
5/31/14 Journal Format For Print Page: ISI

ip-science.thomsonreuters.com/cgi-bin/jrnlst/jlresults.cgi 1/1

Thomson Reuters Master Journal List JOURNAL LIST

Search terms: 2050-7038 

Total journals found: 1 

1. INTERNATIONAL TRANSACTIONS ON ELECTRICAL ENERGY SYSTEMS

Bimonthly ISSN: 2050-7038

WILEY-BLACKWELL, 111 RIVER ST, HOBOKEN, USA, NJ, 07030-5774

1. Science Citation Index Expanded

2. Current Contents - Engineering, Computing & Technology
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based on single phase inverter with H6 configuration
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SUMMARY

It is necessary for transformerless inverters to eliminate the common-mode leakage currents to enhance
safety and current quality. The transformerless H6 inverter configuration is an adequate solution to
photovoltaic low power modules as a result of its high efficiency, unipolar voltage across output filter, no
need to input split capacitors and half input voltage compared with neutral point clamped inverters. In grids
with a high grid impedance, there will be a rise in harmonic magnitude, so qualifying the standards for the
harmonic limits may be problematic. In this paper, 2LLCL filter is offered to satisfy the current harmonic
standards and decrease the filter weight and size. Experimental results of 300W hardware prototype verify
the proposed filter with H6 inverter configuration. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Most of the available inverters in the market have a high-frequency or low-frequency transformer. This

has advantages like ease of DC input voltage selection for the inverter and galvanic isolation between

photovoltaic (PV) panel and the grid. However, in order to increase efficiency and decrease the weight,

there has been an effort to eliminate the transformers in recent years [1–5].

However, without transformer, there will not be galvanic isolation between PV panel and grid

anymore. This can cause some problems such as high ground leakage currents, safety problems and

low output current quality. Also, leakage currents have negative effects on utility equipment and

may saturate distribution transformers and result in overheat trips [6].

In order to eliminate these harmful effects, grid codes have specified a maximum limit for the DC

current injection of the inverters. This limit for the IEC61727 is 1% of the rated RMS current while

according to IEEE1547, DC current injection must be lower than 0.5%.

The reason for generation leakage current is varying common-mode voltage, and the way to prevent

it is fixing the common-mode voltage [7,8]. For magnitude of ground leakage current, the parasitic

capacitor between the PV array and the ground plays a prominent role. The common-mode voltage

across the parasitic capacitor generates ground leakage current. By grounding the PV array, the

parasitic capacitance is reduced [9]. Additionally, the type of transformerless topology can fix the

common-mode voltage and reduce the ground leakage current [7].

The half-bridge inverters possess advantages such as having a constant common-mode voltage and

no leakage current [10,11]. However, the half-bridge inverters need to be supplied with input DC

voltage greater than 700V for 220V AC grid voltage, twice as much input voltage as that of H4

topology and need to split capacitors for input voltage.
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Another solution is using the conventional full-bridge inverter with bipolar pulse-width modulation

switching. This topology is of two levels and does not have a freewheeling path and thus suffers from

major drawbacks such as higher current ripple compared with inverters with three levels, larger

inductor filter and low efficiency [12].

By adding more switch and diode to conventional full-bridge inverter, it can generate freewheeling

paths during current freewheeling period to ensure that output of PV is isolated with filter of inverter

and grid. Therefore, we have an inverter with three levels by unipolar sinusoidal PWM switching and

higher efficiency without high leakage current. One of the most important topologies is H6 with good

efficiency and low common-mode current leakage [13,14], and 2LLCL filter offered to attenuate the

harmonic of current around the switching frequency.

In this paper, first, we extend the leakage current analytical model on H6 inverter that result in some

filter design rules to minimize the leakage current; then, we compare the 2LCL and newly proposed

2LLCL filter in simulation and practice.

2. ANALYTICAL MODEL FOR LEAKAGE CURRENT OF TRANSFORMERLESS

GRID-CONNECTED H6 INVERTER

Figure 1 represents the H6 high efficiency inverter with its parasitic parameters. Also, its simplified

equivalent model of common-mode circuit is shown in Figure 2[15]. In this figure, Z is a constant

impedance whose value is related to Z1, Z2, Zline1, Zline2 and all of the parasitic parameters shown in

Figure 1. The stray capacitances CAN and CBN are mostly related to the physical connection between

(MOSFET) and heat sink, so it is sensible to assume that these capacitors are rather equal [16]. With

this assumption, if we define

Ucm ¼ UAN þ UBN

2
(1)

Udm ¼ UAN � UBN (2)

Ucm� dm in Figure 2 can be written as follows

Ucm�dm ¼ Udm

2
Kz

L2 � L1

L2 þ L1
(3)

In which Kz is a constant related to parameters CAN, CBN, Cpv+, Cpv�, Cy1 and Cy2. To minimize the

ground current, L1 must be chosen equal to L2, so as to eliminate Ucm� dm.

