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ABSTRACT Transformerless inverters (TIs) are widely employed in photovoltaic (PV) applications due to
their cost-effectiveness, compact size, low weight, and high efficiency. However, the absence of electrical
isolation can result in ground leakage current due to the parasitic behavior of PV systems, resulting
in safety concerns and compromised power quality. Conventional five-level common-ground inverters
can eliminate ground leakage current through the common-ground technique and achieve double voltage
boosting capability. However, this topology necessitates a considerable amount of capacitance to efficiently
minimize voltage ripple due to the extended discharge time during the negative half-cycle.Moreover, the high
capacitance raises concerns regarding the potential for high current stress on switches during chargingmodes.
In this article, a new single-stage common-ground boosting transformerless inverter is introduced. The
proposed topology has fewer components, a lower number of conducting devices, and reduced capacitance
requirements. The proposed topology can also be extended to three-phase applications using a single power
source. The article includes explanations of the proposed topology, the control method, the component design
process, and the power loss calculations. In addition, a comparison with similar topologies is conducted
to highlight the advantages and disadvantages of the proposed topology. Simulation results are included
to confirm the functionality and practicality of the proposed topology. Finally, experimental results for
a 500-W prototype operating in a closed-loop system under different loads and load changes are presented.
The converter demonstrates its capability in both buck and boost modes, achieving a high efficiency of
over 95%.

INDEX TERMS Buck-boost inverter, common-ground inverter, leakage current elimination, single stage
inverter.

I. INTRODUCTION
Worldwide endeavors to secure sustainable energy supplies
have driven the advancement of grid-connected photovoltaic
(PV) and fuel cell systems, signifying a noteworthy transition
towards the production of renewable energy [1], [2]. Inverters
are key in integrating these sources into existing infrastruc-
ture, particularly grid-tied inverters for PV systems, which
are gaining popularity due to falling panel costs. However,
challenges like commonmode (CM) currents threaten system
efficiency and safety [3]. Traditional transformers made from
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iron and copper are commonly used in PV systems to pre-
vent leakage current. However, they come with drawbacks,
increasing the size and cost of inverter systems while reduc-
ing efficiency and power density [4].

In response to these challenges, researchers and engineers
have developed transformerless inverter solutions to enhance
efficiency and reduce the footprint and cost. The absence
of transformers in these configurations removes the weight
and size limitations associated with traditional setups, ren-
dering them more agile and adaptable to diverse applications.
However, this transition has necessitated more attention to
safety standards, particularly in terms of mitigating potential
hazards, including ground fault and leakage currents due to
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FIGURE 1. Existing transformerless inverter topologies. (a) [20], (b) [26], (c) [29], and (d) [30].

the parasitic capacitance between the PV panels or fuel cell
systems and ground [5].

The single-phase transformerless H-bridge inverter is
known for its efficient utilization of DC input voltage
and ability to generate a three-level output voltage with
a high-quality AC output voltage. However, traditional
H-bridge inverters can only adjust the output voltage within
the range of the supplied input voltage, essentially func-
tioning as a buck converter. In low-voltage PV systems, the
inverter needs to increase the output voltage to meet the
grid voltage level. The simplest method to achieve this is to
use multiple DC sources to increase the DC voltage on the
H-bridge’s input side [6]. However, increasing the number
of DC sources also increases the number of switches and
independent DC voltage sources, resulting in higher voltage
stresses on the H-bridge. This can result in voltage source
imbalance issues, adding complexity and cost to the system.

An intriguing solution to these issues is to combine a
DC-DC boost converter with an H-bridge inverter to perform
boost functionality. This allows for adjustment of the output
voltage to create a stable voltage transformation, regardless
of grid conditions. However, the presence of the H-bridge
inverter in the power conversion interface eliminates the pos-
sibility of having a common ground (CG). Consequently, this
results in the emergence of common-mode voltage (CMV)
and leakage current, even when utilizing a DC-DC converter
with a shared ground connection with the input source [7].
Reduced efficiency is another disadvantage of the two-stage
power conversion structure, which primarily originates from
significant losses across the boost converter. These issues
can potentially affect the system’s performance and must be
carefully addressed during the design process [8].

In an effort to address the disadvantages associated with
the H-bridge, researchers have explored advanced H-bridge
designs [9], [10], [11], [12]. Fundamentally, the aim of these
derived H-bridge structures is to reduce leakage current. They
can be broadly classified into two primary categories: DC and
AC decoupling. The developed DC decoupling techniques
include H5 [9], oH5 [10], and H6 [11]. H5 improves the
conventional H-bridge design by adding a switch on the
positive DC rail, while oH5 and H6 enhance the design
further by incorporating two switches and a split capacitor
on the DC side. The AC decoupling technique has also
gained widespread recognition and is notably represented by
HERIC [12], which incorporates two extra switches coupled

at the output of the H-bridge to achieve AC side decoupling.
However, the problem of leakage current remains a challenge
in these inverter structures. Furthermore, conduction losses
and the inability to boost voltage during inverter operation are
significant limitations associated with these interconnected
inverter structures.

Common ground inverter topologies have been extensively
investigated as a viable approach for mitigating leakage cur-
rent [13]. Here, the common-mode voltage is effectively
regulated to zero by establishing a direct connection between
the neutral line of the grid and the negative of the PV panels.
This approach is exemplified by the virtual DC-bus inverter
presented in [14], which comprises five switches and a single
capacitor, designated as a virtual capacitor. This is charged
in the positive half-cycle and discharged in the negative half-
cycle. However, a key drawback of this design is the absence
of a pathway to charge the capacitor during the negative cycle,
resulting in the output having high levels of total harmonic
distortion (THD). Several other similar structures based
on the virtual DC-bus concept have been introduced [15],
[16], [17], [18], [19]. However, these structures usually only
provide the buck feature and require a front-end DC–DC
converter for the boost feature. In [20], a fundamental boost
circuit was integrated into the virtual DC-bus inverter to
provide a boosting capability, as displayed in Fig. 1(a).
This structure employs five power switches, which incur
significant switching losses due to high-frequency operation
during the entire output cycle. Furthermore, it only delivers
a two-level output voltage and requires a large output filter.
The switched-boost CG inverter in [21] uses seven switches
and provides a five-level output voltage, resulting in reduced
output filter size and enhanced power quality. However, the
voltage stress on the switches is high and requires a large
capacitance, which is achieved through virtual capacitors.
The single-stage CG five-level inverter in [22] offers boost-
ing functionality, although it requires a higher number of
switches. In a different approach, a single-stage CG inverter
was detailed in [23] that employs a quasi-Z-source network to
achieve the boost feature. In [24], a similar voltage-boosting
solution employing two inductors is used within the boosting
network. However, these topologies incorporate bulky induc-
tance components that increase the overall size of the system.

