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Abstract—A novel single-phase converter topology based on
a flying inductor (FI) is proposed in this article. The proposed
converter has buck and boost functionalities and can adapt to a
wide range of input voltage changes. The converter has a dynamic
voltage gain and can provide a fixed ac voltage output with dif-
ferent dc input voltages. Common coupling is established between
the input and output, which is very suitable in renewable energy
systems where the isolation can be eliminated. The absence of elec-
trolytic capacitors can contribute to the longevity of the converter.
Nonunity power factor loads can be fed by the proposed converter.
In addition, the single-stage power processing makes the proposed
converter a suitable interface between ac and dc microgrids and can
achieve extremely high efficiency. The operating modes and design
of passive elements have been fully investigated in this article. To
show the advantages of the proposed converter, a comparison has
been made with other converters. Finally, to validate the perfor-
mance of the proposed converter topology, an experimental setup
of 3 kW/7 kW was built and the experimental results verified the
theoretic analysis and demonstrated the superior performance of
the proposed topology.

Index Terms—Buck–boost capability, flying inductor, single-
phase, single-stage.

I. INTRODUCTION

THE advent of ac transformers in the early days of electricity
enabled the development of cost-effective, high-voltage

transmission systems spanning long distances [1]. This achieve-
ment, coupled with the absence of dc–dc converters, resulted
in the prevalence of ac over dc, shaping today’s infrastructure
around ac systems [2]. However, recent advancements in power
electronic converters have rendered transformers unnecessary
in many applications, as they are now considered inefficient
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Fig. 1. Universal converter in a simplified hybrid power system [3].

and costly [3]. The emergence of dc–dc power converters at
various levels has made it feasible to establish dc grids [4],
[5]. Unlike ac grids, dc grids do not face challenges such as
harmonic suppression, skin effect, reactive power compensation,
frequency, and voltage stabilization. Additionally, dc power
systems are more compatible with renewable energy sources,
energy storage systems, LED lighting, and electric vehicles
due to their inherent dc nature [6]. Furthermore, the use of dc
grids is more efficient and cost-effective compared to multistage
ac power systems involving dc–dc and dc–ac converters [7].
DC power systems offer technical advantages such as higher
efficiency, the absence of reactive power, and the elimination of
bulky line-frequency transformers. Therefore, dc grids present
a promising solution to the modern renewable-rich power girds
[8]. Despite these benefits, the dominant use of ac remains a
challenge, primarily due to the lack of a viable business model
for dc grid implementation. Investors are hesitant to explore
the potential applications of dc grids, while power electronics
manufacturers are not rushing to produce dc appliances. Addi-
tionally, there is a lack of clear vision and specific standards for
dc grids. Determining the appropriate voltage level for dc grids
is also a subject of debate. Studies have suggested that 326, 350,
and 380 volts are suitable dc voltage levels [9], [10]. Where
326 V is the output voltage of the passive rectifier, 380 V is the
output voltage of the active rectifier or power factor correction
plus passive rectifier, and 350 V is the voltage between the
midpoint and either of the positive or negative lines in three-wire
dc systems. However, significant work is needed to finalize the
necessary standards for dc grids. Consequently, dc is unlikely
to fully replace ac in the near term, and the transition from ac
to dc will be gradual and a hybrid power system will emerge,
incorporating both dc and ac grids. Such a hybrid system, illus-
trated in Fig. 1, would allow for dynamic access to the available
grid [3].
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The majority of current dc–ac inverters can serve as potential
solutions for universal dc–dc/ac power conversion. In [11] and
[12], universal dc–dc/ac power converters are presented, utiliz-
ing a buck–boost dc–dc converter with an unfolding circuit. The
switches in the unfolding stage operate at a low grid frequency,
minimizing switching losses. Additionally, these topologies use
a low-value capacitor, contributing to higher power density.
However, these solutions do not completely eliminate leakage
current.

Among alternative solutions, there has been notable interest
in impedance-source (IS) based inverters. The Z-source inverter
(ZSI), introduced in [13] as a single-stage solution, addresses the
limitations of conventional grid-connected inverters by offering
both buck and boost modes without encountering shoot-through
states. Several other variations of IS networks have been sug-
gested [14], [15]. However, issues regarding the size of passive
components and the stress of semiconductor devices have been
noted [16], casting doubt on its practical application.

Some modifications of the current source inverter, as de-
scribed in [17] and [18], are known as CH5 and CH7 topologies.
These designs feature reduced leakage current and can operate
at voltages below the peak of the grid voltage, but they have
limited input voltage regulation capability and cannot control
reactive power.

