VDC,0 and VDC,2 have also been changed from
Tavg,0 = 1/(2 fg,0) = 10ms to Tavg,1 = 1/(2 fg,1) = 9.8ms.

Following the change in the AC grid frequency, the active
filter is not able to neutralize the second-order harmonic ripple
of VDC,2 which, after a short transient, stabilizes around
27V. This is due to the finite gain provided by the resonant
controller of vDC at the frequency 2 fg,1 = 102Hz, while its
resonance frequency is still at 2 fg,0 = 100Hz.

At the instant t1 = 2 s, the resonance frequencies of the
active filter controller are updated based on the frequency
estimated by the PLL in the last 1 s time window. Thanks
to this change, the voltage ripple VDC,2 is again actively
controlled and it is effectively neutralized in around 0.5 s.

V. CONCLUSIONS

This paper has proposed an improved control algorithm for
the elimination of the second-order harmonic ripple in a DC-
bus supplied by a single-phase AC/DC converter, based on a
symmetrical half-bridge active filter topology.

Contrarily to standard control algorithms adopted for such a
circuital architecture, the proposed approach does not require
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any external measurements other than voltages and current
internal to the active filter itself. Indeed, the controller achieves
the frequency and phase synchronization (required for the
second-order harmonic cancellation) thanks to a feedback
control action and to an internally developed PLL algorithm.

The control algorithm is based on multiple cascaded feed-
back loops, and the elimination of the second-order harmonic
component is guaranteed by a self-tuning resonant action. The
approach has been successfully validated in different operating
conditions, showing satisfactory results.

The proposed solution makes the considered active filter
architecture suitable for a plug-and-play circuit, meaning that it
can just be directly connected to the DC-bus terminals without
any need for additional modifications in a pre-existing system.

REFERENCES

[1] T. Shimizu, T. Fujita, G. Kimura, and J. Hirose, “A unity power factor
pwm rectifier with dc ripple compensation,” IEEE Trans. Ind. Electron.,
vol. 44, DOI 10.1109/41.605618, no. 4, pp. 447–455, 1997.

[2] H. Li, K. Zhang, H. Zhao, S. Fan, and J. Xiong, “Active power
decoupling for high-power single-phase pwm rectifiers,” IEEE Trans.
Power Electron., vol. 28, DOI 10.1109/TPEL.2012.2208764, no. 3, pp.
1308–1319, 2013.

[3] Y. Tang, F. Blaabjerg, P. C. Loh, C. Jin, and P. Wang, “Decoupling
of fluctuating power in single-phase systems through a symmetri-
cal half-bridge circuit,” IEEE Trans. Power Electron., vol. 30, DOI
10.1109/TPEL.2014.2327134, no. 4, pp. 1855–1865, 2015.

[4] J. Das, “Passive filters - potentialities and limitations,” IEEE Trans. Ind.
Appl., vol. 40, DOI 10.1109/TIA.2003.821666, no. 1, pp. 232–241, 2004.

[5] H. Hu, S. Harb, N. Kutkut, I. Batarseh, and Z. J. Shen, “A review
of power decoupling techniques for microinverters with three different
decoupling capacitor locations in pv systems,” IEEE Trans. Power
Electron., vol. 28, DOI 10.1109/TPEL.2012.2221482, no. 6, pp. 2711–
2726, 2013.

200

250

300

0

20

40

0

100

200

-5

0

5

-200

0

200

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

-20

0

20

Fig. 8. Results following a change in the AC grid frequency.

[6] Z. Qin, Y. Tang, P. C. Loh, and F. Blaabjerg, “Benchmark of ac and dc
active power decoupling circuits for second-order harmonic mitigation in
kilowatt-scale single-phase inverters,” IEEE Journ. Emerg. Select. Topics
in Pow. Electron., vol. 4, DOI 10.1109/JESTPE.2015.2490199, no. 1, pp.
15–25, 2016.

[7] T. Shimizu, Y. Jin, and G. Kimura, “Dc ripple current reduction on
a single-phase pwm voltage-source rectifier,” IEEE Trans. Ind. Appl.,
vol. 36, DOI 10.1109/28.871292, no. 5, pp. 1419–1429, 2000.

[8] R. Wang, F. Wang, D. Boroyevich, R. Burgos, R. Lai, P. Ning, and
K. Rajashekara, “A high power density single-phase pwm rectifier with
active ripple energy storage,” IEEE Trans. Power Electron., vol. 26, DOI
10.1109/TPEL.2010.2090670, no. 5, pp. 1430–1443, 2011.

[9] M. Su, P. Pan, X. Long, Y. Sun, and J. Yang, “An active power-
decoupling method for single-phase ac–dc converters,” IEEE Trans. Ind.
Inf., vol. 10, DOI 10.1109/TII.2013.2261081, no. 1, pp. 461–468, 2014.

[10] H. Wang, H. S.-H. Chung, and W. Liu, “Use of a series voltage
compensator for reduction of the dc-link capacitance in a capacitor-
supported system,” IEEE Trans. Power Electron., vol. 29, DOI
10.1109/TPEL.2013.2262057, no. 3, pp. 1163–1175, 2014.

[11] Y. Ohnuma and J.-I. Itoh, “A novel single-phase buck pfc ac–dc converter
with power decoupling capability using an active buffer,” IEEE Trans.
Ind. Appl., vol. 50, DOI 10.1109/TIA.2013.2279902, no. 3, pp. 1905–
1914, 2014.

[12] K.-H. Chao, P.-T. Cheng, and T. Shimizu, “New control methods for
single phase pwm regenerative rectifier with power decoupling function,”
in 2009 International Conference on Power Electronics and Drive
Systems (PEDS), DOI 10.1109/PEDS.2009.5385686, pp. 1091–1096,
2009.

[13] S. Qin, Y. Lei, C. Barth, W.-C. Liu, and R. C. N. Pilawa-Podgurski,
“Architecture and control of a high energy density buffer for power
pulsation decoupling in grid-interfaced applications,” in 2015 IEEE 16th
Workshop on Control and Modeling for Power Electronics (COMPEL),
DOI 10.1109/COMPEL.2015.7236439, pp. 1–8, 2015.

[14] M. Ciobotaru, R. Teodorescu, and F. Blaabjerg, “A new single-
phase pll structure based on second order generalized integrator,”
in 2006 37th IEEE Power Electronics Specialists Conference, DOI
10.1109/pesc.2006.1711988, pp. 1–6, 2006.