Another solution to achieve voltage-boosting functional-
ity involves employing a structure based on the switched
capacitor (SC) unit [25]. This method requires a converter
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FIGURE 2. Proposed CG-5S-BTI.

TABLE 1. Switching states of the proposed CG-5S-BTI.

comprising two switches, one capacitor, and one diode.
SC-based topologies for voltage boosting and achieving
enhanced efficiency were investigated in [26], [27], [28],
[29], and [30]. In [26], as depicted in Fig. 1(b), and [27],
these topologies required the use of seven and six switches,
respectively, to achieve a three-level output voltage and dou-
bled boost capacity. In [28], research on three-level inverters
achieved a triple-boost voltage, although it required the use
of nine switches. Generally, these three-level designs have
resulted in higher device stresses. To mitigate voltage stresses
on the components, conventional five-level common-ground
inverters have been introduced [29], [30], as displayed in
Fig. 1(c) and 1(d), respectively. These highlight the advan-
tage of achieving double voltage boosting while generating
a five-level output voltage. However, all these topologies
depended on a large capacitor to produce a negative output
voltage, raising concerns about high current stress of switches
when the large capacitors are charging, potentially affecting
inverter lifespan.

In this article, a new single-stage common ground
five-switch boosting transformerless inverter (CG-5S-BTI)
is introduced. This structure is capable of eliminating leak-
age current by providing a common ground between input
and output terminals. Additionally, it achieves a buck-boost
operation with a voltage boost factor of two, eliminating the
need for virtual DC-link capacitors and reducing peak current
stress on the switches. The proposed inverter operates within
a single stage, reducing the number of switches and mini-
mizing the number of switches operating at high switching
frequency in each cycle, which lowers switching losses dur-
ing power conversion, enhancing efficiency and reliability.
A control strategy for the switches is implemented, ensuring
synchronous operation between the positive and negative
half-cycles of the output voltage. Moreover, by combining
three CG-5S-BTI modules without requiring any redesign,
it is possible to create a new three-phase inverter system

that maintains a single power source and common ground
characteristics.

The remaining sections of this article are organized as
follows: Section II presents a full description of the pro-
posed topology, control method, and three-phase expansion
structure. Section III focuses on the design criteria, encom-
passing the evaluation of current and the size of passive
components. Section IV provides the loss calculation for the
proposed inverter, while Section V presents a comparative
analysis of the various topologies. Section VI includes the
outcomes of the simulations and experimental investigations,
and Section VII presents the conclusions.

II. PROPOSED CG-5S-BTI
Fig. 2 depicts the design of the proposed CG-5S-BTI, which
is configured to achieve a voltage output of twice the input
voltage by combining a CG-5S-BTI with one boost SC con-
verter and one buck-boost converter. The inverter consists of
five power switches (S1, S2, S3, S4, and S5), two capacitors
(C1 and C2), one inductor (L1), one diode (D1), and an
LC filter (Lf , Cf ) located at the output of the inverter. The
boost SC converter comprises components S1, S2,D1 and C1,
while the buck-boost converter is composed of L1, S3, S4, S5,
and C2.

Among the five switches (S1–S5), S1 and S2 always operate
at a high frequency when the output voltage is higher than the
input voltage. Conversely, when the output voltage is lower
than the input voltage, S1 turns off, S2 remains on, and S3
operates at a high frequency during the output cycle. S4 and
S5 only operate at a high frequency during the negative and
positive half-cycles, respectively.

By connecting the negative terminal of the output inverter
in Fig. 2 to the negative terminal of the input DC source, all
leakage currents are eliminated. This characteristic obviates
the need for a common-mode filter and enhances overall
system efficiency.

A. OPERATION MODES
This section of the paper provides a comprehensive overview
of the operational modes of the proposed CG-5S-BTI, cov-
ering both the positive and negative half-cycles of the output
voltage waveform.

There are five operating modes of the proposed CG-5S-
BTI, with three modes (I - III) operating during the positive
half-cycle and two modes (IV and V) operating during the
negative half-cycle. Table 1 presents the various possible
states of the switches in the proposed CG-5S-BTI.

The equivalent electrical circuit for the inverter’s opera-
tional modes during the positive half-cycle is depicted in
Fig. 3(a)–(c). Additionally, Fig. 4(a) and (b) illustrate the
equivalent electrical circuit for the operational modes during
the negative half-cycle. In these figures, the blue dashed line
depicts the path of the current through capacitorC1, while the
green and orange dashed lines depict the paths of the currents
through inductors Lf and L1, respectively.
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FIGURE 3. Operating modes of the proposed CG-5S-BTI under
positive-half cycle (a) Mode I, (b) Mode II, (c) Mode III.

The operational modes of the CG-5S-BTI throughout both
the positive and negative half-cycles of the output voltage are
described as follows:

Mode-I: In the first operating mode, as depicted in
Fig. 3(a), switches S1, S3, and S4 are in the on-state, and diode
D1 is reverse biased. The capacitor C1 is connected in series
with the input voltage source (Vdc), and the inverter’s output
is connected in series with Vdc and capacitor C1. As a result,
the peak value of the output voltage reaches 2Vdc. Capacitor
C2 and inductor L1 are connected in parallel by turning on
switch S4. During the positive-half cycle, there is no charging
process for inductor L1. The average voltage of the voltages
across inductor L1 and capacitor C2 is zero. The differential
equations are obtained as

vL1 = L1
diL1
dt

= −vC2

vLf = Lf
diLf
dt

= Vdc + VC1 − vo

(1)


iC1 = C1

dvC1
dt

= −iLf

iC2 = C2
dvC2
dt

= iL1

(2)

FIGURE 4. Operating modes of the proposed CG-5S-BTI under
negative-half cycle (a) Mode IV, (b) Mode V.