Switched-capacitor (SC) or flying capacitor structures are
considered potential solutions with extended input voltage range
regulation [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28], [29]. However, the structures proposed in [19] and [20] are
unable to increase voltage, requiring a boost converter at voltages
below the peak of the grid voltage. Additionally, SC-based
common ground structures suffer from inrush charge current
issues, which reduce capacitor lifespan and necessitate larger
switches and diodes. Wang et al. [30] introduced a converter with
buck–boost capability, albeit with more energy storage elements.

Concurrently, there is a growing research focus on the reliabil-
ity of power electronics [31]. One of the primary challenges lies
in the reliability of converter components. Industrial experience
indicates that converters are often sources of failure in various
applications, such as wind and PV systems, primarily due to
electrolytic capacitor failures. Consequently, there is a trend
to mitigate this issue by substituting electronic capacitors for
electrolytic ones and/or utilizing topologies that do not rely on
large capacitance values. Tofigh Azary et al. [32], Husev et al.
[33], Kurdkandi et al. [34], and Wang et al. [35] introduced some
topologies based on the flying inductor (FI) concept, featuring
buck–boost capability and eliminating the need for electrolytic
capacitors.

In this article, a novel converter topology based on a flying-
inductor with buck–boost capability is presented. The buck–
boost capability allows the converter to adapt a wide range
of dc input voltages and perform the process of transferring
power from input to output with single-stage power conversion.
Common coupling between the input and the output, nonunity
power factor load support, and bidirectionality are other features
of the proposed converter topology, hence, making this converter
as a possible solution for universal application.

The unique advantages of the proposed converter can be
summarized as follows:

Fig. 2. Buck, boost, and buck–boost operation zones of the proposed converter.

1) Buck–boot capability and dynamic voltage gain that can
convert any dc voltage to a fixed ac or dc output.

2) Bidirectional capability that make it suitable for the
battery-based energy storage system.

3) Common coupling between input and output that elimi-
nates leakage current in the system.

4) Extremely high efficiency, reaching 99.2% in dc–dc mode
and 97.7% in dc–ac mode.

5) Single-stage power conversion.
6) Heavy nonunity power factor load support.
The rest of this article is organized as follows. In Sections II

and III, the proposed converter topology and its operating modes
are explained. In Section IV, design guidelines, current stress,
and voltage stress of switches are discussed. In Section V, the
proposed converter is compared with other converters. Sec-
tion VI presents control system explanation of this article. In
Section VII, the performance of the proposed converter is val-
idated by experimental results. Finally, Section VIII concludes
this article.

II. PROPOSED FI-BASED CONVERTER

The proposed circuit topology is shown in Fig. 3(a). This
converter is proposed to generate ac and dc voltages at its output
terminal without redundancy, which is very efficient for ac and
dc microgrids. The proposed converter topology is based on
flying inductor technology and does not have any electrolytic
capacitors in the intermediate connections, which can help the
converter’s longevity. The proposed converter has buck–boost
capability in a single-stage power conversion. Hence, the pro-
posed converter can achieve a high efficiency and transfer power
to the load or power grid in a wide range of input voltage without
an additional boost converter. The proposed converter consists
of eight MOSFET switches, an inductor, and a capacitor. The
function of inductor L is to receive energy from the input dc
voltage source and transfer it to the output side of the con-
verter. The output capacitor Cf acts as a filter. Inductor L has
a bidirectional current and the polarity of the current is different
in the positive and negative half cycles. In this topology, the
output filter consists of only one capacitor Cf and there is no
inductor in the output of the converter. Therefore, the loss of
the output filter is at its lowest value. Switches S3 to S8 act as
four-quadrant switches and block voltage and current in two
directions.

The solid-state circuit breaker (SSCB) switch is also a fast
switch that can disconnect the converter from the ac and dc
network side when necessary and during a fault. Since the
proposed converter has bidirectional power capability, it is a
very suitable interface for the battery energy storage system
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Fig. 3. (a) Proposed flying-inductor-based converter, operation modes of the proposed converter in symmetric conditions. (b) Active mode in the positive half
cycle. (c) Freewheeling mode in the positive half cycle. (d) Active mode in the negative half cycle. (e) Freewheeling mode in the negative half cycle.

and can be placed between the power grid and the battery pack
system on a domestic scale. The battery storage system can be
charged from the power grid during low grid load times and
return its energy to the grid at the peak of consumption. The
direct connection between the positive terminal of the input
source and the neutral terminal of the output power grid keeps
the common mode voltage constant and eliminates the leakage
current in the grid-connected photovoltaic system. Finally, the
ability to reverse current in the proposed converter makes it
possible to feed nonunity power factor loads with this converter
or to control reactive power in grid-connected mode.

