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Abstract—The active power-decoupling (APD) method is an ef-
fective solution to handle the inherent double-line frequency ripple
power in single-phase power systems. It removes the bulky passive
devices and facilitates the improvement of the system power density
and even the reliability. This article provides a comprehensive
review of the prior-art and state-of-the-art control strategies in
APD. They are categorized into four groups according to the basic
control ideas of “power balance,” “harmonic suppression,” “volt-
second balance/charge balance,” and “virtual impedance.” And the
specific control strategies under each control idea are discussed
and compared. The pros and cons of each control idea are also
presented. Finally, this article draws a sketch of the global trends
in APD control.

Index Terms—Active power decoupling (APD), control
strategies, double-line frequency ripple power, single-phase
systems.

NOMENCLATURE

ANFIS Adaptive network-based fuzzy inference system.
APD Active power decoupling.
APFC Active power filter-based control.
BPF Bandpass filter.
CBBC Charge balance-based control.
CCCS Current-controlled current source.
CCM Continuous conduction mode.
DCM Discontinuous conduction mode.
DVRC Dynamic voltage restorer-based control.
HPF High-pass filter.
HSBC Harmonic suppression-based control.
LED Light-emitting diode.
LPF Low-pass filter.
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NF Neural filter.
P Proportional (controller).
PBBC Power balance-based control.
PFC Power factor correction.
PI Proportional–integral (controller).
PID Proportional–integral derivative (controller).
PR Proportional–resonant (controller).
P&O Perturb and observe (controller).
PV Photovoltaic.
qZSIs Quasi-Z-source inverters.
RF Resonant filter.
SMC Sliding-mode controller.
TSMC Total sliding-mode controller.
VBBC Volt-second balance-based control.
VCVS Voltage-controlled voltage source.
VIBC Virtual-impedance-based control.
VSC Voltage-source converter.
ZSIs Z-source inverters.

I. INTRODUCTION

S INGLE-PHASE power electronics interface is widely used
in various occasions, such as photovoltaic (PV) power

generation [1], light-emitting diode (LED) lighting driving [2],
and electric vehicle charging [3]. It is well known that the
instantaneous power at the ac side fluctuates at twice the grid
frequency (including a second-order ripple power). And the
dc-side power can be constant (connected by a PV panel, for
instance) or timing varying (connected by a nonlinear load, for
instance) [1]. Then, there exists a power mismatch between the
ac side and the dc side.

The active power-decoupling (APD) method is an effective
solution to handle the power mismatch and then promotes the
increment of system power density [4]. Its principle is to divert
the mismatched power to a small capacitor (film or ceramic
capacitors) and store it by swinging its voltage, as shown in
Fig. 1. In the little box challenge competition (inciting inno-
vations and developments for high-power-density single-phase
inverters) sponsored by Google and the IEEE Power Electronics
Society in 2014, nearly all the participating teams adopted the
APD technique to deal with the double-line frequency ripple
power and increase the power density [5].

APD has attracted much attention in recent years and has
been studied in various applications. The main research in-
cludes the various decoupling circuit topologies and their control
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Fig. 1. Decoupling circuit configuration with two ports. (a) Parallel structure.
(b) Series structure. (c) Commonly used decoupling circuits.

strategies. For the topologies, from the view of whether the
component-multiplexing exists, the decoupling circuit topolo-
gies are divided into independent and dependent ones [4]. In the
former, the decoupling operates independently with the original
converter and, in the latter, the power semiconductor devices or
capacitors are shared with the original converter partially and
even completely. In another review article [6], the decoupling
topologies are divided into rectifiers, inverters, and bidirection-
als. And a second broad classification has been done according
to whether the topology has galvanic isolation or not. For the
specific applications, in the review literature [7], the decoupling
topologies developed for PV system are categorized into PV-side
decoupling, dc-link decoupling, and ac-side decoupling in terms
of the decoupling capacitor locations. In [8], the decoupling
circuits applied for current-source converters are summarized
and compared. In [9], the power-decoupling strategies of single-
phase ZSIs/qZSIs were discussed and compared in terms of
their passive components’ sizes, control methods, and ripple
attenuation performances. In [10], the application of different

APD circuits and decoupling control strategies (called the active
compensation approach) in the fuel cell system is discussed.
The literature [11] presented a benchmark of the ac and dc
APD circuits for kilowatt scale single-phase inverters. And the
boost-type dc power-decoupling circuit is found to be best suited
for this specific application. To achieve excellent decoupling
performance, the controller design is crucial. The identification
of effective control for APD has attracted increasing research
interests in both academia and industry. And a large number of
control schemes have been developed [12]–[108], [112]–[115].
However, no comprehensive investigation has been carried out
to reveal basic control ideas, main features, and suitable appli-
cations of these control strategies. This is the gap this article will
fill.

This article aims at providing an overview of prior-art and
state-of-the-art decoupling control methods in APD. Accord-
ing to the control ideas, the decoupling control methods are
classified into four kinds: power balance-based control (PBBC)
[12]–[38], harmonic suppression-based control (HSBC) [39]–
[78], volt-second balance-based/ charge balance-based control
(VBBC/CBBC) [79]–[108], and virtual-impedance-based con-
trol (VIBC) [112]–[115]. Besides, for each control idea, there
are also a number of specific control strategies, whose detailed
explanations, comparisons, and discussions are summarized.
The classification and analyses of control ideas and their spe-
cific strategies will support researchers and developers to select
the most suitable control strategy depending on the specific
application.