Mode-II: Fig. 3(b) depicts the second operation mode,
in which the output voltage is positive. Here, switches S2,
S3, and S4 are in the on-state. Capacitor C1 is connected in
parallel with Vdc due to the forward biased of diode D1 and
on-state of switch S2. CapacitorC1 is charged toVdc. Inductor
L1 and capacitor C2 keep the same connection as in the first
operation mode, the average voltage of capacitor C2 is zero.
The output voltage is maintained by the Vdc through switches
S3 and S4. The mathematical expressions for Mode II can be
deduced as follows:

vL1 = L1
diL1
dt

= −vC2

vLf = Lf
diLf
dt

= Vdc − vo

(3)


iC1 = C1

dvC1
dt

= idc − iLf

iC2 = C2
dvC2
dt

= iL1

(4)

Mode-III: During this mode, the equivalent circuit is dis-
played in Fig. 3(c). Here, diode D1 is forward biassed, and
switch S2 is turned on, ensuring that the voltage of capacitor
C1 is equal to Vdc. Switch S3 is turned off, meaning no energy
is transferred to L1 in this mode. Inductor L1 and capacitor
C2 are connected in parallel through switch S4. The average
voltage of both inductor L1 and capacitor C2 is zero. The
switch S5 is turned on, which helps connect capacitor C2 in
parallel to the output side. The inverter output voltage is zero
in this mode. The differential equations are obtained as

vL1 = L1
diL1
dt

= −vC2

vLf = Lf
diLf
dt

= −vC2 − vo

(5)
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
iC1 = C1

dvC1
dt

= idc

iC2 = C2
dvC2
dt

= iL1 + iLf

(6)

Mode-IV: Fig. 4(a) presents the corresponding circuit rep-
resentation of the proposed inverter in this mode, in which
diode D1 is in forward-biased condition. Here, the voltage
across capacitor C1 is maintained in balance with Vdc by
turning on switch S2. The switches S3 and S5 are in on-state,
meaning inductor L1 is charged from Vdc. The current in
inductor L1 increases linearly. Furthermore, capacitor C2 is
connected to the output side through switch S5. The energy
on the capacitor C2 is transferred to the output load. The
differential equations are derived as

vL1 = L1
diL1
dt

= Vdc

vLf = Lf
diLf
dt

= −vC2 − vo

(7)


iC1 = C1

dvC1
dt

= idc − iL1

iC2 = C2
dvC2
dt

= iLf

(8)

Mode-V: Fig. 4(b) presents the corresponding circuit rep-
resentation of the proposed inverter. In this mode, switch S4
is turned on and switch S3 is turned off, and inductor L1 is
connected in parallel with capacitorC2. The energy from L1 is
discharged through capacitor C2, and the current in inductor
L1 decreases linearly. Moreover, capacitor C2 is connected
in parallel with the load side, helping to maintain the output
voltage as a sine wave. The mathematical equations in this
mode are similar to those in Mode III.

B. MODULATION STRATEGY
The analyses presented in this section are examined for an
ideal case, where the internal resistance of components is
eliminated, the circuit operates under unity power factor con-
ditions, and the output voltage is symmetrical.

The output voltage of the proposed inverter is given by:

vo = Vo.max sin θ (9)

where Vo.max represents the maximum output voltage.
The voltage gain (G) of the proposed CG-5S-BTI is given

by:

G =
Vo.max

Vdc
(10)

The equations of transition angles θ1 and θ2 can be obtained
as  θ1 = sin−1

(
1
G

)
θ2 = π − sin−1

(
1
G

) (11)

When the voltage gain G of the proposed inverter ranges
from 1 to 2, the transition angles θ1 and θ2 are defined

FIGURE 5. Gate signals of all switches for the proposed inverter.

as follows 
π

6
≤ θ1 ≤

π

2
π

2
≤ θ2 ≤

5π
6

(12)

Considering (1) and (3), the duty ratio of S1 can be expressed
as follows:

dp2 =


0, 0 < θ ≤ θ1
vo
Vdc

− 1, θ1 < θ ≤ θ2

0, θ2 < θ ≤ π

(13)

where dp2 is the duty ratio of the switch S1.
The duty ratio of switch S3 is defined based on (3) and (5),

as follows:

dp1 =


vo
Vdc

, 0 < θ ≤ θ1

1, θ1 < θ ≤ θ2
vo
Vdc

, θ2 < θ ≤ π

(14)

where dp1 is the duty ratio of the switch S3 during the positive
half-cycle.

Referencing (5) and (7), the duty ratio of S3 can be repre-
sented as follows:

dn =
vo

vo − Vdc
, π < θ ≤ 2π (15)

where dn is the duty ratio of the switch S3 during the negative
half-cycle.

The PWM control method for the switches of the proposed
CG-5S-BTI is displayed in Fig. 5. In the figure, three control
waveforms (dp1, dp2, and dn) are used and compared to a
high-frequency triangle waveform (vtr ). During the positive
half-cycle (0–π), control waveforms dp1 and dp2 exhibit
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FIGURE 6. Logic gates used for the PWM generation for the proposed
inverter: (a) for Modes I, II, and III and (b) for Modes IV and V.

TABLE 2. Switching conditions at various time intervals.

variation. Specifically, dp2 varies within the time interval
(θ1–θ2), whereas dp1 varies within the time intervals (0-θ1)
and (θ2–π ). Conversely, during the negative half-cycle
(π–2π ), the control waveform dn displays variation.
When the output voltage is greater than the input volt-

age, which occurs between time points θ1 and θ2. Gate
signals for switch S1 are generated by comparing the con-
trol waveform dp2 to the triangle waveform vtr . The gate
signal for switch S2 is inverted from the gate signal for
switch S1.
When the output voltage is lower than the input voltage,

gate signal for switch S5 within the time intervals (0–θ1) and
(θ2–π ) are generated by comparing the control waveform dp1
to the triangle waveform vtr . The gate signal for switch S3
is inverted from the gate signal for switch S5 in the positive
half-cycle.

In both cases of output voltage versus input voltage, gate
signal for switch S4 is generated by comparing the control
waveform dn to the triangle waveform vtr . The gate signal
for switch S3 is inverted from the gate signal for switch S4 in
the negative half-cycle.

Table 2 lists the switching states under various input volt-
age conditions at different time intervals.

