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Abstract—This article presents a method for generating a family
of transformerless inverters with common ground, for the con-
nection of photovoltaic or battery energy storage systems with the
electrical grid. Using the proposed method, four common-ground
buck type inverter topologies are derived from bidirectional dc–dc
converters based on buck–boost, SEPIC, zeta and boost–buck
converters, which have in common the static gain given
by D/(1 − D). The operation of each generated topology is
explained and confirmed by computer simulation results. A
comparative analysis between the four generated topologies and
other transformerless common-ground inverters are included,
considering the number of components, voltage ratings, output
power, switching frequency, reported efficiency at rated power,
and the requirement for filter insertion. Experimental results
obtained in the laboratory, with tests performed on a nonoptimized
experimental prototype are presented, for the topology based on
the bidirectional zeta converter.

Index Terms—Common-ground inverter, grid-tied inverter,
inverter topologies, leakage current, transformerless inverter.

I. INTRODUCTION

W ITH more than 200 GW of installed capacity added to
the power sector in 2019, renewable energy continues

for five consecutive years to outpace the additions of fossil fuel
and nuclear power installations combined. About 115 GW of
this total came from photovoltaic solar energy alone [1].

In addition, new distributed systems were motivated by self-
consumption, increasingly with energy storage. In the United
States, particularly Hawaii, and California, where consumers
are looking for energy resilience and reliability, interest in solar
PV-plus-storage projects is also increasing in the residential
market [1].

The use of inverters without galvanic isolation in the con-
nection of photovoltaic and energy storage systems with the
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Fig. 1. Classic full-bridge voltage source inverter used to connect a dc power
source to the grid.

electrical grid can contribute to cost reduction and increase the
efficiency of these systems. However, the use of conventional
noninsulated converters is not suitable due to the generation
floating voltage, which cause the circulation of leakage currents
through the parasitic capacitors [2], [3].

As follows from the classic full bridge voltage source inverter
shown in Fig. 1, the voltage between the dc and the ac link
depends on the voltages VA0, and VB0 across the power semi-
conductors. Therefore, the dc link voltage is floating with respect
to the grounded point.

In [2] and [3], this effect is analyzed mathematically, and
it is demonstrated how the switching strategy of the power
semiconductor affects this floating voltage, also called the com-
mon mode voltage. Thus, through stray capacitances, present in
photovoltaic and energy storage systems [4], [5], an unwanted
current flows through the ground, generating problems such as
risk of electric shock, reduction in the quality of the generated
energy, appearance of electromagnetic interference, increases
in total harmonic distortion (THD) and power losses, and pos-
sible occurrence of a trip in the earth fault protection devices
[3], [6], [7].

Thus, seeking to solve the problems caused by the floating
voltage, while maintaining the advantages of a transformerless
inverter, several topologies were proposed [8].

The first transformerless inverters proposed for PV applica-
tions were based on classic inverters: full-bridge (H4) and neutral
point clamped (NPC) [9]. The H5 [10], the H6 [11], and the
HERIC [12] can be mentioned as full-bridge inverter derivations.
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Fig. 2. Common-ground inverter principle.

Fig. 3. Nonisolated bidirectional dc–dc converter with (a) common connection
of negative terminals, and (b) common connection of positive terminals.

Conergy NPC [13] and active NPC [14] are modifications of the
NPC converter.

However, in addition to these two lines of topology derivation,
some converters connecting the grid neutral point to the negative
dc terminal have been proposed [15]–[19]. Therefore, these
three strategies lead transformerless inverter structures to be
categorized as: disconnection during the freewheeling modes,
common-mode voltage clamping, or common-ground [6].

Among the strategies used to solve the leakage current prob-
lem, the topologies with common grounding gained prominence
for being the only one that eliminates this current [18]–[23].
This is achieved because the principle of this strategy is to have
a direct physical connection point between the ac and dc links,
commonly connecting the grid neutral point to the negative dc
source, as shown in Fig. 2.

Some of the common-ground topologies were developed from
known converters [24]. However, based on a literature search,
a systematic method for derivation of common-ground volt-
age source inverters does not appear to have been previously
reported. Nevertheless, systematic procedures for generating
floating voltage step-down inverter topologies are presented in
[25], and a derivation method for avoiding floating operations
in ac-based decoupling topologies is presented in [26].

