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Leakage  current  is the main  concern  of  the  grid  connected  transformerless  photovoltaic  (PV)  inverters.
Many  single  phase  transformerless  inverter  topologies  with  reduced  leakage  current  have  been  intro-
duced  in  the past  few  years.  These  are  mainly  classified  on  the basis  of  leakage  current  reduction  methods
Galvanic  isolation  without-  common  mode  voltage  (CMV)  clamping  and  with-CMV  clamping.  It  has  been
shown  that  leakage  current  generation  is highly  dependent  on  CMV.  CMV  of  the topologies  without-  CMV
clamping  oscillates  and  oscillation  amplitude  depends  on  switches’  junction  capacitances  and  parasitic
parameters  of  the topology.  In order  to eliminate  the  leakage  current  completely,  CMV  must  be  constant
throughout  the  inverter  operation.  Moreover,  inverter  should  also  be capable  to inject  definite  amount
of  reactive  power  into  the  grid,  as demanded  by  the  international  regulations.  In this  study,  reduced

leakage  current  CMV  clamped  topology  is proposed  which  can  eliminate  leakage  current  and  capable  of
injecting  reactive  power  into  the grid.  Total  harmonic  distortions  (THD)  of  injected  grid  current  at  vari-
ous  solar  irradiance  levels  are  also  analyzed.  In order  to verify  the theoretical  explanations,  the  proposed
topologies  are  simulated  in  Matlab/Simulink  environment.  Finally,  the  simulated  results  are  validated
experimentally.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

PV systems are mainly categorized as: stand-alone system and
rid connected system. Stand-alone system supply power directly
o load or electrical appliance. It is integrated with energy stor-
ge (battery) system. In contrast, grid connected PV system supply
enerated energy into the utility grid for direct transmission, distri-
ution, and consumption. As energy storage system is not needed,
rid connected PV system is more cost effective and maintenance
ree [1–5]. It account for more than 99% of the globally installed PV
ower [6].

Based  on the galvanic isolation, grid connected PV inverter
opologies are grouped into transformerless and with transformer.
he main functions of transformer are to provide voltage ampli-
cation and galvanic isolation between PV modules and the grid

7]. Thus, it prevents flow of dc current and leakage current injec-
ion into the grid [8]. Transformer can be of low frequency (LF) or

igh frequency (HF), depending on PV modules configuration. LF
ransformers are heavy, bulky and expensive and these reduce the
ystem efficiency because of power loss in windings [9–11]. Even

∗ Corresponding author.
E-mail address: zameerahmadphd@gmail.com (Z. Ahmad).

ttp://dx.doi.org/10.1016/j.epsr.2017.08.031
378-7796/© 2017 Elsevier B.V. All rights reserved.
though, significant reduction in size and weight can be achieved
by using HF transformer. The efficiency of the entire system is still
low due to multiple converter stages (dc-dc and dc-ac) [12]. Hence,
transformerless inverter topologies are introduced for PV applica-
tion to overcome these issues. It can improve the system efficiency
by 1–2% [13]. Furthermore, they are lighter, smaller and lower in
cost.

Although the transformerless PV inverter has many advantages,
high leakage current is the main concern. Because of the absence of
transformer, a galvanic connection is formed which provide path
for leakage current to flow from PV module to the grid [10,14]. At
the same time, parasitic capacitor, which is formed between PV
cells and metallic frame of module, generates high leakage current
if high frequency potential is applied across it. The leakage current
increases the total harmonic distortion (THD) of the grid current,
electromagnetic interference (EMI) and system losses, and it causes
personal safety problems [10,11,14–17].

There are mainly three modulation techniques: unipolar, bipo-
lar and hybrid modulation, which can be used for single phase
full bride (H4) transformerless PV inverter. CMV, leakage current

and efficiency characteristics change according to the modulation
schemes. In case of unipolar modulation and hybrid modulation
three- level voltage (0 → + VPV → 0 → −VPV → 0) is generated across
filter, yielding lower core loses [18]. However, they generate high

dx.doi.org/10.1016/j.epsr.2017.08.031
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2017.08.031&domain=pdf
mailto:zameerahmadphd@gmail.com
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Fig. 1. The existing H6- top

eakage current because of high frequency CMV. In case of bipolar
odulation two-level voltage (+VPV, −VPV) is generated, yielding

igher core losses. Moreover, it generate constant CMV, hence leak-
ge current is low.

