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Buck—Boost Inverters
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Abstract—This article presents a new family of transformer-
less buck—boost voltage-source inverter topologies for photovoltaic
systems. Due to variations in irradiance, temperature, and shad-
ing effects, the terminal voltages of photovoltaic panels can vary,
making the use of buck-boost inverters crucial. The proposed
topologies have a virtual-ground feature that effectively mitigates
the common-mode voltage issue and results in low leakage current.
The simple inductor-based proposed inverter can achieve a wide
gain range. Also, other counterparts obtained from extending the
underlying concept of the simple inductor-based proposed inverter,
such as the switched inductor, three-winding coupled inductor, and
series capacitor converters, are capable of achieving high boost
voltage gain with lower duty ratios. Comprehensive circuit analyses
are provided, along with simulation results, to confirm the opera-
tion of each proposed topology. Additionally, experiment findings
for a 500-W prototype built on the simple inductor topology are
presented to support the theoretical analysis and effectiveness of
the proposed designs.

Index Terms—Photovoltaic systems, power semiconductor
devices, pulse width modulation, voltage source inverters.

1. INTRODUCTION

HOTOVOLTAIC (PV) panels have become increasingly
popular as a source of clean energy. However, their terminal
voltages are often variable, making it necessary to use isolated or
nonisolated buck—boost inverters (BBIs) to connect them to the
grid or load. Transformerless BBIs are more commonly used due
to their low cost, high efficiency, and compact size. However,
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Fig. 1.  Generic block diagram of a grid-tied inverter.

because transformerless inverters lack galvanic isolation, they
must address the issue of ground leakage current, which is
caused by parasitic capacitances (Cpy1 and Cly2) of the PV
panel due to the high-frequency (HF) common-mode voltage
(Vem) fluctuations, as presented in Fig. 1. To avoid negative
impacts from the leakage current, the leakage current should
not exceed 300 mA [1].

Well-known examples of transformerless topologies include
full-bridge voltage-source inverters and current-source invert-
ers. However, voltage-source inverters can only step down the
input voltage, whereas current-source inverters can only step it
up. A typical approach for achieving step up/down function is
to cascade a conventional boost converter [2], [3] to a voltage-
source inverter or a buck converter with a current source inverter.
This two-stage inverter is effective but reduces overall efficiency
due to the HF switching stages. Several single-stage invert-
ers, such as impedance-source inverters, integrated inverters,
and combined inverters, have been developed to reduce power
processing stages. Impedance-source inverters [4] overcome
the limitations of voltage-source inverters and current-source
inverters, but the passive components decrease power density.
Moreover, simultaneous switching and voltage spikes across all
switches degrade system efficiency [5].

Another approach to realizing buck—boost dc—ac conversion
is integrating different converters. In [6] and [7], a boost dc—dc
converter, whereas in [8], a buck—boost dc—dc converter is inte-
grated into a full-bridge voltage-source inverter. These inverters
have a low switch count, but they have low dc-link voltage
utilization and simultaneous HF operation of the switching
devices. An active BBI (ABBI) can be obtained by integrating a
full-bridge voltage-source inverter and an ac—ac boost structure
[9]. ABBI requires only one inductor and eight active switches.
However, it has high conduction losses and high leakage current.
In contrast, two novel BBIs that use ac—ac buck—boost structures
have been proposed in [10] and [11] using ac—ac buck—boost
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structures. These inverters can overcome the leakage current
problem but require either two PV sources or two electrolytic
dc-link capacitors. Additionally, they are susceptible to short-
circuit and open-circuit problems due to the employment of ac
switches. The inverters in [12], [13], [14], and [15] have small
leakage currents and need one PV source, but they require many
semiconductor devices.

Another promising category for dc—ac conversion is combined
inverter topologies. Combined inverters are originated from the
combination of different converters like a buck, boost, and buck—
boost converters. In [16], a doubly grounded transformerless
inverter is developed by combining buck and buck—boost con-
verters. This inverter has no current shoot-through and leakage
current problem, but it can perform only the step-down func-
tion. The inverter in [17] can perform the buck—boost function
and is developed from the combination of two buck—boost
converters. It clamps the common mode voltage, but its input
current is pulsating and requires more passive components.
Differential-boost inverter (DBI) consists of two bidirectional
boost converters [18] and can perform the buck—boost function
with low common-mode voltage, which is a vital property for
PV applications. However, all the switching devices of DBI [18]
work at high or medium frequency, and in consequence, the
switching loss is high. Furthermore, the core and copper loss
are increased because of the circulating current in the step-up
inductors. Tang et al. [19] used a half-cycle modulation strategy
to address these issues and proposed an improved DBI. This
inverter can achieve high efficiency because only two switches
operate simultaneously at a high frequency, and there is no cir-
culating current through the inductors. Despite improvements,
the combined inverters have a downside of employing several
inductors. To decrease the size of magnetics, Manitoba BBI [20]
and virtual-ground BBI [21] are recently proposed. Manitoba
inverter needs only two inductors used for buck—boost oper-
ations and removing the HF component of the grid current.
Moreover, it resolves the common-mode voltage problem by
employing the active-virtual-ground (AVG) concept [22], [23],
[24]. The typical configurations of inverters with AVG circuit
are presented in Fig. 2. The two terminals of the AVG circuit are
connected to the line and neutral of the grid, whereas the third
terminal is connected to either the positive or negative terminal
of the dc link as displayed in Fig. 2(a) and (b), respectively. The
bidirectional switching devices (S* and S™) in the AVG circuit
operate alternatively at line frequency during the AVG capacitor
Cavi clamps the voltage between the grid and dc bus to mitigate
the issue of the common-mode voltage. Moreover, the circuit
is given the name AVG because of the impedance of voltage
sources and the capacitor Cayg are negligible at HF signals point
of view, and the dc link always seems connecting to the network
ground. The downside of Manitoba BBI is that it needs eight
power switches. Both inductors still need to be designed with
saturation current equal to the summation of input and output
current. In contrast, virtual-ground BBI [21] has low common-
mode voltage and needs two inductors in which one is dedicated
for buck—boost operation while the other is dedicated for filter-
ing the output grid current only. However, it is unidirectional
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Fig. 2. Configurations of inverters with AVG circuit. (a) Type I. (b) Type II.

and requires seven semiconductor devices and two output filter
capacitors.

