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A Novel family of H6 Transformer less Full-Bridge PV Grid-Tied
Inverters

Abstract—Transformer less inverters are widely
utilized in grid-tied photovoltaic (PV) generation
systems, due to the benefits of achieving high
efficiency and low cost. Sundry transformer less
inverter topologies have been proposed to meet the
safety requisite of leakage currents, such as
designated in the VDE-4105 standard. In this paper, a
family of H6 transformer less inverter topologies
with low leakage currents is proposed, and the
intrinsic relationship betweenH5 topology, highly
efficient and reliable inverter concept(HERIC)
topology, and the proposed H6 topology has been
discussed as well. One of the proposed H6 inverter
topologies is taken as an example for detail analysis
with operation modes and modulation strategy. The
puissance losses and power contrivance costs are
compared among the H5, the HERIC, and the
proposed H6 topologies. A macrocosmic prototype is
built for these three topologies mentioned for
evaluating their performances in terms of puissance
efficiency and leakage currents characteristics.
Experimental results show that the proposed H6
topology and the HERIC achieve homogeneous
performance in leakage currents, which is remotely
worse than that of the H5 topology, but it features
higher efficiency than that of H5topology.
KEYWORDS—Common-mode voltage,
inverter, leakage current, photovoltaic
generation system, transformer less inverter.

grid-tied
(PV)

I. INTRODUCTION
THE applications of distributed photovoltaic (PV)
generation systems in both commercial and
residential structures have rapidly incremented during
recent years. Albeit the price of PV panel has been
declined largely, the overall cost of both the
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investment and generation of PV grid-tied system are
still too high, comparing with other renewable energy
sources. Therefore ,the grid-tied inverters need to be
meticulously designed for achieving the purposes of
high efficiency, low cost, minuscule size ,and low
weight, especially in the low-power single-phase
systems(less than 5 kW). From the safety perspective,
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Fig. 1. Leakage current path for transformer less PV
inverters.

the PV grid-tied inverters employ line-frequency
transformers to provide galvanic isolation in
commercial structures in the past. However, line-
frequency transformers are immensely colossal and
cumbersomely hefty ,making the whole system bulky
and hard to install. Compared with line-frequency
isolation, inverters with high-frequency isolation
transformers have lower cost, more minuscule size
and weight .However, the inverters with high-
frequency transformers have several power stages,
which increase the system intricacy and reduce the
system efficiency [1]-[6]. As a result, the transformer
less PV grid-tied inverters, as shown in Fig. 1, are
widely installed in the low-power distributed PV
generation systems .Unfortunately, when the
transformer is abstracted, the mundane mode(CM)
leakage currents (ileakage) may appear in the system
and permeate the parasitic capacitances between the



ISSN 2347 - 3983

International Journal of Emerging Trends in Engineering Research (IJETER), VVol. 3 No.6, Pages : 411 -419 (2015)
Special Issue of NCTET 2K15 - Held on June 13, 2015 in SV College of Engineering, Tirupati

http://warse.org/IJETER/static/pdf/Issue/NCTET2015sp75.pdf

PV panels and the ground [7], [8]. Moreover, the
leakage currents lead to solemn safety and radiated
interference issues [9]. Therefore, they must be
constrained within a plausible range [10].As shown
in Fig. 1, the leakage current | Leakage is permeating
the loop consisting of the parasitic capacitances
(CPV1and CPV?2), bridge, filters (L1 and L2 ), utility
grid, and ground impedance Zg . The leakage current
path is equipollent to an LC resonant circuit in series
with the CM voltage [11], and the CM voltage vCM
is defined as

Vem = w + (Van — Van) 2(LL21+LL12)

(1)

where VAN is the voltage difference between points
A and N,vBN is the voltage difference between
points B and N. L1 andL2 are the output filter
inductors .In order to eliminate leakage currents, the
CM voltage must be kept constant or only varied at
low frequency, such as50 Hz/60 Hz. The
conventional solution employs the half-bridge
inverter [12], [13]. The filter inductor L2 is zero in
the half bridge inverters. Therefore, (1) is simplified
as

Van+V, Van—V
Vow = ZAYEN _ (Canemyoy, (9)

