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Abstract

Photovoltaic (PV) inverters have a very important role in the energy market, 
therefore they must possess excellent characteristics regarding cost and re-
liability. The PV structure most often used in the conversion stage of solar 
energy system includes a Low Frequency Transformer (LFT) which provides 

increases the total size and cost of the system. An alternative to reduce the 
size of the system and the losses, is to use a High Frequency Transformer 
(HFT), the problem in this case is that additional power stages must be inclu-
ded in the system. The additional stages increase the power losses in the 

Therefore the tendency is to remove the transformer in order to increase the 

-
pology to deal with the problem of the common mode currents is proposed. 
Numerical results are performed in order to prove the performance of the 

doi: http://dx.doi.org/10.1016/j.riit.2015.03.002
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Introduction

The PV renewable energy has become a very important 

electrical energy source within the entire energy mar-

ket. The growing is mainly due to the fact that these 

systems have been constantly improving in terms of 

policies stated by the governments in many countries 

have allowed the spread of the PV systems. The PV sys-

tem can be designed either in island or grid connected 

mode being the last one the most commonly used (Kjaer 

et al., 2005). The grid connection allows injecting the 

power generated into the electrical grid; in order to 

achieve this objective, the PV system is commonly set 

by using three stages: the PV array, the power inverter 

et al -

ge includes a LFT to link the converter with the electri-

cal grid to provide galvanic isolation as it is shown in 

Figure 1. However, the main problem with the LFT is 

that it introduces around 2% of 

power losses in the system yielding 

LFT increases the total cost of the 

system and the transformer size is 

big due to the operating frequency 

that coincides with the frequency of 

the electrical grid which can be 50 

or 60Hz (Gonzalez et al., 2007).

the transformer size, a HFT has 

been proposed as intermediate sta-

ge (Li & Wolrfs, 2008; Xue et al., 2004), the system is 

in the transformer but also because of the additional 

power stages that must be added in the power conver-

-

portant issues in a PV system, transformerless inverters 

have emerged to mitigate the problems of the galvanic 

isolated systems. As the transformerless inverters are 

connected directly to the electrical grid, there is not gal-

vanic isolation between the PV system and the electrical 

grid dealing in new problems to be solved.

A PV solar panel naturally presents a stray capacitan-

ce which is formed between the PV cells and the groun-

ded frame like in Figure 3. Thus, when the PV generator 

is connected to the grid by means of a transformerless 

-

pacitances as it is shown in Figure 4. Then, the leakage 

current can generate additional power losses in the sys-

tem and a high risk of electrical shock for the users in 

Resumen

Los inversores fotovoltaicos (FV) tienen un importante rol en el mercado de la  
-

lidad. La estructura más usada en la etapa de conversión de un sistema de energía 
solar incluye un transformador de baja frecuencia (TBF) el cual proporciona aisla-

de potencia es usar un transformador de alta frecuencia (TAF), el problema en este 
caso es que se deben usar algunas etapas de potencia adicionales. Las etapas adicio-

 
-

ciencia y reducir el costo. Sin embargo, cuando no se provee al sistema de aisla-
miento galvánico, surge un problema de seguridad relacionado con las corrientes 
parásitas de modo común. En este artículo se propone una topología de inversor para 
resolver el problema de las corrientes parásitas de modo común en sistemas FV sin 
transformador. Se proporcionan resultados de simulación con los cuales se hace un 

(VMC) para validar la topología propuesta.

Descriptores: 

 sistemas fotovoltaicos
 voltaje de modo común
 corriente de dispersión
 eficiencia
 capacitancia parásita

Db

Vs

S1

S2

S3

S4

C

T1

PV 

array

 

Lf

Lf

igrid

Vpv

low frequency transformer



175

Vázquez-Guzmán Gerardo, Martínez-Rodríguez Pánfilo Raymundo, Sosa-Zúñiga José Miguel

Ingeniería Investigación y Tecnología, volumen XVI (número 2), abril-junio 2015: 173-184 ISSN 1405-7743 FI-UNAM

contact with the 

PV installation 

(Gubía et al., 

other hand, a re-

sonant circuit is 

formed between 

the parasitic ca-

pacitances, the 

impedance of the 

ground path and 

(Salm et al., 2012; Yang et al., 2012). The resonance peak 

can reach high values yielding serious problems in the 

operation of the circuit. Unfortunately, the value of the 

stray capacitance depends on operational and whether 

conditions as: humidity, PV panel surface, the material 

used in the metallic frame and the values in the passive 

elements of the power converter (Kerekes et al., 2007, Ji et 

al., 2013; Hou et al., 2013), therefore, it is not possible to 

precisely determine its value. Nevertheless, some experi-

ments have been done in order to estimate the value of 

these capacitances which according to Lopez et al. (2010) 

is between 50-150 nF/Kw, which is enough to conduct 

current to the ground at the switching frequency (7-20 

kHz) (Gonzalez et al.,

been demonstrated that the magnitude and frequency of 

the leakage currents, depends mainly on the power con-

verter topology and its modulation strategy (Xiaomeng 

et al., 2011).