III. OPERATION MODES OF THE PROPOSED FI-BASED

UNIVERSAL CONVERTER

In this section, the operating modes of the proposed converter
are explained. For the proposed topology, symmetric and asym-
metric conditions can be considered. In symmetric conditions,
the current of inductor L is equal in the positive and negative half
cycle, while in asymmetric conditions, the inductor current in
the positive and negative half cycle is not equal and has different
values. In symmetric conditions, the proposed converter works
in buck–boost mode in both positive and negative half cycles.
While in asymmetric operation, the proposed converter works
in buck–boost mode in the positive half-cycle and in buck mode
and then boost mode in the negative half-cycle. When the input
voltage is higher than the instantaneous value of the output
voltage, the converter operates in buck mode in the negative half
cycle, and when the input voltage is lower than the instantaneous
value of the output voltage, the converter operates in boost mode.
If the input voltage is higher than the peak value of the output
voltage, the proposed converter acts as a buck converter in the
entire negative half-cycle interval.

Fig. 2 shows the operational principle of the proposed con-
verter for asymmetric conditions. It can be seen from Fig. 2 that
the proposed converter topology works in the buck–boost mode
for the first half-cycle, regardless of the input voltage, while the
negative half-cycle performance depends on the input voltage.

As shown in Fig. 2, the converter works in buck–boost mode in
Area 1, in buck mode in Area 2, and in boost mode in Area 3.

A. Symmetric Conditions, Positive Half Cycle, and Active
Mode

The equivalent circuit of the proposed converter in active
mode and the positive half cycle is shown in Fig. 3(b). In this
figure, switches S2, S3, and S4 are ON and cause inductor L to
be charged by the input source. Switch S8 is ON, but no current
passes through this switch. In this operating mode, the current
of the load or grid closes its path from the output capacitor Cf.

B. Symmetric Conditions, Positive Half Cycle, and
Freewheeling Mode

The equivalent circuit of the proposed converter in freewheel-
ing mode and the positive half cycle is shown in Fig. 3(c). In
this figure, switches S2, S7, and S8 are ON and transfer the stored
energy in inductor L to the output load and filter Cf. Switch
S4 is ON, but its current is zero. In the positive half cycle and
symmetric conditions, switches S2, S4, and S8 are fully ON, and
switches S3 and S7 operate at the switching frequency.

C. Symmetric Conditions, Negative Half Cycle, and Active
Mode

The equivalent circuit of the proposed converter in active
mode and negative half cycle is shown in Fig. 3(d). In this op-
erating mode, the current direction of inductor L is the opposite
of the operating modes in the positive half cycle. Switches S1,
S5, and S6 are ON and cause inductor L to be charged from the
input source. Switch S7 is also ON in this operating mode, but
its current is zero. In this working mode, the current of the load
or grid closes its path from the output capacitor Cf.

D. Symmetric Conditions, Negative Half Cycle, and
Freewheeling Mode

The equivalent circuit of the proposed converter in freewheel-
ing mode and the positive half cycle is shown in Fig. 3(e).
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Fig. 4. Operation modes of the proposed converter in asymmetric conditions and negative half cycle. (a) Active mode in buck state. (b) Freewheeling mode in
buck state. (c) Active mode in boost state. (d) Freewheeling mode in boost state.

Switches S2, S7, and S8 are on and release the stored energy
in inductor L towards the output. Switch S6 is also ON in this
working mode, but there is no current. In this mode, capacitor Cf
is charged by inductor L. In the negative half cycle and symmetric
conditions, switches S6 and S7 are fully ON, and switches S1, S5,
and S8 operate at the switching frequency. As a general point, it
can be stated that inductor L acts as an energy storage component
in symmetric conditions. In other words, it stores energy in a
portion of one switching cycle and transfers its energy to the
output in another portion of the switching cycle.

E. Asymmetric Conditions, Negative Half Cycle, and Buck
Mode

In asymmetric conditions, the operating modes of the pro-
posed converter in the positive half cycle are the same as in
symmetric conditions and only the working modes in the nega-
tive half cycle are different. In the negative half cycle, when the
instantaneous value of |Vout| is lower than the input voltage, the
converter operates in buck mode. In buck mode, inductor L acts
as a filter. Fig. 4(a) shows the equivalent circuit of the proposed
converter in active mode. In this operating mode, switches S1,
S7, and S8 are ON and cause the current of inductor L to increase
because the input voltage is greater than the instantaneous value
of |Vout|. Fig. 4(b) shows the equivalent circuit of the proposed
converter in buck mode and in a freewheeling state. In this
operating mode, switches S2, S7, and S8 are ON and create a
path for the current of inductor L to pass. Although switch S6 is
on during this entire interval, no current passes through it.

F. Asymmetric Conditions, Negative Half Cycle, and Boost
Mode

In the negative half-scale and when the instantaneous value of
the voltage |Vout| is greater than the input voltage, this operation
mode occurs. The equivalent circuit of the proposed converter
in active state and boost mode is shown in Fig. 4(c). Switches
S1, S5, and S6 are ON and charge inductor L from the input
source. The current of the output passes through capacitor Cf.