Leakage  current problems can be solved by using bipolar
inusoidal pulse width modulation (SPWM)  technique. However,
fficiency of bipolar SPWM inverter is lower compared to unipo-
ar SPMW inverter because of higher core losses of filter inductors
nd switching losses [7]. Thus, many inverter topologies have been
ntroduced, which have advantages of both unipolar and bipolar

odulation techniques: high efficiency and low leakage current.
hese topologies are mainly classified on the basis of leakage cur-
ent reduction methods: Galvanic isolation without- CMV  clamping
nd with-CMV clamping. The detailed classification was presented
n Ref. [18]. CMV  of the topologies based on without-CMV clamping
scillates and oscillation amplitude depends on switches’ junction
apacitances and parasitic parameters of the topology [13,19]. It
as been shown that leakage current generation is highly depen-
ent on CMV, especially, high frequency components. In order to
inimize the leakage current completely, CMV  must be constant

hroughout the inverter operation (power transfer states and zero
oltage states). Moreover, inverter should also be capable to inject
efinite amount of reactive power into the grid as demanded by
he international regulations [20]. It is reported [21] that without
MV clamped topologies, such as HERIC, H5 and H6 families, do not
omply with IEEE-1547 standard [22] and these inject more than
% grid current THD at low solar irradiance levels. It is due to oscil-

ation of CMV  during zero voltage states. Hence, these topologies
re equipped with extra common mode filter (CMF) which burdens
n cost and power density of the inverters [13].

In this paper, reduced leakage current CMV  clamped topology
s proposed which can eliminate leakage current and is capable of
njecting reactive power into the grid. The CMV  of the proposed
opology remains constant throughout inverter operations and it
liminates the requirement of extra CMF. Moreover, THD analysis
f the proposed topology is carried out at various solar irradiance

evels (100–1000 W/m2)  and the results are found within specified
imit.

This paper is organized as follows. Section 2 presents analysis

n existing H6 transformerless inverter topology. Leakage current
eneration and switches’ junction capacitances are discussed in
ection 3. Proposed topologies are presented in Section 4. In Sec-
ion 5, simulation analysis is carried out. Section 6 presents power
 and switching waveforms.

loss  and junction temperature calculation. Experimental results are
presented in Section 7 and finally, Section 8 concludes the paper.

2.  Analysis on existing H6 topologies

In Ref. [23], a H6 without CMV  clamped topology, as shown in
Fig. 1(a), was proposed to overcome the drawback of the MOS-
FET based H6 topologies presented in Refs. [24,25]. These MOSFET
based topologies were not capable to handle the reactive power
flow. The existing H6 topology composed of six active switches
S1–S6 which was  derived from H4 topology by inserting two
additional switches S5 and S6. Control strategies of switches are
illustrated in Fig. 1(b). Depending on grid voltage polarity, switches
S1–S4 are commutated diagonally at switching frequency to gener-
ate unipolar inverter output voltage. During positive grid voltage,
S1 and S4 are switched at high frequency; S2 and S4 are OFF, S5 is
ON and S6 is switched complementary to S1 and S4. During nega-
tive grid voltage, S1 and S4 are switched at high frequency; S2 and
S4 are OFF, S5 is ON and S6 is switched complementary to S1 and
S4. The switches S5 and S6 and their anti-parallel body diodes D5
and D6 provide path for freewheeling current during zero voltage
state.

In this without-CMV clamped topology, output terminals (A
and B) are connected to positive VPV and negative VPV (N) dur-
ing active modes of inverter. Hence, during conduction periods,
CMV can be VPV/2 (e.g. during positive grid voltage polarity,
VCMV = (VAN + VBN)/2 = (VPV + 0)/2 = VPV/2). However, during zero
voltage or freewheeling periods, PV modules are disconnected from
the grid. Therefore, the inverter output terminals (A and B) are float-
ing with respect to the dc link. Hence, CMV  (VCMV = (VAN + VBN)/2) is
oscillating during this period and can not be determined by switch-
ing state. The CMV  amplitude oscillation depends on switches’
junction capacitances and parasitic parameters of the topology.
Common mode (CM) and differential mode (DM) voltages of exist-
ing H6 topology are given in Table 1.

