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Abstract—New emerging power inverter topologies are aiming at
high-power density and efficiency with reliable performance. The
recently proposed family of single-phase single-stage buck–boost
inverters with output unfolding circuits have promising features
for application in different fields. Nevertheless, the incapacity of
injecting reactive power by the classical unfolding inverters has
been assumed as its main drawback. Thus, our focus is on the
reactive power injection capability of the single-stage buck–boost
inverters with unfolding circuits. This attribute enables the con-
verter to provide some extra ancillary services for friendly integra-
tion of the renewable energy resources and energy storage systems,
providing support to the smart grid/microgrid, thus contributing
to its power quality welfare. By means of a comprehensive analysis
and implementation of proper closed-loop model predictive control,
together with an adequate selection of the output capacitor, the
single-inductor unfolding buck–boost inverter is capable of deliv-
ering reactive power to the utility grid. We used the simulation and
experimental tests to validate the theoretical aspects.

Index Terms—Ancillary services, buck–boost inverter, reactive
power injection, single-stage inverter, unfolding circuit.

I. INTRODUCTION

FOR a long time, grid-connected inverters for renewable
energy resources (RESs) have sought to perform at the unity

power factor [1], [2]. Nevertheless, as the electric systems and
the trends toward the smart grid concept are spreading, any utility
should be able to provide ancillary services to satisfy grid power
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requirements [3]. One of these main grid services is the reactive
power interchange for voltage support [4].

Concurrently, many inverter topologies have been proposed
for small-scale RESs aiming at high-power density, efficiency,
and reliability [5]–[13]. For instance, the solutions based on
dual-back inverters do not permit a wide range of voltage oper-
ations [5], [6] although this feature is mandatory on that power
level and application field with the renewables. Neither does the
differential boost inverter composed of two boost dc-dc branches
allow for a wider voltage regulation despite counting with mul-
tiple inductors [7]. Another topology developed is based on the
Ćuk-derived buck–boost inverter [8], [9]. In this solution, the
drawback lies in the higher current spikes in the power elements.
A single-stage inverter based on impedance-source networks
has attracted increased research interest during the last years
[10]–[12] because of advantages such as buck–boost function-
ality and shoot-through immunity. Nevertheless, some papers
highlight the problems in terms of power density, efficiency, and
complexity [13]. For those reasons, this family has not succeeded
in industrial applications.

Unfolding bridge-based topologies are of high universal value
in small inverters because of their high efficiency. However,
initial solutions based on this approach do not allow for reactive
power delivery, and slight zero-crossing current distortion also
appears. These limitations are due to the presence of a diode
between the first and the second power stage and the thyristors
used in the unfolding bridge [14]–[19]. According to the dc-link
stage, the different unfolding circuit-based inverters can be
divided into three classes:

a) with a dc-link [14], [15];
b) with a pseudo dc-link [16], [17]; or
c) without a dc-link stage [18], [19].
Some studies have demonstrated the possibility of injecting

reactive power with the unfolding inverter bridge by means
of novel control schemes [20]. In that case, the zero-crossing
current points keep the same position with the zero-crossing
voltage, at the same time, distorting the current shape and
deriving a worse power quality. Besides, some finalists of the
Little Box Challenge proposed topological solutions based on
advanced unfolder inverter circuits [21], [22]. These papers do
not provide sufficient details for the analysis of reactive power
injection. Furthermore, the unfolding circuit was controlled at a
high switching frequency with a pulsewith modulation (PWM)
operation if the load voltage is below a minimum value to avoid
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Fig. 1. Family of the single-phase single-stage buck–boost inverters with
unfolding circuits proposed in [24]. (a) Single-inductor unfolding buck–boost
inverter. (b) Tapped inductor unfolding buck–boost inverter. (c) Single-inductor
twisted unfolding buck–boost inverter.

the zero-crossing current distortion. Finally, the discussion of
the filter capacitor is essential when the system operates at a
power factor different from one [23].