Although switch S7 is ON, its current is zero. In boost mode, the
freewheeling state is shown in Fig. 4(d). Switches S1, S7, and
S8 are ON and pass the current of inductor L. Switch S6 is ON,
but its current is zero. Although Fig. 4(a) and (d) are equal, in
Fig. 4(a), the inductor current is increasing, and in Fig. 4(d), the
inductor current is decreasing. Table I presents the duty cycle
of each switch for the positive and negative half-cycles of the
output voltage. According to this table, during the positive half-
cycle, regardless of the dc input voltage level, the duty cycle for
the switches is either dbuck�boost(t) or 1-dbuck�boost(t), where
dbuck�boost(t) is defined in (4). The duty cycle in the negative
half-cycle varies for the switches and depends on the dc input
voltage level. If the absolute value of the instantaneous output
voltage is greater than the dc input voltage level, then the duty
cycle of the switches will be either dbuck(t) or 1-dbuck(t). If the
absolute value of the instantaneous output voltage is less than the
dc input voltage level, then the duty cycle will be either dboost(t)
or 1-dboost(t). The values for dbuck(t) and dboost(t) are given
in (5) and (6), respectively. The duty cycle waveforms of the
switches are shown in Fig. 5. These waveforms have been drawn
based on the data presented in Table I. Fig. 5(a) shows the duty
cycles related to switches S1–S4, while Fig. 5(b) shows the duty
cycles of switches S5–S8. It is worth noting that Table I is very
useful for practical implementation and generating pulsewidth
modulation (PWM) pulses in the microcontroller.

IV. DESIGN GUIDELINES

In this section, the calculation of the duty cycle in different
operating modes, the design of inductor L and the output capac-
itor Cf, as well as the calculation of the voltage stress and the
current stress of the switches are discussed.

A. Duty Cycle Calculation

In unity power factor mode, the voltage and output current
equation of the proposed converter in dc–ac operating mode is
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TABLE I
DUTY CYCLE OF SWITCHES IN POSITIVE AND NEGATIVE HALF CYCLES

Fig. 5. (a) Duty cycle waveform of switches S1–S4, (b) duty cycle waveform
of switches S5–S8.

expressed as

vout(t) = Vout,max sin (�t) (1)

iout(t) = Iout,max sin (�t) (2)

where Vout,max and Iout,max are the peak output voltage and
current. In order to calculate the switching duty cycle in the
buck–boost mode, the volt-second balance law (VSBL) in a full
switching period for inductor L is written as

|vout(t)|
Vin

=
dbuck�boost(t)

1� dbuck�boost(t)
(3)

where dbuck�boost is duty cycle of the converter in Buck-Boost
mode. By simplifying (3), the duty cycle in buck–boost mode
can be calculated as

dbuck�boost(t)=
|vout(t)|

|vout(t)|+ Vin
=

Vout,max |sin (� t)|
Vout,max |sin (� t)|+ Vin

.

(4)
By applying VSBL to inductor L in buck and boost modes, the

switching duty cycle for buck and boost modes can be calculated
as

dbuck(t) =
|vout(t)|
Vin

=
Vout,max |sin (� t)|

Vin
(5)

dBoost(t) =
|vout(t)| � Vin

|vout(t)|
=

Vout,max |sin (� t)| � Vin

Vout,max |sin (� t)|
. (6)

In (5) and (6), dbuck and dboost are duty cycles of the converter
in buck and boost modes. The dynamic voltage gain of the
proposed converter in the three operating modes, buck, boost,

and buck–boost, is presented in

gbuck =
|vout|
Vin

= dbuck (7)

gboost =
|vout|
Vin

=
1

1� dboost
(8)

gbuck_boost =
|vout|
Vin

=
dbuck_boost

1� dbuck_boost
. (9)

In (7) to (9), gbuck, gboost, and gbuck_boost are the voltage gain
of the converter in buck, boost, and buck–boost operating modes,
respectively. The duration of active mode (ton) and freewheeling
mode (toff) in each of the buck, boost, and buck–boost operating
modes is calculated as

ton,buck(t) =
dbuck(t)
fS

=
Vout,max |sin (� t)|

fS • Vin
(10)

to�,buck(t) =
1� dBuck(t)

fS
=

Vin � Vout,max |sin (� t)|
fS • Vin

(11)

ton,boost(t) =
dboost(t)

fS
=

Vout,max |sin (� t)| � Vin

fS • Vout,max |sin (� t)|
(12)

to�,boost(t) =
1� dboost(t)

fS

=
Vin

fS • Vout,max |sin (� t)|
(13)

ton,buck�boost(t) =
dbuck�boost(t)

fS

=
Vout,max |sin (� t)|

fS (Vin + Vout,max |sin (� t)|)
(14)

to�,buck�boost(t) =
1� dbuck�boost(t)

fS

=
Vin

fS (Vin + Vout,max |sin (� t)|)
. (15)

In the above relationships, ton-buck, t on-boost, and
t on-buck�boost represent the active state duration in buck, boost,
and buck–boost operating modes, respectively. Also, t off-buck,
t off-boost, and t off-buck�boost represent the freewheeling state
duration in buck, boost, and buck–boost operating modes,
respectively, and fS is the switching frequency.

