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Abstract—This paper presents a comprehensive review of step-
up single-phase non-isolated inverters suitable for ac-module ap-
plications. In order to compare the most feasible solutions of the
reviewed topologies, a benchmark is set. This benchmark is based
on a typical ac-module application considering the requirements
for the solar panels and the grid. The selected solutions are de-
signed and simulated complying with the benchmark obtaining
passive and semiconductor components ratings in order to perform
a comparison in terms of size and cost. A discussion of the ana-
lyzed topologies regarding the obtained ratings as well as ground
currents is presented. Recommendations for topological solutions
complying with the application benchmark are provided

Index Terms—AC-module, photovoltaic (PV), step-up inverter,
transformerless.

I. INTRODUCTION

T
HE interest in using renewable energies has grown signif-

icantly in the last years. In 2010, photovoltaic (PV) was

the leading renewable energy technology in terms of capacity

growth in Europe, with 13.3 GW installed, as a comparison to

the 9.3 GW for wind power [1]. Within PV systems, power

inverters are required to inject the PV power into the ac grid.

In [2], a summary of the power configurations for PV systems is

presented. Traditionally, centralized inverters have been used for

solar farms. Currently, string and multistring inverters, as well

as their bypass module and generation control circuit concept

variations, are extensively used in utility-scale PV systems. In

residential applications, most research is focused on the module-

integrated converters, such as ac-module technology and dc–dc

power optimizers [3], [4].

The ac module is composed of a grid-connected inverter

(micro-inverter) attached to a PV module. One of the main

advantages of these PV systems is the modularity, allowing an

easy increase of the installed power. In addition, since the max-

imum power point tracking (MPPT) is implemented for each

individual PV module, partial shading and panel mismatching

are reduced, thus improving the energy harvesting capability.
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The main design challenges within the ac modules are the

further improvements within efficiency as well as guaranteeing

reliable operation throughout the module lifetime. In addition,

the manufacturing costs of an individual module are relatively

high, and therefore, mass production of these inverters would

decrease the cost at the long term. This fact, together with the

decreasing PV module prices [5] introduces an opportunity for

ac modules to become more “plug and play” devices and thereby

reducing the overall system costs.

Several topologies for ac-module application have been pre-

sented [6], [7]. Due to the high voltage boost required to interface

the low output voltage of the PV module to the grid, the use of

a transformer is widespread. In [8], a survey of commercial PV

inverter topologies in terms of maximum efficiency, weight, and

volume is presented. As a result, transformerless topologies are

more efficient, lighter, less bulky, and less costly than the isolated

inverters, independent if a low- or high-frequency transformer

is utilized. However, a main concern to be addressed in non-

isolated PV inverters is the grounding and the leakage ground

currents through the solar panel parasitic capacitance [9].

In [10], the parallel-connected configuration of PV modules is

analyzed. As in ac-module applications, the resulted array volt-

age is low and step-up high-efficiency converters are necessary.

Therefore, the nonisolated high step-up dc–dc converters that

solve the practical implementation problems of a high gain boost

converter are reviewed. Furthermore, the authors introduce soft-

switched coupled inductors’ topological solutions as well as a

generalization of a voltage gain extension cell. However, the

dc–ac necessary conversion for grid-connected application as

well as the ground issues is not explored in this paper.

This paper presents the first comprehensive review of step-

up transformerless single-phase inverter topologies suitable for

panel integration. The reviewed topologies are presented in the

literature for various specifications; thus, no conclusions can

be extracted. Therefore, a typical ac-module application bench-

mark is set in order to compare the most feasible solutions

under the same specifications. Semiconductor and passive com-

ponents’ ratings are selected as a simple method to perform a

general comparison in terms of size and cost. These ratings,

which are obtained based on simulation results, are affected not

only for the set specifications, e.g., European or American grid

voltage, but also for the design process, e.g., the selected con-

duction mode. Considering these constraints, the advantages and

disadvantages of the analyzed topologies are discussed in detail

as well as their grounding capabilities in order to provide rec-

ommendations for the future transformerless module-integrated

inverters.
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TABLE I
SUMMARY OF THE PV SYSTEMS’ INTERCONNECTION STANDARDS [11]–[14]

II. AC-MODULE FEATURES

The microinverter interfaces both the PV module and the grid

and it is therefore responsible for two main functions. On the

PV side, it must ensure that the maximum available power in

the solar panel is extracted, whereas on the grid side, it injects

sinusoidal current to the grid. In this section, the PV module

and grid requirements are reviewed as well as issues such as

the twice line-frequency power decoupling and the grounding

technique are discussed.

A. Grid Requirements

As mentioned earlier, the attached microinverter in an ac

module is a grid-tie converter, and therefore, it must satisfy the

grid connection standards. These standards deal with different

issues such as power quality, grid interface and islanding detec-

tion, as well as grounding. In Table I, a summary of the main

standards regarding the grid connection issues of PV systems is

presented [11]–[14].