The rest of this article is organized as follows. Sections II,
III, IV, and V introduce the basic control ideas and controller
schemes of PBBC, HSBC, VBBC/CBBC, and VIBC, respec-
tively. Section VI presents the experimental case study. Finally,
Section VII discusses the four methods and draws the conclusion
in this article.

II. PBBC METHOD

A. Control Idea

Suppose the ripple power is fully buffered by the decoupling
capacitor or inductor. Then, according to the power balance, the
decoupling capacitor voltage or the decoupling inductor current
can be obtained and taken as a control target. Once the referenced
voltage or current is well tracked, the ripple power is thought to
be well handled. Taking the single-phase rectifier as an example,
Fig. 2 shows the specific control process.

The precise voltage/current reference is critical to decoupling
performance. Besides, it is also a challenge for the controller de-
sign to track the reference voltage/current rapidly and accurately
when the voltage/current contains a large number of harmonics.
These two issues have drawn the attention of many researchers.

B. Decoupling Voltage/Current Reference

The voltage/current reference can be obtained by the methods
of open-loop or closed-loop calculation. The open-loop calcu-
lation process is briefly introduced as follows.
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Fig. 2. Control scheme for PBBC method.

Suppose the grid voltage and current are

vac = V cos(ωt), iac = I cos(ωt+ ϕ) (1)

where V and I are the amplitudes of the grid voltage and current,
respectively, ω is the grid frequency, and ϕ is the displacement
angle. Then, the instantaneous power pac of the grid is expressed
as

pac = vaciac = V I cos (ϕ) /2︸ ︷︷ ︸
Pdc

+V I cos (2ωt+ ϕ) /2︸ ︷︷ ︸
pr

(2)

which includes a constant power Pdc and a 2ω ripple power pr.
Considering the case of rectification and pr is absorbed by the
decoupling capacitor Cd, we can obtain the following equation:

1

2
Cd

dv2d
dt

= V I cos (2ωt+ ϕ) /2. (3)

By solving (3), the decoupling capacitor voltage vd(t) meets

v2d(t) =
V I sin (2ωt+ ϕ)

2ωCd
+K (4)

where K is a constant that affects the voltage waveforms. After
some elementary calculations, the decoupling capacitor voltage
can be expressed as

vd(t) =

⎧⎪⎨
⎪⎩

Vd sin (ωt+ θ) , K = V I
2ωCd

, AC shape
Vd| sin (ωt+ θ) |, K = V I

2ωCd
, DC shape I√

A sin (2ωt+ ϕ) +K, K > V I
2ωCd

, DC shape II
(5)

where

Vd =
√

V I
ωCd

, θ = ϕ
2 + π

4 , and A = V I
2ωCd

.

From (5), the decoupling capacitor voltage can be controlled
to be ac shape or dc shape, as depicted in Fig. 3. When the
inductor is used as the storage element, its current waveform
can be analyzed similarly [12], [13].

For many developed control methods for decoupling appli-
cations [14]–[25], the voltage vd in (5) is directly used as the

Fig. 3. Decoupling capacitor voltage reference for PBBC method.

control reference. However, the open-loop calculation method
has the following disadvantages.

1) Sensitive to the parameter disturbances since vd depends
on the precise knowledge of output power (VI/2), the value
of the decoupling capacitor (Cd), the grid frequency (ω),
and phase difference (ϕ).

2) Inaccurate calculation due to ignoring the power losses
caused by the active switches and passive components.

3) Hard to handle the situations where the instantaneous
power mismatch is not purely sinusoidal, for example,
the load is nonlinear or the grid includes background
harmonics.

To improve the precision of the decoupling voltage, in [26] and
[27], the real-time load power (VI/2) is computed and substituted
into (5). In [28], the grid current amplitude I and the phase angle
ϕ are obtained according to the detected grid current by using
a notch filter and a 90° phase shifter. For dealing with the case
of the nonlinear load, in [29], the ripple power is estimated and
replace the right side of (3) to determine the voltage reference.
In [30], the phase information of the ac decoupling capacitor
voltage is extracted from the dc bus voltage ripple by adopting
single-input space vector theory.

Once the ripple power is not absorbed by Cd, the dc bus
voltage will oscillate. Therefore, the voltage error between the dc
bus voltage reference and its practice value can be taken as an
indicator to reflect the decoupling performance. In [31]–[33],
the voltage error is used to modify the amplitude Vd and the
angle θ. However, some approximations have been made during
extracting the ripple power from the dc bus voltage. In [34],
the voltage error is fed back to modify the amplitude A. These
methods achieve better decoupling performance at the cost of
complexity control. However, both of them fail to work when
the grid voltage or current is not purely sinusoidal or the load is
nonlinear.
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In the aforementioned works, the voltage or current reference
is obtained from the view of the average value over a switching
cycle. To improve the decoupling performance, the pulse en-
ergy modulation [35]–[37] has been developed. The demanded
energy provided by the decoupling capacitors is obtained by
integrating the power over a switching period. This control
removes the second-order harmonic in the dc current without
introducing the low-order harmonic components. To improve
the dynamic performance, the direct instantaneous ripple power
predictive control [38] is proposed. The control output voltage
is determined by minimizing the cost function, which is defined
as

fcost(k) = |pripple(k)− pc(k + 1)| (6)

where pripple(k) is the ripple power at the kth time instant and
pc(k+1) is the power provided by the decoupling capacitor dur-
ing the (k+1)th switching period. Note that the voltage reference
in [38] is the control output voltage rather than the decoupling
capacitor voltage and the control is still an open loop.