Subsequently, the new family of single-stage buck–boost in-
verters with an unfolding circuit recently proposed in [24]–[26]
(see Fig. 1) are innovative, with some modifications introduced
in their former counterpart. This new family allows for full
bidirectionality of power, and the capacitor is placed at the ac
side, which permits power decoupling at a smaller size. At the
same time, this family of converters has in fact a pseudo dc link,
thus the reactive power delivery is possible with an appropriate
control scheme [23]. Nevertheless, some recent studies still
consider such solutions as unity power factor inverters [27], [28].
Finally, derived solutions proposed in [29] are HERIC-based
with active clampling, having bidirectional power flow, but they
demonstrated just the unity power factor testing and results.

In this framework, the motivation of this article is to demon-
strate the reactive power injection capability of the single-stage
buck–boost inverters with an unfolding circuit, making it ca-
pable of providing voltage grid support, for example, during a
voltage sag (so-called low-voltage ride-through functionality).
Section II explains the reactive power injection principle and
the main operation modes with their equivalent circuits when
delivering reactive power leading and lagging. The study and
these equivalent circuits are intended specifically for the single-
inductor unfolding buck–boost inverter topology [see Fig. 1(a)].
Besides, considerations for the design of the output capacitor
C1 are given there. Then, a general control scheme with the
funding based on the model predictive control (MPC) [30]

Fig. 2. Simplified equivalent circuits and phasor diagrams of the system: (a)
simplified circuit, (b) active power injection, (c) active and capacitive reactive
power injection, and (d) active and inductive power injection.

implemented is described in Section III. Sections IV and V show
the simulation and the experimental results, respectively. Finally,
conclusions are presented in Section VI.

II. REACTIVE POWER INJECTION CAPABILITY AND OPERATION

ANALYSIS

This section describes the operation principle during the re-
active power injection with the single-inductor unfolding buck–
boost inverter [see Fig. 1(a)]. Different operation modes with
their equivalent circuits are explained as well.

A. Basic Principle

A simplified equivalent circuit at the line frequency in Fig. 2(a)
represents any of the inverter circuits from Fig. 1 connected to
the main grid via an L filter (Lf); the complex power delivered
from one node to another is given by �SG = �Vg

�I∗g . �Vg and �I∗g
represent the grid voltage phasor and the grid current conjugate
complex, respectively. By splitting the equation into the real and
imaginary parts, the expression for the delivered active (PG) and
the reactive power (QG) is

PG =
VOUTVg sin δ

XLF
, QG =

Vg (VOUT cos δ − Vg)

XLF
. (1)

In (1), VOUT and Vg correspond to the rms voltage values of
the output capacitor C1 and the grid voltages, δ is their phase
shift, and XLF is the reactance of Lf. Thus, by means of regulating
both δ and VOUT of the inverter, the active and the reactive power
flows can be controlled. At the same time, the instantaneous
current and voltages in Fig. 2(a) can be transformed into their
dq magnitudes. Three cases depending on the grid current phasor
are also presented by the phasor diagrams in Fig. 2 on the rotating
reference frame. The grid voltage is adopted as a reference, so it
just contains a direct component d. In Fig. 2(b), only the direct
component of the grid current (ig,d) is delivered to the main
grid. The inductive filter implies a small difference between
the C1 output capacitor voltage and the grid voltage, both in
the phase shift and in the amplitude. Fig. 2(c) and (d) shows the
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Fig. 3. Illustration of the reactive power injection operation: (a) equivalent circuit with a controlled current source representing the pseudo dc link, (b) idealized
waveforms when ϕ1 = 90 (pure capacitive reactive power injection), and (c) idealized waveforms when ϕ1 = −90 (pure inductive reactive power injection).

phasor diagram when the q component of the grid current (ig,q)
is positive and negative (capacitive and inductive reactive power
injection), respectively. In these situations, the grid current has
a q component with a positive sign [see Fig. 2(c)], producing
a decreased capacitor amplitude voltage compared to the grid
amplitude voltage. In Fig. 2(d), the q component is negative and
the capacitor voltage increases compared to the grid voltage. In
Fig. 2, ϕ1 is the phase shift between the instantaneous output
current (ig) and the instantaneous grid voltage (vg), and vLF is
the voltage drop in the output filter.

