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Active Power Decoupling by Closed-Loop Control
of Power Oscillations for a Bidirectional
Single-Phase DC-AC Converter

Roberto A. Fantino

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

INGLE-PHASE converters are widely used in power elec-
S 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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aconstant 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.
Howeyver, 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 S7, So, S3, and S; make up a
single-phase full-bridge converter, whose ac side is connected
to a single-phase grid with voltage v, and fundamental angular
frequency wy, via an inductive filter with inductance L, and
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Fig. 1. Three-leg bidirectional single-phase DC—AC converter topology with
ac-side auxiliary circuit.
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parasitic resistance I?,. The auxiliary circuit (marked in gray)
is composed of two switches S5 and Sg, an inductive filter
with inductance L, and parasitic resistance R,, and a storage
capacitor with capacitance C,, where v, and i, are the capacitor
voltage and current, respectively. The dc side of the system
is modeled here as a dc voltage source Vj. that supplies a
current i,s, in series with a resistance R, and an inductance
L4 modeling the impedance of the connecting wires [31]. A
parallel filtering capacitor Cq. of voltage V. is connected at
the dc-bus to absorb the high-frequency ripple from the converter
switching current %;,,. The principal function of the auxiliary
circuit is to provide the instantaneous power necessary to cancel
out the power oscillations of fundamental frequency 2w, in the
instantaneous power Py = vyi, transferred to the grid, while
the single-phase inverter injects a current ¢, synchronized with
vg. In this way, the instantaneous power P; = Vci1,us supplied
by V. results free of ripple of angular frequency 2w,. 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 v,,, and v,, 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 7, injected to the
grid by the converter. In the Laplace domain, the model of the
main circuit in Fig. 2(a) is given by

1

ig(s) = m [vm(s) —

for which v, represents the control action, while v, represents
a bounded disturbance signal. Based on the internal model
principle [32], to copy a sinusoidal reference 4, of angular
frequency wy, without steady-state error at wy, a proportional
plus resonant (PR) regulator tuned to that frequency is used
here, whose transfer function is given by

vg(s)] )

1 s

GPR,,L (3) = Kpm ﬁmw

1+ @)
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Fig. 2. Proposed control strategy. (a) Main-circuit control block diagram and
generation of the oscillatory power reference 5y,.. (b) Auxiliary-circuit control
block diagram. (c) Estimate of ¥, and computation of §.

K, andT,  in(2)canbe designed according to the guidelines
given in [33] and [34].

The blocks T3 in Fig. 2(a) represent second-order gen-
eralized integrator—quadrature signal generator (SOGI-QSG)
structures [5], tuned to w,. Let “z” be an arbitrary single-phase
signal of angular frequency w,. By applying to x, the operator
Top{x}, a complex spatial vector with the form Z = x,, + jzg,
is obtained, composed of a direct component “z,,”” with the same
magnitude and phase as “z,” and its quadrature version xg with
the same magnitude but 90O lagging “2” [5]. The SOGI-QSG
transfer functions, with respect to the components « and f3, are
given by [35]

2
kswy
$2 + kowgs + wg

kswgs

To(s) = %%
(5) 52 + kg wgs—l—w2

Tps(s) = 3)
where ks € RT. Thus, Thp{z} = L7HTus(s)X(s)} = L1
{To(s)X(s)} + 7L HTs(s)X (s)} = &, where X (s) = L{xz}
is the Laplace transform of “z.’

Let ¥, = Tp{vm } and fg = Tap{iy} [see Fig. 2(a)]. Based
on the instantaneous power theory for three-phase systems [5],
[30], the instantaneous active power P, and instantaneous reac-
tive power @, and the complex power vector §m of the main
circuit can be represented by

P = v, g,

Qm = Um,, iglg
1. 1
Sm P, + ]Qm = ivmlg + ivmlg 4)
—— HA,_/
Sm=Pm+jQm Sm
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where the symbol “x” indicates the conjugate operation. §m
in (4) is represented as the composition of a constant term

S, = (P,, + jQ,,) and an oscillatory term §'m of fundamental
angular frequency 2w, [5]. Following the same reasoning, the
instantaneous complex power vector S, of the auxiliary circuit
in Fig. 1 can be represented by

o 1 1
Sa = 3 Toia + 2vala )

where §a and §, represent the constant and oscillatory terms of
Sa, with Uy = Tog{v, } and i, = Top{is}