Itis noteworthy that all the above-mentioned BBIs [3], [4], [5],
(61, [71, [81, [91, [101, [111, [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21] have practically limited voltage step-up gain due
to the parasitic resistances of the components at a high duty ratio.
Various research efforts are therefore dedicated to developing
power inverters with high voltage gain capabilities in [25], [26],
[27]. However, these topologies suffer from the severe ground
leakage current problem. Switched-capacitor inverters [28], [29]
and differential Y-source inverters [30] have low ground leakage
current with high voltage step-up capabilities. Still, many active
and passive components are the downside of these topologies.

This article proposes new topologies of single-phase trans-
formerless BBI for PV systems to overcome the aforementioned
challenges. The general configuration of the proposed inverters
consists of a boost cell, input capacitor Cj,, output capacitor
C,, and four line-frequency (LF) switches S,—Sy as presented
in Fig. 3(a). Type I inverter, which is presented in Fig. 3(b),
uses a simple inductor structure, whereas Types II, III, and IV
inverters, as presented in Fig. 3(c) and (d), use switched-inductor
[31], three-winding coupled inductor [30], and series-capacitor
high conversion ratio [32] structures in place of boost cell,
respectively. The working principle of all the proposed inverters
is similar; that is, the step-up cell is responsible for generating
a rectified sinusoidal voltage with dc offset equivalent to the
input voltage across the capacitor C,, which is later on removed
with the help of line frequency switches to obtain pure sinusoidal
voltage. Type L inverter needs one inductor only to provide a wide
range of buck—boost operation, whereas the other three types can
achieve high boost gain at small duty ratios. The proposed in-
verters also have low common-mode voltage and leakage current
due to virtual-ground characteristics and can achieve high power
conversion efficiency because there are only two HF switches in
Type L, II, and III inverters while four HF switches in Type IV
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Inverter. The LF switches have low voltage and current stresses
which further allow selecting MOSFETs with low drain—source
ON resistances irrespective of taking into consideration their
switching losses. The HF switches in this article refer to the
switching devices that operate at the switching frequency which
is 50 kHz, whereas the LF switches are the switching devices
that operate at 50 Hz.

The rest of this article is organized as follows. Section II
describes the modulation strategy and operating modes of the
proposed Type I inverter, followed by its leakage current consid-
eration and design guidelines in Section III, and its experiment
verification in Section IV. The switching strategies, design
guidelines, and simulation results of the proposed extended
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Fig. 4. (a) Block diagram for gate signals generation of the proposed Type I
inverter. (b) Gate signals and operational modes.

high-gain topologies (Types II, III, and IV) are included in
Section V. Finally, Section VI concludes this article.

II. MODULATION STRATEGY AND CIRCUIT OPERATION OF THE
PROPOSED TYPE I INVERTER

In proposed inverters (Type I to Type 1V), the switching
devices .S, and S, are ON for only the positive half of the output
voltage, whereas the switching devices S, and S, are ON for
only the negative half of the output voltage. The output voltage
v, can thus be represented by the following equation:

for v, >0
for v, <0

’UC_‘/im
‘/in — Ve,

v, =V, sinwt = { (€))

where V/, is the peak value of output voltage, v¢ is the voltage of
capacitor C,, and Vi, is the input voltage. From (1), the voltage
on capacitor v¢ can be written as

ve =Vin + Vo] = Vin + |V, sinwt|. 2)

To generate ve = Vi, + |V, sin wt| from the proposed Type
I inverter, the complementary switches 57 and Sy are operated
at HF through a proper modulation scheme such that

Vi
1—-d;
where d; is the duty ratio of the switching device S;. Rearrang-
ing (3), d; is calculated as follows:

Ve = Vin + |V, sinwt| =

3

|V, sin wt|

d = —-— .
" Vi o [V, sinwt]|

“

The duty ratio d; can be written in respect of the voltage gain

Gz%as

Gsinwt
iy — |G sin wt|

1+ |Gsinwt| )

Fig. 4(a) depicts the block diagram for generating the pro-
posed Type I inverter’s gate signals. It can be observed that
the gate signals for the switching device S; is acquired from
(5), which indicates that the reference v = Gsinwt is
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created. Then, its absolute value (|Gsinwt|) is divided by
(14 |G sinwt|). The quotient is then compared with the triangu-
lar carrier vy to obtain gate signals for .S;. The complementary
signals of Sy are then applied to So. The gate signals and opera-
tional modes of the proposed Type I inverter in the complete line
cycle of the output voltage are presented in Fig. 4(b). Modes 1
and 2 appear for v, > 0, whereas modes 3 and 4 occur forv, < 0.
The current paths during each mode of operation are presented
in Fig. 5.

1) Mode 1: In this mode, the switching devices 51, S, and
Sq are ON. The inductor L stores energy, whereas the
capacitor C, supplies energy to the load. The current paths
are presented in Fig. 5(a) and the inductor current ripple
Aiy, is given by

‘/indl Ts
L
where T is the switching time period.
2) Mode 2: In this mode, the switching devices S5, S, and Sy
are ON. The inductor L provides energy to both capacitor
C, and the load. The current directions are presented in

Aif, = (6)
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Fig. 5(b), whereas Aiy is given by

Vo (1 — dl) TS
i : (N

3) Mode 3: In this mode, the switching devices S1, S, and
S, are ON. The inductor L stores energy, and the output
capacitor C, delivers energy to the load. The current
directions are presented in Fig. 5(c) and Aiy is similar
to that in mode 1.

4) Mode 4: In this mode, the switching devices Ss, Sy, and
S. are ON. The inductor L provides energy to both the
output capacitor C,, and the load. The current directions
are presented in Fig. 5(d), whereas Aiy, is given by

Vo (1 — dl) TS

Nip = ————F——. ®)

Nip = -

III. LEAKAGE CURRENT AND DESIGN GUIDELINES OF THE
PROPOSED INVERTER (TYPE I)

This section explains the performance of the proposed inverter
(Type I) in terms of leakage current and also provides guidelines
for the components selection.