B. Operation Modes

According to the classification proposed in [31], the single-
phase single-stage buck–boost inverter family object of this work
belongs to the topologies that include a pseudo dc link. The
single-inductor unfolding buck–boost inverter [see Fig. 1(a)]
has a modulated dc–dc converter at the initial stage that pro-
duces a rectified sinusoidal voltage in the pseudo dc link. The
line-frequency commutated circuit unfolds the pseudo dc-link
voltage to the sinusoidal shape at vOUT, being capable of fully
operating in a bidirectional way with the power switches S1, …,
S4. Thus, one of the main purposes is to generate the unfolding
circuit switching synchronized with vg.

In the equivalent circuit presented in Fig. 3(a), the modulated
dc-dc converter is replaced by a fully controllable current source
(ipseudo

dc ) connected to the main grid. The unfolder dynamics are
ignored as the switching frequency of S1, …, S4 is much higher
than the line frequency. Furthermore, Fig. 3(b) and c illustrates
the idealized shapes of the main signals vOUT, vg, ig, and ipseudo

dc
when the converter is delivering pure capacitive (ϕ1 = 90°) and
inductive (ϕ1=−90°) reactive power, respectively, representing
the limit cases, where δ is equal to zero. Note that the amplitude
of vOUT is decreased and increased compared to vg, respectively,
as shown in the corresponding phasor diagrams in Fig. 2. At the
same time, ipseudo

dc will have the same shape as ig during the
positive half cycle of vOUT (from 0° to 180°), and the negative
shape of ig during the negative half cycle of vOUT (from 180°
to 360), as expected.

For the particular case presented in Fig. 3(b), where the
converter is delivering leading reactive power, three different
operation modes for the single-inductor unfolding buck–boost

inverter are distinguished, detailed, and discussed in Fig. 4(a)–
(c). In Fig. 4(a), the situation corresponds to positive values of
vOUT and ig. The main switches S7 and S6 of the unfolding
inverter are ON, whereas the switches S5 and S8 are OFF. At
the same time, the pairs S1-S2 and S3-S4 [see Fig. 1(a)] are
complementarily switching at high frequency. In the situation
depicted in Fig. 4(a) in t = t0 and in t = t1, ig is positive thus the
operation is forward. In t = t0, the current error (Δi) is positive,
thus S1 and S3 are ON order to charge L1 from the input source.
Note that the MPC has calculated the optimal duty cycle (Dt)
based on several criteria [30]. During the complementary state
(t = t1), S1 is OFF and the stored energy in L1 is transmitted to
the output through the wheeling diode of S4. Nevertheless, in
Fig. 4(b) in t = t0 and in t = t1, ig is negative thus the operation
is reverse. In t = t0, Δi of ipseudo

dc is positive (note that ipseudo
dc is

negative), thus S2 and S4 are ON to charge L1 from the output side.
In this case, ipseudo

dc will increase its value, but remain negative. In
the complementary state, when Δi is negative and t = t1, S1 and
S3 are conducting and ipseudo

dc charges C0, decreasing its value
again. Finally, in Fig. 4(c), ig is still negative thus the operation
remains reverse. However, in this case, ipseudo

dc is positive as
in the case presented in Fig. 4(a), thus the control switching
strategy is the same as in there, with the only difference that the
unfolding bridge has opposite polarity compared to Fig. 4(a).
At the same time, the unfolding circuit reverses the state and
switches S5 and S8 are conducting; meanwhile, switches S7
and S6 are OFF. ipseudo

dc has to change the current polarity to the
opposite. To provide this current jump, switches S1 and S3 are
ON until reaching the required value of the current (note that this
switching state provides the maximum positive current slope),
being this switching state, the most dominant during the sign
current change, where the inductance L1 is short-circuited with
the input voltage source. A detailed description of the operation
modes is available [32].