Let (Sy, + S,) be the total instantaneous complex power of
the system in Fig. 1. According to (4) and (5), for Vg to supply
constant power (free of second harmonic ripple), it must be 5, =
—8m. Thus, the oscillatory power of the auxiliary circuit must
be controlled to copy a reference 5, given by
1, -

—5 Umig. (6)
Indicated as “é’ar generation,” Fig. 2(a) illustrates how 2§a7‘ 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) sCy,
Va(8)  LaCas?+ R,Cus +1

Voltage v, must be regulated based on the measurement of i,
to stabilize the auxiliary circuit and makes that 5, in (5) copy
to 5, in (6). In Fig. 2(b), the calculation of the term 2sa in
(5) is implemented using v, and %,. 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 — R, as is shown in Fig. 2(b), the
following modified transfer function H,,(s) with input signal
h, is obtained

=Y(s). 7)

iq(s) sC,
ha(s)  LaCas?+ (R + Ryg) Cus + 1

where h, is the output of the PR regulator in Fig. 2(b). The
constant R, represents a Virtual resistance that can be selected
as Ry = (2¢+/L./C, — R,), where ( is the desired damping
factor for the poles of (8). The mgnal h, applied to (8) is obtained
based on making zero the instantaneous oscillatory power error
defined as

H,,(s) =

®)

>

(ﬁmZg + ﬁafa) 9)

in the complex instantaneous power domain [see Fig. 2(b)]. In
order to map this error € defined in the power domain, to an

322(§a _ga):_

r
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error €; in the current domain, let €; be such that é’s = U,&;.
Multiplying by @}, on both sides of this expression and solving
it results

=4

—

&
€, = |§a|2.

(10)

Note in (10) that if the system starts with ¥, = 0,itwillbe & = 0
regardless of the value of 5, . For this reason, it is necessary to
add a signal Sto U, which provides the disturbance that allows
the controller to start. In addition, to avoid the division by zero
when |U,| = 0, a constant value ¢ > 0 can be added to the de-
nominator of (10). Thus, instead of (10), it is implemented here

(Ua +0)"

i = — =5 —Cs (11
|Ua + 6|2 + €

Another important aspect is that for each reference Vectorﬁ’ar,
there are two possible combinz}tions of U, and fa that satisfy €5 =
0 in (9). Indeed, the value of S, resulting from the pair {V,, fa}
is identical to the value resulting from the pair composed of
the same waveforms shifted 180°, {7, —i, }. These two pairs
produce different results for the voltage (v,,, — v,) and for the
current (i, + i4) (see Fig. 1). To avoid saturation of the control
action, the pair that provides a smaller magnitude |0, — ¥, is
selected in this work. The signal §in (11) is defined as

8§ = ks(Ta,, — Ta) (12)

where 0 < ks < 1 is a constant, and ¥,,, is the steady-state
value for 7,, corresponding to the selected steady-state pair
{@a..,0a,. }» Whose estimate is given in Section II-C. Note in
(12) that 5 — 0 at the steady state. Note also that if v, = 6,
immediately after applying Sar = ﬁasjaﬁ # 0, the initial value
€;, of € is

N k(?(ljzssgar - 1 -

€ip = |k'677a55‘2 Te ~ k_ézass'

In this way, the initial error €;, has the initial orientation
corresponding to the selected steady-state pair {¥,__, ;ass }. By
symmetry, the complex error signal €; in (11) is composed of
two identical 90° phase-shifted error signals e;, and e;, of
fundamental angular frequency w,. The closed-loop control of
the auxiliary circuit is implemented here by using the imaginary
component e;, of €; given by

ﬂa 5‘*
|Ua + 02 + €

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, h, is obtained by
applying to ¢;,, a PR regulator tuned to wy, of transfer function

(13)

(14)

P>

1 s
T, (32 + wg)

where the controller constants K, and 7, must be selected
in order to guarantee the stability of the closed-loop system

GPRQ (S) = Kpa, 1 + (15)
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and obtain a proper dynamic response. It should be noted that
the calculation of € in (9) does not depend on the circuit
parameters, since U, and ¥, are known control variables, and 7,
and 7, are measured variables. Then e;, 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 e;, (and so €5) zero
even in the presence of parameteric uncertainty.