According to Table 2, only two of the five switches operate
at high frequency throughout each time interval, helping to
reduce switching losses in the proposed inverter. As displayed
in Fig. 6, the gate signals of the switches are represented

FIGURE 7. Closed-loop control diagram of the proposed inverter:
(a) control for Modes I, II, and III, and (b) control for Modes IV and V.

as follows:

S1 =

[
0,
1,

dp2 < vtr
dp2 ≥ vtr

(16)

S2 = S1 (17)

S5 =

[
0,
1,

dp1 ≥ vtr
dp1 < vtr

(18)

S4 =

[
0,
1,

dn ≥ vtr
dn < vtr

(19)

S3 = S4 + S5 (20)

C. DESIGN OF THE VOLTAGE CONTROLLER
The operating modes during the negative and positive
half-cycles of the proposed inverter are different, resulting
in asymmetrical output voltage characteristics. The output
voltage in the positive and negative half-cycles of the inverter
is expressed as follows:

vo =

{
Vp.max sin θ, for vo > 0
Vn.max sin θ, for vo < 0

(21)

where Vp.max and Vn.max respectively represent the peaks of
the output voltage in the positive half-cycle and the negative
half-cycle.

A symmetric output voltage occurs when the peaks of the
voltage in the positive and negative half-cycles are equal:

Vp.max = Vn.max = Vo.max (22)

To address the asymmetry issue of the output voltage, the
proposed inverter implements two controllers, employing an
adaptivemethod. Thismethod uses a PI controller to fine-tune
the balance of the output voltage in each half-cycle. Fig. 7
illustrates the control block diagram of the proposed inverter.
Here, the output voltage (vo) is compared with the reference
voltage (vo−ref ), generating the error signal (ev). The voltage
error passes through the PI controller, resulting in the output
of the control signal.
The control process of the output voltage in the positive

half-cycle is based on the analysis derived from (13) and (14).
Consequently, dp2 and dp1 are designed as follows:

dp2 = vmp − 1 (23)

dp1 = vmp (24)
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FIGURE 8. Schematic diagram of the proposed inverter with leakage
current.

The control process of the output voltage in the negative
half-cycle is based on the analysis derived from (15). Accord-
ingly, the design of dn is as follows:

dn =
vmn

vmn − 1
(25)

where the control signals vmp for the positive half-cycle and
vmn for the negative half-cycle are determined as follows:

vmp =
1
Vdc

[
kp1ev + ki1

∫
ev dt

]
(26)

vmn =
1
Vdc

[
kp2ev + ki2

∫
ev dt

]
(27)

where kp1 and ki1 are the proportional and integral gain of PI
controller 1, respectively, and kp2 and ki2 are the proportional
and integral gain of PI controller 2, respectively.

From (23) and (25), the maximum values of the duty ratios
dp2 and dn are given by:

dp2.max = Vmp.max − 1 (28)

dn.max =
Vmn.max

Vmn.max + 1
(29)

where Vmp.max and Vmn.max represent the maximum values of
vmp and vmn, respectively.

D. LEAKAGE CURRENT ANALYSIS
Fig. 8 illustrates the proposed simplified model of a trans-
formerless inverter with parasitic capacitance. The absence of
galvanic isolation may result in a direct ground-current path
between the PV panel and the grid. Moreover, the substantial
stray capacitance (Cpv) between the PV and grid grounds
introduces a variable voltage, which is commonly known as
the common-mode voltage. This excites the resonant circuit
formed by the parasitic capacitor and the inverter filter induc-
tor, which produces a high common-mode ground current
(leakage current) [15], [16]. To mitigate this leakage current
(ileakage) and ensure stability, it is imperative to maintain
a constant common voltage (Vcm) throughout all operating
periods. In Fig. 8, Vcm and the differential-mode voltage
(Vdm) are defined as follows:

Vcm =
VAN + VBN

2
(30)

Vdm = VAN − VBN (31)

where VAN represents the voltage between terminals A and
N , and VBN is the voltage between terminals B and N .

As documented in [29], it was established that Vdm
also influences the leakage current. Consequently, the total
common-mode voltage (Vtcm) can be expressed as follows:

Vtcm =
VAN + VBN

2
+
VAN − VBN

2
Lb − La
Lb + La

(32)

In the proposed inverter, Lb = 0, and VBN = 0. Conse-
quently, (32) can be simplified to:

Vtcm = VBN (33)

Due to the common-ground structure in the proposed
inverter, where both the end of B and N are shorted, (33)
ensures the absence of any switching-frequency common-
mode voltage.

E. THREE-PHASE EXTENSION OF THE PROPOSED
CG-5S-BTI
Three-phase inverters play a critical role in various industries
and commonly consist of three traditional half-bridge invert-
ers, which produce a two-level voltage in each phase. While
this configuration is widely used, there have been continu-
ous efforts to improve the voltage quality and develop more
advanced three-level phase voltage solutions. To address this
demand, innovative inverter topologies have been introduced,
such as neutral point clamped (NPC) [31], T-type [32],
and flying-capacitor [33] inverters. However, although these
advanced topologies can generate a three-level voltage, they
only operate in the buck mode. Accordingly, the three-phase
extension of CG-5S-BTI offers a compelling alternative.
Owing to its common-ground structure, this innovative
inverter design avoids neutral-point voltage imbalance issues.

The three-phase extension of CG-5S-BTI is illustrated in
Fig. 9. This structure has the advantage of generating higher
output voltages compared to the input voltages. In this topol-
ogy, a total of 15 power switches are required, contributing
to the common ground of every phase. In applications where
the inverter is required to in buck feature, only nine switches
are active at high frequencies.

Significantly, the capacitors employed in this design are
characterized by their low values. Among these capacitors,
three are tailored tomatch the input voltage, while the remain-
ing three are designed to match the output voltage. This helps
to reduce losses from the capacitors while optimizing the
utilization of the input DC source.

III. COMPONENT SELECTION
This section provides a comprehensive explanation of the
component design for the proposed CG-5S-BTI. For simplic-
ity in the component selection calculations, the inverter is
analyzed under ideal conditions. This means that the inter-
nal resistances of the components are neglected, the circuit
operates under unity power factor conditions, and the output
voltage is symmetrical.
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FIGURE 9. Three-phase extension of the proposed CG-5S-BTI.