A. Leakage Current Consideration

PV installations are mostly grid-tied, so leakage current is
an important design parameter. In a grid-tied transformerless
PV system, leakage current can flow through the parasitic ca-
pacitances of PV panels. Large leakage currents are produced
by substantial HF voltage variations within the parasitic capac-
itances, whereas LF variations produce small leakage currents.
On the other hand, the leakage current becomes zero if there are
no variations across the parasitic capacitances’ voltages.

The typical grid-connected configuration of the proposed
Type Linverter is presented in Fig. 6. The parasitic capacitances
of PV panel are denoted by C}; and C)y2, whereas their voltages
are represented by v,; and v,. The inductor L, filters the
HF harmonics and is also required for conventional grid-tied
inverters. Voltages across the parasitic capacitances in positive
and negative half-cycles of the output voltage can be obtained
from the simplified circuits presented in Fig. 7(a) and (b). The
simplified circuits are obtained by replacing always ON and
OFF switches with short-circuit and open-circuit, respectively.
Voltages appearing across the parasitic capacitances are included
in Table I. Throughout the output voltage’s positive half-cycle,
the leakage current is zero because the ac ground is directly
connected to the dc bus and the parasitic capacitance’s voltages
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Fig. 7. Simplified circuits of grid-tied Type I inverter. (a) v, > 0. (b) v, < 0.

TABLE I
VOLTAGES FOR THE PARASITIC CAPACITANCES

Parasitic capacitance Output voltage +ve Output voltage -ve

voltage half-cycle half-cycle
Vp1 0 Vin — Ve
Vp2 _Vin —Vc

(vp1, vp2) are constant. On the other hand, vp,; and v,5 change
according to both capacitor voltage v. and input voltage in the
negative half-cycle. Input voltage is constant and according to
(3), and v, varies sinusoidally with line frequency. This implies
that there are no substantial HF variations across the parasitic
capacitances and the leakage current will be low. From the stand-
point of HF signals, the capacitor C, offers a low-impedance
route that virtually links the ground of the grid to the common
terminal of the PV panel making the virtual grounded circuit.

B. Voltage Gain
The maximum duty ratio D1, of switch S7 can be obtained
from (4) and is given by
Vo
Vio + Vo
Using (9), the voltage gain GG can be expressed in terms of
Dj nax as follows:

€))

Dl_max -

G _ E _ D 1_max

V} 1-—- -D 1_max .
The graph of G versus Dj .« is presented in Fig. 8. The

proposed Type I inverter will perform the buck function if

D1 pax < 0.5 and boost function if Dy . > 0.5.

(10)

C. Switch Selection

The voltage and current ratings are used to choose the switch-
ing devices. The maximum drain-to-source voltages appearing
across the proposed Type I inverter’s switches are given by

Vdsfl = Vd572 = Vzn + Vo
Vdsfa = Vdsfb = Vdsfc = Vdsfd = Vo

Y
(12)

11589

Voltage gain G
w A U o

L8}
I T
o]
R
==
v
A

Boost P

~
T

0 01 02 03 04 05 06 07 08 09 1
Maximum duty ratio D ya

Fig. 8.  Graph of voltage gain and the maximum duty ratio of Type I inverter.

where (Viys—1, Vas—2) and (Vs — Vigs—q) represent the maxi-
mum drain-to-source voltages of the switching devices (57, .52)
and (S, — Sq), respectively. The voltage stresses of the switch-
ing devices can be normalized to the peak output voltage V,, and
represented in terms of voltage gain G as follows:

Vas—1 Vas—2 1+G
V, v, G (3)
Vdsfa Vdsfb Vdsfc Vdsfd
— — = = 1. 14
v, Vv, v W (1

Similarly, the maximum current and rms current flowing
through the switching devices are normalized to the output
current’s maximum value [, and are calculated as follows:

fs;im _ l/ [Gsin®wt(1+ Gsinwt)] d(wt) (15
i 7
0
ISQMns 1 r a2 1
== [sin® wt (1 4+ Gsinwt)] d (wt) (16)
i 7
0

™

Isarms Isvrms Iscrms Isdrms _ 1 2

L L L L 7T/bln wtd (wt)

0
A7)

Isi  Iso
L 1
T +G (18)
1 1 1 1
Isa _Isvy _Isc _Isa _ (19)

I, 1, I, 1,

where (LS‘lrmsa ISQrms) and (ISGT"I)’LS - ISdT’rrLs) represent the
rms current and (Ig1, Is2) and (Ig, — Igq) represent the max-
imum current flowing through the switching devices (S7,.52)
and (S, — Sq). respectively.

The graphs of normalized voltage stresses, rms current, and
current stresses of the switching devices are presented in Fig. 9. It
can be observed that the voltage stresses of the switching devices
S1 and S5 decrease, whereas the current stresses increase with
the voltage gain G. This implies that the voltage ratings of these
switches should be selected based on the minimum required
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value of GG, whereas the current ratings should be selected based
on the maximum value of G.

D. Input Capacitor Selection

Similar to conventional inverters, the proposed Type [ inverter
also requires an input capacitor for power decoupling. The value
of the input capacitor can be calculated as follows:

P

O = S F VWAV

(20)

where P, is the input power, f, is the output or grid frequency,
and AVj, is the allowable input voltage ripple. A common
approach is to select AV}, equal to (5 — 10)% of V.
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E. Inductor Design

The maximum inductor current ripple Ay, calculated
from (6), (9), and (10) is given by

Vi T, G

L1+G) @1

A Z.Lma,x =

where Aipmax = ylp, y = 10% to 50%, and the maximum
inductor current I;, = (14 G)I,. Putting these values in (21),
the formula for inductance L is calculated as follows:
_ WLG VT
y1+G)°L,  y1+G)°IL,

(22)

Replacing V, T /yI, in (22) by constant &y, the normalized
inductance L/k; is plotted in Fig. 10. The graph implies that the
value of inductance L should be chosen at the minimum voltage
gain G because the inductance is maximum at this point.