C. Estimate of U, From Steady-State Analysis

Here, an estimate for ¥,,__ in (12) based on steady-state analy-
sis of the auxiliary circuit is obtained. Consider for this analysis
R, = 0 and that (7) presents a capacitive behavior at wy, (i.e.,
LaCawg < 1). Taking as reference the grid voltage complex
space-vector Uy = To3{v, } represented as

iy = Vyel ) (16)

suppose the auxiliary circuit of Fig. 1 operating on a stable
steady-state condition (subscript “ss””) with applied voltage
Va,, = Va,, cos(wgt + 6,), being 6, the phase-shift angle be-
tween v, and v,. In this condition, the complex space-vectors
of voltage, current, and power oscillation in the auxiliary circuit
are

Uaéé = Vassej(wgt-i-ea) = Uauss +jUaBSS (17)
ia,. = Va.. y(ng)|ej(wgt+9a+rr/2) (18)
. 1 _

S = 5 Vi [Y (Jug) /ot H200 27/ 19)

where Y (jwy) = Y(5)[(s=jw,) is the complex steady-state ad-

mittance obtained by evaluating (7) at s = jw,. Given §’ar
computed with (6) and with the form

el (2wgt+0sr) (20)

gar = |§ar‘
where 6. is an angle to be computed in the following.
Using (20) and (16), it can be obtained that —js,, U, =
|5, |Vyed (ot+6:0-7/2) from which

O = Arg{—j5,, T} — Arg{v,} + /2 (21)

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

EX
Vaeoe =1\ 27— (22)
1Y (jwg)|
O, — /2  Arg{— iS5, 0%} — Arg{7,
6, — 27T/ _ gl —Jj3a, ;} g{ g}' 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
S in (12). Taking into account that v, =~ vy, |th, — ¥,| can
be approximated as \/ |7y, |2 — 2|, ||| cos(0,) + |7, |2. Thus,
to obtain the smaller magnitude |v,,, — v,| between the two
possible solutions for the estimate of 6, in (23), it is selected that
the one within the range —7/2 < 0, < 7/2. The logic diagram
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used to ensure that 6, 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 € = 0 in (14). Note in Fig. 2(b) that
(Ta + 6)/|Ta + 0|% is a nonlinear function of , 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

) -
e -
Vq
where, using (12)
_ Vagt+ks(Vanss —Vay)
Ja = |Ga+ks (Ta s —Ta)l” 25

Vag +ks ('Uaﬂs‘S “Vag )

fs=

In (25), fo and fp are nonlinear functions of v, and v, ,, which
canbe modeled as fo, = (fu.. + fo)and f5 = (f.. + f3). Be-
ing fo., = Va.._/|Ua..|* and fa,, = va,_ . /|Va,.|? steady-state
components obtained by evaluating (25) at (17), considering
that there is no error estimating ¥,_, . The signals fa and fg are
small-signal components obtained as [37]

{7
fs=
where aylp = 8fa/8vaa |17ass , a12 = 8.](‘@/81)&[3 ‘gass , a21 =
0fs/0va,l5,...andags = 0 fs/0va, |3, arethe partial deriva-

tives of f,, and fz with respect to v, and v, , evaluated at ¥, .
Calculating (26) using (25) and (17), it results

|Ga+ks (Ta e —0a)|”

a110q,, + a120q,4
a210q,, + A220q,

(26)

5 o~ (ks —1) .
Fe 175( 5 . )e](ngt-l-QGa)
Ass

27

where f = (fa +5f3) and G, = (0a, + jUa, ), being 04, and
Ua, the small-signal components of v,, and wv,,, respec-
tlvely Let 7, be a fictitious current reference such that iy =
Im{25,, (T, + 6)*/|T. + 6|2} for the product involving 25, in
Fig. 2(b). By con51der1ng the reference 5, fixed at a steady-state
condition 8, , = 84, # O by using (19) and (27), it can be
easily demonstrated that the linearization for 4, is given by

i, = Im {2§'amf§*} =

where 4, is the small-signal component of i,. Now, let ¢ be
a fictitious current such that i = Im{25, (7, + 0)* /|7, + 0|2}
for the product involving 2ﬁ’a in Fig. 2(b). To linearize 7, the
following linearization for s, is used