In terms of power quality, besides the harmonic content of the

injected current, a main concern in transformerless topologies

is the dc current injection. The standards provide a limit of 1%,

or less, of the output rated current, which implies low current

values and an increase in the control complexity. Furthermore,

the German code VDE0126-1 sets a maximum dc current of 1 A

with a maximum disconnection time.

Because of safety reasons for both humans and electronic

equipment, the grid-connected inverters must recognize island-

ing operation [15]. The German code is the most restrictive

in the disconnection time due to voltage deviations, while the

IEEE standard defines the fastest disconnection time for abnor-

mal frequency operation. The utilized detection methods can be

organized into three groups: passive, active, and hybrid meth-

ods [15]. Regarding reconnection time, EN50438 [16] standard

differentiates between mechanical generators and inverter-based

systems. In the last case, the minimum delay for the reconnec-

tion is set to 20 s. Furthermore, the German code contemplates

the implementation of grid support characteristics such as real

power curtailment and reactive power control.

B. Grounding

Based on the survey presented in [8], transformerless topolo-

gies are more efficient, lighter, less bulky, and less costly than

the isolated inverters. However, when the transformer is left

out, the convenient galvanic isolation disappears between the

grid and the PV modules. Therefore, leakage ground currents

appear due to the solar panel parasitic capacitance between the

cells and the grounded frame [9], together with common-mode

voltage variations.

Ground currents’ evaluation has to be done for each specific

topology and the applied modulation technique. In the literature,

the influence of the modulation techniques in full-bridge invert-

ers has been analyzed and new topologies have been proposed to

minimize the leakage currents [17]–[19]. The proposed topolo-

gies can be divided into two main groups: those which introduce

decoupling switches in order to avoid the direct connection of

the grid and the panels during the current freewheeling, and

those which split the solar array in order to connect the neu-

tral to the middle point of the input capacitor and minimize the

voltage variations.

In respect to the standards, there is no international agreement

in terms of ground current limitations. However, ground cur-

rents’ monitoring and protections are demanded for most of the

previously presented standards. Specifically, the German code

VDE 0126-1-1 defines both averaged and peak ground currents’

limitations as well as disconnection times (see Table I).

C. PV Module Requirements and Power Decoupling

Nowadays, crystalline silicon PV modules, both monocrys-

talline and multicrystalline, are the most commonly used within

all PV applications. However, thin-film technology has grown

in applications where its lower cost compensates a lower effi-

ciency, such as building-integrated PV systems [20]. In Fig. 1,

a summary of different solar panel manufacturers is presented

for both crystalline silicon (left) and thin-film (right) commer-

cial modules. The data have been extracted from the standard

test conditions (STC) measurements available in the modules

datasheets. The power generation is lower than 300 W in crys-

talline silicon modules, with a maximum power point (MPP)

voltage range from 25 to 50 V. However, thin-film panels have

a higher MPP voltage, from 50 to 100 V, with a lower power

generation, up to 150 W.

In single-phase inverters, the instantaneous demanded power

consists of a dc value and a twice line-frequency oscillation. As

the generated power in the PV module is pure dc, an internal

storage device, usually a capacitor, is used in order to maintain

the power balance. The value of this decoupling capacitor is

determined by the amount of energy to be stored in it. The

design of this decoupling capacitor has a significant impact in

the utilization ratio of the maximum available power of the PV

module [7].
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Fig. 1. Maximum power and voltage at MPP (STCs) of crystalline silicon (left) and thin-film (right) commercial modules.

Fig. 2. Block diagram of a two-stage topology for an ac module.

In microinverter applications, the implemented power

decoupling technique depends on the specific topology used.

Therefore, three decoupling techniques have been identified,

depending on the location of the decoupling capacitor and the

circuitry: PV-side decoupling, dc-link decoupling, and ac-side

decoupling [21]. The utilized technique has a significant in-

fluence on the capacitor technology used and, therefore, in the

microinverter lifetime. However, the utilization of some of these

techniques implies an increase in the circuit complexity and cost

as well as additional losses.

III. STEP-UP TRANSFORMERLESS INVERTERS

In this section, a comprehensive review of the existing step-up

transformerless single-phase inverter topologies in the literature

is presented. The reviewed topologies are classified into three

different groups: two-stage, pseudo-dc-link, and single-stage

topologies.

A. Two-Stage Topologies

Fig. 2 shows the block diagram of a two-stage topology, also

known as topology with dc link. These solutions consist of a

dc–dc converter that amplifies the PV module low voltage to an

adequate level for the second stage, while performing the MPPT.