C. Controller Schemes

For the controller, when vd is controlled to be an ac waveform,
the periodic controller, such as proportional–resonant (PR) con-
troller [13], [23], [30]–[33], is a good choice according to the
internal model principle. In [13], an adaptive network-based
fuzzy inference system (ANFIS) is developed and performs
better transient performance compared with the PR controller.
In [23], an extra zero-sequence voltage derived from the three-
phase-leg SPWM voltages is injected to reduce the decoupling
capacitance.

When vd is controlled to be a dc waveform, there exist two
scenarios. For dc shape I, the reference voltage is a full-wave
rectified sine wave and contains rich harmonics. The sharp
turns at the bottom of the voltage waveform indicate rich
harmonics, which are difficult to track. The reported control
includes multiresonant control [12] and band current control
[24]. For dc shape II, a large dc offset is usually designed and
the developed control includes proportional (P) control [14],
proportional–integral (PI) control [19], [21], [26], [27], [29],
bang–bang control [18], type III compensator [20], and model
predictive control [22], [38].

D. Summary

PBBC strategies are summarized in Table I. This control
concept is easy to understand and implement. And the control
scheme is independent of the original rectifier/inverter control
and universal. However, the decoupling control is carried out
indirectly. The precise voltage/current reference is difficult to
obtain due to parameter drifts and power losses. Although the
decoupling performance can be indicated by the error between
the dc bus voltage reference and its practical value (a larger error
indicates a worse decoupling performance), the challenge is how
to modify the amplitude (Vd or A) and the phase shift (θ or ϕ) in
a coordinated fashion (in Section III, some artificial intelligence
approach will be introduced). Besides, this control method may
be not suitable for nonlinear loads or the case with harmonics in

Fig. 4. Control schemes for the proposed HSBC method. (a) APFC. (b) DVRC
I. (c) DVRC II.

the grid voltage in which the voltage/current reference is hard
to calculate.

III. HSBC METHOD

A. Control Idea

Suppose the dc bus voltage is constant. According to (2) and
power balance, the rectified output current of the ac side is

ir =
pac
Vdc

= V I cos (ϕ) / (2Vdc)︸ ︷︷ ︸
Id

+V I cos (2ωt+ ϕ) / (2Vdc)︸ ︷︷ ︸
ih

(7)
where Vdc is the desired stiff bus voltage, Id is the dc component
current or the load current, and ih is the second harmonic current.
To maintain constant Vdc, there are two ways. One is to control
the decoupling circuit to generate a counteraction current ic (be
the same amplitude but out of phase with the ripple current ih)
to offset ih, as shown in Fig. 4(a). Therefore, the dc capacitor
will be free of the low-frequency harmonic current. In this way,
the decoupling circuit acts as a classical active power filter
(APF) and it is called APF-based control (APFC) in this article.
The other is to control the decoupling circuit to generate a
compensated voltage vc to offset the second ripple voltage in
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TABLE I
SUMMARY OF PBBC METHODS

vdc, as shown in Fig. 4(b) and (c). Then, the sum of vdc and vc
is still constant and equal to Vdc. In this way, the decoupling
circuit acts as a dynamic voltage restorer (DVR) and it is called
DVR-based control (DVRC) in this article. Note that employing
APFC or DVRC depends on the circuit structure. These two
control strategies are most frequently used in the field of APD.

B. Compensated Voltage/Current Reference

To achieve excellent decoupling performance, the precise
knowledge of the compensated current or voltage (ic or vc) is
required. For APFC, the decoupling circuits are usually bidi-
rectional boost, buck, buck–boost, and H-bridge circuits. The
approach of obtaining the compensated current is universal.

Taking the boost circuit, as shown in Fig. 5, as an example, the
block Gfi(s) is used to extract the ripple current and its possible
implements (some implements developed in other decoupling
circuits are also illustrated here) are shown in Fig. 6. A simple
method to obtain the compensated ripple current is to calculate it
out directly. In [39], the second part in the right hand of (7) is used
as the current command ihref. In [40], the decoupling capacitor
voltage is first emulated and then ihref is expressed as Cd

dvd

dt .
In [41] and [42], by knowing ir and idc, ihref is calculated by
(ir−idc). Another method is to extract from the rectified output
current ir by using filters. The usually used filters include the
resonant filter (RF) [43]–[47], bandpass filter (BPF) [48]–[50],
high-pass filter (HPF) [44], [45], [51]–[53], low-pass filter (LPF)
[54], and neural filter (NF) [55]. The frequency of RF and BPF
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Fig. 5. Applying the HSBC method for boost decoupling circuit.

Fig. 6. Ripple current extraction methods and implements. (a)
Direct calculation. (b) Direct extraction. (c) Indirect extraction. (d) Using NF.

is tuned at 2ω. And multi-RF and multi-BPF are needed when
the load is nonlinear because other harmonic currents exist in
ir besides the second component. Unfortunately, although the
usual used LPF and HPF are easy to implement, the response
speed is limited. To achieve satisfactory filtering effectiveness
and response speed, in [55], an adaptive linear neural network
is taken as an NF to emulate the current ir and its average value.
The emulated value îr is fed back to modify the weighting

Fig. 7. Ripple current extraction method using a virtual capacitor.

coefficients. However, the NF is complex to accomplish. In [56],
ir is directly used as the ripple current reference straightway. By
inserting a cascaded virtual capacitor, as shown in Fig. 7, the
dc component of the current ir is restrained and only the second
harmonic current flows into the dc bus. The principle is similar to
that of the HPF. And this is realized by introducing an integrator
into the control loop.

For DVRC, the ac voltage in vdc (vr) can be acquired similarly
and a voltage counteracting vc (i.e., vc=−vr) is generated by the
decoupling circuit. In addition, in [57] and [58], a low-frequency
ripple sensor is used to obtain the ripple voltage. In [59] and [60],
the ac component is extracted by subtracting the dc component
from vdc.