The CM voltage vCM is constant due to the neutral
line of the utility grid connecting to the midpoint of
the split dc-link capacitors directly .However, a
drawback of half-bridge inverters is that, the dc
voltage utilization of half-bridge type topologies is
half of the full-bridge topologies. As a result, either
large numbers of PV panels in series are involved or
a boost dc/dc converter with extremely high voltage
transfer ratio is required as the first power
conditioning stage, which could decrease the system
efficiency .The full-bridge inverters only need half of
the input voltage value demanded by the half-bridge
topology, and the filter inductorsL1 and L2 are
usually with the same value. As a result,(1) is
simplified as

_ Van +Vpy

Vou = 21— (3)

Many solutions have been proposed to realize CM
voltage constant in the full-bridge transformer less
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inverters [14]-[25]. A traditional method is to apply
the full-bridge inverter with the bipolar sinusoidal
pulse width modulation (SPWM). The CM voltage of
this inverter is kept constant during all operating
modes. Thus, it features excellent leakage currents
characteristic .However, the current ripples across the
filter inductors and the switching losses are likely to
be large. The full-bridge inverters with uniploar
SPWM control are attractive due to the excellent
differential-mode (DM) characteristics such as
smaller inductor current ripple, and higher conversion
fficiency. However ,the CM voltage of conventional
unipolar SPWM full bridge inverter varies at
switching frequency, which leads to high leakage
currents [12]. Two solutions could be applied to solve
this quandary. One solution is to connect the PV
negative terminal with the neutral line of the utility
grid directly, such as the Karschny inverter derived
from buck-boost converter [15],and the inverters
derived from virtual dc-bus concept [16]. The CM
voltage is kept constant by these full-bridge
topologies with unipolar modulation methods.
Another solution is to disconnect the dc and ac sides
of the full-bridge inverter in the free wheeling modes.
Sundry topologies have been developed and
researched predicated on this method for keeping the
CM voltage constant, such as the H5 topology [17],
the highly efficient and reliable inverter concept
(HERIC) topology [18], the H6-type topology [19],
and the hybrid-bridge topology [20], etc., are shown
in Fig. 2.Fig. 2(a) shows the H5 topology. It employs
an extra switch on the dc side of inverter. As a result,
the PV array is disconnected from the utility grid
when the inverter output voltage is at zero voltage
level, and the leakage current path is cut off. The
HERIC topology shown in Fig. 2(b) employs two
extra switches on the ac side of inverter, so the
leakage current path is cut off as well. However, its
power contrivance cost is higher than that of theH5
topology. Fig. 2(c) and (d) shows the H6-type
topology and the hybrid-bridge topology
respectively. Comparing with a full-bridge inverter,
two extra switches are employed in the dc sides of
these two topologies. Furthermore, both the
H5topology and the HERIC topology have been
compared in terms of efficiency and leakage currents
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characteristic [22]. However, these topologies have
never been analyzed form the perspective of

topological relationships .In this paper, a family of
novel H6 full-bridge topologies is proposed for the
transformer less PV grid-tied inverters. An extra
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Fig. 2. Four typical topologies of transformer less
full-bridge inverters.(a). H5. (b) HEIRC. (c) H6-type.
(d) Hybrid bridge.

switch is inserted to the H5 topology for composing
an incipient current path and for the purport of
reducing conduction loss. There fore ,in the active
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modes, the inductor current of the proposed
H6topology permeates two switches during one of
the moiety line periods and through three switches
during another half-line period. As a result, for
comparing with the topologies presented in [17],
[19], and [20], the proposed H6 topology has
achieved the minimum conduction loss, and withal
has featured with low leakage currents. On the other
hand, the topological relationship between H5
topology and HERIC topology is revealed, and the
methods for engendering HERIC topology from H6-
type topology and from hybrid-bridge topology are
presented, respectively .This paper is organized as
follows. In Section Il, the operation modes and
characteristics of the H5 topology and the HERIC
topology are presented and compared. The methods
of

engendering HERIC topology from the H6-type
topology or from the hybrid-bridge topology are
given. A family of H6 topologies is proposed, and the
topological relationship between H5topology and
HERIC topology is analyzed. In Section 11, one of
the proposed H6 topologies is taken as an example
for analysis in detail with operational principle and
modulation strategy. The comparisons between H5,
HERIC, and the proposed H6topology are given in
terms of potency loss and contrivance cost.
Experimental results are presented in Section 1V, and
Section V concludes the paper.