Figure 3 shows the H6 configuration with unipolar SPWM in its four operating modes. In mode1,

S1, S2 and S6 are on, and we obviously see that UAN=UDC and UBN=0. For simplification, we neglect

Figure 1. H6 high-efficiency inverter with its parasitic parameters.
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the voltage loss on the conducting switches. In mode 2, S1 and S6 become off because of PWM

waveform, so UBN=UDC/2. The charged inductances L1 and L2 bias the diode D1 and the current

freewheels through D1 and S4. Conducting D1 leads to UAN=UBN=UDC/2. The operating modes 3

and 4 are very similar to modes 1 and 2, respectively. In mode 3, S2, S3 and S5 are conducting, so

UBN=UDC and UAN= 0. In mode 4, S3 and D2 are conducting the freewheeling current, so

UAN=UBN=UDC/2.

As it can be seen, in all operating modes from Equation (1) we have

Ucm ¼ UDC

2
(4)

Only with a constant DC voltage source in the common-mode equivalent circuit in Figure 2, PV panel

capacitance CPV shows an infinite impedance, so the leakage current will be eliminated in steady state.

3. FILTER OF THE CONVERTER

It was emphasized that we have to choose two split inductances for inverter side to eliminate Vcm� dm.

The significant harmonic of current appears around the switching frequency and coefficients of

switching frequency. In 2LCL filter, selection of the capacitor and the grid side inductance Lg is based

Figure 2. Simplified equivalent model of common-mode circuit of an H6 inverter.

Figure 3. H6 configuration in its four operating modes: (a) mode 1, (b) mode 2, (c) mode 3, and (d) mode 4.
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on bypassing the frequency of switching, and the selection of these parameters are dictated by

harmonics around the switching frequency [17–19].

The parameters of 2LCL filter for fs=30KHz and Prated=300W are L1=L2=3mH, Lg=2.2mH,

and C=1μH. Figure 4 shows the current harmonic around switching frequency for 2LCL filter.

The harmonic around the switching frequency is clear, and according to IEEE 519, magnitude of

current harmonics with order equal or higher than the 35th should be less than 0.3% of the main cur-

rent [20]. To solve this defection of 2LCL, we can make a path with zero impedance around switching

frequency in capacitor branch.

According to Figure 5, the transfer function of Ig/Uinverter of 2LLCL filter is

G Sð Þ ¼ Ig sð Þ
Uinverter sð ÞjUGrid sð Þ¼0

¼ LSCS S
2 þ 1

L1 þ L2ð ÞLgCs þ L1 þ L2 þ Lg

� �

LsCs

� �

S3 þ L1 þ L2 þ Lg

� �

S
� �

(5)

In an ideal filter, the parameters must be set in a way to attenuate the harmonics around switching

frequency. Figure 6 shows bode plots of transfer function
Uinverter sð Þ

Ig sð Þ of 2LLCL and 2LCL filters.

Figure 4. (a) Simulation results for the output current harmonics around switching frequency for H6 in-
verter with 2LCL output filter. (b) The magnified current harmonics around switching frequency.

Figure 5. The configuration of 2LLCL filter.
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Furthermore, the grid side inductance Lg can be seen to be opened in high-frequency har-

monics, by regarding the attenuation of switching frequency by capacitor, and its series induc-

tance, Lg, can be used to attenuate the double switching frequency, so by increasing the

frequency to the double switching frequency, we can scale down the size of grid side induc-

tance compared with 2LCL filter.