B. Calculation of Flying Inductor L

The value of inductor L can be calculated for three operating
modes: buck, boost, and buck–boost. Since inductor L has the
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highest current ripple in buck–boost mode, therefore, buck–
boost mode is used to calculate the value of this inductor. In the
buck–boost mode, the current ripple of inductor L is expressed
as

�iL(t) =
Vin • dbuck�boost(t)

fS • L

=
Vin • Vout,max |sin (� t)|

fS • L • (Vout,max |sin (� t)|+ Vdc)
. (16)

At the unity power factor and the instant �t= �/2, the output
instantaneous power has its maximum value, and the current
ripple of inductor L is at its maximum value. As a result, L is
calculated as

L =
Vin • Vout,max

fS •�IL,max • (Vout,max + Vdc)
(17)

where�IL,max is the maximum current ripple of inductor L. The
maximum switching duty cycle in buck–boost mode is expressed
as

Dbuck�boost,max =
Vout,max

Vout,max + Vin
. (18)

The maximum current ripple of the inductor L based on the
output power Pout is expressed as

�IL,max = KL,maxIL,max = KL,max •
Iout,max

1�Dbuck�boost,max
(19)

where KL,max is the ripple percentage of the inductor current. By
inserting (18) into (19), the following relation can be obtained:

�IL,max =
2KL,max • Pout • (Vin + Vout,max)

Vin • Vout,max
. (20)

Finally, by inserting (20) into (17), L is calculated based on
the output power and current ripple percentage

L =
(Vin • Vout,max)2

2KL,max • Pout • fS • (Vout,max + Vdc)2
. (21)

C. Calculation of Output Filter Capacitor Cf

Capacitor Cf has the highest voltage ripple in buck–boost
operating mode. During the active state interval, the current
passing through capacitor Cf is equal to the output current, so
the capacitor voltage ripple equation can be written as

�vCf = 1
Cf

� ton,buck�boost
0 Iout,max sin (�t) dt

= Iout,max
�•Cf

(1� cos (�ton,buck�boost)) .
(22)

The maximum ton,buck�boost occurs per Dbuck�boost,max.
Therefore, by placing (14) in (22), Cf is calculated as

Cf =
2Pout

(2�fg) •�VCf,max • Vout,max
�
1� cos

�
(2�fg) • Vout,max

fS • (Vin + Vout,max)

��
(23)

were fg is the frequency of the output voltage or the frequency
of the grid and �VCf,max is the maximum voltage ripple of the
output capacitor.

TABLE II
VOLTAGE STRESS OF SWITCHES USED IN THE PROPOSED CONVERTER

D. Voltage and Current Stress of the Power Electronic
Switches

In the proposed converter, the switches charge inductor L from
the input source during a portion of the cycle and transfer the
stored energy in the inductor to the output filter Cf. Therefore,
the current stress of all switches is equal to the current of L. In
the same output power, the current value of L in the buck–boost
mode is higher than in the buck and boost modes, so the current
of L is calculated in the buck–boost mode. The current equation
of the L is expressed as follows, based on the output current and
ripple of the inductor current:

iL(t) =
iout(t)

1� dbuck�boost(t)
+

�iL(t)
2

(24)

IL,max =
2Pout

Vout,max •
�
1� Vout,max

Vout,max+Vin

�

+
KL,max • Pout • (Vout,max + Vin)

Vin • Vout,max

= Pout (2 +KL,max) •
�
Vin + Vout,max

Vin • Vout,max

�
. (25)

The maximum current of inductor L occurs in the maximum
output current, maximum duty cycle, and maximum inductor
current ripple. Therefore, the maximum current of inductor L
can be calculated in (25). The voltage stress of the switches in
the proposed converter is shown in Table II. The voltage stress
of switches S4, S5, and S8 is different when the input voltage
is lower than the peak of the output voltage and when the input
voltage is higher than the peak of the output voltage.