The dc–ac stage controls the high-performance current injected

into the grid by means of pulsewidth modulation (PWM). The

power decoupling is done by means of the dc-link capacitor

(CP in Fig. 2). The high voltage level of the dc link allows

a lower decoupling capacitance, which improves the life span.

Furthermore, since the ripple value of the dc link is not restricted,

the capacitance value can be decreased. However, a large ripple

may deteriorate the second-stage output current performance.

Fig. 3. Boost converter and full-bridge inverter.

Fig. 4. Time-sharing boost converter with full-bridge inverter [22].

Fig. 5. Parallel resonant soft-switched boost converter and full-bridge inverter
[23].

A conventional configuration consists of the cascade connec-

tion of a boost converter and the full-bridge inverter (see Fig. 3).

Variations of this configuration [22], [23] have been proposed

in order to improve the efficiency of the solution. In [22], a

time-sharing dual-mode inverter is proposed (see Fig. 4). In

this solution, both the switching and conduction losses of the

two stages are reduced by switching one of the stages under

sine-wave modulation, while the other does not operate. In [23]

(Fig. 5), a soft-switched boost dc–dc converter that achieves both

ZVS and ZCS in all the switches is presented. Furthermore, a

hysteresis current control that achieves ZVS in the second-stage

switches is applied.

In [24], a solution based on a dc–dc converter parallel-

input and series-output connected to the solar panel voltage is
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Fig. 6. Parallel-input series-output bipolar dc output converter and full-bridge
inverter [24].

Fig. 7. Boost converter and half-bridge inverter [25].

Fig. 8. Boost converter and neutral-point-clamped inverter [26].

presented. This solution seeks to improve the efficiency by

means of processing the energy one and half times instead of

two times as in the previous presented topologies. Simultane-

ously, an improvement in the voltage gain of the dc–dc stage is

achieved. One of the preferred configurations introduced in [24]

is depicted in Fig. 6.

If a half-bridge inverter is used as second stage in the conven-

tional configuration presented in Fig. 3, the number of semicon-

ductors can be reduced (see Fig. 7) [25]. However, the dc-link

voltage needs to be twice the grid voltage peak and the semicon-

ductors of the first stage have to block that voltage. Furthermore,

the inverter output voltage is bipolar, which increases the filter

size. To reduce the filter size, a neutral-point-clamped (NPC)

inverter can be used (Fig. 8) [26].

The main advantage of these inverter topologies, half-bridge

and NPC, is that the middle point of the dc link is connected to

the grid neutral. Therefore, ground leakage currents can drasti-

cally be reduced for certain configurations [17].

By using dc–dc converters with bipolar output, as the first

stage, the simultaneous grounding of the source and the load can

be achieved. Therefore, the ground currents would theoretically

be avoided. In [27] and [28], a series combination of boost and

buck–boost dc–dc converters is introduced (see Fig. 9). In [29]

and [30], some source-grounded bipolar output topologies are

reviewed and a topology with coupled inductors is presented,

as well as a variation with tapped inductor (see Fig. 10). Both

Fig. 9. Series-combined boost and buck–boost and half-bridge inverter [27].

Fig. 10. Center-tapped coupled inductor converter with bipolar output and
half-bridge inverter [30].

Fig. 11. Single-inductor bipolar output buck–boost converter and half-bridge
inverter [31].

topologies have the advantage of a higher boost ratio. Other so-

lutions, such as the one presented in [31], use only one inductor

to generate bipolar outputs (see Fig. 11) while maintaining the

grounded capability, which is an advantage.

The dual ground capability has also been studied for the

classical configuration presented in Fig. 3. As a result, a topology

in which some of the switches are shared by the two stages is

presented (see Fig. 12) [32]. This topology increases the number

of semiconductors and the complexity of the control stage, while

high-performance output current (THD lower than 3%) and high

efficiency (higher than 94%) are reported.

The main features of the two-stage topology survey are

presented in Table II. The results for topologies shown from

Figs. 8–11 and 6 are not included since results for one of the

stages are only seen, or there is no available information.

B. Pseudo-DC-Link Topologies (DC/DC and Unfolding

Converter)

The topologies included in this category are based on a dc–dc

converter that generates a rectified sinusoidal current, and im-

plements the MPPT functionality. This current is then unfolded
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Fig. 12. Boost + FB integrated and dual grounded [32].

TABLE II
SUMMARY OF THE DISCUSSED TWO-STAGE TOPOLOGIES

Fig. 13. Block diagram of a pseudo-dc-link topology for an ac module.

Fig. 14. Buck–boost DCM converter and unfolding stage [33].

in phase with the grid by means of a line-switched bridge. As in

the previous topologies, the power decoupling is usually done

by a capacitor. However, in this case, the capacitor is in parallel

with the PV module (CP in Fig. 13). Therefore, the allowable

voltage ripple must be low enough to ensure a high MPPT effi-

ciency. This fact together with the low voltage level implies that

a large capacitance is necessary [21]. In most of the cases, an

electrolytic capacitor is used, which may reduce the life span of

the solutions.