A. INDUCTANCE AND CAPACITANCE SELECTIONS
Inductor L1 is charged when switches S3 and S5 are turned on
and the energy stored in inductor L1 is controlled by the duty
ratio dn. From (2), (4), (6), (8). The current in inductor L1 is
given by

iL1 =


io

(
dp1 − 1

)
, 0 < θ ≤ θ1 or θ2 < θ ≤ π

0, θ1 < θ ≤ θ2

io/ (dn − 1) , π < θ ≤ 2π

(34)

The calculation of the current ripple for inductors L1 and
Lf is based on equation vL = Ldi/dt. The current ripple of
inductors L1 and Lf can be determined as follows:

1iL1 =
Vdcdn
L1fs

(35)

1iLf =
(2Vdc − vo) dp2

Lf fs
(36)

where fs represents the switching frequency.
The maximum current in inductor L1 is obtained from

IL1.max = (G+ 1) Io.max +

(
1

G+ 1

)
Vo.max

2L1fs
(37)

The maximum value of 1iL1 occurs when dn reaches its
maximum value. By referring to (10), (15), (35) and (36), the
size of L1 and Lf are obtained as follows:

L1 =

(
1

G+ 1

)
Vo.max

1iL1.maxfs
(38)

Lf =

(
3G− G2

− 2
G

)
Vo.max

1iLf .maxfs
(39)

From (1), (3), (5), and (7). The voltages of capacitors C1,
C2 are given by

vC1 = Vdc (40)

vC2 =

{
0, 0 < θ ≤ π

−vo, π < θ ≤ 2π
(41)

In the first operation mode, as displayed in Fig. 3(a),
the current through the C1 (iC1) is equal to the output

current (io). The voltage ripple of the capacitor C1 can be
written as follows:

1vC1 =
1
C1

(
iC1.dp2.Ts

)
=

io
C1

. (G sin θ − 1) .Ts (42)

The maximum values of 1vC1 are obtained when dp2
reaches its maximum value. From (42), the values of capaci-
tors C1 can be determined as follows:

C1 = (G− 1)
Io.max

1vC1.maxfs
(43)

Similarly, the ripple voltage of the capacitor C2 can be
written as follows:

1vC2 =
1
C2

(iC2.dn.Ts) =
io
C2

.

(
G sin θ

G sin θ − 1

)
.Ts (44)

The values of capacitors C2 can be determined as follows:

C2 =

(
G

G+ 1

)
Io.max

1vC2.maxfs
(45)

B. SEMICONDUCTOR DEVICES SELECTION
By referring to the operational modes of the proposed CG-
5S-BTI, as described in Section II, the voltage stresses on the
switches are as follows:

VS1 = VS2 = Vdc
VS3 = VS4 = Vdc + Vo.max

VS5 = Vo.max

(46)

The peak currents of S3, S4, S5 are linked to iL1.max in (37).
When disregarding the current ripple, the switch current
stresses are given by

IS1 = Io.max

IS2 = IC1.ch
IS3 = IS4 = (G+ 1) Io.max

IS5 = (G+ 2) Io.max

(47)

The peak charging current of capacitor C1 can be written
as follows:

IC1.ch =
1VC1
Req1

(48)

where Req1 is the equivalent resistance in the charging path
of C1 and can be calculated as follows:

Req1 = rDS1 + rD1 + rC1 (49)

where rDS1, rD1, and rC1 are the on-resistance of the switch
S1, diodeD1, and equivalent series resistance (ESR) of capac-
itor C1, respectively.

IV. LOSS ANALYSIS
The main sources of power losses in the proposed CG-5S-
BTI design originate from the capacitors, inductors, diodes,
and MOSFETs. The power loss in the capacitor is primarily
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TABLE 3. Comparison of the proposed inverter and existing inverters.

due to its ESR and the root mean square (rms) of the current.
This relationship is described as follows.

PC =

2∑
i=1

rCiI2Ci.rms (50)

where ICi.rms and rCi represent the rms current flowing
through the capacitors and their ESR values, respectively.

The temperature increase in L1 is a result of the copper
losses (Pcu) and core losses (PFe). The total power losses
(PL1) of inductor L1 can be calculated as follows:

PL1 = Pcu + PFe (51){
Pcu = I2L1.rms.rL1
PFe = a.f b.Bc.Ae.le

(52)

where IL1.rms and rL1 represent the rms current and ESR of
inductor L1. Additionally, Ae is the cross-sectional area of the
inductor’s core, le refers to the length of the magnetic path, B
represents half of the alternating current flux swing, and a, b,

and c are empirical parameters adjusted based on the core’s
datasheets.

The power losses in a diode consist of two main factors:
conduction loss (PD.c) and reverse recovery loss (PD.sw).
These combined power losses of a diode (PD) can be rep-
resented as follows:

PD = PD.c + PD.sw (53)
PD.c =

1
Ts

∫ Ts

0

(
VFD1iD1 + rD1i2D1

)
dt

= VFD1ID1.avg + rD1I2D1.rms

PD.sw =
1
Ts

∫ trrD1

0
pD1dt =

1
6
fsVD1IrrD1trrD1

(54)

where ID1.avg, ID1.rms, rD1, VFD1, IrrD1 and trrD1 are the
average current, rms current, on-resistance, forward voltage
drop, reverse recovery current and reverse recovery time of
diode D1.
Switch losses include both conduction losses (PS .c) and

switching losses (PS .sw) [34]. As a result, the overall power
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TABLE 4. Voltage stress comparison of selected topologies.

FIGURE 10. Power loss distribution of proposed CG-5S-BTI under 500W:
(a) Boost mode. (b) Buck mode.

loss in the power switch can be formulated as follows:

PS =

5∑
i=1

(PSi.c + PSi.sw)

=

5∑
i=1

PSi.c +

Non,i∑
j=1

PSi.sw(on),j +
Noff ,i∑
j=1

PSi.sw(off ),j


(55)

PSi.c =
1
Ts

∫ Ts

0
rSii2Sidt = rSiI2Si.rms

PSi.sw(on) =

∫ ton

0
VSiiSidt =

1
6
VSiISi.onton

PSi.sw(off ) =

∫ toff

0
VSiiSidt =

1
6
VSiISi.off toff

(56)

where PSi.sw(on) and PSi.sw(off ) are turn-on and turn-off loss
of the switches. ISi.rms, ISi.avg, and rSi are the rms current,
average current, and on-resistance of the switches. Non and
Noff are the number of turn-on and turn-off during one cycle,
ton is rising time, toff is the falling time, VSi is the voltage
stress of the switches, ISi.on, ISi.off are the current stresses of
on-state and off-state.