Finally, the presence of a small capacitor C2 (with a value
equal to 100 nF) placed before the unfolding circuit is marked
in Fig. 4(a)–(c). C2 allows the inductor current flowing into it
when the unfolding stage is switched OFF. This operation state
appears if ϕ1 is equal to −90°, where ipseudo

dc has a positive value
during the unfolding stage switching.

It should be mentioned that the presented equivalent cir-
cuits and the idealized waveforms assume a small value of the
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Fig. 4. Operation modes of the single-inductor unfolding buck–boost inverter injecting pure capacitive reactive power: (a) vOUT and ig are both positive,
(b) vOUT is positive and ig negative, and (c) vOUT and ig are both negative.

capacitor C1 to filter the high switching frequency current ripple.
As the capacitor C1 value increases, the current step or jump in
L1 in the case of Fig. 4(c) is smoothened. Considerations about
the C1 value and its influence will be discussed in the following
section.

C. Considerations for the Output Capacitor C1 Value

Fig. 5 illustrates the most unfavorable situation. It corresponds
to the negative phase shift between the grid current and voltage
[see Fig. 5(a)]. The equivalent circuit before the voltage zero
crossing is shown in Fig. 5(b). It can be seen that the current
through the buck–boost inductance as well as output grid cur-
rent have a positive direction. Straight after grid voltage zero
crossing, the unfolding circuit reverses the switches and the
inductor current will be directed opposite. The main problem
is that the voltage across the capacitor is close to zero, and a
very rapid buck–boost inductor current changing similar to the
positive phase shift is not possible. It will lead to the grid current
waveform distortion. To minimize this, the current across the
buck–boost inductor has to be equal to zero at the moment of
the unfolding circuit switching and the value of the capacitor
has to be sufficiently large.

Fig. 5. Equivalent circuits and idealized waveforms during the unfolding
switching and active and capacitive reactive power injection: (a) i

pseudo
dc , vg,

vOUT and ig, (b) equivalent circuit before the unfolding switching, (c) equivalent
circuit after the unfolding switching, and (d) equivalent transient circuit.

The circuit straight after the unfolding switching is shown
in Fig. 5(c). The equivalent circuit of this transient process is
represented in Fig. 5(d). The main goal of this subsection is to
find the capacitor value and the time interval of the equivalent
circuit that provide the minimum grid current distortion.
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Fig. 6. Current dip during the unfolding circuit switching: (a) simplified
voltage and current waveforms and (b) dip dependences as a function of capacitor
value of C1.

TABLE I
COMPONENTS CALCULATION FOR CURRENT DIP MITIGATION

To define the required value of the unfolding capacitor, the
set of differential equations is defined as follows:

⎧⎪⎨
⎪⎩

vg = Lf
dig
dt + L1

diL
dt

vg = Lf
dig
dt + vC1

C1
dvC1

dt = ig − iL

(2)

where

vg = VM sin(ωt). (3)

The solution of these equations for the grid current enables us
to find the current dip that will be observed after the unfolding
switching as a function of the capacitor value C1. At the same
time, the initial expression is very bulky. Analyzing the most
important components, the value of the recommended capacitor
can be expressed as follows:

С1 ≥ L1 + Lf

L1 · Lf
·ΔT 2 · 1

arccos(1−Δ−Δ
Lf

L1
)

(4)

whereΔ is the relative current dip at the moment of the unfolding
circuit switching and ΔT is the duration time of the equivalent
circuit in Fig. 5(c). The result is illustrated graphically in Fig. 6.
It shows that with the capacitor increasing, the current ripple is
decreasing. To simplify the final expression, it was also assumed
that the grid voltage sinusoidal dependence can be replaced by
linear dependence. Fig. 6 shows the current spike [see Fig. 6(a)]
and its dependence on the capacitor value C1.