The buck–boost converter operated in discontinuous conduc-

tion mode (DCM) behaves as a current source. Using this char-

acteristic, both inverting (see Fig. 14) [33] and noninverting (see

Fig. 15) [34] buck–boost converters have been utilized as grid

interfaces in PV systems, following the scheme presented in

Fig. 13.

Fig. 15. Noninverting buck–boost DCM converter and unfolding stage [34].

Fig. 16. Switched-inductor buck–boost DCM converter and unfolding stage
[35].

Fig. 17. Boost–buck time-sharing converter and unfolding stage [36].

TABLE III
SUMMARY OF THE DISCUSSED PSEUDO-DC-LINK TOPOLOGIES

Using the same operation mode, a switched-inductor buck–

boost inverter is introduced in [35]. This inverter, depicted in

Fig. 16, achieves an increase of
√

2 in the gain of the converter

compared to the classical DCM buck–boost converter, while the

efficiency remains practically the same.

In the previous solutions, the efficiency is expected to be low

due to the operation mode, e.g., 85% @ 170 W has been reported

in [35]. In [36] and [37], a high-efficiency PV inverter for 1-kW

application is introduced (see Fig. 17). This inverter is based

on the cascaded connection of a boost and a buck converter

to generate the rectified sinusoidal current. The reported high

efficiency (approximately 98% @ 1 kW) is achieved applying

the time-sharing concept introduced in [22], i.e., the converter

operates either as buck or boost mode depending on the instan-

taneous grid voltage. The topology survey main features for the

pseudo-dc-link topologies shown in this section are presented

in Table III.

C. Single-Stage Topologies

In the last years, the tendency is to reduce the number of

power stages in order to increase the overall efficiency and the
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Fig. 18. Block diagram of a single-stage topology for an ac module.

Fig. 19. Universal single-stage grid-connected inverter [38].

Fig. 20. Integrated boost inverter [40].

reliability of the proposed solutions, as well as reduce the cost

of the increasing power density. The pseudo-dc-link topolo-

gies presented in the previous section constitute a step toward

this trend. Nowadays, the trend is the integration into a single-

stage converter (see Fig. 18), which includes all the desired

functionalities developed by the multistage topologies. As in

the pseudo-dc-link topologies, the power decoupling in single-

stage topologies is done by means of a capacitor in parallel with

the PV module (CP in Fig. 18).

Several topologies have been proposed based on either boost

or buck–boost principles. A single-stage topology that can oper-

ate as a buck, boost, or buck–boost is presented in [38] (Fig. 19).

This solution can operate with a wide range of input voltage,

improving the efficiency, since it is able to work at the most ap-

propriate configuration for each operating condition. In [39], the

same topology with a hysteresis control strategy is analyzed for

standalone applications, achieving low-voltage total harmonic

distortion (THD).

In [40], the resulting integration of the boost converter and

the full-bridge, shown in Fig. 20, is presented.

As a boost converter cannot generate output voltages lower

than the input voltage, a zero cross current distortion is expected.

The boost dc–ac converter introduced in [41] (see Fig. 21) solves

this problem by connecting to the grid two dc–dc boost convert-

ers differentially. Each of the converters generates a dc-biased

unipolar sinusoidal voltage 180◦ out of phase one to the other.

Fig. 21. Differential boost inverter [41].

Fig. 22. Boost inverter with improved zero crossing [42].

Fig. 23. Integrated buck–boost inverter [40].

Fig. 24. Buck–boost inverter with extended input voltage range [44].

The same principle is used in the boost inverter presented in [42]

(see Fig. 22). In the integrated solution mentioned earlier (see

Fig. 20), the use of the tri-state modulation [43] is analyzed

in order to improve the current zero crossing. The application

of this modulation requires an additional switch to achieve the

inductor current freewheeling state.

As mentioned previously, the integration of the boost con-

verter and the full-bridge converter is presented in [40]. The

utilization of any other dc–dc converter is suggested, and the

integration of the buck–boost converter (see Fig. 23) with the

full-bridge inverter is introduced. A variation of this topology

(see Fig. 24) that allows a wider input voltage range is presented

in [44].
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Fig. 25. Differential buck–boost inverter [45].

Fig. 26. Two-sourced antiparallel buck–boost inverter [46].

Fig. 27. Single-stage full-bridge buck–boost inverter [47].

As well as for the boost topology seen in Fig. 21, the dc-

biased sinusoidal differential configuration has been studied for

the buck–boost converter (see Fig. 25) [45]. However, other

configurations using two converters working alternatively for

each positive and negative grid voltages have been proposed.