When leakage ground currents appear in the stray 

capacitances in a PV array, it comes up a problem rela-

ted to the personal security. Since in a PV plant 

there is people in charge of maintenance, they may 

through their body, causing injury, shock and in 

an extreme case, death. To avoid this kind of situa-

tions, some standards have been imposed to regu-

late the maximum leakage current level that can 

PV systems. A normative was established in Ger-

Deutsches Institut für Normung e. V.) 

for transformerless PV systems that have been wi-

VDE 0126-1-1 that regulates the maximum leakage 

current level allowed that can be up to 300 mA 

(DKE, 2005; Vázquez et al., 2010).

modulation strategy are proposed as an alternative 

solution to the leakage ground current problem. 

The topology is tested by simulations wich allows 

to compare its performance with other topologies. 

The paper is organized as follows: second section pre-

sents a general idea about the common mode behavior 

regarding leakage current in transformerless grid con-

nected PV systems, third section shows the analysis of 

two commercial transformerless PV topologies focused 

-

-

with the design of the current control used to inject the 

power into the grid. To compare the performance of the 

proposed topology with the conventional ones, nume-

issues are presented in section six. Finally, the conclu-

sions are presented in the last section.

Common mode model 

To understand how the leakage current (also call Com-

mon Mode Current -

rasitic capacitances, a common mode model is proposed 

in Gubía et al., (2007). The model is focused on provi-

ding a clear idea about how the common mode voltage 

is directly related to the current generated in the ground 

path in the case of a transformerless PV inverter. Before 

starting with the analysis of a transformerless inverter, 

it is is important to consider the circuit shown in Figure 

circuit, the parasitic elements involved in the operation 

of the circuit are included in order to shown the possi-
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As can be observed in Figure 5, a possible path for 

t t is a parasitic capacitance located bet-

ween the primary and the secondary winds in the LFT. 

The typical value of these capacitances is in the order of 

hundreds of picofarads, thus, the impedance of this ca-

pacitances is high at the low and medium switching 

the ground path is strongly reduced. Then, if the sys-

tem is designed with a LFT, the common mode beha-

power converter topology and its modulation techni-

-

exists. A common mode model, of the transformerless 

converter can be derived from the circuit shown in Fi-

gure 6 (Gubía et al., 2007). The common mode model is 

shown in Figure 7, as it can be observed, there are two 

main pulse voltage sources named V  which corres-

s1 -

) in the common 

 

can be obtained by adding the above mentioned volta-

ge sources. According to the model, it can be easily de-

rive that if the V  doesn’t have high dv/dt (ideally 

specially with the equation for the pulse voltage source 

Vs1

-

ductance, thus if the inductance is separated in two 

equal parts located in the line and neutral wires, then 

Vs1 will be close to zero, otherwise, Vs1

common mode behaviour.

Commercial transformerless topologies

There are two outstanding single-phase transformerless 

Highly 

) and H5. These to-

pologies have been well received in the PV market due to 

their very good performance regarding 

-

gy which is presented in Figure 8 is ba-

sed in the conventional HB (H-Bridge) 

inverter, but in this case an extra bidirec-

tional switch (formed by S5, S6, D7 and 

D8 in Figure 8) is used on the ac side. The 

function of the bidirectional switch is to 

provide the zero states during the positi-

ve and negative semi-cycles of the grid 

-

tegy reported in Schmidt et al., (2005), simulation results 

path and the other one located in the path that the cu-

rrent uses to return to the power source (in this case the 

-

-

load, it will contribute to increase the value of the com-

mon mode currents (Xiaomeng et al., 2011; Guocheng et 

al., 2012; Barater-Buticchi et al., 2012). The dc bus was set 

-

reover, in order to evaluate the leakage current behavior 

a 150 nF stray capacitance was considered in the positive 
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and negative terminals of the dc source. The switching 

frequency was set at 10 kHz while the grid source was 

set at 220 V and 60 Hz. The reference for the power injec-

-

nal and ground and leakage current are depicted. As can 

be seen, the load current is sinusoidal as expected and 

also the voltage measured between the positive terminal 

of the dc source and ground has a sinusoidal component 

at grid frequency, this means that the dv/dt applied to the 

parasitic capacitor is very slow and 

as a consequence the leakage ground 

current is close to zero.