E. Filter Capacitor Selection

The function of the filter capacitor C,, is to limit the output
voltage ripple and the leakage current. The general formula for
calculating the value of the filter capacitor is given by

1At
Av

Co = (23)
where 7. is the current flowing through the capacitor during At,
and Aw is the voltage ripple of the output or capacitor voltage.
Av = zV, and z is typically selected in the range of 5% to
10%. As explained in mode analysis, the output current i, flows
through the capacitor C, for duty ratio d;. This implies that the
required value of capacitance can be calculated from (23) using
the maximum duty ratio and is given by

1, oD lfmasz

C, > =
- 2V,

1,GT;
Vo (l4+G) -

(24)

Replacing 1,75 /zV, in (24) by constant ks, the normalized
capacitance C,, / ko is drawn in Fig. 11. The diagram implies that
the value of the capacitance C, should be selected at maximum
voltage gain because the required capacitance increases with the
voltage gain G. The increase in capacitance is actually due to
an increase in the voltage ripple as well as the increase in the
voltage gain.
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TABLE I
ELECTRICAL SPECIFICATIONS

Output power 500 W
Input voltage V;, 100 — 200 Vg,
Output voltage 155 Vpeax
Switching frequency 50 kHz
Switches (Sy, S,) UF3C065040K3S
Switches (S3, S4, S5, Sg) IRF250P224
Inductor L 500 uH
Capacitor C 6.8 uF
Parasitic capacitances Cpq, G, 50 nF
; . Heat sink
b B for S, S, Sa
DC-link ‘ \ ‘
capacitor C, ‘
Heat sink
- fOV Sg, Sb, SC
Vi :
" Output filter
Vo capacitor C,

Fig. 12.  Prototype photograph of the proposed Type I inverter.

IV. EXPERIMENT RESULTS

To verify the performance of the proposed Type I inverter,
experiments are conducted in both the step-down and the step-up
modes of operation. The electrical specifications for the experi-
ment setup are included in Table II and the hardware prototype
picture is shown in Fig. 12. Figs. 13—15 show the waveforms
in the step-up mode with a 100 V input voltage. Gate signals
for the switching devices (S, S2) and (S, — Sq) are presented
in Fig. 13(a), whereas the input voltage Vj,, output voltage v,,
output current %,, and inductor current ¢; are presented in
Fig. 13(b). The voltage across the capacitor v and drain—source
voltages of HF switches vgs_1, vqs—2 are presented in Fig. 14(a).
The drain—source voltages of LF switches v4s_q — vgs—q are
presented in Fig. 14(b). Waveforms of voltages across the par-
asitic capacitances and the corresponding leakage currents are
presented in Fig. 15.

Similarly, Figs. 16 and 17 display the experiment results in the
step-down mode with an input voltage of 200 V. Input voltage,
output voltage, output current, and inductor current are presented
in Fig. 16(a), whereas the voltage across the capacitor vo and
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Fig. 13. Experiment waveforms in the step-up mode. (a) Gate signals.

(b) Input voltage Vi, output voltage v,, output current ¢,, and inductor
current 2 y,.

g
ve [200 V/div]\
PN =N

Vas.1 [200 V/div]

Vas2 1200 Vil

[10 ms/div]
(@)
Vdv:a [100 V/ii"] /-\ /\ b | i
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ANVA /\ /
/u{,,, (100 V{div
/) [10/ms/div]
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Fig. 14.  Experiment waveforms in the step-up mode. (a) Voltage across the
filter capacitor v and drain—source voltages of switches S and S. (b) Drain—
source voltages of switches S, Sp, S¢, and Sg.

/ \
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N\
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o O O O
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* o o
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Fig. 15. Voltages across the parasitic capacitances v,1 and vp2 and their
leakage currents 4j)g1 and 42 in the step-up mode.
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A~ - / ~. |7 L™

Vase2 [200 V/div]i
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(b)
Fig. 16.  Experiment waveforms in the step-down mode. (a) Vi,, vo, 71, and
i,. (b) Voltage v and drain—source voltages of switches S7 and Sa.

Voi [200 V/div] e

N4

N NoA
V> 0% >v,<0 V2 [200 V7div]

kg2 [100 maA/div]

ingr [100 mA/div] [10 ms/div]

Fig. 17.  Voltages across the parasitic capacitances vp1 and vp2 and their
leakage currents 71)51 and 7)g2 in the step-down mode.

drain—source voltages of HF switches are presented in Fig. 16(b).
The drain—source voltages of LF switches are similar to those of
the step-up mode; thus, they are not presented again. Voltages
across the parasitic capacitances and the leakage currents are
presented in Fig. 17.

The experiment results confirm that only HF switches S and
S5 have voltage stresses equal to Vi, + V. The voltage stresses
of LF switches are low and equal to the peak output voltage V.
Similarly, it can be observed that voltages across the parasitic
capacitances are similar, as listed in Table I. During v, > 0,
the leakage currents are almost zero because both v,; and v
are clamped to dc values. On the other hand, during v, < 0,
vp1 and vy vary with line frequency, and their HF ripples are
significantly attenuated by the filter capacitor C,. Therefore,
small leakage currents exist during the negative portion of output
voltage, but they are well below the industrial standards of
300 mA. The maximum leakage currents measured during the
step-up and the step-down modes are about 75 mA and 45 mA,
respectively.

The efficiency and total harmonic distortions (THD) of the
output voltage are measured at 500 W for various input voltages,
and the results are plotted in Fig. 18(a). The measured THD is
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Fig. 18. (a) Efficiency and THD versus input voltage. (b) Efficiency versus
power at different input voltages.

much below the IEEE-519 limits throughout the voltage range,
and a peak efficiency of 97.5% is achieved at Vi, = 160 V.
Similarly, efficiency is measured under different output power
with constant output voltage and changing the load resistor. The
graph of efficiency versus output power for two different input
voltages is plotted in Fig. 18(b). While keeping output voltage
constant, switching losses are more dominant than conduction
losses at low power. However, the conduction losses increase
with increasing power and eventually become dominant. Due to
this reason, as presented in Fig. 18(b), the efficiency in the step-
up mode is higher than the step-down mode in the low-power
region. However, the efficiency in the step-down mode becomes
better than the step-up mode in the high-power region.