In the inverter presented in [46] (see Fig. 26), two buck–boost

converters with their own solar panel, or two different sections

of the same panel, are connected in antiparallel. Each converter

operates in DCM at the corresponding part of the grid cycle.

The same principle and operation mode is applied to the

topologies introduced in [47] and [48]. However, these two

inverters, as depicted in Figs. 27 and 28, respectively, are using

a common source. The configuration presented in Fig. 28 is

preserved in [49], but the inductor is substituted by a switched-

Fig. 28. Buck–boost-based single-stage inverter [48].

Fig. 29. Switched-inductor buck–boost-based single-stage inverter [49].

Fig. 30. Single-inductor buck–boost-based inverter [51].

inductor network (see Fig. 29). This substitution achieves an√
2 increase in the voltage gain. A higher increase in the voltage

gain is obtained in the center-tapped topology introduced in [50],

keeping the configuration shown in Fig. 28.

The topologies shown from Figs. 25–29 are based on two

relatively independent converters that operate for each half-

cycle. However, some topologies, such as proposed in [51] (see

Fig. 30), [52] (see Fig. 31), and [53] (see Fig. 32), share the pas-

sive components, thus increasing the compactness, the number

of switches, as well as the complexity in the control.

Some of the existing solutions share the passive compo-

nents to reduce the semiconductor number by means of coupled
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Fig. 31. Doubly grounded single-inductor buck–boost-based inverter [52].

Fig. 32. Single-inductor buck–boost-based inverter with dual ground [53].

Fig. 33. Three-switch buck–boost inverter [54].

Fig. 34. Coupled inductor buck–boost inverter [55].

inductors. This is the case of the topologies presented in [54]

(see Fig. 33) and [55], [56] (see Fig. 34), where the coupled in-

ductors work as an inductor during the negative half-cycle and

as a flyback transformer for the positive one.

All the solutions presented in this section are based on boost

or buck–boost principle. However, in [57], an inverter based on

the impedance–admittance conversion theory is introduced. The

converter, depicted in Fig. 35, transforms a high-frequency volt-

age into a high-frequency current by means of an immittance

conversion circuit (four terminal LC network). Afterward, a cy-

cloconverter generates the line-frequency current that is injected

Fig. 35. Impedance–admittance conversion theory-based inverter [57].

Fig. 36. Single phase Z-source inverter.

Fig. 37. Semi quasi-Z-source inverter with continuous voltage gain [60].

into the grid. Despite the high number of passive components,

the compactness of the solution is still high, since the LC net-

work resonant frequency is much higher than the grid frequency.

Other energy conversion technique, mostly used in three-

phase applications, is the Z-source inverter [58]. This family

of converters can provide boosting capabilities to conventional

H-bridge inverters by adding an LC impedance network in the

front end of the converter (see Fig. 36). In recent years, single-

phase topologies have been presented for Z-source or modified

Z-source inverters. The dual ground capability, desirable in PV

applications, has also been studied and topologies with lower

switch counting were presented (see Fig. 37) [59], [60]. The

main drawback of these inverters is the limited practical con-

version range, which limits the use of these inverters suitable

for ac-module application. As an attempt to improve the voltage

gain, in [61], switched-inductor and switched-capacitor struc-

tures are analyzed and generalized. As a result, an improvement

in a factor of above 2 can be achieved using one switched-

inductor cell.

Table IV summarizes the performance of the single-stage

topologies discussed in this section.

IV. COMPARISON OF TOPOLOGIES UNDER AC-MODULE

OPERATING CONDITIONS

Tables II–IV of the previous section summarize the main fea-

tures of the reviewed topologies. No conclusions can be drawn
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TABLE IV
SUMMARY OF THE DISCUSSED SINGLE-STAGE TOPOLOGIES

from these summaries since the topologies are designed for

different power, voltage, and frequency specifications. There-

fore, in order to compare the reviewed topologies properly, a

typical benchmark is set in this paper.

A. Benchmark Settings

The following design specifications have been considered for

the detailed comparison, based on the features analyzed in the

first section.

1) The output voltage and power of the solar panel have been

set to 30 and 250 W, respectively. These values corre-

spond to a standard crystalline PV module, as shown in

Fig. 1.

2) The microinverter is connected to U.S. grid (120 V @

60 Hz). U.S. grid is selected since the necessary voltage

gain is half as a comparison to the EU grid and, therefore,

more adequate for transformerless topologies. However,

as a result of the comparison, it will be shown that new

topologies with high gain capability are required.

3) The used switching frequency is 40 kHz for dc–ac stage,

in the two-stage topologies, and for all the pseudo-dc-link

and single-stage topologies.

4) In dc–dc stages of two-stage topologies, a switching fre-

quency of 80 kHz is used.

5) A maximum ripple of 5% has been set for both the dc-link

voltage and the input voltage, to ensure the extraction of

the maximum available power.