3. Leakage current generation and switches junction
capacitances
In  practical applications, junction capacitance of switches’ varies
from several hundred picofarads to few nanofarads [13] which can-
not be ignored. When inverter commutates from power transfer
state to freewheeling state (galvanic isolation or decoupling state),
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Table  1
CM  and DM characteristics of H6 topology.

H6 topology

During positive grid voltage During negative grid voltage

Operation mode Active mode Freewheeling mode Active mode Freewheeling mode

CMV  VPV/2 VPV/2(floating) VPV/2 VPV/2(floating)
DMV  +VPV 0 −VPV 0
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Fig. 2. Transient sta

lopes of output voltages VAN and VBN depend on junction capac-
tance of switches’. As a result, CMV  gets affected and contributes
o leakage current generation because CMV  is one of the main
auses for leakage current. In order to investigate the leakage cur-
ent generation due to junction capacitances, the H5 topology [26]
s adopted. The grid and PV modules are directly connected through
lter inductors during power transfer stage. Therefore, the effect of

unction capacitance on CMV  is insignificant. However, switches S5
nd S4 are switched OFF simultaneously during transient state as
hown in Fig. 2(a) and diode D3 does not conduct to go in freewheel-
ng state. At this instant, the capacitors CS5 and CS2 are charged,
nd CS4 and CS3 are discharged. The equivalent simplified circuit of
ransient state is depicted in Fig. 2(b).

When diode D3 starts conducting during freewheeling state, the
oltages VAN and VBN can be derived by using KCL,

AN = VBN = CS2 + CS5

CS2 + CS5 + CS4
× VPV (1)

During  freewheeling state, the CMV  can be expressed by using
quation,

CMV = VAN + VBN
2

= CS2 + CS5

CS2 + CS5 + CS4
× VPV (2)

It  is clear from Eq. (2) that CMV  will remain constant and is equal
o VPV/2, only if CS4 = CS2 + CS5. Unfortunately, it is not possible in
ractical applications. Hence, junction capacitors and output filter

nductors form a resonant circuit to provide path for leakage current
s shown in Fig. 3.

In  order to completely eliminate the leakage current, galvanic
solation accompany with CMV  clamping should be employed to
eep CMV  constant throughout inverter operation. Generally, the
lamping branch consists of active switches (IGBTs) or passive

witches (diodes) and a capacitor divider, which guarantee that
MV is fixed to half of the input DC link voltage during freewheeling
eriods. Hence, a modified H6 topology with active CMV  clamping

s proposed, which is discussed in Section 4.
Fig. 3. Resonant circuit formed during freewheeling path.

4. Proposed topology and modulation strategy

Based on the above analysis, improved CMV  clamped H6 topol-
ogy is proposed for the grid connected PV system as shown in
Fig. 4(a). The proposed topology is modified by adding an active
switch (IGBT), S7 to the existing H6 topology. The voltage divider is
made up of CPV1 and CPV2. Switches S1–S4 are switches of H4 topol-
ogy. The switches, S5 and S6, and anti-parallel diodes, D5  and D6,
provide current path during freewheeling periods. Switching con-
trol pulses of the proposed topology are illustrated in Fig. 4(b). The
Switches S1–S4 are switched at high frequency to generate unipo-
lar inverter output voltage during power transfer state. While, the
switch S7 is commutated at high frequency during freewheeling
period to clamp the CMV  and avoid floating of terminals A and B.

4.1.  Operation modes of proposed topology

In order to generate the unipolar three-levels voltage, inverter
operations are divided into four modes in a full grid voltage cycle
(positive and negative grid voltages). These operation modes are

described as follows:

Mode-I:  During positive grid voltage
The switches S1 and S4 commutate at high frequency and S2 and

S3 are OFF as shown in Fig. 4(b). Switch S5 is ON and S6 is switched
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Fig. 4. Proposed H6 topology and switching waveforms.

Table 2
Operation and main features of proposed topologies.

Proposed topology

During positive grid voltage During negative grid voltage

Operation mode Active mode Freewheeling mode Active mode Freewheeling mode

Switches state S5 is ON;
S1  and S4 are switched
at  fs, S2 and S3 are OFF.

S5 and D6 are ON;
S7  is switched at fs.

S6 is ON;
S3  and S2 are switched
at  fs, S1 and S4 are OFF.