C. Controller Schemes

For the decoupling circuit, two control loops are needed. One
is the compensated current/voltage control loop to maintain a
stiff dc bus voltage. And the current/voltage controller should
be designed elaborately, especially when the load is nonlinear
or the grid contains background harmonics (under this case,
the compensated current or voltage includes other harmonics
besides the second component). The other is a voltage control
loop to prevent the overcharging and discharging of the decou-
pling capacitor vd. The controllers are designed according to the
characteristics of the decoupling circuits.

For the boost decoupling circuit (an example is shown in
Fig. 5), the compensated current ic is the inductor current. The
inductor current is usually controlled to be continuous. In [51],
Gci(s) is a simple PI controller, which is realized on the analog
circuit, to track the compensated current. The output of the PI
controller is taken as the modulation signal and compares with
a sawtooth waveform to generate switching-driven signals. This
is realized by supposing that the decoupling capacitor voltage
contains only the dc component and the second harmonic com-
ponent and ignoring other harmonic components. Therefore, the
ripple power cannot be fully absorbed. Then, a feedforward
control scheme [44], [45] is proposed to obtain the desired
modulation signal, which contains the corresponding harmonic
components. Obviously, the PI controller cannot achieve current
tracking without error since the compensated current contains
periodic components. In [43], a repetitive controller containing a
positive feedback component is used to produce a compensation
signal to adjust the current reference. Thus, the decoupling
circuit can compensate the second harmonic current without
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Fig. 8. Applying the HSBC method for buck decoupling circuit.

error. However, the repetitive control may lead to poor dynamic
performance.

For the buck decoupling circuit (an example is shown in
Fig. 8), the compensated current ic is discontinuous. It seems
that a discontinuous current control for the inductor Ld is popular
[41], [42], [61], [62]. This is because the control is simple as
a result of a single-loop control, the inductor current sensor is
saved, and the dynamic response can be improved since the right
half-plane zero is eliminated when the energy is transferred from
Cd to Cdc (the decoupling circuit is actually a boost converter
under this case). For some multiplex decoupling circuits in
which the decoupling circuit shares switches with the rectifier
(an example is shown in Fig. 9), the compensated current is just
the inductor current, which is the same as the case of using a
boost decoupling circuit. And the inductor current is controlled
to be continuous by using PI [39], [40] or RC [49] controllers. In
[48], to exactly follow the current reference within one switching
cycle without being affected by the tolerance or parameter
deviations of the passive components, a hybrid one-cycle control
(OCC) is proposed and an excellent compensation performance
is achieved.

For the buck–boost decoupling circuit [46], such as the buck
decoupling circuit, the inductor is not directly connected to
the dc bus and a discontinuous current control is also adopted.
And for the H-bridge decoupling circuit [55], [57]–[60], [63]–
[69], such as boost decoupling circuit, the inductor is directly
connected to the dc and a continuous current control is usually
adopted. In [55], a total sliding-mode controller (TSMC) is also
designed to manipulate the decoupling circuit for injecting a
suitable compensation current. For DVRC, the extracted ripple

Fig. 9. Applying the HSBC method for multiplex decoupling circuit.

Fig. 10. Applying the HSBC method for buck differential inverter.

voltage is usually taken as the modulation signal and only a
single voltage loop is used [57]–[60], [66], [67].

For the differential inverters [47], [50], [52], [53], [63], [70],
[71] (an example is demonstrated in Fig. 10), the ripple current
is provided by two decoupling circuits and the ripple power
is buffered by swinging the common voltage vcom in vd1 and
vd2. The differential voltage vdif = (vd1-vd2) is a sinusoidal
output voltage or the grid voltage. To realize the autonomous
reference generation, the dc current ripple ih is used to serve as
the control variable. And the current controller Gci(s) is usually a
multiresonant controller [52], [53], [70] because ih may contain
other harmonics, especially with nonlinear loads [53]. In [71], no
filter is used to obtain the compensated current and a “perturb
and observe” (P&O) method is used to adjust the amplitude
and phase angle of the common voltage to minimize the second
harmonic ripple current amplitude.

The dc-split decoupling circuits, as shown in Fig. 11, can be
obtained by moving the electrical point from b to c in the buck
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Fig. 11. Applying the HSBC method for the dc-split decoupling circuit.

decoupling circuit in Fig. 8. Both two capacitors Cdc and Cd are
used to buffer the ripple power and also act as the dc output filter.
For this topology structure, the HSBC is also suitable. The dc
bus voltage is regulated by controlling the inductor current id.
And the PR or SMC control techniques can be used [72]–[78].

In ideal cases, the decoupling circuit only handles reactive
power (ripple power) and consumes no power. However, due
to the power losses caused by the active and passive compo-
nents, an additional voltage control loop is needed to stabilize
the decoupling capacitor voltage, as shown in Figs. 5 and 8.
This can be achieved via controlling the average voltage, the
minimum voltage, the ripple ratio, or the maximum voltage of the
decoupling capacitor at a given value, as summarized in Table II.
Then, usually, a PI controller (Gcv(s)) will be employed to handle
the voltage error and output an extra current term into the current
reference. It should be noted that, for the differential inverters,
the decoupling capacitor voltages are controlled to track their
references rather than their average/minimum/maximum value.
This is because the differential voltage vo should be controlled
to be a desired sinusoidal wave.