6) DC-link voltage in the two-stage topologies is 200 V, ex-

cept the topologies with half-bridge as a second stage in

which the bus voltage is 360 V.

7) The maximum allowable current ripple is 20% for the con-

verters operating in continuous conduction mode (CCM).

In case the converter operates in DCM, the inductance

has been selected to ensure DCM for the whole operating

range.

TABLE V
SIMULATION RESULTS AND DESIGN PARAMETERS UNDER

THE BENCHMARK SETTINGS

B. Comparison Criteria and Results

The 13 most feasible solutions presented in the previous sec-

tion have been designed and simulated according to the set

benchmark. The selected topologies are considered to be rep-

resentative of their group and the obtained results can be ex-

trapolated to the rest of solutions. Passive and semiconductor

ratings, obtained based on simulation results, are used as a sim-

ple method to compare the selected topologies in terms of size

and cost [7]. The passive component rating consists of the stored

energy in the decoupling capacitor and the inductors (1). The

considered semiconductor rating is based on the product of the

peak voltage and the RMS current withstood by the semicon-

ductor (2). In (1) and (2), nI and nSc are the number of inductors

and semiconductors, respectively. The inductance values result-

ing of the design process are shown in Appendix A

PR =

n I∑

k=1

1

2
· Lk · ILk p k

2 +
1

2
· Cp · Vcp pk

2 (1)

ScR =

nS c∑

i=1

Vmaxi
· IRMSi

. (2)

These ratings together with the dual ground capability, the

mode of operation, and the maximum ideal duty cycle applicable

in the analyzed topologies, presented in Table V, compose the

criteria used for the selected topologies comparison.

The introduced parameters are not only influenced by the

set specifications but also by the design process. Maximum ap-

plicable duty cycle is a clear example of benchmark-affected

parameter. Furthermore, passive component ratings are also af-

fected for the set specifications since the set switching frequency

for dc–dc stages is twice the frequency for dc–ac stages. With

respect to the design process, the selected mode of operation

affects the semiconductors rating, e.g., buck-based topologies

are designed in DCM, thus increasing the RMS currents but

simplifying the control stage. These constraints have been taken

into account in the discussion of the next section.

In the case of dual grounding capability, three of the analyzed

topologies present this capability, thus avoiding ground currents.

However, the other solutions can be modified to reduce or even

eliminate the leakage currents as it will be discussed in the next

section. These modified topologies have not been included in
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TABLE VI
GENERAL ISSUES OF THE ANALYZED TOPOLOGIES UNDER

THE BENCHMARK SETTINGS

the analysis since the required detailed comparison is out of the

scope of this paper.

In addition to the presented criteria, Table VI shows other

general issues derived from the design process that will be dis-

cussed in the next section:

1) the grid interface together with the required type of filter;

2) the necessary capacitance for a correct power decoupling;

and

3) the number of passive components and semiconductor de-

vices.

As an example of the developed simulations, Fig. 38 shows

the inductor currents as well as the drain to source and output

voltages of the series-connected boost (upper part) and buck–

boost (bottom part) converters that compose the first stage of

the solution presented in Fig. 9.

Fig. 39 shows the simulated inductor currents for the single-

stage topology presented in Fig. 26. As can be seen, each con-

verter is operating in DCM during the proper half part of the

grid voltage.

C. Discussion

In this section, a discussion for both the general issues and

the design and simulation obtained ratings is presented.

1) General Issues: An essential issue in grid-connected in-

verters is the output filter. As shown in Table VI, two different

grid interfaces can be considered and, therefore, two kinds of

output filter. In the two-stage topologies, the interface is a volt-

age source inverter (VSI) that generates a sinusoidal current

to be injected into the grid by applying the dc voltage, with

the proper polarity, and zero voltage. An LCL filter is used in

these cases. The inverter-side inductor of the LCL filter (Lf in

Fig. 3) plays an essential role in the behavior of the VSI inverter,

since it enables the necessary output current control in grid-

connected applications. The CL filter component is designed

to improve the grid current quality to comply with the quality

standards. However, pseudo-dc-link or single-stage configura-

tions are current source inverters (CSIs) in which the converter

is controlled to follow either a rectified or a pure sinusoidal cur-

rent. Then, the current is injected into the grid by unfolding the

rectified sinusoidal current such as in pseudo-dc-link configu-

rations or by the proper control of single-stage configurations.

Therefore, in order to present a fairer comparison, the CL com-

ponents of the output filter for both CSI and VSI have not been

considered.