V. COMPARISON STUDY

In this section, the proposed converter is compared with other
converters. In the experimental setup of the converters proposed
in other papers, different equipment, and components have been
used, and these converters are made in different powers, so it is
not possible to make a fair comparison of the reported results in
the papers. For the comparison between converters to be com-
pletely identical and fair, all converters compared are simulated
in the same conditions by PSIM software. In this simulation, the
input voltage for all converters is equal to 200 V and the output
voltage is equal to 230 V rms. The output frequency is 32 kHz
and the output power is 1.5 kW. Considering the value of 500µH
for inductor L, its current ripple in 1.5 kW is about 30.7%. The
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TABLE III
VALUES OF THE PASSIVE COMPONENTS IN THE COMPARED CONVERTERS

value of the output filter capacitor is considered equal to 10 µF,
whose voltage ripple is about 5.8%. Also, the ripple value of
the output load current is equal to 5.8%. Considering the same
current ripple percentage for inductors and the same voltage
ripple percentage for capacitors, the values of inductors and
capacitors of other converters are given in Table III.

During the simulation, the internal resistance of the switches
and diodes is 50 m� and the internal voltage drop of the diodes is
0.7 V. The internal resistance for low-value capacitors, which can
be film capacitors, is about 10 m�, and for high-value capacitors,
which are electrolytic, about 0.1 �. Also, the internal resistance
for the inductor with a value of 500µH is considered to be around
75 m�, and the internal resistance of other inductors is updated
by the following relation:

Rnew

Rold
=

�
Lnew

Lold
. (26)

In the above relation, the Rold resistance is equal to 75 m�,
and Rnew is the updated value of the internal resistance of the
new inductor. A good way to compare converters in terms of the
volume of passive components is to calculate the total maximum
energy stored in inductors and capacitors, which is calculated
by the following relationships:

V olL �= WL = 0.5×
NL�

i=1

Li • I2L,max (27)

V olC �= WC = 0.5×
NC�

i=1

Ci • V 2
C,max. (28)

In relations (27) and (28), WL is the total maximum energy
stored in the inductors of the converter and WC is the total maxi-
mum energy stored in the capacitors of the converter. NL and NC
are the number of inductors and capacitors of converters. Also,
IL,max, and Vc,max are the maximum current of inductors and
the maximum voltage of capacitors. To calculate total standing
voltage (TSV) in converters, (29) is used, which is given as
follows:

TSV =

ND+NS	

i=0
Vi

Vin
. (29)

In relation (29), NS and ND are the number of switches and
diodes of converters. Table IV shows the comparison between
the proposed converter and other converters. The parameters
compared in this table are the number of switches, the number
of diodes, the number of inductors, the number of capacitors, the
total maximum energy stored in inductors and capacitors, TSV,
boosting factor, conduction losses, efficiency under the same
condition, reported efficiency, and also the common coupling
capability between input and output.

Type-I, Type-III, and Type-IV converters in [34], although
in terms of the maximum stored energy in capacitors, they
have a lower value than the proposed converter, but each of
these converters has one more inductor. Also, in terms of the
maximum stored energy in the inductors, they have more value
than the proposed converter. The conduction losses of these
converters are high compared to the proposed converter, and
the TSV of Type-I and Type-III converters is also higher than the
proposed converter. The Type-I converter has one more switch
than the proposed converter. Although the Type-II converter has
one less switch than the proposed converter, and also has less
TSV and maximum stored energy in capacitors, but it has one
more inductor than the proposed converter, its conduction losses
are higher and the common coupling between the input and the
output is not established. Although the converter [33] has two
switches less than the proposed converter, and in terms of TSV
and maximum stored energy in capacitors, it is a little low, but it
has two inductors and one more capacitor, it has high conduction
losses and in terms of maximum stored energy in the inductors
has a higher value than the proposed converter. In terms of
the maximum stored energy in capacitors, the converter [32]
has a lower value than the proposed converter, but it has two
switches and one inductor more than the proposed converter.
Also, conduction losses, TSV and the maximum stored energy
in the inductors of this converter are more than the proposed
converter. The converter [12] has fewer switches than the pro-
posed converter, and the maximum stored energy in capacitors
and TSV of this converter is also lower. Instead, it has one more
inductor than the proposed converter, it has high conduction
losses and the maximum stored energy inside the inductors of
this converter is more than the proposed converter. Also, in
this converter, a common coupling between input and output
is not established. In the converter [35], although the maximum
stored energy in capacitors is low compared to the proposed
converter, the maximum stored energy in inductors is very high,
conduction losses and TSV are high, and it has four diodes and
two inductors more than the proposed converter. Converters [23]
and [28] are of SC type. Although the maximum stored energy in
the inductors of these converters is low compared to the proposed
converter, the maximum stored energy inside the capacitors of
these converters is very high. TSV and conduction losses are
higher, the number of capacitors is higher and their voltage gain
is limited. Although the converter [23] has two switches less
than the proposed converter, but instead it has three more diodes
than the proposed converter. Despite the low number of switches
and TSV in the converter [30], the number of diodes, capacitors,
and inductors is more than the proposed converter. Also, this
converter has higher conduction losses and the maximum stored
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TABLE IV
COMPARISON TABLE BETWEEN PROPOSED CONVERTER AND OTHER CONVERTERS