I1l. ANALYSIS ON THE H6 TOPOLOGY AND
COMPARISONWITH OTHER TOPOLOGIES
A. Novel H6 Topology

From the aforementioned analysis, an extra switch S6
is introduced into the H5 inverter topology between
the positive terminal of the PV array and the terminal
(B) to form a new
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Fig. 3. Modified H6-type inverter topologies. (a)
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Circuit structure A. (b) Circuit structure B.
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Y Fig. 6. A family of proposed H6-type inverter
. topologies. (a). Circuit structure A. (b) Circuit
Another circuit structure of HERIC topology. structure B.
B. Operation Mode Analysis
K HE | The circuit structure of proposed novel H6 inverter
L topologies shown in Fig. 9(a) is taken as an example
.; Litd T ki to analysis. PV grid-tied systems usually operate with
: (u-I @ g unity power factor. The waveforms of the gate drive
g g Hoe ) signals for the proposed novel H6topology are shown
£l | & jg% in Fig. 10, where vg is the voltage of utility grid. iref
;_;E— is the inductor current reference. vgsl to vgs6

represent the gate drive signals of switches S1 to S6 ,
respectively .There are four operation modes in each
period of the utility grid, as shown in Fig. 11, where
VAN represents the voltage between terminal (A) and
terminal (N) and vBN represents the voltage between

Fig. 5. Another circuit structure of HERIC topology
derived from hybrid bridge topology.

current path. As a result, a novel H6 transformer less

full-bridge inverter topology is derived, as shown in

Fig. 9(a). . . -

Si?nil:frl)y, the extra switch S6 can be introduced into terminal (B) and terminal (N). vAB is the DM

the HbSinverter topology between the positive v, T ieme N : l

terminal of the PV array and the terminal (A) to . : R

compose an incipient current path as well, as shown i I I

in Fig. 9(b). Therefore, an incipient circuit structure Vest | | : o

of novelH6 inverter is presented. As a result, the v, i :

conduction loss of the proposed H6 topologies is = 1 >

higher than HERIC topology and less than H5 vgmvaﬂ O ﬂ! l

topology. | P
| noonna .,

Fig. 7. Schematic of gate drive signals with unity
power factor.
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voltage of the topology, vAB = VAN — vBN. The CM
voltagevCM = 0.5(vAN + vBN).

a) Mode 1 is the active mode in the positive half
period ofthe utility grid voltage, as shown in Fig.
11(a). S1, S4 ,and S5 are turned ON, and the other
switches are turned OFF. The inductor current is
flowing through S1, S4 , andS5 . vAN = UPV, vBN =
0; thus, vAB = UPV, and the CM voltage vCM =
(VAN +vBN)/2 = 0.5UPV.

b) Mode 11 is the freewheeling mode in the positive
half period of the utility grid voltage, as shown in
Fig. 11(b). Slis turned ON; the other switches are
turned OFF. The inductor current is flowing through
S1 and the anti paralleled diode of S3 . vAN = vBN =
0.5UPV; thus, vAB = 0, andthe CM voltage vCM =
(VAN + vBN)/2 = 0.5UPV.

c) Mode Il1 is the active mode in the negative half
period ofthe utility grid voltage, as shown in Fig.
11(c). S2, S3 , andS6 are turned ON; the other
switches are turned OFF. The inductor current is
flowing through S2 and S6 . AlthoughS3 is turned
ON, there is no current flowing through it, and the
switch S3 has no conduction loss in this mode. Never

© theless,in the H5 topology, the inductor current flows

s s through S2, S3 , and S5 . Therefore, the conduction

U 8 3 L loss of proposed topology is less than that of H5

1 I EETENL T . topology. In this mode, vAN = 0, vBN = UPV; thus,

EI(:‘“ ,r;| {"I ?‘ vAB = —UPV, and the CM voltage vCM = (VAN +
* § g I VBN)/2 = 0.5UPV.