Table I shows the example of the calculation results of the
passive components taking into account that the minimal dura-
tion ΔT of the equivalent circuit depicted in Fig. 5(c) is equal to
the sampling time of the system.

Fig. 7. Structure of the control system based on MPC.

III. CLOSED-LOOP MODEL PREDICTIVE CONTROL (MPC)

MPC is the control approach for the reactive power generation
with the proposed system. The work presented in [30] describes
the details of the selected controller. General statements of the
MPC for the buck–boost inverter based on the unfolding circuit
are discussed in this section. Fig. 7 shows the structure of the
control system. The MPC is realized based on the continuous
control set because of the use of the PWM. In a very general case,
it may contain the maximum power point tracking algorithm
for photovoltaic applications or any other algorithm that sets
the reference value and can synchronize the converter with the
grid side by the phase-lock loop. In our application, the main
parameter that is needed to control is ig, however, due to the
particularity of the unfolding bridge and its switching, ig will
not be controlled with quality enough, thus we use a special cost
function in our control system based on controlling the inductor
current.

It is assumed that the buck–boost inverter is a nonminimum
phase system that complicates the requirements for the control
unit. That is why the cost function in this application observes
the buck–boost inductor current:

J = min

⎧⎨
⎩

2∑
j=1

( |i′L1 [k + j]− iL1REF [k + j]| ·Wj1+
+ |iL1 [k + j]− iL1REF [k + j]| ·Wj2

)⎫⎬
⎭
(5)

where i´L1[k+j], i´L1[k+1], i´L1[k+2], iL1[k+j]: iL1[k+1],
and iL1[k+2] are predictive values of the inductor current during
the next PWM periods, and iLREF[k+j]: iLREF[k+1], and
iLREF[k+2] are reference values of the inductor current.

The MPC predicts the next two samples of the system that
correspond to two horizons. However, the second horizon was
clipped and was used with an approximation for faster compu-
tations. The overall number of cycle iterations is 10.

The amount of the duty cycle step is also reduced due to
the limitation of the microcontroller. This approach increases
reliability and allows us to decrease the time of computations.
The system predicts the next duty cycle value across the previous
value considering a 10% range

D [k + 1] = D [k]± 0.1 (6)

where D[k] is the previous value of the duty cycle.
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Fig. 8. Main simulation results with the selected waveforms vOUT, ig, and iL1: (a) single-inductor inverter injecting pure inductive reactive power (ϕ1 = 90°)
and C1 = 1.3 μF, (b) single-inductor twisted inverter injecting pure inductive reactive power (ϕ1 = 90°) and C1 =1.3 μF, (c) single-inductor inverter injecting
pure capacitive reactive power (ϕ1 =−90°) and C1 = 1.3 μF, (d) single-inductor twisted inverter injecting pure capacitive reactive power (ϕ1 =−90°) and C1 =
1.3 μF, (e) single-inductor inverter injecting pure capacitive reactive power (ϕ1 = −90°) and C1 = 15 μF, and (f) single-inductor twisted inverter injecting pure
capacitive reactive power (ϕ1 = −90°) and C1=15 μF.

The heuristic methodology allowed us to find the optimal
weighting factors W11, W12, W21, and W22. According to the
second horizon, it should be with a higher priority; thus, the
ratio between the second horizon weight factors and the first
one is 2:1. The last important statement is that the grid current
cannot change sharply. As a result, the grid current samples can
be expressed as follows:

ig [k + 3] = ig [k + 2] = ig [k + 1] = ig [k] (7)

where ig[k+3], ig[k+2], and ig[k+1] are predictive values of
the grid current for the next PWM periods.