Finally, a detailed comparison of the proposed inverter with
the well-known conventional buck—boost inveters, which are
good in terms of leakage current, are included in Table III. It can
be observed that apart from the proposed and virtual-ground BBI
[21], all the other inverters require two inductors for the buck—
boost function with the same peak current ratings. However, the
inverter in [21] still needs two filter capacitors and hence it can
be concluded that the proposed inverter has the fewest number
of passive components (inductors and capacitors), which makes
it good in terms of power density. The proposed inverter has
six semiconductor devices and only DBI [18] is good in terms
of semiconductor count. However, all of the switches in [18]
operate at HF and has high voltage and current stresses. In the
proposed inverter, only two switches with the same voltage and
current stresses like in [ 18] operate at HF. The other four switches



AKBAR et al.: SINGLE-PHASE VIRTUAL-GROUND TRANSFORMERLESS BUCK-BOOST INVERTERS

TABLE III
COMPARISON OF THE PROPOSED TYPE I AND CONVENTIONAL BUCK—BOOST INVERTERS
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H6 buck-boost  |Buck boost inverter| Differential boost | .. fmp rpved Manitoba inverter Virtual g?"”“d Proposed type I
Topology . . differential boost buck boost inverter X
inverter [15] [17] inverter [18] . [20] inverter
inverter [19] [21]
D D D D D D D
Voltage gain (G) —_— [ - [ _— _— _Z
1-D 1-D 1-D 1-D 1-D 1-D 1-D
. 6
Switches 6 (S; —Sg) 4(5, =Sy 4(5;—Sy) 6(S;—Sg) 8 (81— Sg) 5(5;—Ss) (S1,5,,5,Sp,Se, S
Diodes 2 (Dy,Dy) 2 (Dy,D,) 0 0 0 2 (Dy,D,) 0
v, V. =V
Voltage stresses Of di}(l('i's_f)G) ’15]}(1(';) n G)D-(l'z) Vas o Vas (1-4) Vas (1-4) Vas (1-3) Vas 1.2)
switches (Vs (n)) _ Lo 20 - L,(1+G6) V,(1+G) L,(1+G6) L1+ G6)
: G G V,(1+G) = = = =
and diodes v v =2 - G G G G
Vo ))* Vas 24y = ED Vas 3.4y = Eo G Vas s.6) = Vo Vass-8) = Vo Vas a5 = Vo Vas_a-ay = Vo
I =1 I
Current stresses of | Is ;) 5-(12) = "D_(12) Is (1-a 5-(1-4) Is -4 Is -3y =1Ip a2
) R — R — E B -2 ], =1,(1+G
switches (Is ))* | = I,(1+G) ,1”(1 +_GI) G =1,(1+6) I L+ f) =L,(1+6) | =L1+6) s "(_ ; )
and diodes (Ip_))*{lp.12) = L,(1 +G)| S-GH ~ 70 556 = o Is 5_g) = 1,G Is a5y = 1Io S(a~d) = o
Lme-f'requency 4 ) 0 0 4 4 4
switches
High-frequency
switches/diodes 2 2 4 2 ! 2 2
Inductors 2 2 2 2 2 1 1
Inductors peak Lo: 1,
current Li:L(1+G) I,(1+G) I,(1+G) I,(1+G) I,(1+G) I,(1+G) I,(1+G)
fnput DC 1 1 1 1 1 1 1
capacitors
Filter capacitors 2 1 2 2 1 2 1
Leakage current small small small small small small small
Peak reported | 96.8 at 800 W and |87 at 300 W and 10| 86.3 at 300 W and | 92.6 at 300 W and | 93.7 at 800 W {97 at 500 W and 50| 97.5 at 500 W and
efficiency (%) 40 kHz kHz 20 kHz 20 kHz 95.7 at 160 W kHz 50 kHz

(*) ‘n” in the subscript represent the switch/diode numbers.

in the proposed inverter operate at LF and have low voltage and
current stresses. The lesser number of passive components and
HF switches make the proposed inverter quite good in terms of
efficiency as well which is evident from Table III.

V. MODULATION SCHEMES, DESIGN GUIDELINES, AND
SIMULATION RESULTS OF THE PROPOSED INVERTERS (TYPES
1I-1V)

The proposed inverters (Types II-IV) have high voltage gain
capabilities and can generate a high output voltage at small
values of duty ratios. As mentioned earlier, the working principle
of all the proposed inverters is similar; that is, the step-up cell
is responsible for generating a full-wave rectified sinusoidal
voltage with a dc offset equal to the input voltage across the
output capacitor C,,. Furthermore, the switching devices S, and
S are ON for only the positive half of the output voltage, whereas
the switching devices S, and S, are ON for only the negative half
of the output voltage in all the proposed inverters. The output
voltage v, and the voltage v¢ of capacitor C,, are represented by
the equations presented in (1) and (2), respectively. To generate
ve = Vin + |V, sinwt|, the switching devices of the step-up
cell of the proposed inverters (Types II-1V) are operated at HF
through proper modulation schemes as follows.

A. Operation of the Step-Up Cell of Type Il Inverter

The operating modes of Type II inverter are similar to those
of Type I inverter, which are presented in Fig. 4(b). In modes 1
and 3, the switching device S is ON, and the inductors L; and

r()7

(b)

Fig. 19.  Operation modes for the step-up cell of inverter Type II. (a) Modes 1
and 3. (b) Modes 2 and 4.

L store energy from the input source V;, through the diodes
D and D, respectively, as presented in Fig. 19(a). In modes
2 and 4, the switching device 57 is OFF and the inductors L
and Lo appear in series and charge the output capacitor C,, by
D3 as demonstrated in Fig. 19(b). By applying the volt—second
balance condition on inductors L; and Lo, the voltage on the
capacitor C', can be derived, which is given by

‘/1n(1+d1)
1—d,

where d; is the duty ratio of the switching device .S;. Rearrang-

Ve = Vin +V, [sinwt| = (25)

ing (25), dy can be written in terms of voltage gain G = “f—: ,
and is given by
G |(sinwt
4y = _Clisinw) o6

- 2+ G(sinwt)|
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Fig. 20.  Operation of the step-up cell of Type III inverter. (a) Modes 1 and 3.
(b) Modes 2 and 4.