D. Summary

HSBC strategies are summarized in Table II. This control con-
cept is widely adopted in the APD field. Many control strategies
developed for APF applications can be used with minor modifi-
cations. And this control scheme is independent of the original
rectifier/inverter control. However, this control method is an in-
trusive approach since the rectified current ir should be sensed to
extract the compensated ripple current (for the case of APFC) or
a capacitor has to be inserted into the dc bus to provide a compen-
sated voltage (for the case of DVRC). In addition, the accurate
current/voltage reference during input/output power transient
scenarios is almost impossible to obtain. This is because a dc
component is also required in the compensated voltage/current
during the transient. Besides, because of the phase delays of the
filters, it takes some time for the compensated voltage/current to
enter its steady-state value. When applying for rectifier (such as
the cases, as shown in Figs. 5 and 8), this control method is usu-
ally open loop because the decoupling effect whether the dc bus
voltage contains residual low-frequency components is not fed
back. In addition, the frequency/frequencies of the compensated
ripple reference must be known to design the PR or repetitive
controller.

Fig. 12. Applying the CBBC method for buck decoupling circuit.

IV. VBBC/CBBC METHOD

A. Control Idea

For the dc side, the object of employing a decoupling circuit
is to maintain a stiff bus voltage (bus current) for a voltage-
source converter (current-source converter). From the view of
the charge balance of a capacitor (volt-second balance of an
inductor), the decoupling circuit keeps the charge balance of
the dc bus filter capacitor (volt-second balance of the dc bus
filter inductor) [79]–[88]. In this control method, the decoupling
capacitor voltage reference is not required and no filter is needed
to obtain the ripple voltage or current information. Since the dc
bus capacitor voltage is directly controlled by the decoupling cir-
cuit, this control is also named direct voltage control [89], [90].
Besides, for no dedicated ripple power-decoupling controller is
needed, this control is also called automatic-power-decoupling
control [91], [92]. Based on this control concept, many control
strategies have been developed [89]–[108].

B. Controller Schemes

To accomplish control aims, two voltage control loops are
needed. Taking the buck decoupling circuit in Fig. 12 as an
example, one voltage control is to regulate the dc bus capacitor
voltage tightly. This control loop needs a high control band-
width to achieve a fast regulation. The other is to maintain the
decoupling capacitor voltage at a given voltage level Vdref.

This control loop is designed to own a low bandwidth to avoid
distorting the ac current. It can be found that this control con-
cept should coordinate the decoupling control and rectification
control. While, in the above-mentioned PBBC or HSBC, the
decoupling control and the rectification control are independent.

Since the decoupling capacitor is charged and discharged
alternately, the transfer function of the plant changes. And it
is even unstable when the power flows back the dc bus (in this
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TABLE II
SUMMARY OF HSBC METHODS
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Fig. 13. Applying the CBBC method for the quasi-two-stage PFC circuit.

case, the decoupling circuit is a classic boost dc–dc circuit).
In [89], [90], [93], and [94], the dual-loop control structure, in
which the dc bus voltage vdc is the outer loop and the current
id in the decoupling circuit is the inner loop, is proposed to
cope with the control challenge. In [95] and [96], to enhance
the decoupling performance, the low-frequency ripple current is
also extracted by a BPF and sent into a PR controller to generate
an extra modulation voltage besides feeding back the output
voltage error.

To tackle the coupling and the nonlinearity issues of the sys-
tem and achieve fast transient response and large-signal stability,
a nonlinear automatic-power-decoupling controller based on the
input–output feedback linearization technique is developed [91].
The grid current iac and the dc bus voltage vdc are controlled
to track their respective references with zero steady-state errors
with global stability. And the decoupling capacitor voltage is not
directly controlled and taken as a zero dynamic. However, the
proposed control is inapplicable when the decoupling circuit op-
erates in CCM because the system is a nonminimum phase when
the energy is transferred back to the dc bus [92], [97]. To solve
the instability problem, an evolved automatic-power-decoupling
controller that incorporates the Lyapunov direct control method
is proposed [92]. The Lyapunov direct method is used to ensure
vdc and id converges to track their respective references. The
decoupling capacitor voltage is stable according to the principle
of the conservation of energy. In [97], the feedback lineariza-
tion is applied to transform the system from current–voltage
to the power-energy domain to both eliminate the instability
and increase the voltage loop bandwidth. In [98], the nonlinear
sliding-mode controller is developed to handle this problem. To
improve the steady-state performance, a simple integrator of the
output voltage error (Vdcref–Vdc) is added to the sliding function.

For some quasi-two-stage PFC circuits (an example is shown
in Fig. 13), the CBBC principle is directly employed to achieve

Fig. 14. Application examples of VIBC method. (a) CCCS method. (b) VCVS
method.

Fig. 15. Application example of VIBC method in two-stage single-phase
converter by modifying the control structure.

Fig. 16. Main circuit for performance testing.
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Fig. 17. Steady-state experimental waveforms when the dc-link voltage is 200 V with (a) PBBC, (b) HSBC, (c) VBBC, and (d) VIBC.

Fig. 18. Dynamic experimental waveforms considering a step change of the dc-link voltage from 200 to 245 V with (a) PBBC, (b) HSBC, (c) VBBC, and (d)
VIBC.
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TABLE III
SUMMARY OF VBBC/CBBC METHODS

the high-quality ac current and constant dc output voltage. And
the ripple power is buffered by the intermediate capacitor [99]–
[103]. Actually, for two-stage single-phase inverters (a dc–dc
circuit cascaded with a dc/ac inverter), this control method is
also widely used [104]. For this special circuit structure, the
power flow is unidirectional, that is, it flows from the dc source
to the decoupling capacitor and then the ac load. While, for the
buck or boost decoupling circuit, the power sweeps between the
dc link and the decoupling capacitor. In [101], the SMC scheme
is applied to guarantee stability under the model uncertainties
and nonlinearities in the power-decoupling circuit. For some
PFCs with only one active switch, it is hard to handle the ac
grid current and the constant output voltage at the same time.
However, in [102], the CBBC is applied by taking the switching
frequency as another control variable.