Therefore, a method for generating inverters with common
ground is proposed in this article, which can be used to generate
a large number of inverter topologies, from bidirectional dc–
dc converters, suitable for connecting photovoltaic and energy
storage systems to the electrical power grid.

II. BIDIRECTIONAL NONISOLATED DC–DC CONVERTERS

Fig. 3(a) shows a generic nonisolated bidirectional dc–dc
converter represented byF (D), interconnecting a voltage source
V1 and a capacitor C2, with common connection between the
negative polarity terminals. Fig. 3(b) shows the same converter,

Fig. 4. Static gain G2 as a function of D2.

but with a common connection between the positive terminals
of the source V1 and the capacitor C2.

Let us consider the connection of the positive terminals. The
voltages shown in Fig. 3(b) are described by

V2 = F (D)V1 (1)

Vab + V2 = V1 (2)

where F (D) is a function of duty cycle, which depends on the
topology of the converter. Substituting (1) in (2), we obtain

Vab = V1 − F (D)V1 = V1 [1− F (D)] . (3)

Hence, the dc voltage conversion ratio is

G =
Vab

V1
= 1− F (D). (4)

Therefore, the voltage gain is positive when F (D) < 1 and
negative when F (D) > 1. Let us assume that F (D) it is given
by

F (D1) =
D1

1−D1
(5)

where D1 is the duty cycle. Hence, the complementary duty
cycle is

D2 = 1−D1. (6)

Thus,

F (D2) =
1−D2

D2
. (7)

Substituting (5) or (7) in (4), we obtain

G1 = 1− D1

1−D1
=

1− 2D1

1−D1
(8)

G2 = 1− 1−D2

D2
=

2D2 − 1

D2
. (9)

As the gain given by (8) and (9) complementary, we choose
to use the gain described by G2, which increases with the duty
cycle, according to the curve plotted in Fig. 4.

Equations (4) and (7) and Fig. 4 show that the voltage can
have positive or negative values with respect to the input voltage,
depending on the value of the duty cycle. Hence, we can write{

0 ≤ G ≤ 1 → D ≥ 0.5
G < 0 → D < 0.5.

(10)
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Fig. 5. (a) Circuit shown in Fig. 3(b) with the pair RC added at the terminals
ab. (b) Same circuit, redraw without the capacitor C2.

It is possible to add a pair RC at the terminals ab without
modifying the operating principles, as shown in Fig. 5(a). By
redrawing the circuit, we can obtain the form shown in Fig. 5(b),
suggesting that the voltage Vab at the load, with a common con-
nection point with the input voltage sourceV1, can be alternating,
provided that the duty cycle be properly controlled.

The quasi-instantaneous average voltages across capacitors
C2 and Co do not depend of the presence of C2. Therefore, it
is redundant and can be excluded from the circuit. The conse-
quence of this is just an increase in the high frequency component
of the current in the capacitor Co.

This result suggests a generic methodology for deriving volt-
age source inverter topologies with common ground between
the input power supply and one of the load voltage terminals,
employing bidirectional dc–dc converters regardless of their
topology, as long as their static characteristic can be given
by (5).

III. DERIVATION OF A FAMILY OF VOLTAGE SOURCE

COMMON-GROUND INVERTERS

Let us consider the four nonisolated bidirectional dc–dc con-
verters shown in Fig. 6, which are: 1) buck–boost converter
with positive output, shown in Fig. 6(a), 2) SEPIC converter,
shown in Fig. 6(b), 3) zeta converter, shown in Fig. 6(c), and
4) boost–buck converter, shown in Fig. 6(d). In all topologies,
there is a common connection between the negative terminals
of the input and output voltage sources. The same topologies
are shown in Fig. 7, but with common connections between the
positive terminals of the input and output voltage sources.

Fig. 6. Common negative connection in the bidirectional dc–dc converters.
(a) Buck–boost with positive output. (b) SEPIC. (c) Zeta. (d) Boost–buck.

Fig. 7. Common positive connection in the bidirectional dc–dc converters. (a)
Buck–boost with positive output. (b) SEPIC. (c) Zeta. (d) Boost–buck.
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Fig. 8. Adding a RC load to the: (a) bidirectional buck–boost with positive
output, (b) bidirectional SEPIC, (c) bidirectional zeta, and (d) bidirectional
boost–buck.