The maximum duty ratio D1_p,,x of switch S; can be obtained
from (26) and is given by

G

D max — o | v °
- 2+G

27

Using (27), the voltage gain G can be expressed in terms of
D 1_max as

Vo o 2l)lfm'o\x

= = —— 2
‘/in 1-— Dl_max ( 8)

B. Operation of the Step-Up Cell of Type Il Inverter

The operating modes of Type III inverter are also similar to
those of Type I inverter, which are presented in Fig. 4(b). In
modes 1 and 3, the switching device S is ON and the magnetizing
inductor L,, is charged by the voltage contributed by the input
source Vi, and winding N» as presented in Fig. 20(a). In modes
2 and 4, the switching device Sy is OFF and the switching
device S5 is ON. The windings N; and N3 in series charge the
capacitor C, and the magnetizing inductor L,, is discharged
through the winding N; directly and winding N3 indirectly
through coupling as presented in Fig. 20(b). It should be noted
here that the lossless diode D, performs voltage clamping
when the switching device S is turned OFF by providing a path
for the current of leakage inductance Lz of winding Ny to
freewheel to the capacitor C,. On the other hand, if both HF
complementary switches S; and S are OFF during the small
dead-time interval, the current of leakage inductances Liyg1
and L3 of windings N; and N3 can flow through the body
diode of Sy to energize the capacitor C, and do not require
extra diodes or snubbers for voltage clamping. By applying
voltage—second balance condition on magnetizing inductor L,,,
the voltage on the capacitor C, can be derived, which is given
by

Vin [1+ (3228 ) ai
1—d;

Ve =Vin +V, [sinwt| = (29)

where d; is the duty ratio of the switching device S;. Rearrang-

ing (29), d; can be written in terms of voltage gain G = % ,
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Fig. 21.  Gate signals and operating modes of Type IV inverter.

and is given by
G |(sinwt))]
(582) + G (sinwt)|

dy = (30)

The maximum duty ratio D1 _p,,x of switch S can be obtained
from (30) and is given by

S S
Ni+N
(Ni ;) e,
Using (31), the voltage gain G can be expressed in terms of
Dl_max as

Dl_max - (3 1)

Ni+N.
Vo Dl_max (Nif]\/g)
G = A = 1-D, (32)

C. Operation of the Step-Up Cell of Type IV Inverter

The gate signals and modes of operation of Type IV inverter
are presented in Fig. 21. The switching devices S; and S; are
operated at the same duty ratios; however, their gate signals are
interleaved, which means a phase shift of 180° is included in
their carrier signals. The gate signals of the switching device
Ss is complementary to switch .Sq, whereas the gate signals of
the switching device S, is complementary to switch S2. Modes
1—4 appear in the positive half of the output voltage, whereas
modes 5—8 appear in the negative half of the output voltage.
The operation of LF switches (S,—S) are exactly similar to
that of inverter Type I, whereas HF switches (S1—54) of the
step-up cell are operated through a proper modulation scheme
to obtain ve = Vi, + |V, sinwt|.

In modes 1 and 5, the switching devices S; and Sy are ON,
whereas the switching devices S and S3 are OFF. The inductor
L stores energy from the input source Vi,, whereas the inductor
Lo and capacitor C'; supply energy to the output capacitor C, as
presented in Fig. 22(a). In modes 2 and 6, the switching devices
Ss and Sy are ON, whereas the switching devices S; and S5 are
OFF. Both inductors (L1, L) and capacitor C supply energy
to the output capacitor C,, as presented in Fig. 22(b). In modes
3 and 7, the switching devices S5 and S5 are ON, whereas the
switching devices S; and S, are OFF. The inductor Ly stores
energy from the input source Vi,, whereas the capacitor C
is charged by the current flowing through the inductor L; as
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Fig. 22.  Operation of the step-up cell of Type IV inverter. (a) Modes 1 and 5.
(b) Modes 2 and 6. (c) Modes 3 and 7. (d) Modes 4 and 8.

presented in Fig. 22(c). The switching devices S and .Sy are ON
in modes 4 and 8, whereas the switching devices S3 and .Sy are
OFF. Both inductors L; and L+ are charged by the input source
Vi, whereas the capacitor C7 is neither charged nor discharged,
as presented in Fig. 22(d). It should be noted here that modes 4
and 8 appear only if the duty ratios of switches S; and So are
greater than 0.5. Similarly, modes 2 and 6 appear only if the duty
ratios of switches S7 and Sy are smaller than 0.5. By applying
voltage—second balance condition on inductors L, and Lo, the
voltage on capacitor C', can be derived as

Vv .
in ifd; <0.5
Ve = Mn + Vo |Sinwt| = {(21d1)2 L

2 ifd; > 05

(33)

where d; is the duty ratio of the switching device S; and is
equal to the duty-ratio do of switch Sy as explained earlier.
Rearranging (33), d; can be expressed in terms of voltage gain

\/ 14+G|sinwt|—1

if dy <0.5
dy ={ /T+Glinwil @ (34)
Glsinwt|—1 ifd, > 0.5

14+G|sin wt|

The maximum duty ratio D1, of switch S; can be obtained
from (34) and is given by

V1+G-1
Dl_max = +G

if Dy max < 0.5

. (35)
if D max > 0.5

G-1
1+G
Using (35), the voltage gain GG can be expressed in terms of

lemax as
D1 _max(2=D1_max) .
v, Do E BT, P if D1 max < 0.5
if Dy ax > 0.5

G — — 1_max
Vi 14+ D1 max

1-D1_max

(36)

D. Components Design Guidelines

The selection of input capacitor Cj, and output capacitor
C, of the inverters (Type II-1V) are similar to that of Type I
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inverter and are represented by (20) and (24), respectively. The
normalized maximum drain—source voltages and the normalized
peak current flowing through the LF switches (S,—S;) are
also similar to Type I inverter and are given by (14) and (19),
respectively. The normalized values for voltage stresses for Type
II inverter’s HF diodes and switches are presented as follows:

Vis-1 _ Vas—2 _ 14G

Ve _v v ? “

Yol = oot Type IT (37)
Vps _ 1

Vo, = G

where Vgs_1 and Vgs_o represent the voltage stresses of the
switching devices S and Ss, whereas Vpi, Vpo, and Vps
represent the voltage stresses of the diodes Dy, Dy, and Ds.

Similarly, the maximum current flowing through the diodes
and switches of Type Il inverter are normalized to the peak output
current /, and are calculated as follows:

{IDl _ Ip> _ Ips _ Is2

IO IO - I()
o —2+@

o

_ 24G

T, 2

Type II (38)
where Ip1, Ip2, Ips, Is1, and Igo represent the maximum
current flowing through the diodes Dy, Ds, D3, and switches
S1 and Ss, respectively.