S6 and D5 are ON;
S7  is switched at fs

5, S6
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Current Path S1, L1, Grid, L2, S5, S4 L1, Grid, L2, D
CMV VPV/2 VPV/2 (fixed)
DMV  +VPV 0 

omplementary to S1 and S4. Active current flows through S1, L1,
rid, L2 and S4. The voltage VAB is VPV and CMV  becomes,

CMV = VAN + VBN
2

= VPV + 0
2

= VPV
2

(3)

Mode-II:  Freewheeling period during positive grid voltage
The  switches, S1 and S4 are OFF and S6 and S7 are ON. Free-

heeling current flows through L1, grid, L2, anti-parallel diode D6
nd S5. The terminal voltages VAN and VBN are clamped to VPV/2 by
he switch S7. Hence CMV  becomes,

CMV = VAN + VBN
2

=
(
VPV

2
+ VPV

2

)
÷ 2 = VPV

2
(4)

Mode-III:  During negative grid voltage
The switches S2 and S3 commutate at high frequency and S1

nd S4 are OFF as shown in Fig. 4(b). The switch S6 is ON and
5 is switched complementary to S2 and S3. Active current flows
hrough S3, S6, L2, grid, L1 and S2. The voltage VAB is VPV and CMV
ecomes,

CMV = VAN + VBN
2

= 0 + VPV
2

= VPV
2

(5)

Mode-IV:  Freewheeling period, during negative grid voltage
The  switches S2 and S3 are OFF whereas, S6 and S7 are ON. Free-

heeling current flows through L2, grid, L1, anti-parallel diode D5
nd S6. The terminal voltages VAN and VBN are clamped to VPV/2 by
he switch S7. Hence CMV  becomes,

CMV = VAN + VBN =
(
VPV + VPV

)
÷ 2 = VPV (6)
2 2 2 2

It  is clear from Eqs. (3)–(6) that CMV  is constant and equal to
PV/2 in all the four operation modes. It is shown in simulation
nd experimental results that improved clamped branch fixes the
 S3, L2, Grid, L1, S6, S2 L2, Grid, L1, S5, D6
VPV/2 VPV/2 (fixed)
−VPV 0

CMV to VPV/2 throughout inverter operation and is independent
of switches’ junction capacitors. The operation modes and main
features of proposed topology are summarized in Table 2.

5.  Simulation results

Performance  analysis of existing H6 and the proposed topology
are carried out on Matlab/Simulink. All simulations are based on
the same parameters. The PV array consists of 12 series connected
Sanyo HIP-225 HDE1 modules. P&O algorithm is implemented for
maximum power tracking [27]. The stray parasitic capacitance
(CPV) is modeled with two capacitors of 100nF/kW connected to the
PV terminals and the ground. The ground resistance (RG) of 11 � is
taken [11]. The output filter inductor is 3 mH  each. The grid phase
voltage is 230 V (RMS) with frequency (f) of 50 Hz. The switching
frequency (fs) is 10 kHz. The switches’ junction capacitors of 10 pF
are taken. In order to analyse the reactive power handling capabil-
ity, 0.95 lagging power factor is applied. In order to demonstrate
the effectiveness of the inverter model following transients condi-
tion have been applied. (i) Sudden change in Solar Irradiance (from
1000 W/m2  to 500 W/m2), (ii) transient from unity power factor to
lagging power factor and (iii) transient from unity power factor to
leading power factor (iv) sudden dip in grid voltage (230 V–180 V
rms). Fig. 5 shows the inverter model is capable of handling tran-
sient regimes.

Figs.  6–9 show simulated waveforms of DM and CM character-
istic of the existing H6 and the proposed H6 topologies at unity
and 0.95 lagging power factor. It can be seen that these topologies

are generating unipolar three-level inverter output voltage. This
reduces output current ripple, inductor losses of filter and filter
size as compared to bipolar modulation. However, CM characteris-
tic voltages waveforms, VAN, VBN and CMV  of existing H6 topology
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F  (from
f  dip in
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ig. 5. Transients applied to modeled inverter (a)Sudden change in Solar Irradiance
actor, (c) transient from unity power factor to leading power factor and (d) sudden

s shown in Figs. 6 (b) and 8 (b), are oscillating. The amplitude of

scillation varies with switches’ junction capacitances. Hence, leak-
ge current is not completely eliminated. Moreover, Figs. 8 and 9
how reactive power carrying capability of the topologies. It can be
 1000 W/m2  to 500 W/m2), (b) transient from unity power factor to lagging power
 grid voltage (230 V–180 V rms).

observed that the grid current distortions have not been increased

much with reactive power flow.