The calculation of L1,L2 and CS in 2LLCL filter is the same as that in 2LCL [13]; for calculation of

LS, we have a series resonance in switching frequency, so LS can be calculated as follows:

LS ¼
1

2πf sð Þ2
1

CS

(6)

For 2LCL filter, the size of Lg is calculated for attenuation of harmonic around the switching

frequency [13,19]. However, for 2LLCL filter, the Lg is determined so as to attenuate double switching

frequency harmonics because the largest components are around double switching frequency. So, Lg
can be calculated from the following in equality:

Udc=
π

� �

�Max j1 2παð Þj j; j3 2παð Þj j; j5 2παð Þj jð Þ� G j2ωsð Þj j
Iref

≦ 0:3% (7)

where Udc is the voltage of DC link and α is modulation index. G(j2ωs) can be calculated as a function

of Lg by replacing previously determined parameters L1, L2, LS and CS and substituting (S) with (j2ωs)

in Equation (7). j1(2πα), j3(2πα) and j5(2πα) are integrals of the Bessel function corresponding to the

sideband harmonics at the frequencies of (2ωs+ω0), (2ωs+3ω0), and (2ωs+5ω0).

To avoid the resonance problems, the resonant frequency in 2LCL filter must be in the range

10ωGrid < ωres <
ωsw

2
(8)

where ωsw is the switching frequency (rad/s) and ωGrid is the frequency of the grid (rad/s). As for 2LCL

filter, the resonance frequency of 2LLCL must be in the previous range. ωres is calculated as

ωres ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L1 þ L2ð Þ þ Lg þ LS

L1 þ L2ð Þ�Lg�CS

s

(9)

Figure 6. The ideal transfer function
Uinverter sð Þ

Ig sð Þ for 2LLCL and 2LCL filters.
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By the new calculation for 2LLCL, parameters have L1=L2=3mH, Lg=0.75mH, C=1μF and

LS=28μH; the resonant frequency is ωres=38729 rad/s (6164Hz). Figure 7 shows the harmonic

around switching frequency.

According to Figure 7, it is clear that the harmonic around switching frequency for 2LLCL filter is

most attenuated compared with 2LCL. The amount of harmonic around the switching frequency is ac-

ceptable according to IEEE 519 recommendation.

4. EXPERIMENTAL RESULTS

In order to verify the high efficiency H6 inverter with the proposed filters, we designed and fabricated a

300W prototype. The main parameters of the design are as in Table I.

Figure 8 shows the control block of the H6 inverter, in which DC link voltage is fixed by a

proportional-integral controller in the outer control loop. A phase-locked loop determines the in-

stantaneous phase of the gridSS, θgrid. The product of PI output with Sin(θgrid) gives the output current

reference Iref. Finally, in a fast proportional-resonant control loop, output current tracks the Iref. All of

these algorithms are coded in a TMS320F2812 fixed point DSC.

Figure 9 depicts the output voltage and output current of inverter. It can be seen that inverter works

in almost unity power factor.

Fast Fourier transform of output current for the 2LCL filter is shown in Figure 10. It can be seen that

the current harmonics mostly appear around switching frequency, while double switching frequency

harmonics are significantly eliminated.

Figure 11 shows the FFT of output current if 2LLCL filter is used. From this figure, we see

better harmonic attenuation in switching frequency compared with 2LCL filter outputs, but

60KHz frequency harmonics have a rise in magnitude that was expected according to bode plot

in Figure 6.

Using 2LLCL filter, we have smaller grid side inductor, and also, IEEE 519 requirements for the

current harmonics is satisfied.

Figure 7. 2LLCL harmonic around switching frequency.

Table I. Main parameters of the 300W inverter prototype.

Bridge switches S1 ~ S6 650V/47A MOSFET (SPW47n60c3)

Freewheeling diodes D1 and D2 1000V/30A ultrafast diode (DSEI30-10A)
DC bus voltage 380V DC
Grid voltage 220V AC/50Hz
Switching frequency 30KHz
DC link capacitor 47μf
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Figure 8. Control block of grid connected H6 inverter.

Figure 9. Output current and voltage of inverter.

Figure 10. FFT of output current for 2LCL filter.
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5. LOSS CALCULATION

The main drawback of bipolar inverters, like the full-bridge bipolar one, is low efficiency, which is because of

reactive power exchange between inductance of output filter and capacitor of DC link. On the other hand, the

voltage variation across the inductance of filter is bipolar (+VDC→�VDC→+VDC), resulting in high core losses.

In H6, during modes 2 and 4 (regarding Figure 3), there are paths for freewheeling current without the reactive

power exchange between inductance of output filter and capacitor of DC link, which increases the efficiency.