IV. SIMULATION STUDY

To verify the theoretical statements presented above, a com-
prehensive simulation study was performed in PSIM software.
As one of the main application fields of the converter family
under study is in the power conversion involving renewable
energies, the input voltage VIN was set at 250 V. The system
is connected to a single-phase utility grid with nominal phase-
to-neutral rms voltage equal to 230 V. In this situation, the power
converter is forced to alternate the buck and the boost operation
every fundamental cycle.

All the converters shown in Fig. 1 were tested in the sim-
ulation: the single-inductor unfolding buck–boost inverter, the
tapped inductor unfolding buck–boost inverter, and the single-
inductor twisted unfolding buck–boost inverter. As the tapped
inductor unfolding buck–boost inverter showed the same results
as the single-inductor unfolding buck–boost inverter, the former
will not be discussed here.

At the same time, the buck–boost inductance L1 was equal to
1.6 mH, and the unfolding capacitor C1 was 1.3 μF. The grid

filtering inductance Lf was equal to 0.33 mH, and the switching
frequency (fsw) was 62.5 kHz. The MPC presented above was
implemented and tuned to provide a good quality of the ig and
ipseudo
dc . The current control loop bandwidth is fsw/10 [33].

Fig. 8(a)–(f) shows the most interesting waveforms of the
simulation study for both the single-inductor unfolding buck–
boost inverter and the single-inductor twisted unfolding buck–
boost inverter. Instantaneous values of vg, ig, and inductance
current (iL1) are presented in the subfigures. In Fig. 8(a), the
simulation results correspond to a buck–boost inverter with an
unfolding circuit injecting just inductive reactive power with a
small value of the unfolding capacitor C1.

The reference reactive power for that case was 500 var.
The same test was performed using the single-inductor twisted
unfolding buck–boost inverter and the results are depicted in
Fig. 8(b). In both cases, a good sinusoidal shape of the grid
current is achievable.

The opposite phase shift in the reference current was pro-
grammed for both power converters as well. Thus, pure capac-
itive reactive power (ϕ1 = −90°) is injected into the grid in
Fig. 8(c) and (d) (the reference reactive power was −500 var).
In this situation, some current spikes appear in ig during the
zero-crossing of the grid voltage. During the zero-crossing of
the grid voltage, the current across the inductor has to change
the flow direction from positive to negative at the same time as
the unfolding inverter switch [similar to the transition between
the equivalent circuits from Fig. 8(b) and (c)]. As the capacitor
voltage vOUT is very low, the current speed rate in the inductance
is very high in this transition.

To mitigate the zero-crossing distortion of the ig, the unfolding
capacitor was increased from 1.3 to 15 μF. The obtained results
for the single-inductor unfolding buck–boost inverter and the
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Fig. 9. Experimental prototype of the twisted unfolding buck–boost inverter.

TABLE II
PROTOTYPE SPECIFICATION

single-inductor twisted unfolding buck–boost inverter are rep-
resented in Fig. 8(e) and (f), respectively. The figures show that
the grid current has improved its quality significantly.

It is important to note that we analyzed the most extreme cases,
i.e., pure inductive and capacitive power injection to the utility
grid. By this approach, the unfolding inverter was controlled at
the line frequency at any time. Thus, the full range of the power
factor (lagging to leading) can be covered with high efficiency.
Other control solutions as the unfolding circuit operation with
a PWM near the zero-voltage [22] may limit the power factor
range besides the reduction in the power converter efficiency.

V. EXPERIMENTAL VERIFICATION

To validate the reactive power injection capability of the
single-phase single-stage buck–boost inverter with the unfolding
circuit, a prototype of the twisted unfolding buck–boost inverter
[see Fig. 1(c)] was designed, assembled, and tested (see Fig. 9).
Table II shows the specification of the prototype.

The system for the experimental setup is divided into two
main printed circuit boards (PCBs), one with the power hardware
and the other for the control hardware. The passive components
are the same as in the simulation study for a fair comparison.
The power electronic switches of the prototype are composed of
SiC Mosfet transistors C2M0080120D. The unfolding circuit is
based on the Infineon Mosfet transistors IPB60R060P7ATMA1.