The above discussed problems of existing H6 transformerless
inverter topology such as leakage current and oscillation of CMV
due to switches’ junction capacitors have been resolved by the use
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Fig. 6. The existing H6 topology (a) DM characteristics at UPF, (b) CM characteristics.

) DM characteristics, (b) CM characteristics.
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Table 3
Parameters for losses analysis [33,34].

Parameter/specification Value

IGBT FGA3060ADF, 600 V,
30 A (Fairchild
Semiconductor)

Diode  ISL9R3060G2, 600 V,
30 A (Fairchild
Semiconductor)

Frequency  50 Hz
Saturation  voltage 1.8 V
Forward  voltage 2.3 V
Junction  temperature, Tj(max) 175 ◦C
Turn-ON switching loss @ 400 V 1430 �J
Turn-OFF  switching loss @ 400 V 310 �J
Fig. 7. Proposed H6 topology at UPF (a

f clamping branch in the proposed topology. CM characteristics
oltages VAN and VBN of the proposed topology, as shown in Figs. 7
b) and 9 (b), are exactly complementary to each other. Hence, CMV
s completely clamped to 200 V throughout the inverter operation
conduction as well as freewheeling period). As a result, leakage
urrent is totally eliminated. Moreover, the proposed topology has
xcellent reactive power handling capability without having dis-
ortion in grid current as depicted in Fig. 9(a).

. Power losses and junction temperature calculation

Losses in semiconductor switch are evaluated on the basis of the

evice specifications given in datasheets and calculations [28–33].
he losses analysis is carried out by using PSIM thermal module
33]. Specifications of the IGBT and diodes used in the simulations
re given in Table 3.

PCond IGBT calibration factor 1
PSW IGBT calibration factor 1
PCond Diode calibration factor 1
PSW Diode calibration factor 1
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Fig. 8. The existing H6 topology with reactive power flow (a) DM characteristics, (b) CM characteristics.

Fig. 9. Proposed H6 topology with reactive power flow

d

P = E × f × (8)
Fig. 10. The switches power loss.

The power loss calculation of IGBT and anti-parallel diode are
escribed as follows.
 (a) DM characteristics, (b) CM characteristics.

6.1. IGBT loss calculations

The conduction losses (PCond IGBT) of IGBT can be calculated by
using the following equations,

PCond IGBT = Vce (sat) ×  Ic (7)

where,  Vce(sat) is IGBT saturation voltage and Ic is the collector
current.

The IGBT turn-ON (PON IGBT) and turn-OFF losses can be calcu-
lated by,

VCC

ON IGBT ON VCC datasheet

POFF IGBT = EOFF × f × VCC
VCC datasheet

(9)
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Table 4
Inverter specifications [32].

Parameter/specification Value

Rated power 3 kW
DC  input voltage 400 V
Grid  voltage 1-Ph–230 V (RMS), 50 Hz
Switching frequency 10 kHz
Dead  time 2.5 �s
dc-link  capacitors 2200 �F
IGBT  FGA3060ADF, 600 V, 30 A
Diode ISL9R3060G2, 600 V, 30 A
Filter inductors 3 mH
Filter  capacitor 6 nF
Stray  capacitors 300 nF
00 Z. Ahmad, S.N. Singh / Electric Powe

here, EON and EOFF are the IGBT turn-ON and turn-OFF energy
osses respectively; f is the frequency as defined in the input param-
ters; VCC is the actual dc bus voltage, and VCC datasheet is the dc bus
oltage in the EON and EOFF characteristics of the datasheet.

The IGBT switching losses (PSW IGBT) can be calculated by equa-
ions,

SW IGBT = PON IGBT + POFF IGBT (10)

SW IGBT = EON × f × VCC
VCC datasheet

+ EOFF × f × VCC
VCC datasheet

(11)

.2.  Diode loss calculation

The diode conduction loss (PCond Diode) is calculated using the
ollowing equations,

Cond Diode = VF × IF (12)

here, VF is the diode forward voltage drop and IF is the diode
orward current. The diode turn-on losses are neglected. The diode
urn-off losses (POFF Diode) due to reverse recovery are given as:

OFF Diode = Err × f × VR
VR datasheet

(13)

r

OFF Diode = 1
4

×  Qrr × VR × f (14)

r

OFF Diode = 1
8

×  Trr × Irr × VR × f (15)

here, Err is the reverse recovery energy losses; Qrr is the reverse
ecovery charge; VR is the reverse blocking voltage; VR datasheet
s the reverse blocking voltage in the Err characteristics of the
atasheet; Trr is the reverse recovery time; Irr is the peak reverse
ecovery current; and f is the frequency as defined in the input
arameters. Whenever Err is given, it will be used to calculate the

osses. If Err is not given, Qrr will be used. If both Err and Qrr are not
iven, trr and Irr will be used to calculate the diode turn-off losses.
he diode switching losses (PSW Diode) can be given as,

SW Diode = PON Diode + POFF Diode (16)

The total power losses of proposed H6 inverter and individual
witches are shown in Fig. 10. It can be seen that the power losses
f switches S1–S4 are same which less than the S5 and S6. The
witches power loss increase the junction temperature. The junc-
ion temperature of switches should be less than the maximum
unction temperature provided by the manufacturers. The junction
emperature is function of the switches power loss and thermal
esistance, which can be expressed as,

j = Rth(s−a) × P + Rth(c−s) × P + Rth(j−c) × P + Ta (17)

here, Tj, Rth(s-a), Rth(c-s), Rth(j-c), P and Ta are the junction tem-
erature, thermal impedance (ambient to heat sink), thermal

mpedance (heat sink to circuit element), thermal impedance (cir-
uit element to heat sink), power loss and ambient temperature
espectively.

The thermal impedance can be modeled as a Foster model
eported in Refs. [35–37]. Details of the thermal modeling of power
emiconductors can be found in Ref. [37].

. Experimental Results
In  order to validate the simulation results for the existing H6
nd proposed H6 topologies experimentally, a universal inverter
as been built using the same components. Inverter specifications
re illustrated in Table 4. Control algorithms were implemented in
OPAL-RT (OP-5600), a real time digital simulator. DC power supply
(Chroma 62000 H-S) was utilized in place of PV system. The stray
parasitic capacitances (CPV) of PV modules are emulated with two
capacitors of 300 nF connected to the positive and negative termi-
nal of dc supply and the neutral of the load. The different waveforms
were captured using digital oscilloscope.

Experimental DM and CM characteristics waveforms of the
existing H6 and proposed H6 topologies are shown in Figs. 11–14.
DM characteristics of these topologies, as shown in Figs. 11 (a)–14
(a), are similar to the simulation results. Inverter output voltages
VAB of both topologies are unipolar and the injected grid current
is synchronized with the grid voltage. The RMS  value of leakage
current, as shown in Figs. 11 (c)–14 (c), for H6 and proposed H6
topologies are 22.3 mA,  8.3 mA and 23.7 mA,  9.1 mA  at unity and
lagging power factors respectively. The proposed CMV  clamped
topology is generating much lower leakage current compared to
without CMV  clamped H6 topology. This is because high frequency
components of CMV  are not completely clamped in case of with-
out CMV  clamped H6 topology. The voltages VAN and VBN of H6
are oscillating as shown in Figs. 11 (b) and 13 (b). Hence, CMV
oscillates and oscillation amplitude depends on switches’ junction
capacitances. As a result, leakage current is high in H6 topology.
Moreover, Fig. 13 shows reactive power carrying capability of H6
topology, it can be observed that grid current distortions have not
been increased with reactive power flow, as shown in Fig. 13(a).
Its reactive power carrying capability is good. In contrast, CM char-
acteristics voltages VAN and VBN of proposed topology at unity and
lagging power factor, as shown in Figs. 12 (b) and 14 (b), are exactly
complementary to each other. Hence, CMV  is constant through-
out inverter operations. As a result leakage current is reduced to
very low value which eliminates requirement of additional CM
filter. Moreover, proposed topology has excellent reactive power
handling capability without having distortion in grid current as
depicted in Fig. 14(a). The effect of switches’ junction capacitances
on CMV  characteristics voltages VAN, VBN and CMV of H6 and the
proposed topologies are illustrated in Fig. 15(a) and (b) respec-
tively. It can be observed that improved clamped branch fixes the
CMV to 200 V throughout inverter operation and is independent of
switches’ junction capacitors.