It is interesting that the CBBC method can be modified to own
the novelty of having a plug-and-play operation [105]–[107].
In [105], only one dc bus voltage sensor is needed. And the
decoupling circuit can be directly connected to and disconnected
from the dc link without the need for modifying the host system

as well as the communication network. The average value of
the decoupling capacitor voltage is automatically maintained at
half the dc bus voltage by adding a feedforward term of 0.5
to the modulation signal. Consequently, the decoupling circuit
shows a nonintrusive property and hot swap performance. The
main drawback is the need for the prior knowledge of the base
frequencies of the pulsating voltage components for designing
the multiresonant controller. In [106], a plug-and-play controller
is designed without knowing the properties of the dc bus (such
as the frequencies of the ripple voltage). The dc bus voltage
reference Vdcref is not directly given but generated by the de-
coupling capacitor voltage (average value) error. If the generated
Vdcref is equal to the real equilibrium voltage of the dc bus
(called Vreal), the decoupling capacitor voltage error will be
zero. However, for example, if Vdc is smaller than Vreal, more
current ih will flow toward the decoupling circuit, thus increasing
vd. Then, the decoupling capacitor voltage error would increase
Vdcref. This process will continue until Vdcref = Vreal. In this
control, the average value of the decoupling capacitor voltage is
predefined. In [107], a voltage-fed phase-shift dual half-bridge
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TABLE IV
SUMMARY OF VIRTUAL IMPEDANCE BASED CONTROL METHODS

Fig. 19. Steady-state experimental waveforms with PBBC when calculating
the decoupling voltage reference by changing the displacement angle from ϕ to
(ϕ+π/15).

(DHB) is employed as the decoupling circuit. A novel two-loop
voltage-feedback controller is developed. One loop is for the
dc-link ripple rejection and the other is to maintain the power-
decoupling capacitor voltage at a specified average value. The
outputs of the two control loops are added as the phase-shift
angle. Then, no phase information is required, which makes the
plug-and-play easy to realize.

C. Summary

Different from PBBC and HSBC control ideas, in which the
decoupling circuits only handle the ripple voltage/current of the
dc bus, VBBC/CBBC control is to directly regulate the dc bus
current or voltage. It is a two-stage cascaded control structure
in which the rectifier regulates the decoupling circuit capacitor
voltage (regulating its average value) and the decoupling circuit
maintains a stiff bus voltage/current (regulating its instantaneous
value). This control concept is a closed-loop decoupling control
and achieves excellent decoupling performance. In addition,
this control has strong robustness since no precise reference is
required. And the transient performance is also superior because
the dc output voltage is tightly regulated by the decoupling
circuit and the controller can be designed with a fast response
[108]. As introduced before, this control concept is general
and can be applied for various decoupling circuits with/without
minor modification. However, the decoupling capacitor voltage
needs to be unipolar with a certain dc component, storing a large
portion of redundant energy. Therefore, the voltage utilization

ratio is relatively low. What is worse, unstable and nonminimum
phase circumstances will occur when the ripple power sweeps
between the dc bus and the decoupling circuit that increases
the difficulty of controller design. Besides, since the decoupling
capacitor voltage fluctuates with a large range, the dc voltage
regulation system is a time-varying linear system and the sta-
bility is hard to establish (linear matrix inequality or structured
perturbation theory may be involved [98]).

V. VIBC METHOD

A. Control Idea

Usually, a large capacitor/inductor or an LC resonator tuned
at 2fac resonant frequency can be used to buffer the second-order
ripple power. Up to now, this passive decoupling technique has
been still widely used in PV [109], fuel cells [110], LED drivers
[111], and so on. As well known, the output impedance of a
two-terminal power electronic converter is controllable. Then,
we can control the decoupling circuit to perform the behavior of
a large capacitor/inductor or an LC resonator. From this aspect,
some control schemes have been proposed [112]–[115].

B. Controller Schemes

In [112], the emulated power impedance is realized by mimic
the exact voltage–current characteristic of a physical passive
component. For the voltage-source-type converter, a current-
controlled current-source (CCCS) method is used, as shown
in Fig. 14(a). The low-frequency current in the dc bus filter
capacitor is detected and magnified k-fold by Gv1(s). The result
is taken as the track reference of the decoupling circuit. Then,
the decoupling circuit is equal to a capacitor with the value of
kCdc. The extra term ivirtual is to compensate system losses. For
the current-source-type converter, a voltage-controlled voltage-
source (VCVS) method is used, as shown in Fig. 14(b). The
low-frequency voltage in the dc bus filter inductor is detected
and magnified k-fold by Gv1(s). Similarly, the result will be the
track reference of the decoupling circuit. Then, the decoupling
circuit is equal to an inductor with the value of kLdc. In this
method, the discontinuous current or voltage is sampled to avoid
using a differentiator.