In this topology for S1, S2, S5 and S6, MOSFETs are used to provide the active states of inverter and

two switches (S3 and S4) for freewheeling path. It is usual that based on the characteristic of

MOSFETs, switches with higher drain-source breakdown voltage UDS have higher drain-source resis-

tance Rds, but there are few types of MOSFET with high voltage UDS and low Rds. We choose

SPW47N60C3 with Rds=0.07Ω to reduce inverter switching loss. To estimate the losses of power de-

vice, we consider the average duty ratio of the active switch and diode in high frequency SPWM as

d S1;S2;S5;S6ð Þ tð Þ ¼ α sin ωtð Þ; ddiode tð Þ ¼ 1� α sin ωtð Þ; d S3;S4ð Þ tð Þ ¼ 1

where α is modulation index and ω is angular frequency. Losses can be divided into four categories:

loss in high frequency switches, other switches for freewheeling path, diode loss and resistant loss.

Ploss ¼ 2Pactive�switches þ Pfreewheeling switches þ Pdiode þ Presistant

Active switch conduction loss

Pactive�switches ¼
1

2π
∫
π

0
i tð Þusw tð Þdsw tð Þd ωtð Þ ¼ Rds

2π
∫
π

0
i2 tð Þdsw tð Þd ωtð Þ

¼ Rds

2π
∫
π

0
Imsin ωtð Þð Þ2 α sin ωtð Þð Þd ωtð Þ ¼ RdsI

2
mα

2π
� cos ωtð Þ þ 1

3
cos3 ωtð Þ

� �

jπ0

¼ 2RdsI
2
mα

3π

(10)

Freewheeling switch conduction loss

Pfreewheelingswitches
¼ 1

2π
∫
π

0
i tð Þusw tð Þdsw tð Þd ωtð Þ ¼ Rds

2π
∫
π

0
Imsin ωtð Þð Þ2 1ð Þd ωtð Þ

¼ RdsI
2
m

4

(11)

Figure 11. FFT of output current for 2LLCL filter.
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Diode conduction loss

Pdiode ¼
1

2π
∫
π

0
i tð Þud tð Þdd tð Þd ωtð Þ ¼ 1

2π
∫
π

0
i tð Þ Uf þ Raki tð Þ

� �

1� αsin ωtð Þð Þd ωtð Þ

¼ 1

2π
∫
π

0
Uf Im sin ωtð Þð Þ 1� αsin ωtð Þð Þ þ Rak Im sin ωtð Þð Þ2 1� αsin ωtð Þð Þd ωtð Þ

¼ Uf Im
1

π
� α

4

� �

þ RakI
2
m

1

4
� 2

3π
α

� �

(12)

Resistance loss

Equal series resistance (ESR) that makes loss in all modes of a period is calculated by Im
ffiffi

2
p

� �2

ESRð Þ.
So, total loss in a period can be expressed by

¼ 2 I2mRds

4α

3π

� �

þ 1

2
I2mRds

� �

þ I2mRak

1

2
� 4α

3π

� �

þ ImUf

2

π
� α

2

� �	 


þ Im
ffiffiffi

2
p

� �2

ESRð Þ (13)

The parameters of the devices are as follows:

MOSFETs are SPW47N60C3 with Rds=0.07Ω, diode is DSEI30-10 with Rak=12.5mΩ and

Uf=1.5V, output current peak value Im=1.92A and value of ESR is 1.5Ω.

The value of loss by substituting the parameters in (13) is equal to 3.7W, so efficiency in the best

condition is near 98%, and this clearly is better than conventional full-bridge inverter.

6. CONCLUSION

H6 inverter configuration features almost all the necessary advantages for the module integrated

inverters. In this paper, based on an analytical model, a filter design rule for minimizing the ground

leakage current was resulted. Then, we theoretically worked on qualifying current harmonic standards

in weak grids based on a 2LLCL filter design. Finally, the designed 2LLCL filter was tested on a

300W H6 inverter prototype in comparison with a prevalent 2LCL design. The results imply that un-

like the heavier and bulkier 2LCL filter, 2LLCL satisfies the current harmonic standard of IEEE519.

7. LIST OF SYMBOLS AND ABBREVIATIONS

7.1. Symbols

Ucm common-mode voltage

Udm differential mode voltage

α modulation index

j(2πα) integral of Bessel function

ωsw switching frequency

ωres resonant frequency

Uf voltage drop under zero-current condition

Rak diode on-drop resistance

7.2. Abbreviations

FFT Fast Fourier Transform

NPC Neutral Point Clamped

PI Proportional Integral

PR Proportional Resonant

PWM Pulse Width Modulation
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SPWM Sinusoidal PWM

PV Photo Voltaic
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