The current handling requirements (I, I72) of inductors
Ly and L are given by

24+ G

Ipn=1I0 =1, <> Type IL. (39)

2
The maximum inductor current ripple Aip1max and Adpomax
for Type II Inverter are given by
Vi TsG
Li(2+G)

Vin I, G

and Aipomax = m

Type I1

(40)
where A ip1max = Airomax = Y1 = ylra,andy = 10%
to 50%. Putting these values and (39) in (40), the formula for
inductances L and L, can be calculated as follows:

2Vi TG 2V, T
Ll = L2 = ) = )
y(2+G)I, yl,(2+ G)

The normalized voltage and current stresses of HF switches

and diodes of Type III and IV inverters can be derived similarly
and are as follows.

AZ‘leax =

TypelIl. (41)

Vas-r _ Vpsy _— 14G
Vo = Vo G
{v _ (1 n M) Type III (42)
Vo T G(N1—N2)
Isi — Ipsn — (NaitNs)
I, I, N;—N.
{ISQ 1+ G(Nl(fll\/z) 2 Type III (43)
Io (N1+N3)
Vas-1 {HC_;G R ifG<3
Voo max (5, 5¢) G =3
Type IV
Vies _ Vaes _ {“157@ ifG <3
v, TV, T )G
Vas_3 1+G
Vo TG
(44)



11596 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

TABLE IV
COMPARISON OF THE PROPOSED TOPOLOGIES

Proposed Voltage gain SOD@| L® ICW [Voltage stresses of switches| — Current stresses of Inductor Inductance
inverter & diodes switches & diodes current
D Vias—1 Vas— 1+G Isy I = V, T,
Type I G = 1 max 610 1 5 ds ) ds—2 _ ﬂ,£=1+6 L, =1+G6), L= 052
1_Dlmax Vo Vo G Iu 10 Y(1+G) 10
Vas-1 Vas—2 _1+G
G v 6 ol bale 2tGH
2D Vor Vo 1 L', L, L, 2 1112 2V,T.
Typell | G=—% 16|32 |2 o e o °c oo e 246 LyLy=—>2"—
1_Dl_max Vo Vo 2 ﬂ: :10 s ylo(2+G)
2+G 2
Vps _ 1 I
Vv, G
I,
Igy 1 N; + N. Lm
Dy (M) e B 28 =T L Ly
Type Il | _ LM A\N, — N/ |6 | 1 CIIJ5) 2|y ° ° N, +N,) Dlsz ? GENl —ZNZ) - _ VoTsN: (Ny + N3)
1-D as—2 _ |1 LT Z=14+—>2 | GWN; = NI yL[(N, + N3) + G(N, — N,)]2
1_max v, + G, —N,) I, (N, + Ns) W, D] vl [y 3) (N 2]
N; + N3
if Dy max < 05 ifG<3 ifG<3 ifG<3 ifG<3
I V,T,(VI+G—1)
Vas—1 Vas— 1+G Iei I L1 _ Yols
G —ds-t Jdss " 7 23-Vi+te¢ [FILHE1+G6) b yI,G(1+G)
Dy max(z = D1 max Yo K ¢ lo "1, Iz L,
= ———— Vas—2 Vas— V1i+G Iy I
Dy max? — 2D max + %%:T %,%:HG =1L,(1+6G _ V,T,(¥1+G —1)
o o -V1+G) yI,GVIT+G(1+G6—V1+G)
Type IV | if Dy max =05 | 80| 2 |3 ifG>3 ifG>3 ifG>3 ifG>3
Vas—1 _ x(i 1+ G)
v, G’ 26 Iy Iss s _1+4G o _2TG —-1)
— 1+ Dl,max . Vdsfz Vdsf4 — 1+G 10 ! Ig ! Ig 2 I (L11'+LZG) * yIaG(l + G)Z
1= Damas’ o, Vo 26 Bvve PR L= 26— 1)
Vas-s _1+G I 2 27 VLG + G)?
v, G

(1) S: Number of switches. (2) D: Number of diodes. (3) L: Number of inductors. (4) C: Number of capacitors. (5) CL: Coupled inductor.

I — I — 14G ifG<3
I — L LG ifG>3
f,soz = 1+G Type IV. (45)
s = 14+ G ifG <3
los = 140G ifG >3

The current handling requirements of the magnetizing induc-
tor L,,, of Type IIl inverter and the inductors L; and Ls of Type
IV inverter are given by

Iom =1, (1 n %) Type III
I, (VI+G) if G <3
I = {10(1+G) . Type IV
I (21 G-V1+G) lffgz‘?é
+G— + G <
ILQ = {I‘Z(l+G) ifG > 3 Type IV
2 i
(46)

The values of magnetizing inductance L,,, of Type Il inverter
and the inductors L; and Lo of Type IV inverter are given by

VoTs N1 (N1+N:
L = — (NE+N3)(+ é)(Nli)Nznz Type III
V, T, (VIFG-1 .
L= QBT PO Typery
VGG =3
Vol (VI+G-1) G <3
Ly = { yI,GVI+G(1+G-VI+G)’ Type IV
2V, T, (G—1) ifG >3
yl,G(1+G)? =

(47)

10 T T T
— Typel

8r Type Il

6 L= Dypelll

TypelV

Voltage gain G
N

0 0.2 04 0.6 0.8
Maximum Duty Ratio D max

Fig. 23.  Voltage gain versus maximum duty ratios of the proposed inverters.

Finally, the aforementioned results are summarized in
Table IV to briefly compare all the proposed topologies. The
equations for voltage and current stresses of LF switches, output
capacitor, and input capacitor are similar for all the proposed
inverters given by (14), (19), (20), and (24) and are not included
in Table IV. The graph of voltage gain G versus maximum duty
ratio Dy . for the proposed inverters is plotted in Fig. 23.
For the graph of Type Il inverter Ny : Ny : Ngiskept2:1:2.
Fig. 23 confirms that the proposed Type II, III, and IV inverters
have high voltage gain capabilities with a Type IIl inverter having
an additional degree of flexibility to achieve high voltage gain
by adjusting the turns ratio of the coupled inductor. A Type I
inverter is suitable for applications when the input voltage can
be both greater and smaller than the output voltage [9], [10],
[11], [12], [13], [14], [15], [17], [18], [19], [20], such as several
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Fig. 24.  Graph of the normalized voltage stresses versus voltage gain of the
proposed inverters (Type II-1V).
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Fig. 25. Graph of normalized current stresses versus voltage gain of the
proposed inverters (Type II-1V).