Fig. 6. Comparison between proposed converter and other converters. (a) Number of switches. (b) Number of diodes. (c) Number of capacitors. (d) Number of
inductors. (e) Maximum stored energy in inductors (W_L). (f) Maximum stored energy in capacitors, (W_C). (g) Total standing voltage (TSV). (h) Conduction
losses.

energy in inductors and capacitors in this converter is more than
the proposed converter. Finally, although the converter [27] has
two switches less than the proposed converter, the maximum
stored energy in inductors and TVS is lower. Instead, it has two
diodes and two more capacitors than the proposed converter, the
maximum stored energy in the capacitors is high, it has more
conduction losses than the proposed converter, and it also has a
limited voltage gain. In order to better understand the compari-
son table, Fig. 6 is given. It should be noted that this figure was
drawn directly from the information in Table IV. According to
the efficiency factor under the same condition in Table IV, it is
observed that the proposed converter has the highest efficiency
compared to other converters. It is noted that this efficiency has
been obtained for all converters under the same conditions. If the
reported efficiency factor is also considered, it is observed that
at around 2.9 kW power, the proposed converter has the highest
efficiency. A notable feature that can be stated for the proposed
converter in comparison with the converters in [33] and [34] is
its flatter efficiency curve. If Fig. 15(a) and (b) as well as Fig. 16
of the proposed converter are compared with the efficiency
shown in the converters [33] and [34], it is observed that the
experimental efficiency in the proposed converter is flatter than
these references. In other words, the proposed converter has high
efficiency in a wide range of output power, while the converters
[33] and [34] only show high efficiency around 1 kW power and

Fig. 7. Control circuit of the proposed universal converter in DC–DC/AC
applications.

have lower efficiency than the proposed converter at other power
outputs.

VI. CONTROL SYSTEM EXPLANATION

A general block diagram of the proposed control strategy
for the proposed solution is presented in Fig. 7. In this study,
several possible control modes are considered. Before the SSCB
connection, the control system determines what type of grid is
available. The phase-locked loop (PLL) provides synchroniza-
tion in the case of an ac grid connection. SSCB is connected to
the grid in the case of voltage zero crossing detection and starts
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working properly with the ac grid-connected algorithm. If the
PLL did not detect the ac grid, the control system will check
the dc voltage. If the dc grid is detected, the control system
recharges the capacitor Cf to the same voltage level, and SSCB
switches on with the appropriate dc current control mode. In a
very general case, the grid current controller for both the dc and
the ac grid can be realized in many ways. It does not need any
additional computational resources because only one (dc or ac)
strategy is utilized at any moment of time. The control system
can inject both dc and ac harmonics, which in turn, is used to
detect islanding operation. If the islanding operation is detected,
the converter has to stop and relaunch after corresponding ex-
ternal permission in the grid-forming operation. In solar energy
applications, the maximum power point tracking (MPPT) block
is used for adjusting the reference grid current ig,ref according
to the operation point observed on the PV array. This approach
is similar to any solar converter. In the battery application, this
control block is replaced by the reference current generation
considering measured voltage and current (Vin and Iin). In the ac
grid connection, the ac reference grid current ig,ref is elaborated
by means of reference peak current Ig,max multiplication with
a sinusoidal signal from the PLL block. By the scalable factors,
the waveform of the reference ig,ref is synchronized with the
fundamental component from the voltage at the point of common
coupling (vg). The reference ig,ref subtracted by the real grid cur-
rent ig is given to the current control block. The current controller
output (�vg) and grid voltage vg provide the duty cycle to be
realized across the output capacitor Cf. In order to realize this
voltage, the intermediate calculation block is utilized. Taking
into account the measured input voltage, using the duty cycle
equations, the block defines the value of the corresponding duty
cycles. These values are given to the conventional PWM blocks.
The MPPT and PLL blocks are not discussed in detail here.
A conventional second-order generalized integrator regulator
is one the best options for PLL. Similarly, the most common
methods for the realization of MPPT are the perturb and observe
(P&O) or incremental conductance (IC). Some of the studies
utilize modifications of the P&O or IC MPPT methods. There are
many options for realizing the grid current control. In this case,
the proportional-resonant and repetitive controller is utilized for
the ac mode, and a simple PI is used for the dc mode. It should
be mentioned that alternative nonlinear methods, such as model
predictive control, can be utilized as well.