The control PCB contains the different sensors required for
the closed-loop MPC control and the synchronization block. The
current sensors ACS720 by Allegro allow a good overcurrent
protection with their digital outputs. The measurement stage
was isolated from the controller. The control unit is based on the
TMS320F28379D microcontroller by Texas Instruments. Our
experiments were conducted with a digital oscilloscope Tek-
tronix MDO4034b-3, with current probes Tektronix TCP0150
and voltage probes Tektronix TPA-BNC.

The components were selected according to the methodology
demonstrated in [25], [34]. The so-called power decoupling
approach is widely used in the single-phase systems [35], [36]
to mitigate the input current ripple. The simple input decoupling
capacitors widely used in industry are applied in this case.

Fig. 10 shows the main obtained experimental results, and
variables vg, ig, and inductance current (iL1) selected. Several
unfolding capacitors were used in experimental verification.
Fig. 10(a) shows the case where the twisted unfolding buck–
boost inverter is delivering 400 var, i.e., just inductive reactive
power is injected into the grid with ϕ1 = 90°. The inductor
current shows a waveform similar to the ideal shape mentioned
above. It can be seen that due to the high average value of the
current, the high-frequency ripple is very small. Furthermore,
the output current distortion during the zero-crossing of the
grid voltage is negligible. In the second test, the pure capacitive
reactive power injection to the grid (ϕ1 = −90°) was verified.
The reference reactive power was equal to −400 var. Similar
power quality in the grid current was obtained, proving the same
adequate performance [see Fig. 10(b)]. Finally, an intermediate
case where the power inverter injects active power and inductive
reactive power (330 W and 240 var) was studied, corresponding
to a power factor equal to 0.8 (0°<ϕ1 < 90°). The results of this
test are shown in Fig. 10(c). ig demonstrates very good quality.

Fig. 11 shows additional steady-state experimental results
with the transient process. The unfolding capacitor was equal
to 30 μF. Fig. 11(a)–(c) corresponds to the positive shifting
on 90° of the grid current (measured THD of ig was 4.64%).
The current in inductance cannot change immediately. Thus,
the inductor current cannot “jump” to a value with a different
polarity, not even if 100% of the duty cycle is applied. In this
particular case, it requires three PWM periods with 95% of the
duty cycle for changing the inductor current from a negative to
a positive value, as it is shown in Fig. 11(b) and (c). The voltage
across the inductor follows the expected voltage value without
any spikes. Moreover, the voltage across the inductor becomes
negative during the operation mode presented in Fig. 4(b), during
only the nonzero grid voltages.

Fig. 11(d)–(f) shows the operation with a negative phase shift
between the grid current and the grid voltage (measured THD
of ig was 9.27%). The voltage across the inductor switches
from the positive input source voltage value to the minus grid
voltage value, as it is demonstrated in Fig. 11(f). In this sense,
the inductor voltage is changing according to the steady-state
analysis strategy.

Finally, Figs. 12 and 13 show the experimental results of the
dynamic response. In the first case [see Fig. 12(a)–(c)], the grid
current changes from 8 A of the active power to 2 A of the
reactive power with a phase shift of 90° to the grid voltage.
Fig. 12(b) indicates the shapes of the input current and voltage
and the grid current and voltage during the current step. The
inductor current and the unfolding capacitor voltage are shown
in Fig. 13(c). The experimental results did not show abnormal
shapes of the grid current during the current step. MPC allowed
us to avoid any spikes during the transient process, going very
fast to the new reference current value. The second case corre-
sponds to a negative phase shift of −90° of the grid current, with
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Fig. 10. Experimental results (vOUT, ig, and iL1) with the twisted unfolding buck–boost inverter delivering reactive power to the grid: (a) pure inductive reactive
power injection (ϕ1 = 90°) and C1 = 15 μF, (b) pure capacitive reactive power injection (ϕ1 =−90°) and C1=15 μF, and (c) active and inductive reactive power
injection (0° < ϕ1 < 90°) and C1 = 15 μF.