In terms of power decoupling, pseudo-dc-link and single-

stage topologies use a bulky electrolytic capacitor in parallel

with the PV module, thus limiting the lifetime of the microin-

verter [21]. In the case of two-stage topologies, a lower capac-

itance in the dc link can be used allowing utilization of dif-

ferent capacitor technology and increasing the life span of the

integrated inverters. Accordingly, some of the analyzed single-

stage configurations such as the ones based in the differential

connection of two boost (C.2) or buck–boost (C.3) converters

reduce drastically the parallel capacitor. Therefore, the possi-

bility of using longer lifetime capacitor technologies can be

explored for these configurations. Furthermore, these solutions

allow a capacitor size reduction with respect to other solu-

tions. On the other hand, solution C4 needs more capacitance

for a proper power decoupling, thus increasing the capacitor

size.

2) Design- and Simulation-Based Parameters’ Comparison:

As set in the benchmark, the U.S. grid voltage and frequency are

considered in the comparison with a dc-link voltage of 200 V.

As an exception, the dc-link voltage has been increased to 360 V

for the topology of Fig. 7, which uses a half-bridge inverter as

second stage. In these cases, the maximum obtained ideal duty

cycle in the solutions operating at CCM is higher than 0.85,

which implies difficulties in the converter implementation. This

situation is even worse in the case of connection to the European

grid as the voltage is doubled. Several high step-up converters

have been proposed in the literature [10] as an alternative to

the boost converter. Furthermore, the combination of these high

step-up dc–dc converters together with the reviewed step-up

inverter topologies could help with the necessary voltage gain

to achieve both U.S. and EU grid.

Based on simulation results, both semiconductor and passive

component ratings have been calculated. In the previous section,

capacitor technology and size have been analyzed. Most of the

analyzed solutions present similar capacitor component rating.

Therefore, the size is analyzed based on the calculated inductor

rating. Fig. 40 shows a comparison of the results introduced in

Table V in respect to the inductor and semiconductor calculated

ratings.

As a result of the obtained results, two-stage configurations

are the best positioned in both ratings. It should be emphasized

here that the switching frequency set for the dc–dc convert-

ers were doubled compared to the stages that withstand with

the ac component. These topologies present easy control stages

since MPPT and current injection are decoupled in the differ-

ent stages. However, ground leakage currents appear if a full-

bridge inverter is used as a second stage. Ground currents in full-

bridge derived inverters are well known and have been deeply

studied; thus, several solutions that allow to comply with the

regulations have been proposed [8], [17]–[19], [32], [62]–[64].

These solutions might also be used in this application. How-

ever, the topologies are based on either dc or ac decoupling
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Fig. 38. Simulated waveforms of the dc–dc converter in the two-stage topology presented in Fig. 9.

Fig. 39. Simulated waveforms in a grid period and detail of maximum duty cycle of the single-stage topology presented in Fig. 26.

switches [17], and therefore, more devices are necessary. An

appropriate alternative is the use of a half-bridge inverter as

second stage since the device counting is reduced and ground

currents can be drastically reduced or eliminated. Therefore, the

analyzed solution A.3 that allows dual grounding is the preferred

configuration.

Detailed simulations of this solution together with solutions

B.1 and C.7 have been performed using the semiconductor and

inductor models shown in Appendix B. These three topologies

present low or no leakage current and can be considered as a

representative of each topological group shown in Table VI.

In analyzed solutions A.1 and A.2, the number of high-

frequency switched semiconductors and inductors is half than

in topology A.3. Therefore, their efficiency is expected to be

slightly higher than the efficiency of A.3 presented in Fig. 41.

Analyzed pseudo-dc-link topologies have similar cost and

size than two-stage solutions. Furthermore, efficiency variation

with the output power is flatter than for the two- or single-

stage analyzed topologies (see Fig. 41), thus achieving the high-

est weighted efficiency (93%). Despite the solution B.3 could

achieve an improvement in the efficiency of the solution B.1 due

to the applied time-sharing strategy, its size is clearly higher

due to the necessary big inductors to ensure CCM. In terms

of ground currents, as the interface bridge is a low-frequency

Fig. 40. Semiconductor and inductor component ratings for the simulated
configurations; red: two-stage (A solutions in Table VI), blue: pseudo-dc-link
(B solutions in Table VI), yellow: single-stage boost based, green: single-stage
buck–boost based (C solutions in Table VI).

unfolding stage, ground leakage currents are low. In [65], the

decoupling of the solar panel and the grid during freewheel-

ing time is applied in solutions B.1 and B.2, like in full-bridge

derived topologies. Therefore, leakage ground currents can be

eliminated. However, more switches are necessary and the in-

ductor has to be split since a symmetrical configuration of the

converter in the dc side is necessary.
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Fig. 41. Estimated efficiency of representative topologies A.3, B.1, and C.7
of each presented group.

The analyzed boost-based single-stage inverters (solutions

C.1 and C.2) present higher size than the previous topologies,

except solution B.3. Solution C.1 is more expensive and the ex-

pected current THD is high due to the zero-crossing distortion.