—(1=ks)[Y (jwog)[0a,  (28)

Wy

1
a = 5 (Uasszass + Uaza + vabsla) . (29)

Using (25) and (29) to calculate Im{2(5,, + j8a,)(fa +
Jf3)*}. discarding the quadratic terms resulting from the prod-

ucts between small-signal components, the linearization for i
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Fig. 3. Equivalent small-signal model for the auxiliary-circuit control.
TABLE I
SYSTEM AND CONTROLLER PARAMETERS
Symbol Value Symbol Value
Vie 350 V S TkVA
Vi 162 Vs Iy, 6.17 Arms
wg/(2m) 50 Hz tp 1 ps
Lg; Ry 4.3 mH; 639 m2 La: Rq 3.8 mH; 447 mQ
Cye; Ca 470 uF; 120 puF fs; fowm 10 kHz; 10 kHz
Kpi Tr,, | 22.73 Q; 1.9 ms Kpos Tr, 15 Q; 2 ms
ks: € 1/4; 1 V2 ks: Ryg V2, 7.41 Q
Ry 10 mQ Ls 6 uH
results

i =T, + ksl Y (jeg) i, (30)

where 7 represents the small-signal component of i. Using (28)
and (30), the small-signal component ¢;, of the error e;, in (14)
can be calculated as

— Y (jw)|va, - €29

Note that, in (31), the components proportional to ks are can-
celed out, resulting €;, 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 e;, to (i — E), using (3), (8), and (15), the model
can be simplified as the negative feedback of the open-loop
transfer function

(gr - E) (5)
éiﬁ (S)

Eiy = (ir—1)=—lq,

FOI(S) = —

| Geg,, -

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

(32)

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. S,, is the nominal apparent
power of the converter, while V, and I, are the nominal
rms values of v, and i4, respectively. The value of C, was
selected so that this capacitor operates with a rms voltage
equal to V,, when its rms current is equal to I, , ie., Cq =
Iy, /(wgVy, ). In this way, the current and voltage stress of the
system can be minimized [27]. The maximum current stress of
the switches S3 and Sy [current (¢4 + i) in Fig. 1] is approxi-
mately /21, 1,,, for zero leading power factor. L4 and L, were se-
lected such that maximum peak-to-peak high-frequency current
ripples Aigy & Vie/(8Lg fowm) =1 A and Aigy, =~
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Fig. 4. Open-loop Bode plot of the equivalent small-signal model for Ry =
0Qand Ry = 7.41 Q.

Control signals

Um ® (S1,S3,55)
Va 2 il
n delay
1/3 >l ’
Oy x (S2. 51, 50)
1
- 2,
Ufpuni
Fig. 5. Generation of converter gate signals from control signals v,,, and vg.

Vac/(8La fpwm) = 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 ipus(S)/iinv(s) =
1/[LsCss? + RsCqes + 1]. Since Rg = 0, the cutoff frequency
fe (bandwidth) of this transfer function can be approximated as
fe = \/ 1+ \/7 (LsCys) |/(2m)[38]. In order to guar-
antee a low -pass ﬁltermg of i ibus With f. < 5 kHz, Cq. > (1 +
V' 2 )/ILs(27f.)?] = 407 uF is required. Thus, the commer-
cial capacitance value Cq. = 470 uF is used for the implemen-
tation. kg = V2 was selected in (3), avalue thatis usually used to
obtain a good performance of the SOGI-QSG [5]. Thus, the poles
of (3) resultin (—1/v/2 % j1/v/2)w,, with which a 5% settling
time 5, ~ 3\/§/wg = 13.5 ms is obtained [5]. In Table I, f
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 T = 1/ f), 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 2! cascaded with the PR regulators was consid-
ered, which takes into account the digital processing delay [34].
The virtual resistance R4 was selected to obtain a damping factor
¢ = 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 R is used, and for the case in which R; = 0
is used. Note that if R4 = 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 for K, and T;., in (15), a stable system
with phase margin ¢,,, ~ 45° and gain margin G,, ~ 14 dB is
obtained. Fig. 5 shows the block diagram used for generating
the converter PWM gate signals to synthesize the control action
signals v,,, and v, (see Fig. 2). This block diagram implements
a carrier-based modulation equivalent to SVM [22], [40].
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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 qu and Qm for P, and Q,,, defined in
(4), respectively. Initially, P, = Q,,, = 0. At the instant ¢ =
0.05 s, the active power referencels increased to P,,,, = S,,/v/2
holding Q,,,, = 0. At t = 0.15 s, the reactive power reference
is increased so that Pmr = er = Sn/\/i Att = 0.35s, the
reactive power reference is reduced again to er =0, and at
t = 0.45 s, the active power reference is reduced to PmT =0.
Fig. 6(b) shows the grid voltage v,. Fig. 6(c) shows the current
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Fig. 8.