A 85 2 ' ' d) Mode IV is the freewheeling mode in the negative

half period of the utility grid voltage, as shown in
Fig. 11(d). S3is turned ON, and the other switches are
turned OFF. The inductor current is flowing through
S3 and the anti paralleled diode of S1 . vAN = vBN =
0.5UPV; thus, vAB = 0,and the CM voltage vCM =
(VAN + VvBN)/2 = 0.5UPV.Based on the
P aforementioned analysis, the PV array can be
= disconnected from the utility grid when the output
|—|[—i voltage ofthe proposed H6 inverter is at zero voltage
level and the leakage current path is cut off. The CM
voltage of the proposed topology in each operation
+ ; mode is equals to 0.5UPV, and it results in low
OO Irienne leakage current characteristic of the proposed H6

Fig. 9. Schematic of gate drive signals with power topologies. The proposed H6 topology with unipolar
factor other than unity. SPWM method not only can achieve unity power

Fig .8. Equivalent circuits of operation modes.
(a)Active mode in the positive half period. (b)
Freewheeling mode in the positive half period. (c)
Active mode in the negative half period. (d)
Freewheeling mode in the negative half period.
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factor, but also has the ability to control the phase
shifts between voltage and current waveforms.
The modulation strategy is shown in Fig. 12. The
drive signal is in phase with the grid-tied current.
TABLE |
CALCULATED POWER LOSSES ON DEVICE

[ 5 5 5 5 [ Total
(W) | (W) | (W) | (W) | (W) | (W) | losses(W)
Hi 4011 | 4472 | 4011 | 4472 | 8944 | N.C. 2
HEIRC | 4472 | 4472 | 4472 | 4472 | 2571 | 2571 2303
Hb 4911 | 4472 | 2571 | 4472 | 4472 | 4472 21537

Fig. 13. Device losses distribution for these three
topologies with 1 kW power rating.

S WS ES WS =5 mS,

Devive Lusaes (W)
T

TABLE Il
COMPARISON OF OPERATING DEVICES IN
THESE THREE TOPOLOGIES

H35 HERIC H6
Total device number 5 6 &
Isolated power supply for devices 4 3 4
__ Switching device number 2 2 2
(,undut.l:ma. device v 3 2 3
number w0 3 2 2
Diodes number with freewheeling 2 2 2
Diodes number with reverse recovery 1 1 1
Gate drive number 2 2 2

C. Comparisons of H5, HERIC, and the Proposed
H6Topologies

The power losses of power switches of the proposed
H6 topology[see Fig. 9(a)], H5 topology [see Fig.
2(a)], and HERIC topology [see Fig. 2(b)], are
calculated with the same parameters as given in
Table 111, and are illustrated in Table | and Fig.
13.The calculation methods and theories are studied
and verified

H5 TOPOLOGY

T

Fig. 10. Simulation results for the Hstopology
Leakage currents
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Flg. 11. Simulation results for the Hstopology
Common mode voltages
in detail in literatures [22], [26]-[29], but not the
contribution of this paper. On the other hand, the
inductor losses in the three topologies are identically
tantamount due to the same VvAB modulation.
Therefore ,the inductor losses of these three
topologies are regardless .The comparison of
operating contrivances in these three topologies are
summarized in Table 1. The main power losses of
switches in each operation mode include the turn-
ON/OFF loss, conduction
| |||w\|\‘ it ‘H ' H\. |u il U ||| Hil ‘\
l ||||||||| |‘| ||
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Fig. 12. Simulation results for the HERIC topology
Leakage currents

From Tables I and II, it can be visually perceived that
the H5 topology only has five power contrivances.
Thus, it has the lowest contrivance cost. The
contrivance cost of HERIC and H6 is equipollent.
The switching loss ,diode freewheeling loss, diode
reverse instauration loss, and gate drive loss of these
three  topologies are equipollent.  However,
H5topology has the highest conduction loss, and the
conduction loss of the proposed H6 is higher than
that of the HERIC topology .From Fig. 13, it can be
optically discerned that HERIC topology has the best
thermal stress distribution, while the H5 topology is
the worst. The potency loss of HERIC topology is the
lowest.