The efficiency of the proposed CG-5S-BTI can be defined
as follows:

η =
Po

Po + PLoss
(57)

TABLE 5. Simulated parameters for comparison.

FIGURE 11. Component loss distribution of inverters under 500 W.

where

PLoss = PC + PL + PD + PS (58)

Fig. 10 illustrates the detailed distribution of power losses
among individual components, with the parameters of the
components presented in Table 8 in Section VI. Notably,
the losses in switches S3, S4, and S5 dominate the overall
power losses in the inverter. This result is due to S3, S4,
and S5 experiencing higher voltage stress and current levels
compared to S1 and S2.

V. COMPARISON
To assess the advantages and drawbacks of the proposed
CG-5S-BTI, two comparisons have been conducted. One
comparison is made between the proposed inverter and
recently common transformerless. Another comparison is
drawn between the proposed inverter and the selected invert-
ers shown in Fig. 1.

A. COMPARISON WITH EXISTING TI TOPOLOGIES
Table 3 provides a comprehensive comparison between the
proposed CG-5S-BTI topology and prior-art topologies. This
evaluation aims to highlight the potential advantages of the
proposed inverter topology by examining several key aspects:
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TABLE 6. Comparison of power quality at output of proposed inverter
under open-loop and closed-loop conditions.

the number of active and passive components, the count of
switches in the on-state, total standing voltage (TSV), volt-
age gain, leakage current, capacitance, and peak measured
efficiency. It should be noted that in the topologies presented
in [17], [21], [26], [28], [38], and [39], bidirectional switches
are counted as two individual switches. Additionally, input
and filter capacitors are not listed in the table.

As shown in Table 3, the proposed topology uses five
switches, which is fewer than the topologies in [21], [26],
[30], [38], and [39] when considering the same voltage gain
of 2. Topologies [23], [24], and [28] achieve a higher voltage
gain of 3 but require additional diodes and an increased
number of switches.

Regarding the count of switches in the on-state, the
proposed topology uses three, which is lower than in topolo-
gies [26], [28], [35], [38], and [39]. This reduction in
switch count is beneficial for decreasing switching losses and
improving efficiency.

In terms of TSV, the proposed topology has a TSV of 5.1,
which is lower than those in [27], [30], and [36], where the
TSV exceeds 8. A low TSV indicates reduced semiconductor
usage, leading to lower system costs. Topologies [9], [10],
[11], [12], [13], [14], [16], and [18] have the lowest TSV.
However, these topologies have voltage gains lower than 1.
Topology [22] achieves both low TSV and a high voltage
gain, but the trade-off is an increased number of components
and switches in the on-state.

Topologies [20], [22], [23], [24], [28], and [37] have higher
voltage gains than the proposed topology, with [20] achieving
the highest at 4.4. This topology uses a number of semicon-
ductor components equal to the proposed topology. However,
it outputs two voltage levels, causing high voltage stress on
the components. Topology [23] has a voltage gain of 3 with
four switches used but requires additional passive compo-
nents and high voltage stress on the components.

Leakage current elimination is an outstanding property
of the CG-based structure. The proposed inverter is also
designed based on this structure, effectively reducing leakage
current, which improves safety and operational efficiency.
However, unlike the proposed topology, topologies [9], [10],

[11], [12] and [35] have variable CM voltage. Consequently,
their leakage current is not zero, which poses potential risks.

Regarding required capacitance, topologies based on the
virtual DC-bus concept [14], including [16], [17], [18], [21],
[29], [30], [38], and [39], require larger capacitance values to
facilitate long discharge times, leading to high current stress
on the switches. As shown in Table 3, topologies [17], [18],
and [21] require capacitors exceeding 1000 µF for power
levels below 1 kW. To reduce the required capacitance value,
topologies based on the charge pump circuit concept [15],
including [23], [24], [26], [27], and [28], perform capacitor
voltage equalization during each switching cycle, thereby
reducing the capacitance demand. However, topologies in
this group generally still have high TSV values. In contrast,
the proposed inverter uses two capacitors with smaller val-
ues and lower TSV to achieve the same voltage gain as
topologies [21], [26], [27], [29], [30], [38], and [39]. This
characteristic can also enhance the overall efficiency of the
proposed topology compared to other topologies.

B. COMPARISON WITH SELECTED TOPOLOGIES
For amore comprehensive evaluation of the proposed CG-5S-
BTI, the proposed inverter is compared with a boost two-level
inverter from [20], a three-level inverter from [26], and two
five-level inverters from [29] and [30]. All these selected
inverters share the common features of voltage boosting and
common-ground structure.

Table 4 presents a comparison of the voltage stresses across
the components in these inverters when Vdc = 100 V and
Vo.rms = 110 V. The table indicates that the inverters in [20],
[29], and [30] each have five switches experiencing high
voltage stress (2Vdc or higher). Notably, the proposed CG-
5S-BTI and inverter in [29] stand out due to only three
switches experiencing high voltage stress. Additionally, the
table demonstrates that the proposed inverter has the lowest
TSV among all the considered topologies.

The selected inverters are simulated in PSIM at a power
of 500Wwith an input voltage of 100 V. Table 5 describes the
physical model of the interconnected simulation structures.
The on-state resistance of the switches (rS) is 0.05�, and
the forward voltage (VF) and internal resistance in the diodes
are 1 V and 0.05 �, respectively. Based on Table 5, the loss
distribution of the proposed inverter and the selected inverters
is illustrated in Fig. 11.

VI. SIMULATION AND EXPERIMENTAL RESULTS
A. SIMULATION RESULTS OF THE PROPOSED INVERTER
IN STAND-ALONE OPERATION
In this section, simulation studies were undertaken in the
PSIM software to validate the theoretical operational princi-
ples of the proposed CG-5S-BTI. In this simulation model,
the parameters are as shown in Table 8. The input DC source
was set to 100 V and 200 V for boost mode and buck mode,
respectively, with a voltage gain of 1.55 and 0.78. The output
voltage is 110 V with a frequency of 50 Hz, and it is symmet-
rical by applying the control strategy introduced in Fig. 7.
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Fig. 12 presents the voltage and current waveforms for the
proposed CG-5S-BTI during transient response as the output
load power changes from 250 W to 500 W in both boost and
buck modes. Despite the variation in output power, the peak
output voltage remains stable at 155.6 V. The peak output
current changes from 3.22 A to 6.39 A.