Fig. 8 shows the same topologies of Fig. 7, in the same order,
but with the pairs RoCo, which represent the load, connected at
terminals ab.

By properly redrawing the topologies shown in Fig. 8, the
common ground voltage source inverter topologies shown in
Fig. 9 are obtained, generated by (a) the nonisolated buck–boost
with positive output, (b) SEPIC, (c) zeta, and (d) boost–buck
bidirectional converters. In all cases, the capacitor C2, being
redundant, was removed from the circuit.

Fig. 9. Transformerless common-ground inverters derived from: (a) bidirec-
tional buck–boost with positive output, (b) bidirectional SEPIC, (c) bidirectional
zeta, and (d) bidirectional boost–buck converters.

The topologies shown in Fig. 9(b) and (c) were originally
published by Cao et al. [27], and were respectively designated
semi-Z-source and semi-quasi-Z-source inverters. In the article,
however, a systematic method for obtaining the topologies is not
presented. The semi-quasi-Z-source inverter was also studied
in [27] and [28] with the inclusion of control strategy and
experimental results.

IV. OPERATING PRINCIPLES

As the converters necessarily operate in continuous conduc-
tion mode, for each of them there are two topological states in
a switching period. The gate signals are indicated in Table I,
where vg1 defines the duty cycle D while vg2 defines the
complementary duty cycle 1−D.

For the analysis, a switching period where the output voltage
is positive is considered. The topological states of each inverter
are shown in Fig. 10. The corresponding and relevant waveforms
for all topologies are shown in detail in Fig. 11.
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Fig. 10. Topological states for a switching period of the common-ground inverters derived from (a) buck–boost with positive output, (b) SEPIC, (c) zeta, and (d)
boost–buck bidirectional dc–dc converters.

TABLE I
GATE SIGNAL IN EACH TOPOLOGY

From these waveforms, the current and voltage stresses in
each topology are obtained. The equations found are summa-
rized in Table II, were

x1 = 6− 2α2 +
(
4− α2

)3/2
(11)

x2 = 4− α2 (12)

x3 = 2α4 − 7α2 + 8 (13)

x4 = 2
(
4− α2

)5/2 − 6α4 + 35α2 − 56 (14)

x5 = 3α4 + 4α2 + 16 (15)

x6 = 8α4 − 64α2 + 128. (16)

V. SIMULATION RESULTS

In order to verify the operation of the generated inverters, open
loop simulations were carried out, with the specifications shown
in Table III. The values of the inductances and capacitances
were determined using the equations shown in Table IV and the
parameters obtained are presented in Table V.

To obtain an approximately sinusoidal output alternating volt-
age, without a voltage control loop, a static linearizing function
is employed, resulting in a time-varying duty cycle given by

D(t) =
1

2− α sin (ωt)
(17)

where ω is the angular frequency, in radians, of the output
alternating voltage, and α is defined by

α =
Vabpk

V1
. (18)
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Fig. 11. Typical waveforms of the derived inverters: (a) buck–boost, (b) SEPIC, (c) zeta, and (d) boost–buck.

TABLE II
CURRENT AND VOLTAGE STRESS PER TOPOLOGY
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TABLE III
DESIGN SPECIFICATIONS

TABLE IV
DESIGN ORIENTED EQUATIONS BY TOPOLOGY

TABLE V
PASSIVE COMPONENTS OF EACH INVERTER

Fig. 12. Bipolar PWM modulator signals applied to generate the power
semiconductor gate signals of all inverter topologies generated.

The classic bipolar modulator is employed to generate the
power semiconductor gate signals of all proposed inverters,
which relevant signals are shown in Fig. 12. It is the same
modulation strategy used in conventional half-bridge inverters,
in which the modulating signal is generated by the current
controller.

The output voltage of each inverter can be seen in Fig. 13.
In this same figure, the output voltage of the conventional
full-bridge inverter is added to be a comparative parameter

Fig. 13. Output voltage of the derived inverters compared to the output voltage
of the full-bridge inverter, both without closed-loop control: (a) buck–boost, (b)
SEPIC, (c) zeta, and (d) boost–buck.

of the conventional topology. It is designed for the same
parameters shown in Table III, resulting in a 6.22 mH inductor
and a 328.83 nF capacitor. The small distortions and delays
observed in the output voltage in relation to the sinusoidal
reference voltage can be eliminated or minimized with the use
of closed-loop voltage control.