A macrocosmic prototype of H5 [see Fig. 2(a)],
HERIC [seeFig. 2(b)], and novel H6 [see Fig. 9(a)]
topologies has been built up in order to verify the
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operation principle and compare their performances.
The designations of these three inverter topologies
are listed in Table Ill. The control circuit is
implemented  predicated on a DSP chip
TMS320F2808. The quantification point of leakage
currents is shown in Fig. 1. Because Zg is
diminutively minuscule, itis not being considered.
The picture for the macrocosmic prototype is
depicted in Fig. 14. The YOKOGAWA WT1800
precision

Hé TOPOLOGY urrent=0.0012(1.2mA)

R

\HH\( HHH

T i
”'”H I}![!‘HMH B

Fig. 13. CM voltage and leakage current in H6
topology. (a) CM voltage.(b) Leakage current.
power analyzer was utilized as the measurement
instrument to measure the efficiency of these
threefferent topologies .The CM voltage and the
leakage current waveforms of these three topologies
in unified experimental conditions are shown inFigs.
15-17, respectively, where vg and ig are the grid
voltage and grid-tied current, respectively. vAN and
VBN are the voltages between the midpoints A and B
to terminal N, respectively. vCMis the CM voltage,
which equals to 0.5(vVAN + vBN). | leakage
represents the leakage current .The leakage current
measured for the H5, HERIC, and H6inverters at the
switching frequency are 6 mA [see Fig. 15(b)],9 mA
[see Fig. 16(b)], and 9 mA [see Fig. 17(b)],
respectively .The fast Fourier transform (FFT) results
show that the leakage current of H5 topology is the
lowest, and the leakage current of HERIC topology

l LI S |
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and H6 topology is almost the same .The drain-
source voltage waveforms of switches in the novelH6
topology are shown in Fig. 18, where vds5 and vds6
are drain—source voltages of S5 and S6 , respectively
.From Fig. 18(b), it can be seen that in the negative
half period of the utility grid voltage, the voltage
potential of the positive terminal of the PV array is
equal to that of the terminal (B),

so the drain—source voltage of switch S5 is zero.
Thus, the switch S5 only has switching loss in the
positive half period. As a result, the switching loss of
H5 topology and the proposed H6 topology is the
same. The experimental results agree closely with the
results from theoretical analysis. Due to the
freewheeling path disconnected from the PV array in
the freewheeling modes, the ringing of the voltage
envelopes of S5 and S6 depends on the parasitic
parameters of the leakage current path and the utility
grid voltage amplitude.

Fig. shows the DM characteristic of the proposed
H6topology, where VAB is the DM voltage. It can be
seen that

the output voltage VAB has three levels as UPV, 0,
and —UPV, which indicates that the proposed H6
topology employs unipolar SPWM as modulation
strategy, and the DM characteristic is excellent.

Fig.is the conversion efficiency comparison of
H5,HERIC, and H6 topologies under the same
condition. It isobvious that the efficiency of the
HERIC is the highest and that the efficiency of the
proposed H6 topology takes the second place. The
experimental results are in agreement with the power
losses analysis in Section I111-B. The European
efficiencies of H5, HERIC, and H6 are 96.78%, 97%,
and 97.09%,respectively

DH®

97%, -"'-"v-”-""“‘“iv——'.,__ =
95% /-

o~
% i ——iis

|
042 ||" —#—Heric
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Fig. 14. Efficiency comparison of H5, HERIC and
H6 topologies.
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In summary, the H5 topology has the best leakage
current characteristic, but its efficiency is the lowest.
The HERIC topology has the highest efficiency, but
the leakage current characteristic is worse than that of
H5 topology. The leakage current characteristic of
proposed H6 topology is virtually identically
tantamount to that of HERIC topology. The
efficiency of proposed H6 topology is a little less
than the HERIC topology, but it is higher thanH5
topology.

V. CONCLUSION
In this paper, from the topological relationship
perspective ,the intrinsic relationship between H5
topology and HERIC topology is revealed. The
HERIC topology can be derived fromH5, H6-type,
and hybrid-bridge topologies by the conception of
reducing conduction loss. Moreover, predicated on
the H5 topology, an incipient current path is
composed by inserting a potency contrivance
between the terminals of PV array and the midpoint
of one of bridge legs .As a result, a family of single-
phase transformer less full-bridgeH6 inverter
topologies with low leakage currents is derived .The
proposed H6 topologies have the following
advantages and evaluated by experimental results:
1) the conversion efficiency of the novel H6 topology
is better than that of the H5 topology, and its thermal
stress
distribution is better than that of the H5 topology;
2) the leakage current is virtually equipollent to
HERIC topology ,and meets the safety standard,;
3) the excellent DM performance is achieved like the
isolated full-bridge inverter with uniploar SPWM.
Therefore, the proposed H6 topologies are good
solutions for the single phase transformer less PV
grid-tied inverters.
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