The injected grid current THD of H6 and proposed H6 topolo-
gies are measured by FLUKE 43B power quality analyzer. Injected
grid current THD for these topologies are 2.1%, 1.7% and 3.8%,
2.3% at unity and lagging power factors respectively. The grid
Current THD are also measured at various solar irradiance lev-
els (100–1000 W/m2)  as illustrated with the grid injected current
waveforms in Table 5a. It has been observed that the topology H6
is generating high THD at low solar irradiance levels. Topology
H6 does not comply with international standard (THD < 5%) after

600 W/m2.  The high value of THD may  be due to oscillation of CMV
due to switches’ junction capacitors.
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Fig. 11. H6 topology (a) inverter output voltage and load current at UPF, (b) VAN (upper), CMV  (middle), VBN (lower) and (c) leakage current.

Fig. 12. Proposed H6 topology (a) inverter output voltage and load current at UPF, (b) VAN (upper), CMV  (middle), VBN (lower) and (c) leakage current.

Fig. 13. H6 topology (a) inverter output voltage and load current wit reactive power flow, (b) VAN (upper), CMV  (middle), VBN (lower) and (c) leakage current.

Fig. 14. Proposed H6 topology (a) inverter output voltage and load current with reactive power flow, (b) VAN (upper), CMV  (middle), VBN (lower) and (c) leakage current.
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Fig. 15. CM characteristics of (a) H6 topology and (b) proposed H6.

Table 5a
Injected grid current THD with waveforms.

Solar irradiance (W/m2) Total harmonic distortion (THD) in injected grid current

H6-I topology Proposed H6-II

1000

800

600

400

100

#Do not comply with IEEE 1547 Standard.

o
c

Table 5b
Performance comparisons of H6 and proposed H6 topologies.

Features Existing H6 Proposed H6

PWM  Unipolar Unipolar
CMV (mean 2 VCMV) at UPF 356 V 398.2 V
CMV  (mean 2 VCMV) with reactive power flow 347 V 398 V
Leakage  current (mA) at UPF 22.3 mA 8.3 mA
Leakage  current (mA) with reactive power flow 23.7 mA 9.1 mA
THD  (%)at UPF 2.1% 1.7%
THD (%) with reactive power flow 3.8% 2.3%
Fig. 16. Measured efficiency of H6 and the proposed topologies.

Measured efficiencies of the topologies for different percentage
f output power load are shown in Fig. 16 for the European effi-
iency (�EU). The efficiency can be calculated by using the equation,

� = 0.03� + 0.06� + 0.13� + 0.10�
EU 5% 10% 20% 30%

+ 0.48�50% + 0.2�100% (18)
Efficiency (%) 97.12% 97.04%
Extra CM filter Required Not required

The calculated European efficiency (�EU) for H6 and proposed
H6 topologies are 97.12% and 97.04% respectively. Performance
comparison of H6 and proposed H6 topologies are given in Table 5b.

8. Conclusion
In this paper, CMV  clamped H6 transformerless inverter topol-
ogy for grid connected PV system is presented. It has been shown
that leakage current generation is highly dependent on common
mode voltage (CMV), especially, high frequency components. In
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[36] C. Busca, R. Teodorescu, F. Blaabjerg, et al., An overview of the reliability
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xisting H6 topology CMV  oscillates and amplitude of oscillation
s dependent on switches’ junction capacitors. The effect of these
apacitors on leakage current generation is significant during zero
oltage states of inverter. Proposed topology has clamped the CMV
o half of the dc link voltage during zero voltage states. As a result,
eakage current is reduced to a very low value and is indepen-
ent of junction capacitors. Performance analysis of the existing H6
nd proposed topologies are carried out on Matlab/Simulink, and
esults are experimentally validated. The advantages of proposed
opology are described as follows:

. Improved clamping branch in the proposed topology has fixed
CMV  to half of the dc link voltage throughout inverter operations.
As  a result leakage current is almost reduced to zero.

. THD of the proposed topology is within the specified limit and
complies  with the international regulation at various solar irra-
diance  levels (100–1000 W/m2). This is because of fully unipolar
modulation strategy and CMV  clamping. The existing topology
generates  current THD more than 5% at low solar irradiance level,
which  will reduce significant power generation.

.  No extra CM filter is required to nullify the effect of junction
capacitors switches. This can improve the power density and
cost.

Hence,  the derived active clamped H6 transformerless inverter
opology is optimized candidate for high-performance grid con-
ected PV system.
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