Experimental setup.

ig injected to the grid. Fig. 6(d) shows the auxiliary circuit
capacitor voltage v.. Fig. 6(e) shows the auxiliary circuit current
14. Fig. 6(f) shows the dc-source current 71,,5 and the converter
dc-side current %, (ver Fig. 1). Fig. 6(g) shows the dc-bus
capacitor voltage V¢, . Fig. 6(h) shows instantaneous power
P; = Vigcipus supplied by the dc-bus, and the instantaneous
power P, = v,4i, transferred to the grid. Note that the large
second harmonic power ripple observed in P, is the ripple that
should be present in P; if the APD were not implemented.
However, the proposed control strategy successfully eliminates
the presence of such aripple from P;. 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 from P; in
less than one grid cycle. Fig. 7 shows dc-bus instantaneous power
P; = Vqycibus, and the power P, = v,1, injected to the grid, for
the case in which the experience of Fig. 6 is repeated for a 50%
increase in L, and C,. 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. V. 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
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of four analog channels was used for the measurements. A
generic electrolytic capacitor LGW2W471MELC45 was used
for Cy.. Available film capacitors B25667B5237A375 (77uF +
77/2uF) in parallel with B32674D6505 K (5uF) were used for
C,. The parameters of the experimental system are listed in
Table I. In Table I, fpwm is the switching frequency and ¢p
is the turn-ON dead time of the converter switches. The same
variations in the references P, and Q,, 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 v,
and the current i, 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 ipys supplied by Vg (see Fig. 1). Fig. 9(c) shows the
auxiliary-circuit capacitor voltage v.. Note that this voltage is
similar to the one obtained by simulation in Fig. 6(d). Fig. 9(d)
shows the instantaneous power P, = v,4i, injected to the grid,
calculated with the data corresponding to i, and v, acquired
by using the oscilloscope internal memory. In the same way,
Fig. 9(e) shows the instantaneous power P; = Vjcipus on the
dc-bus, calculated with the data acquired from the measurements
of 41,45 and V.. 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 FP;, in less than one grid cycle. At steady state,
P; 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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AC-SIDE APD USED IN THIS WORK AND DC-SIDE BUCK-TYPE APD: CHARACTERISTICS OF BOTH TOPOLOGIES AND DIFFERENT CONTROL STRATEGIES

TABLE II
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Topology characteristics

DC-side buck-type

AC-side in this work

Max. efficiency [%]
Power density [W /in®]
Min. dec. capacitor C [F]

93.2 [10], [15]; > 98 [18]
22.56 [15]; 240 [18]*
2V, Iy, [(wgVZ) [15]°

98 [22]; > 97 [26]
55.8 [22]
2V, Ig, /(wgV3) [271°

Auxiliary inductor L, [H]

Vdc/(4AiHFfpw7n) [22]

Vdc/(SAiHFfpwm) [22]

Grid current Bus power Tracking Closed-loop

Control strategy Topology response © decouplm% .dependent on control of bus

response circuit parameters voltage/current
This work AC-side < Ty/10 ~ Ty No No
[22] AC-side < Ty/10 > 2Ty Yes® No
[25] AC-side > Ty > 10Ty, Yes® Yes
[28] AC-side < Ty > 20T, No Yes
[17] buck-type > 2T, < Ty4/10 Yes (on Lg) Yes
[29] buck-type < Ty/10 No data Yesd No

2 Using high capacitance density ceramic capacitors.
4 Model-based predictive control.

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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