Solution C.2 corrects this drawback by means of the differential

connection while using less semiconductor devices. Further-

more, the negative dc side is connected to the middle point of

the output capacitors. Therefore, the negative dc-side voltage

is more stabilized and the ground currents will be reduced, as

in half-bridge inverters [32]. The same differential configura-

tion is used in solution C.3 for buck–boost converters. Based

on the obtained ratings, this solution is smaller than the pre-

vious one with a similar cost, presenting equivalent ratings to

the two-stage analyzed inverters. However, the RMS currents

in the buck–boost-based solution (C.3) are twice than in the

boost-based one (C.2), and the inductor current peak is four

times bigger, according to the simulation results. This increase

is due to the discontinuous operation mode; thus, the expected

efficiency is lower than that obtained for topology C.7 (see

Fig. 41).

The rest of the buck–boost-based single-stage analyzed

topologies (solutions C4–C7) have a higher cost than the an-

alyzed two-stage topologies. Due to the operation in DCM, the

RMS currents and, therefore, the obtained semiconductor rat-

ings are high. According to the simulation results, RMS currents

and inductor peak current are at least 43% bigger and five times

higher, respectively, in the DCM buck–boost operated topolo-

gies than in the CCM boost converter of solution A.1. Despite

only one transistor (or two in the case of C.7) is high frequency

switched in the analyzed topologies, the efficiency is not ex-

pected to be high due to the aforementioned RMS currents, as

the simulation presented in Fig. 41 confirms with a weighted

efficiency of 90.2%.

Furthermore, since these topologies (from Figs. 26–34) are

based on two more or less independent converters, an important

concern is the dc current injection. The behavior of the most of

the reviewed topologies is symmetric. However, in the case of

the analyzed topology C.7 (see Fig. 31), transistor Q2 is switched

either constantly ON for negative grid voltage or under PWM

modulation when the grid voltage is positive, thus complicating

the control stage.

In respect to leakage currents, the simulated solutions C.4

and C.7, as well as the topologies depicted in Figs. 32–34, allow

dual grounding of the grid and the dc side, thus theoretically

eliminating ground currents. In solutions C.5 and C.6, either

the positive (C.5) or the negative (C.6) dc side is connected to

both the grid neutral or the grid line, depending on the grid half-

cycle, through low-frequency switches. Therefore, the dc-side

voltages have a big low-frequency component and the ground

leakage currents are expected to be low. Furthermore, the dc-side

transistors in C.6 (see Fig. 30) would allow a dc-side decoupling

like in full-bridge inverters by means of complicating the con-

trol strategy and, therefore, increasing the losses since more

transistors would be high-frequency switched.

V. CONCLUSION

In this paper, a comprehensive review of single-phase non-

isolated inverters for ac-module applications is presented. Both

the grid connection and the solar panel requirements are an-

alyzed emphasizing the leakage current regulation, as it is a

main concern in nonisolated PV grid-connected inverters. In

order to compare the most suitable solutions of the reviewed

topologies under the same specifications, a benchmark of a typ-

ical ac-module application is set. These solutions have been

designed and simulated, obtaining ratings for the passive and

the semiconductor components. These ratings are used for the

topology comparison in terms of size and cost. Furthermore,

detailed simulations of representative topologies have been per-

formed using semiconductor and inductor models to estimate

the efficiency of the reviewed solutions. As a result of the com-

parison, the required voltage boost necessary for the connection

to the European grid is difficult to achieve with transformerless

topologies, but it is adequate for U.S. requirements. Two-stage

topologies, including the solution with dual grounding capabil-

ity that theoretically avoids the ground leakage currents, are the

preferred option for the set benchmark in which switching fre-

quency for the dc–dc stage is set twice than for the dc–ac one.

The two-stage combination of a step-up dc–dc converter and a

step-up inverter should be considered. In addition, the analyzed

pseudo-dc-link approaches are an alternative solution in terms

of size and cost. Furthermore, ground currents are expected to

be low in these solutions because of the line-frequency interface

and weighted efficiency is the highest due to the flat behavior of

the efficiency with the output power. The analyzed single-stage

topologies have higher cost than the other analyzed solutions

and control is expected to be more complex to avoid dc cur-

rent injection. In addition, DCM operation mode allows smaller

solutions, including a solution with dual ground capability, but

efficiency is lower due to the high RMS currents.

APPENDIX A

This appendix shows the inductance value utilized for the sim-

ulations presented in Section IV-B. The designed inductances

comply with the benchmark set in Section IV-A.
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APPENDIX B

The simulation models used for the detailed simulations

are MBR40250G (diode), IRFB4332PBF (MOSFET), and

IRFP4668PBF (unfolding stage). The inductors have been de-

signed with PExprt using RM cores. PSPICE models for the in-

ductor have been obtained using the finite-element tool PEmag.
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