VI. EXPERIMENTAL RESULTS

In order to validate the presented method for generating the
inverter family topologies, a nonoptimized prototype of the
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Fig. 14. Photograph of the experimental prototype based on the zeta converter.

TABLE VI
EXPERIMENTAL PROTOTYPE COMPONENTS

inverter generated by the zeta bidirectional dc–dc converter
was designed and built, as shown in Fig. 14. The specifications
are shown in Table III, however with current ripple in L1 and
L2 equal to 50%, and voltage ripple across Co equal to 3%.
The components are given in Table VI. To eliminate the high
frequency in the input current, an LC filter composed of Lf and
Cf was utilized between the input voltage source and the inverter
power stage.

The experimentation was carried out with the inverter oper-
ating in open loop for three different loads as follows: 1) purely
resistive load with R = 47 Ω, 2) resistive-inductive load with R
= 16.5 Ω and L = 120.8 mH, and 3) resistive-capacitive load
with R= 35Ω and C= 72 μF, with modulating signal according
to (17), which includes the static linearizing function.

Input and output voltages and currents are shown in Fig. 15
for each case. Note that the experimental load voltage is similar
to the simulation results. The voltage THD of 3.96% was mea-
sured using a Tektronix PA4000 power analyzer for the purely
resistive load. Resistive-inductive and resistive-capacitive loads
change the value of this THD to 7.53% and 4.49%, respectively.
However, these distortions can be eliminated or reduced by
implementing a closed-loop voltage control.

The voltage ripples across capacitors C1, Cf , and Co are
shown in Fig. 16. The measured peak-to-peak values were 32 V
and 12 V for ΔvC1 and ΔvCo, respectively.

Fig. 15. Experimental input and output voltages and currents for (a) resistive,
(b) resistive inductive, and (c) resistive-capacitive loads.

Fig. 16. Experimental voltage ripple across capacitors C1, Cf , and Co.
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Fig. 17. Experimental output voltage, current in Ro load, and leakage current
of the experimental prototype of the inverter, operating at rated power condition.

Fig. 18. Efficiency of the zeta inverter experimental prototype with purely
resistive load.

Fig. 17 shows the leakage current along with the voltage and
current in the load. This measurement is performed at rated
power condition. It is observed that the leakage current has
low amplitude, as expected, with its measured rms value equal
to 1.4 mA.

Using the same power analyzer, data were collected to gen-
erate the efficiency curve, plotted in Fig. 18. According to this
figure, when the output power is larger than 20% of the rated
power, the measured efficiency ranges from 90% to 95.25%.
A loss reduction design-oriented system would improve the
converter efficiency.

VII. CLOSED-LOOP CONTROL

Although the modeling and control of the proposed inverters
is not the objective of this article, some simulation results will
be presented in a summarized way, just to demonstrate that they
can operate connected to the grid with current control.

Fig. 19 shows the inverter connected to the power grid, with
block representation of the current control stage.

The dynamic behavior of the inverter is described by the set
of differential equations

L1
diL1

dt
= − vC1d+ V1 (1− d)− iL1 (RL +RDSon)

+ iL2RDSon (19)

L2
diL2

dt
= V1d− vC1 (1− d)− vo + iL1RDSon − iL2

(RL +RDSon) (20)

Fig. 19. Power and control stages of the inverter derived from the zeta
converter connected to the grid.

C1
dvC1

dt
= iL1d+ iL2 (1− d) . (21)

The small signal transfer function ĩL2(s)/d̃(s), obtained for
θ = 2π/3, that is the critical angle from system stability point
of view, is given by

ĩL2 (s)

d̃ (s)
=

num2s
2 + num1s+ num0

den3s3 + den2s2 + den1s+ den0
(22)

where

num2 = L1C1 (V1 + VC1) (23)

num1 = L1 (1−D) (IL2 − IL1) (24)

num0 = D (V1 + VC1) +RDSon (IL2 − IL1) (25)

den3 = L1L2C1 (26)

den2 = C1RDSon (L1 + L2) (27)

den1 = L1(1−D)2 + L2D
2 (28)

den0 = RDSon. (29)

Substituting the parameters of the power stage given in
Table VI, with RL = RDSon = 0.1Ω, we find

ĩL2 (s)

d̃ (s)
=

6.945× 105s2 − 3.555× 109s+ 3.0048× 1013

s3 + 173.4s2 + 1.437× 108s+ 1.165× 1010
.