In [113], suppose ic = −kica in Fig. 12, then the equivalent
capacitance provided by the decoupling circuit is kCdc. The
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TABLE V
COMPARISON BETWEEN THE FOUR CONTROL CONCEPTS

∗18.84/17.11/16.19/17.72 μs is the execution time of each control method (including sampling, phase-locked loop, protection, and main program) in the physics experiment.
∗∗20/18/10/8 V is the measured peak-to-peak value of dc bus voltage in a steady state.
∗∗∗2.16/4.28/0.93/6.91 ms is the settling time of the dc bus voltage during the step change process.

decoupling capacitor voltage is expressed as

v2d = k
Cdc

Cd
v2dc + constant. (8)

Note that the gain k is not a constant and varies with fre-
quencies. It should be small at very low frequencies, which
determines the average value of vd. Within the frequency range
of interest (the frequencies of the ripple currents), k needs to be
large to mimic a sufficient capacitance. This control is an indirect
approach in which the dc bus voltage is indirectly influenced
after the square of the decoupling capacitor voltage (i.e., energy
in the capacitor) is under control. The control structure is simple
as only a single control loop is involved. The plug-and-play
operation is allowed, as only the dc bus voltage information is
needed to accomplish the control.

In [114], the decoupling circuit is supposed to mimic a large
capacitor Cmimic. Then, the dc voltage can be expressed as

v∗dc(t) =
1

Cmimic

∫ t

t0

ih(τ)− i0(τ)dτ + vdc(t0) (9)

where i0(τ ) is the loss compensating term to maintain the av-
erage decoupling capacitor voltage. Then, (9) is taken as the
dc bus voltage reference regulated by the decoupling circuit.
This control supports the desired plug-and-play operation since
neither the circuit nor the control of the original circuit needs to
be modified.

For single-phase current-source-type rectifiers, a physical
passive LC resonator tuned at 2fac resonant frequency can be
inserted into the dc bus to block the ripple voltage flowing into
the dc side. Obviously, the size of the resonator will be large
as a result of the low resonant frequency. Inspired by this, in
[115], the decoupling circuit is controlled to emulate the external
voltage characteristic of an LC tank circuit. Then, the same
function as a real LC tank circuit can be achieved. This active
LC emulator also overcomes the drawback of the LC parameter
drifts in the passive case, which will degrade the decoupling
performance. This method can be applied in both the current-
source converter (emulating a series LC resonator to block the
low-frequency ripple voltage) and the voltage-source converter
(emulating a parallel LC resonator to bypass the low-frequency
ripple current).

For two-stage single-phase converters, the virtual-
impedance-based approach can be directly applicable by only
modifying the control structure. As seen in Fig. 15, a virtual
series impedance Zs(s) and parallel impedance Zp(s) with high
impedance at the ripple frequency and low impedance at the
rest of the frequencies are introduced. Then, the ripple power is
prevented from entering the dc side and buffered by the dc bus
capacitor with a relatively large voltage fluctuation. The various
schemes for realizing the virtual impedance have been analyzed
and compared in [104]. The highlight of this control is to realize
the virtual impedance without adding extra decoupling circuits.
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Fig. 20. Historical overview of control strategies for APD.

However, the applications of this control are limited due to the
dependence on circuit structure.

C. Summary

VIBC achieves the power decoupling by emulating the voltage
or current characteristic of the passive components. The 2ω
ripple power is thought to be well handled if the accurate emula-
tion is realized. Actually, this is an indirect decoupling method
and the decoupling effects are determined by the emulation
accuracy. The decoupling circuit can be linked to the host system
through the dc link directly and no intrusive sensors and central
controllers are required. Consequently, this control idea is easy
to achieve plug-and-play operation. Different implementations
based on the VIBC are summarized in Table IV. For the proposed
strategies in [112] and [114], four sensor circuits are required.
However, in [113] and [115], the required sensors are reduced
and the cost can be saved.

However, the dynamic performances in [112] and [114] are
superior to those in [113] and [115]. This is because a resonant
controller [115] and an LPF [113] are, respectively, involved.

VI. EXPERIMENTAL CASE STUDY

In order to assess the performance of the four different control
concepts, a benchmark case study is established. For a fair
comparison, the same rectifier, as defined in Fig. 16, is used in all
the tests. It is consisted of a widely used boost PFC circuit and
a buck decoupling circuit. The grid voltage is 110 VRMS/50 Hz,
Lr and Ld are 3.6 and 1.5 mH, Cd and Cdc are 100 and 30 μF,

the output voltage is 200 V, and the load R is 200 Ω. And the
switching frequency is 20 kHz.

The experimental waveforms from the different tests are
shown in Figs. 17–19. On the basis of the obtained results, the
following comments can be made.

1) Good input and output performances are achieved in the
four control ideas. The output dc-link voltages are smooth
as the low-frequency ripple power is buffered by the
decoupling capacitor.

2) The decoupling performance of VBBC and VIBC is su-
perior compared with PBBC and HSBC. Therefore, it can
be found that the peak-to-peak value of the dc-link voltage
presented in VBBC and VIBC is smaller than that in PBBC
and HSBC. The reason is that, in PBBC and HSBC, the
decoupling control is an open loop in essence due to the
fact that the decoupling effect is not fed back.

3) For the dynamic performance test, the output voltage
reference is suddenly increased to be 245 V. Considering a
step change of the dc-link voltage, the settling time is only
0.93 ms for VBBC. However, it is 2.16 ms/4.28 ms/6.91 ms
for PBBC/HSBC/VIBC, respectively. The reason is that
the dc output voltage is tightly regulated by the decoupling
circuit.

4) For PBBC, its decoupling performance is sensitive to
system parameters. As shown in Figs. 17(a) and 19, the
dc-link voltage deteriorates (the peak-to-peak value of the
dc-link voltage is increased to 38 V) when the decoupling
voltage reference is calculated by changing the displace-
ment angle from ϕ to (ϕ+π/15).
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Fig. 21. General guidelines for selecting a proper control method for APD.