VII. EXPERIMENTAL VALIDATION

The performance and capabilities of the proposed converter
are validated by experimental results in this section. The pa-
rameters of active and passive components used in the experi-
mental setup are given in Table V. The experimental setup is
shown in Fig. 8. The TMS320F280049 microcontroller was
used to generate PWM pulses and control the proposed con-
verter. A programmable dc power supply 62100H-600 from
Chroma was used as an input voltage source (PV Simulator).
YOKOGAWA-WT1800 power analyzer was used to measure
the efficiency of the converter at different operating points.

TABLE V
EXPERIMENTAL PARAMETERS

Fig. 8. Laboratory prototype of the proposed converter.

Tektronix-MDO4054-3 oscilloscope was used to capture the ex-
perimental waveforms. Tektronix-TCPA300 current probe and
Tektronix TPA-BNC voltage probe were used to measure volt-
ages and currents. In this converter, only a 22 µF film capacitor
is used for the output filter, and the output load is resistive.
Fig. 9(a) shows the output voltage (Vout), output current (Iout),
inductor current, and input voltage. In Fig. 9(a), the converter is
in symmetric conditions and the inductor current has the same
value in the positive and negative half cycles. The proposed
converter works like a buck–boost converter in the positive and
negative half cycles. The peak value of the output voltage is
325 V (230 V rms) and the peak value of the output current is
16.6 A.

Therefore, the output power is 2.7 kW. The input voltage is
400 V and the converter is in buck mode. Fig. 9(b) shows the
output voltage Vout, inductor current, input voltage, and input
current. The output power is 2.7 kW and the input voltage is
400 V. Fig. 9(c) shows the output voltage Vout, output current
Iout, inductor current, and input voltage in asymmetric con-
ditions. The input voltage is 400 V and the output power is
2.7 kW. Since the converter is in asymmetric conditions, the
performance in the positive half-cycle is the same as the buck–
boost converter, and in the negative half-cycle, it is the same as
the buck converter. Despite the asymmetry of the current of the
inductor L in the positive and negative half cycles, the output
voltage and current are symmetrical and sinusoidal. Fig. 9(d)
shows the output voltage Vout, inductor current L, input voltage
Vin, and input current where the output power is 2.7 kW and
the input voltage is 400 V. According to Fig. 9(b) and (d), it
can be seen that the input current of the converter is different
in symmetric and asymmetric conditions. Since at the same
output power, the current of inductor L in asymmetric conditions
is lower than that in symmetric conditions, the efficiency of
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Fig. 9. Vin = 400 V, Vout = 230 V rms, Pout = 2.7 kW. Symmetric conditions: (a) Input voltage, flying inductor current, output voltage, and output current.
(b) Input voltage, input current, flying inductor current, and output voltage. Asymmetric conditions: (c) Input voltage, flying inductor current, output voltage, and
output current, and (d) input voltage, input current, flying inductor current, and output voltage.

Fig. 10. Vin = 200 V, Vout = 230 V rms, Pout = 1.5 kW. Symmetric conditions: (a) Input voltage, flying inductor current, output voltage, and output current,
(b) input voltage, input current, flying inductor current, and output voltage. Asymmetric conditions: (c) Input voltage, flying inductor current, output voltage, and
output current, and (d) input voltage, input current, flying inductor current, and output voltage.

Fig. 11. Step change conditions: Input voltage (400 V), flying inductor current, output voltage, and output current, symmetric conditions. (a) Output power from
0.8 kW to 2 kW, (b) output power from 2 kW to 0.8 kW, (c) asymmetric conditions and output power from 0.8 kW to 2 kW, and (d) nonunity power factor load
with the power of 0.83 kVA and PF = 0.32 lead.

the converter in asymmetric conditions is higher than that in
symmetric conditions.

Considering that the converter has the ability to increase the
voltage, therefore, it can inject power to the output at input
voltages lower than the peak output voltage. For this purpose,
Fig. 10 is given.

Fig 10(a) shows the output voltage Vout, output current Iout,
inductor current IL, and input voltage. In this figure, the input
voltage is 200 V and the peak output voltage is 325 V. The output
power is 1.5 kW. Fig. 10(b) shows the output voltage, inductor
current, input voltage, and input current. The input voltage is
200 V and the output power is 1.5 kW. In Fig. 10(a) and (b),

the converter is in symmetric conditions. Considering that the
input voltage is lower than the peak output voltage, the converter
works in boost mode. In order to show the performance of the
converter in boost mode and asymmetric conditions, Fig. 10(c)
and (d) is given. In these figures, the input voltage is 200 V
and the output power is 1.5 kW. The inductor current in the
positive half cycle is the same as symmetric conditions, but
in the negative half cycle, the conditions are different. In the
negative half cycle and as long as the output voltage is less than
the input voltage, the converter is in buck mode and when the
output voltage is greater than the input voltage, the converter is
in boost mode. Fig. 10(c) shows the output voltage and current,
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