When considering the output power of 500 W, in boost
mode, Vmp.max and Vmn.max are 1.571 and 1.645, respectively,
as shown in Fig. 12(a). In buck mode, Vmp.max and Vmn.max
are 0.784 and 0.80, respectively, as shown in Fig. 12(b).
The difference in the peak values of Vmp and Vmn indicates
that the closed-loop control process has been implemented to
maintain a symmetrical output voltage.

Table 6 provides insights into the average output voltage
(Vo.avg), average output current (Io.avg), and THD of the
output current (THD.Io) in both open-loop and closed-loop
operation modes of the CG-5S-BTI inverter. An analy-
sis of Table 6 reveals that when CG-5S-BTI operated in
open-loop mode (Fig. 6), Vo.avg increased corresponding
to the increase in load power. Consequently, this variation
influenced THD.Io, resulting in an increase in THD.Io. For
closed-loop operation (Fig. 7), Vo.avg approached zero and
THD of the output current in the proposed inverter is lower
under closed-loop control compared to open-loop control.
This outcome demonstrated the improvement in power qual-
ity at the inverter’s output during closed-loop operation.

B. SIMULATION RESULTS OF THE PROPOSED INVERTER
USED FOR PV SYSTEMS
This section presents the simulation results of the proposed
inverter for photovoltaic (PV) systems, focusing on its perfor-
mance under varying environmental conditions and its ability
to efficiently track the maximum power point (MPP) and
synchronize with the grid. The system parameters used in
the simulation are detailed in Table 7. The PV array consists
of 11 series-connected modules with 36 cells per module,
designed to deliver a maximum power of 0.88 kW at theMPP,
corresponding to a voltage of 196.8 V and a current of 4.47 A.
The inverter is connected to the grid with a voltage of 220 V
(rms) and a frequency of 50 Hz. As depicted in Fig. 13,
the simulation was conducted using a detailed model of the
proposed inverter, incorporating the MPPT algorithm, phase-
locked loop (PLL), and PI control strategies. The MPPT
algorithm [26], [29] used to extract the maximum power from
the PV panel (Pmax). The reference current (iref ) was accu-
rately computed based on active and reactive power (Qref ),
and the actual current (ig) followed iref closely, demonstrating
the PI controller’s precision in current regulation.

Fig. 14 illustrates the response of the grid-connected
inverter system under variations in irradiance and temper-
ature, as well as the operation of the maximum power
point tracking (MPPT) algorithm. The monitored parame-
ters include solar irradiance, temperature, PV voltage (VPV ),
PV current (IPV ), PV power (PPV ), and grid power (Pg) as
shown in Fig. 14(a). Two cases are considered: changes in
temperature (from the 1st second to the 2nd second) and

FIGURE 12. Simulation results during transient response from Po = 250W
to Po = 500W in (a) Boost mode and (b) Buck mode.

changes in irradiance (from the 3rd second to the 4th second).
Initially, the irradiance is kept constant at 1000W/m2, and the
temperature decreases from 50◦C to 25◦C from the 1st second
to the 2nd second, with the voltage changing from 183 V
to 200 V and the current varying slightly from 4.21 A to
4.38A. This indicates that temperature changes also affect the
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TABLE 7. Parameters of PV inverter system.

FIGURE 13. Block Diagram of Inverter Control System for Optimal PV
Integration.

power output of the solar panel (from 772 W to 876 W) [40].
Subsequently, the temperature is held constant at 25◦C, and
the irradiance decreases from 1000 W/m2 to 500 W/m2 from
the 3rd second to the 4th second. The PV voltage remains
almost unchanged throughout this period, maintaining stabil-
ity around 200 V, while the current decreases from 4.38 A
to 2.05 A. Consequently, the PV output power also decreases
correspondingly (from 876 W to 410 W). This characteristic
aligns with the actual operating characteristics of the PV
module [40]. Fig. 14(b) displays the output voltage waveform
of the inverter, the grid voltage, and the grid current when the
proposed inverter is used in a PV power generation system
under changing irradiance and temperature conditions. As the
irradiance and temperature vary, the PV output power and
the current at the output of the proposed inverter change
accordingly.

These results demonstrate the effectiveness of the inverter
in maintaining operational performance and optimizing
power output under varying environmental conditions.

FIGURE 14. Simulation results grid-connected inverter dynamics with
changing Solar Irradiance and Temperature. (a) Vpv , Ipv , Ppv , Pg.
(b) Vinv , Vg, Ig.

C. EXPERIMENTAL RESULTS
A laboratory prototype was constructed and tested based on
the parameters presented in Table 8 to verify the performance
of the proposed CG-5S-BTI. A visual representation of the
experimental setup is depicted in Fig. 15. Specifically, key
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TABLE 8. Laboratory prototype specifications.

FIGURE 15. Experimental setup of the proposed CG-5S-BTI.

components included the following: IRFP4868PBF MOS-
FETs are used for S1 and S2, C3M0045065D MOSFETs
are used for S3, S4, and S5, while D1 is represented by the
STPS60SM200C. Electrolytic capacitor C1 is a 220 µF, film
capacitor C2 is a 5 µF, and inductor L1 is a 0.4 mH. The main
control board employed a TMS320F280049CDSP processor,
and gate signals are transmitted from the DSP board to the
MOSFETs through TLP 250 optocouplers. These optocou-
plers ensured electrical isolation between the low-voltage
DSP logic circuit and the high-voltage gate-side circuit of
the MOSFETs. The experimental data are captured using a
4-channel TDS 3014B oscilloscope (Tektronix). A Chroma
61604 DC power supply provided the DC input voltage. The
performance of the CG-5S-BTI was evaluated for two cases:
one with an input voltage of 100 V for the boost mode, and
the other with 200 V for the buck mode. In both cases, the
output voltage and load power are set to 110 Vrms and 500W,
respectively.

Fig. 16 displays the experimental results for
a 100 V input voltage with a voltage gain of 1.55.
In Figs. 16(a) and 16(b) depict the voltage stresses on the
switches and diodes, with diode D1 and switches S1 and
S2 maintaining approximately 100 V. Switches S3 and S4
exhibited voltages of approximately 250 V, while the voltage
on switch S5 is 200 V. This is because, vS4 = vC2 + vL1

FIGURE 16. Experimental results. (a) VD1, VS1 and VS2. (b) VS3, VS4 and
VS5. (c) VC1, VC2 and IL1. (d) Vinv , Io and FFT of Vinv . (e) Vo and VC2.
(f) Vinv and Ileakage.

in Mode IV, vS3 = vC1 - vL1 in Mode V, and vS5 = Vdc +

vC1 in Mode I, as displayed in the Figs. 4(a), 4(b) and 3(a),
respectively.