Fig. 11. Experimental results with the generation of reactive power for the twisted buck–boost inverter based on the unfolding circuit: (a) positive shifting on
90° of the grid current, (b) and (c) transient process of the inductor current and voltage at zero crossing with 90° of grid current shifting, (d) shifting on −90° of
the grid current, (e) transient process of the inductor current and voltage at zero crossing with −90° of grid current shifting, and (f) high-switching ripples of the
inductor current with 30 μF of the unfolding capacitor.

a 30 μF capacitor in the unfolding circuit [see Fig. 12(d)–(f)].
MPC can keep a good THD value of the grid current in this
second case as well, even with the current step. However, it
required a higher horizon of prediction to get a more stable
current in the inductance. Fig. 12(e) and (f) shows the current
step from 4 A of the active power to 2 A of the reactive power
while the input voltage is 120 V.

Fig. 13 shows different dynamic reference current changes in
case the small unfolder capacitor equals 1.3 μF [see Fig. 13(a)–
(c)] and the increased unfolder capacitor 30 μF [see Fig. 13(d)–
(f)].

One of the advantages of using MPC is the possibility to
track very fast the reference current value without a soft-start.

However, the relay connection can cause a current spike in the
grid side because the turn-on time of the relay cannot be defined
exactly. The solution is to pre-charge the unfolding capacitor to
the grid voltage, as shown in Fig. 13(a)–(e).

Fig. 13(c) and (f) shows the experimental results of the dy-
namic response with the twisted buck–boost inverter based on
the unfolding circuit. In the first case, the grid current changes
from 8 A of the active power to 2 A of the reactive power with a
phase shift of 90° to the grid voltage. The experimental results
did not show abnormal shapes of the grid current during the
current step. MPC allowed us to avoid any spikes during the
transient process, going very fast to the new reference current
value. The second case corresponds to a negative phase shift of
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Fig. 12. Experimental results for the dynamic response of the twisted buck–boost inverter based on the unfolding circuit: (a)–(c) positive phase shift 90° of the
grid current, and (d)–(f) buck–boost case on the negative phase shift of the grid current with unfolding capactor 30 μF.

Fig. 13. Experimental results for the twisted buck–boost inverter based on the unfolding circuit: (a) soft-start of the active power generation, (b) soft-start of the
reactive power generation with capacitor precharge and positive phase shift, (c) current jump response with the changing mode of the grid reactive power injection,
(d) soft-start of the active power generation with the increased capacitor of the unfolding circuit to 30 μF, (e) soft-start of the reactive power injection to the grid
with current phase −90°, and (f) current step from active power to reactive with increased capacitor of the unfolding circuit to 30 μF.

−90° of the grid current and the same step (from 8 A of the active
power to 2 A of the reactive power,) with a 30μF capacitor in the
unfolding circuit [see Fig. 13(f)]. MPC can keep a good THD
value of the grid current in this second case as well, even with
the current step.

VI. CONCLUSION

The recently proposed family based on the single-phase buck–
boost inverter with unfolding circuits is a suitable solution for
renewable energy applications. To address the power quality
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standards, such systems have to contribute to voltage support
by delivering reactive power. However, this statement has been
questioned in some recent papers [27], [28], since the con-
ventional inverters based on unfolding circuits operate at the
unity power factor. Our work has demonstrated how the reactive
power can be injected (both pure inductive and pure capacitive
reactive power) using these topologies. In the case of the pure
inductive reactive power injection, the pure sinusoidal shape of
current can be achieved with a very small unfolding capacitor
initially calculated for active power generation. In the case of
pure capacitive reactive power injection, a good quality grid
current waveform can be achieved by an increased value of the
unfolding capacitors.

The studied feature makes this solution even more interesting
for low voltage grid-connected applications as it can provide
ancillary services to the utility.
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