As it was mentioned, the H5 is 

another inverter topology with 

great success in the PV market (Vic-

tor et al., 2005). The topology is de-

picted in Figure 10. The topology is 

but in this case, the zero state in the 

modulation strategy is generated by 

a switch S5 and a switch of the HB 

(S2 or S4). Hence the zero state is 

made on the dc side (dc-decou-

pling), while the active states are 

Simulation results of this topology under the same con-

11 where the grid current appears at the top, the volta-

ge measured between the positive terminal and ground 

case is sinusoidal, the voltage measured between the 

positive terminal and the ground has also a sinusoidal 

component at the grid frequency which has a very low 

dv/dt -

rrent is close to zero.

The topologies shown in this section have demons-

trated the capability of achieving an excellent perfor-

as reported in Victor et al., (2005) and Schmidt et al., 

components are switched at the grid frequency resul-

case of the H5 converter the additional component (S5) 

is switched at the switching frequency while S1 is swit-

ched at grid frequency, also resulting in low switching 

losses. Therefore, if only few additional power devices 

are added to the circuit and an optimized modulation 

strategy is implemented, the energy conversion process 

PV 
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-

the standards that limit the maximum leakage current 

levels allowed.

Proposed topology 

Given the characteristics described above about the 

this topology with its modulation strategy is proposed 

in this paper. The proposed topology and the circuit to 

generate the modulation sequence are depicted in Fi-

gure 12. The main idea is to generate the zero state 

The modulation strategy proposed to control the in-

verter is as follows: during the positive half-cycle, the 

-

-

the bidirectional switch through S6 and diode D5, be-

cause D5 is directly polarized due to the voltage gene-

rated by the energy stored in the inductance L; this is 

the freewheeling situation in the positive half-cycle as 

shown in Figure 14.

the active state is generated using S2 and S3 (S1 and S4 

through the bidirectional switch because of the inver-

se polarization of D6. The null state during the negati-

ve half-cycle is generated when S3 and S2 are switched 

because D6 is directly polarized due to the voltage ge-

nerated by the energy stored in the inductance L, as it 

is shown in Figure 16.

-

rent operation modes along the grid period allows to 

voltages from the output terminals to a common point 

(Barater et al., 2012).
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-

tive, negative and zero vectors, can be calculated as fo-

llows:

        (2)

 (3)

   (4)

these conditions, it should be expected that just a very 

small leakage current will appear across the stray capa-

the performance of the proposed topology.

Current control loop for grid tied converter

The main strategy used to control the grid tied PV 

power converters is the current mode control. This te-

chnique consists in calculating an adequate current re-

ference to inject active power into the grid. Then, a 

current control loop is designed based in the model of 

the system. Additionally, a  (PLL) can 

be used to synchronise the injected current whit the 

grid voltage. The numerical results presented in this 

paper have been developed considering this control 

-

rrent mode control are presented.

For the single-phase transformerless converter shown 

in Figure 12 the current dynamic can be modeled as

  (5)
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u is a 
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The control objective for the current dynamic are des-

cribed next. The current tracking objective is designed 

to guarantee the tracking of the line current towards a 

current reference signal i*grid, that is

 

-

rent ways, but for the grid tied applications it is propo-

sed as a signal proportional to the fundamental of the 

current reference avoids the injection of reactive and 

harmonic power in to the grid. Then the current refe-

rence is calculated as 

   (6)

Where vS,1 is the fundamental component of the line 

voltage and ref is a modulating current signal calcula-

ted in an outer voltage loop.

The fundamental component vS,1 is obtained by an 

additional PLL as is mentioned in Escobar et al. (2013) 

with the following structure

  (7)

transformations are proposed

x1 = igrid   (8)

e = uVpv   (9)

 (10)

where the following controller stabilizes the subsystem 

(10) and is able to track with a very small steady state 

error the current reference signal i*grid

    (11)

Notice that, the proposed control scheme is not able to 

guarantee a perfect tracking, this can be observed in slight 

current deformations or in small current lags with respect 

to the grid voltage phase. A solution for this issue is to 

place a Proportional plus Resonant controller in the cu-

rrent loop; but this issue is out of the scope of this paper.