PV panels connected to the grid. On the other hand, Type II, III,
and IV inverters are suitable for applications when the output
voltage is substantially higher than the input voltage [25], [26],
[27], [28], [29], [30] such as a single PV panel connected to the
grid. The graphs of normalized voltage and current stresses of the
switching devices and diode (see Table IV) of the Type I inverter
are already shown in Fig. 9, whereas that of Type IL, III, and IV
inverters are presented in Figs. 24 and 25. It can be observed
that the voltage stresses of the switching devices and diodes
of the proposed inverters decrease while their current stresses
increase with the voltage gain G. This implies that the voltage
ratings for the diodes and switching devices should be based on
the minimum required value of GG, whereas the current ratings
should be selected based on the maximum value of GG. Similarly,
replacing V,Ts/yI, in Table IV by constant &, the normalized
inductances (L/k) of the Type II, I, and IV inverters are plotted
in Fig. 26, whereas that of Type I inverter is already presented
in Fig. 10 earlier. The graphs imply that the value of inductance
L should be chosen at the minimum voltage gain GG because the
inductance value is maximum at this point.

E. Simulation Results and Comparative Analysis

To prove the working principle of the proposed inverters (Type
II-1V), simulations are performed in PSIM software with the
electrical specifications mentioned in Table V. The waveforms
of input voltage Vj,, output voltage v,, output current i,, the
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Fig.26.  Graph of normalized inductances versus voltage gain of the proposed
inverters (Type II-1V).

TABLE V
ELECTRICAL SPECIFICATIONS OF TYPE II, III, AND IV INVERTERS

Output power 250w
Input voltage V;,, 30 Vye
Output voltage v, 155 Vpeax
Inductors Ly, L, (Type II) 200 uH
Magnetizing inductor L,, (type III) 250 uH
Inductors Ly, L, (Type IV) 200 uH
Capacitor C; (Type IV) 5 uF
Capacitor C, 5 uF
Parasitic capacitances Cpq, Cp, 50 nF
Vi v .
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Fig. 27.  Simulation waveforms of Type II inverter. (a) Input voltage Vj, and
output voltage v,. (b) Output current 7,,. (¢) Voltage across output filter capacitor
vc. (d) Voltages across parasitic capacitances vp1 and vpo.
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Fig. 28.  Simulation waveforms of Type III inverter. (a) V;, and v,. (b) Output

current 4%,. (c) Voltage vc. (d) Voltages vp1 and vpo.

voltage across the output filter capacitor v, and voltages across
the parasitic capacitances v, and vp2 of the proposed Type II
inverter are presented in Fig. 27. The simulation waveforms of
Type III inverter are presented in Fig. 28, and the simulation
waveforms of Type IV inverter are presented in Fig. 29. It can
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TABLE VI
COMPARISON OF THE PROPOSED TYPE II, III, AND IV INVERTERS WITH CONVENTIONAL HIGH-GAIN INVERTERS

Topology [25] [26] [29] [30] Proposed type II| Proposed type III | Proposed type IV
if D<05
D2 -D)
1 _ N, + Ny N, + Ny =pi_op a1
Voltage gain (G)* Tz, a :'_"?)“‘)D (k ;g(fl;) Dibp (Nl = N_z) G = % b (—1\/1 = Nz) prozb+d
“1-n bst 1-D - 1-D if D>=0.5
1+D
C=1_p’
Switches 5 4 8 4 6 6 8
Diodes 3 3 0 2 3 1 0
md“;fg;it(oﬁ)s/ ((é"LL;pled 2 (1Land1CL) 2 (1Land1CL) 2L 2CL 2L 1CL 2L
Capacitors 3 3 6 3 2 2 3
Line-frequency switches 0 0 0 0 4 4 4
High-frequency switches 5 4 8 4 2 2 4
Leakage current High High small small small small small

* “n” represents the turns ratio of the coupled inductor; “D” represents the peak of the value of duty ratio of sinusoidal pulsewidth modulatopm scheme; “Dy,  is constant and it
represents the duty ratio of the integrated boost converter; “k” represents the number of multiplier cells.

Vie Vo iy
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Fig.29. Simulation waveforms of Type IV inverter. (a) Vi, and v,. (b) Output
current 4,. (¢) Voltage vc. (d) Voltages vp1 and vpa.

be observed that the voltages across the output filter capacitors of
the inverters (Type II-IV) are rectified sinusoidal voltages with
dc offset equal to the input voltage. Similarly, voltages across
the parasitic capacitances are either constant or vary sinusoidally
with no significant HF voltage variations, which agrees with the
earlier theoretical analysis. A brief comparison of the proposed
Type IL, 111, and IV inverters is also made with the conventional
high-gain topologies in Table VI. It can be observed that all the
inverters in Table VI are capable of achieving high voltage gain.
The inverters in [25] and [26] are good in terms of switch count
but the high leakage current makes it less effective. The inverter
in [29] has small leakage current but the high number of active
and passive components is the downside of this topology. The
inverter in [30] is another promising topology with voltage gain
exactly similar to that of the proposed Type Il inverter but it has
only 50% magnetic utilization. Furthermore, all the proposed
inverters have low leakage current due to their virtual-ground
characteristics and have the least number of switches operating
at high frequency which is good for achieving high efficiency
and makes it suitable for PV applications.

VI. CONCLUSION

In this article, a new family of single-phase transformerless
BBIs is proposed. The family includes four types of inverters
(Type I-1V). The proposed Type I Inverter has a wide gain
range, whereas Type II, I1I, and IV are capable of achieving high

voltage gain at small duty ratios. These inverters possess virtual-
ground characteristics, which makes them efficient in terms of
leakage current. Additionally, four of the switching devices in
the proposed inverters operate at low frequencies and have low
voltage and current stresses. This feature is beneficial in terms of
efficiency, as it reduces switching losses. The performance of the
proposed inverters is supported by detailed theoretical analysis,
simulations, and experiment results, which demonstrate their
effectiveness.
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