(30)
A PI controller was employed, with a current sensor gain equal

to 3× 10−4 and a PWM modulator gain equal to 1. The transfer
function of the controller with these parameters is given by

CPI =
13.339 (s+ 4788)

s
. (31)

The system shown in Fig. 19 was simulated. The grid voltage
along with the current reference and the current in L2 are shown
in Fig. 20. It can be seen that the output current iL2 follows the
reference current iref regardless the value of the phase angle θ,
which shows that the inverter operates with both positive and
negative power flow.
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TABLE VII
COMPARISON BETWEEN TRANSFORMERLESS COMMON-GROUND INVERTERS

aOnly for α equal to 4.1.

Fig. 20. Grid voltage, current reference, and iL2 current of the grid-connected
inverter.

VIII. COMPARISON BETWEEN THE DERIVED TOPOLOGIES AND

OTHER COMMON-GROUND INVERTERS

A comparison between the four inverters and other trans-
formerless common-ground inverters, showing the number of
components, voltage ratings, output power, switching frequency,
reported efficiency at rated power, and the requirement for filter
insertion, is presented in Table VII. Through this table, it is
noted that each inverter has advantages and disadvantages when
compared to other family members.

The inverter generated by the buck–boost converter does not
need intermediate capacitors, in addition to subjecting the power
semiconductors to a lower voltage stress, compared to the other
three topologies.

The inverters generated by the SEPIC and zeta converters
have the lowest number of switches, with only two power
semiconductors. In addition, the inverter generated by the zeta

converter does not need an output filter for connection to the
power grid.

The inverter generated by the dc–dc boost–buck converter has
the largest number of components among this family. However,
it does not need the input and output filters. Except for this con-
verter, only the one proposed in [17] does not require additional
filters. It is to be noted that the number of power semiconductors
is inversely proportional to the number of passive components.

The equations in Table II were used to calculate the expected
efficiency for each inverter. It was considered the same switch
used in the prototype. The theoretical results are presented in
Table VII, except for the zeta inverter, which has an experimental
result. However, the theoretical efficiency expected for this
inverter was 96.2%.

It is observed that the efficiency of the proposed inverters
is adequate, even with a nonoptimized design and component
selection to increase efficiency.

It should also be noted that all obtained inverter topologies,
as in conventional inverters, can generate or absorb reactive
power when connected to the electrical grid, can operate as
PWM rectifiers with unit power factor, active filters, and reactive
power compensators, provided that appropriate current control
is included. As for the input and output voltage specifications
and range, the value of the dc input voltage must be larger than
the peak value of the ac output voltage, as in a conventional
full-bridge inverter.

IX. CONCLUSION

A systematic method for generating common-grounded in-
verter topologies, used to obtain a family of inverters, was
presented. The power stages of the generated topologies were

Authorized licensed use limited to: UNIVERSIDADE FEDERAL DE SANTA CATARINA. Downloaded on June 11,2022 at 12:44:03 UTC from IEEE Xplore.  Restrictions apply. 



ASSUNÇÃO AND BARBI: METHOD FOR DERIVING TRANSFORMERLESS COMMON-GROUND VOLTAGE SOURCE INVERTER TOPOLOGIES 10831

dimensioned and the functioning of each one of them was
verified by numerical simulation.

A comparative analysis between the generated topologies
and other transformerless common-ground inverters has been
presented. Given this comparison, the derived inverters appear
to be suitable.

An experimental prototype of the inverter generated by the
zeta bidirectional dc–dc converter was built and tested in the
laboratory to verify the theoretical analysis. The maximum effi-
ciency obtained with the nonoptimized experimental prototype
was 95.25%.

It was demonstrated through experimentation and simulation
that the inverter, in addition to processing active power, is also
able to process reactive power. Therefore, it can be used to
compensate reactive power, like the conventional inverter VSI
full-bridge inverter.

Through computer simulation, it was also shown that the
inverter with proper current control can interconnect a bidirec-
tional dc voltage source with the grid, being able to operate with
both positive and negative power flow.

The generated inverters are potential candidates for connec-
tion to the grid of small power photovoltaic generators and
battery energy storage systems.

The presented methodology can be used to derive other in-
verter families from nonisolated bidirectional dc–dc converters.
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