VII. DISCUSSION AND CONCLUSION

The operation principles, characteristics, and features of the
proposed control methods in the literature for APD are intro-
duced, explained, and compared in this article. These control
methods are classified based on the control ideas, namely “power
balance,” “harmonic suppression,” “volt-second balance/charge
balance,” and “virtual impedance.” Taking the application of
rectification as an example, the features of the four control ideas
are summarized in Table V.

For PBBC, the original circuit is controlled to regulate the
average dc bus voltage/current and the decoupling circuit is con-
trolled to track the decoupling capacitor voltage reference. The
highlights are easy implementation and independent controller
design with the original circuit. In addition, the decoupling
capacitor voltage can be ac waveform that makes the voltage
utilization ratio reach 100%. While, in other control ideas, the
decoupling capacitor voltage includes a dc component and the
voltage utilization ratio is lower. Also, an extra voltage control
loop is not required to stabilize the decoupling capacitor voltage,
which is needed to maintain the average decoupling capacitor
voltage in other control ideas. However, the decoupling effects
are fair due to the strong dependence of parameters and usual
open-loop decoupling control. A center controller is also pre-
ferred since the information of the phase angle and power of
the original circuit is needed when determining the decoupling
voltage/current reference.

For HSBC, the original circuit is controlled to regulate the
average dc bus voltage/current and the decoupling circuit is
controlled to provide an adequate counteraction voltage/current
to ensure a constant dc bus current/voltage. Many mature control
strategies in the field of harmonic suppression can be adopted
with a minor modification. In the DVRC case, the decoupling
circuit only handles a part of the ripple power (only 8.4%
[64]), which reduces the efficiency penalty. Compared with other
control ideas, an additional modification on the original circuit

is needed to add a current sensor or a series capacitor with the
dc bus, which is adverse to the modular design. What is worse,
such as PBBC, the decoupling performance is not fed back to the
control loop and a perfect power decoupling is hard to achieve.
However, different from PBBC, it is immune to parameter drifts
since the compensated voltage or current is extracted by sensor
circuits in real time.

For VBBC/CBBC, the control structure is notably different
from those in the other control ideas. The original circuit is
in charge of the average decoupling capacitor voltage and the
decoupling circuit is controlled to regulate the dc bus voltage
tightly. This control idea makes the controls of the original circuit
and the decoupling circuit coupled tightly. From the power flow
viewpoint, the power can be the first thought to flow from the
source to the decoupling capacitor (intermediate capacitor) and
then to the load. Therefore, this control idea can be directly
applied for two-stage or quasi-two-stage conversion circuits (the
decoupling capacitor voltage is taken as the intermediate bus
voltage) [99]–[104]. This control idea possesses superior decou-
pling performance and dynamic response since the dc bus volt-
age is directly regulated by the decoupling circuit. In addition,
this control idea has a strong robustness to parameter variations
since no precise voltage/current reference (decoupling voltage or
compensated voltage/current) is needed. However, the modular
design is difficult to achieve because the control structure of the
original circuit needs to be changed in this control idea.

For VIBC, the original circuit is in charge of the average dc
bus voltage/current and the decoupling circuit is controlled to
emulate an impedance. The merit over other control ideas is
the interesting function of plug-and-play operation since neither
the power stage nor the control circuitry of the original circuit
needs to be modified. Then, the modularization of the decoupling
circuit is easy to realize. However, this control idea needs more
high-precision current sensor circuits to detect the current flow-
ing through the dc capacitor [112], [114]. Without employing
extra sensors, the controller should be elaborately designed to
magnify the factor k only within the frequency range of interest
and avoid large phase distortion [113]. And the complexity of
this controller will be increased when dealing with some cases,
such as ripple power with multiple frequencies.

Moreover, a historical overview of the power-decoupling
methods is shown in Fig. 20. The vertical axis is the control idea
of the proposed power-decoupling methods. And the horizontal
axis is the time (year) of the reference published. It is revealed
that during the early period, the control strategies are developed
mainly based on PBBC and HSBC. The reason may be that the
PBBC is intuitive and easy to realize, and the mature control arts
in the field of harmonic suppressing provide great enlightenment
for HSBC. However, in recent years, VBBC/CBBC and VIBC
have gained more attention due to the outstanding decoupling
performance and/or plug-and-play operation.

Based on the preceding analysis, some general guidelines are
suggested and shown in the flowchart of Fig. 21. The designer
can select an appropriate control according to the given appli-
cation.

In conclusion, further research works on the following sub-
jects are expected.
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1) Nearly all the developed control strategies are based on the
linear loads and/or under ideal grid voltage. New control
and management strategies need to be developed to handle
the complex operation circumstances, such as pulsating
loads, nonideal grid voltage (with large background har-
monics), and ripple power with multiple frequencies (for
example, single-phase ac–dc–ac drive system).

2) For the PBBC control idea, the existing control strategies
are mostly designed based on the open-loop calculation.
The closed-loop decoupling control is difficult because
both the amplitude (Vd or A) and the phase shift (θ or ϕ)
should be carefully modified at the same time. There is still
much space for new control strategies to be developed.

3) Stability is crucial in a power electronics system. However,
it is not clear how the system stability is affected by the
added decoupling circuit. Especially for the VBBC/CBBC
control means, the decoupling control and the original
circuit control are strongly coupled.

4) For nearly all the control strategies, the controllers for the
original circuit and the decoupling circuit are separate.
A coordinated controller can be developed to achieve
extra performance benefits, such as reducing the voltage
ripple and switching times (for the switch-multiplexing
decoupling circuit).
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