Numerical results

The proposed topology and its modulation strategy 

were tested by simulation with the same parameters 

-

load current, the voltage measured between the positi-

ve terminal and ground (also called “Leakage Volta-

ge”) and the leakage current are depicted. As shown, 

the load current is close to a sinusoidal waveform with 

a current ripple at the switching frequency that de-

stray capacitance has a sinusoidal component resulting 

in a low dv/dt, see Figure 17b. A low dv/dt means that 

the leakage current will be low as the numerical results 

shown in Figure17c. Thus, the maximum peak that the 

leakage current reaches is around 100 mA that comply 

with the standard Finally, in Figure 

-

-

one of the most important parameters that must be con-

sidered in the design of the power converter. Therefore, 
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-

sed by the switching and conduction of the power devi-

topologies exposed in this paper is carried out.

Thermal Module. Equation (12) is used to calculate the 

conduction losses in a diode when it is conducting con-

tinuously. When the diode is conducting periodically 

with an on duty cycle of D, the conduction losses are 

calculated using equation (13).

Conduction losses = Vd * IF  (12)

Conduction losses = Vd * IF * D (13)

where Vd is the diode voltage drop and IF is the diode 

forward current.

The turn-on losses in the case of a diode are neglec-

equation (15),

  (14)

  (15)

where Err is the reverse recovery energy losses, Qrr is the 

reverse recovery charge, f is the switching frequency V  

is the actual reverse blocking voltage, and V  is 

the reverse blocking voltage in the Err characteristic of 

(V)” in the test conditions.

The Qrr

Qrr = 1/2 * trr * Irr  (16)

Whenever Err is given in the datasheet, the losses will be 

calculated based on Err, if Err is not given, the losses will 

be calculated based on Qrr, if Qrr is not given, the losses 

will be calculated based on trr  and Irr, if both are no gi-

ven the losses will be treated as 0.

-

culated by using equation (17) when the transistor is 

conducting continuously. When the transistor is con-

ducting periodically, then the losses are calculated ba-

sed on the duty cycle D using equation (18).

Transistor Conduction losses = Vce (sat) * IC  (17)

Transistor Conduction losses = Vce (sat) * IC * D (18)

where Vce(sat) is the collector-emisor saturation voltage 

and IC is the collector current. 

transitions are calculated with equations (19) and (20) 

respectively.

Transistor turn on losses = Eon * f * (19)

Transistor turn  * f *  (20)

where Eon and E

losses respectively, f is the switching frequency, Vcc is 

the actual dc bus voltage, and V  is the dc bus vol-

tage in the Eon and E  characteristics of the datasheet, 

The power losses in the case of the antiparallel diode in 

diode explained above.

-

 

-

ductors which are the devices where the major power 

-

vels giving the results summarized in the plots shown in 

Figure 19.

As it can be observed, the proposed inverter has a si-

milar performance than the commercial topologies re-

-

because the proposed topology does not use additional 

diodes in the implementation of the bidirectional switch.

calculated to determine how the power losses are dis-

distribution losses for the three transformerless topolo-

gies exposed in this paper are depicted. As it can be ob-

served in the case of Figure 20a, which corresponds to 
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the H5 topology, the major losses are concentrated in 

the switch S5, then, special care must be considered in 

than the H5 topology, because in this case, all the swit-

can be noticed that there is an extra bar (D) which co-

rresponds to the power losses in the diodes used in the 

bidirectional switch. Finally, in the case of the proposed 

topology, which is depicted in Figure 20c, the distribu-

-

gy, but in this case, the losses in the diodes D5 and D6 

do not appear. Therefore in the case of the proposed 

topology the thermal design can be performed in a sim-

pler way and at a lower cost.

Conclusions

-

tion stage. A problem regarding generated common 

mode voltage arises when the galvanic isolation is 

common mode voltage behavior is determined by the 

-

the leakage current through the stray capacitance of the 

currents, a topology has been proposed in this paper.

-

verter, where an alternative bidirectional switch is im-

proposed topology was simulated using the proposed 

bidirectional switch and it was compared with two 

popular transformerless topologies regarding ground 

-

plemented in the simulations of the topologies is ba-

sed on the classical unipolar sinusoidal pulse width 

modulation, which provides a voltage such that the 

of the ground current behavior, the three topologies 

have a similar performance being a low leakage cu-

rrent the common characteristic that complies with 

0126-1-1 -

mulation results show that for power levels between 1 

-

-
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cy is similar between the proposed topology and the 

-

mercial PV inverters for low power applications are on 

the set of 2 kW to 10 kW.

-

duced which focuses in providing an alternative solu-

tion for the bidirectional switch implemented as an 

ac-decoupling. The numerical results show that the 

-

-

ciency of the proposed topology can be competitive 

with the popular ones. Therefore, it can be concluded 

-

lution for the PV transformerless applications.
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