Fig. 16(c) displays voltage waveforms across capacitors
C1 and C2, and the current of inductor L1. The voltage on
capacitor C1 is maintained at 100 V, while the voltage across
capacitor C2 varied. In the positive half-cycle, the voltage
across capacitor C2 is zero, and in the negative half-cycle,
the voltage across capacitor C2 is -vo. Inductor L1 operated
in the positive half-cycle, and in the negative half-cycle,
it transferred energy from the DC source to the load.

The average current and ripple magnitude of inductor
L1 are 4.37 A and 5.8 A, respectively. As demonstrated in
Fig. 16(d), the peak values of the inverter output voltage are
approximately 200 V for the positive half-cycle and 155 V for
the negative half-cycle. The peak output current is 6.22 A,
and the total harmonic distortion (THD) of the output load
current is 1.72%. An FFT analysis of the proposed CG-5S-
BTI is illustrated in Fig. 16(d).

Fig. 16(e) displays symmetric output voltage waveforms,
where the voltage across capacitor C2 is equal to the out-
put voltage in the negative half-cycle. It is evident that the
output voltage in the positive and negative half-cycles was
symmetrical.

To assess the inverter’s leakage current, capacitor Cpv
(100 nF) and a resistor RE (10 �) were employed to emu-
late the PV parasitic capacitance and ground resistance, as
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FIGURE 17. Experimental results. (a) VD1, VS1 and VS2. (b) VS3, VS4 and
VS5. (c) VC1, VC2 and IL1. (d) Vinv , Io and FFT of Vinv . (e) Vo and VC2.
(f) Vinv and Ileakage.

illustrated in Fig. 8. Consequently, the leakage current could
be determined by measuring the current passing through RE .
The measured rms value of the leakage current was close to
zero, which was attributed to the common-ground features
of the proposed inverter. The leakage current in this mode is
depicted in Fig. 16(f).

Fig. 17 displays the experimental output voltage and cur-
rent waveforms of the CG-5S-BTI operating in buck mode.
The input voltage is set to 200 V, with a voltage gain of
0.78. Fig. 17(a) illustrates the voltage stresses on switches S1,
S2, and diode D1. In this mode, diode D1 and switch S2 are
conducted, resulting in zero voltage across them. In contrast,
switch S1 maintained a voltage close to the input voltage.
Fig. 17(b) displays that the voltages on switches S3 and S4
are approximately 352 V, and switch S5 is about 200 V.
In Fig. 17(c) displays the voltage waveforms across capaci-
tors C1 and C2 and the current of inductor L1. Here, capacitor
C1 maintained the input voltage, while the voltage across
capacitor C2 resembled the output voltage waveform with
a voltage ripple (1vC2) of approximately 18V, which was
consistent with the theoretical calculations. The average cur-
rent flowing through inductor L1 is measured at 4.21 A. The
current through inductor L1 in buck mode is lower compared
to boost mode because dn in buck mode is always lower,
as clarified in (35). Fig. 17(d) displays the inverter output
voltage and output current with a peak output current value
of 6.31 A. The THD of the output load current is recorded

FIGURE 18. Experimental results under a series resistive–inductive RL
load: (a) Boost mode. (b) Buck mode.

FIGURE 19. Experimental results of the proposed inverter when load is
changed from 250W to 500W: (a) Boost mode. (b) Buck mode.

FIGURE 20. Efficiency versus output power.

at 1.05%, and the FFT analysis of the proposed CG-5S-
BTI is also illustrated in this figure. Fig. 17(e) demonstrates
the symmetrical output voltage at 155.5V. while Fig. 17(f)
indicates that the measured leakage current is close to zero.

An RL (resistive–inductive) load is illustrated in Fig. 18,
comprising resistive and inductive components of 25 � and
24 mH, respectively. Here, the load current exhibited sinu-
soidal behavior with an amplitude of approximately 6.1 A
and a phase angle of 17.4◦ between the voltage and current.
Fig. 19 depicts the dynamic response of the proposed inverter
under sudden load changes based on the control strategy illus-
trated in Fig. 7 and verified through simulations in Fig. 12.
The inverter output voltage (Vinv) and the voltage across
the resistive load remained stable, even when the load was
increased from 250 W to 500 W. These results demonstrate
that the control strategy effectively stabilizes the inverter’s
output under varying load conditions, validating the theoreti-
cal performance of the PI controllers.

The experimental efficiency of the CG-5S-BTI is presented
in Fig. 20, which was measured using a WT230 YOKO-
GAWA power analyzer. The highest efficiency at 300 W in
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FIGURE 21. THD of the output current versus output power.

buck mode was approximately 96.65%, compared to 96.05%
in boost mode.

Fig. 21 illustrates the THD of the output current (%)
for various output powers. Considering input voltages of
100 and 200 V, it is evident that starting from an output
power of 150 W and above, the THD remained below 5% for
both cases. This demonstrates the high quality of the output
current, as minimal distortion ensures high efficiency and
reduced energy losses in electrical devices.

VII. CONCLUSION
This paper introduced a novel topology based on a
common-ground approach for buck/boost functionality. The
proposed topology employed five switches and one diode
to achieve double voltage gain capability. An input-side SC
unit is used to boost the voltage, where the two switches
within this unit consistently operated at the input voltage
limit, ensuring stable and efficient performance. In addition,
a simple PWMmodulation strategywas applied to seamlessly
integrate this SC unit into the inverter, enabling it to oper-
ate in a single stage. Furthermore, during each half-cycle,
only two switches operated at a high frequency, reducing
switching losses and enhancing overall efficiency. Instead of
employing a polarized capacitor (as in conventional five-level
common-ground inverters), a film capacitor is used to create
the negative half-cycle voltage, effectively reducing voltage
ripple on the capacitor, and improving the output voltage
quality and efficiency. A comparative analysis illustrated the
potential advantages and feasibility of the proposed topology
in comparison to recent structures. Finally, the experimental
results are presented to further validate the practicality of the
proposed topology.
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