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Abstract:

The Photovoltaic (PV), Wind based power generation 
systems are popular nowadays. In this Renewable energy 
based systems the voltage stress across the power devices 
and leakage current are the major issues in transformer-
less grid connected system. To overcome the above draw-
backs a hybrid system based on the coupled inductor mul-
tilevel inverter based single stage transformer less grid 
connected system is presented in this paper. To maintain 
the advantages of the impedance network, only a diode is 
added in the front of the original topology, to block the 
leakage current loop during the active vectors and open-
zero vectors. On the other hand, the near-state pulse width 
modulation (NSPWM) technique is applied with one-leg 
shoot-through zero vectors in order to reduce the leak-
age current through the conduction path in the duration of 
changing from and to open-zero vectors. Simultaneously, 
the leakage current caused by other transitions can also 
be reduced due to the fact that the magnitude of common-
mode voltages is reduced. Simulation results of the trans-
former less hybrid system are presented.

Index Terms:

Leakage current, photovoltaic (PV) and Wind power sys-
tem, shoot-through zero vector, single-stage boost invert-
er, width modulation.

I.INTRODUCTION:

The usage of distributed generation renewable sources 
such as solar energy, wind energy and fuel energy be-
come more popular because of environment friendly and 
increasing demand of electric energy, which had been 
described in [1].Power electronics converter and inverter 
(power conditioning unit) plays an important role in con-
necting distributed generation to the grid supply.
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High-performance Multilevel inverter[1] are widely used 
in various applications such as uninterruptible power sup-
plies, distributed power systems, ac motor drives, and 
hybrid electric vehicles. However, the traditional voltage-
source inverter has major problems: 1) it cannot have an 
ac output voltage higher than the dc source voltage and 
can only provide buck dc -ac power conversion; 2) shoot 
through, generated leg, is forbidden. For applications 
where a low input by both power switches in a voltage is 
inverted to a high ac output voltage, an additional dc-dc 
boost converter is needed to obtain a desired ac output. 
The additional power converter performs two-stage pow-
er conversion with high cost and low efficiency. Unlike 
traditional voltage source inverters [1], Z-source invert-
ers were proposed in [2] in order to accomplish single 
-stage power conversion with buck boost abilities. In the 
Z-source inverter, both of the power switches in a leg can 
be turned on at the same time and thereby eliminate the 
dead time. This significantly improves the reliability and 
reduces the output waveform distortion. Various Zsource 
inverter topologies have been reported in many different 
studies. Work on Z-source inverters has focused on pulse-
width modulation (PWM)strategies [3], [4], applications 
[5], [6], modeling and control [7], [8], direct ac-ac convert-
ers [9], [10], and other Z-network topologies [11]-[13]. A 
class of quasi-Z source inverters was proposed in [11], 
[12] that were designed to overcome the shortcomings 
of the classic Z-source inverter. Quasi-Z-source inverters 
have advantages, such as a reduction in the passive com-
ponent ratings and an improvement in the input profiles. 
Some papers have recently focused on improving the 
boost factor of the Z-source inverter by using a very high 
modulation index in order to achieve an improvement in 
the output waveform. For instance, studies add inductors, 
capacitors, and diodes to the Z-impendence network in 
order to produce a high dc link voltage for the main power 
circuit from a very low input dc voltage.
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In two inductors in the impedance Z-network are replaced 
by a transformer with a turn ratio of 2:1 in order to obtain 
a high voltage gain. These topologies suit solar cell and 
fuel cell applications, since they require a high voltage 
gain in order to match the source voltage to the line volt-
age. Applying coupled inductor structures to the dc-dc 
conversion process provides a high boost in cascade and 
transformer less structures with a high efficiency and high 
power density. The coupled inductor provides a strong 
step-up inversion that overcomes the boost limitations of 
the Z-source inverter (ZSI) [2]. The embedded Z-source 
inverter developed in is built by inserting dc sources into 
the X-shaped impedance network. Because the dc sources 
connect directly to the impedance network inductors, the 
dc input current in the embedded Z-source inverter flows 
smoothly, compared to that found in a traditional Z-source 
inverter [2].

The embedded Z-source inverter assumes the two sources 
can produce the same voltage gain as found in a tradition-
al Z -source inverter. The embedded Z -source inverter 
provides a continuous input current without adding an 
input passive filter and also a lower voltage on the ca-
pacitors. But leakage current will be present when photo-
voltaic is connected to grid through embedded Z- source 
inverter The proposed paper can reduce the system leak-
age current in a great deal and can meet the VDE0126-1-1 
standard. To maintain the advantages of the impedance 
network, only a diode is added in the front of the original 
topology, to block the leakage current loop during the ac-
tive vectors and open-zero vectors. On the other hand, the 
near state pulse width modulation (NSPWM) technique is 
applied with one-leg shoot -through zero vectors in order 
to reduce the leakage current through the conduction path 
in the duration of changing from and to open-zero vec-
tors. Simultaneously, the leakage current caused by other 
transitions can also be reduced due to the fact that the 
magnitude of common-mode voltages is reduced.

II. HYBRID SYSTEM Photovoltaic Module:

The Photovoltaic Module The operation and the perfor-
mance of PV generator depends to its maximum power, 
the models describing the PV module’s maximum power 
output behaviors are more practical for PV system assess-
ment. The following section describes the mathematical 
model for estimating the power output of PV. The equiva-
lent circuit of a PV cell is shown in Fig 2. It includes a 
current source, a diode, a series resistance and a shunt 
resistance [2], [4].

Fig. 2 The equivalent circuit of a PV cell

The current source Iph represents the cell photocurrent. 
Rsh and Rs are the intrinsic shunt and series resistances 
of the cell, respectively. Usually the value of Rsh is very 
large and that of Rs is very small, hence they may be ne-
glected to simplify the analysis. PV cells are grouped in 
larger units called PV modules which are further intercon-
nected in a parallelseries configuration to form PV arrays. 
The photovoltaic panel can be modeled mathematically as 
given in equations below: Module photo-current:

Iph = [ISCr +Ki (T - 298)] *G / 1000	 (1)

Where Iph is the light generated current in a PV module 
(A), ISCr is the PV module short-circuit current at 25oC 
and 1000W/m2 , Ki is the short-circuit current tempera-
ture co-efficient at ISCr = 0.0017A=oC, T is the module 
operating temperature in Kelvin, G is the PV module il-
lumination (W/m2 ) = 1000W/m2 .

Module reverses saturation current - Irs: 

Where q is Electron charge = 1.610-19C, Voc is the open 
circuit voltage, Ns is the number of cells connected in se-
ries, k is Boltzman constant = 1.3805*10 -23J/K, A = B is 
an ideality factor = 1.6,The module saturation current I0 
varies with the cell temperature, which is given by

Where Tr is the reference temperature = 298 K, Io is the 
PV module saturation current (A), Ego is the band gap 
for silicon = 1.1 eV.The current output of PV module is 
Where Np is the number of cells connected in parallel, 
Vpv is output voltage of a PV module (V), Ipv is output 
current of a PV module (A), Rs is the series resistance of 
a PV module. Equations (1) - (4) are used to develop the 
PV model.
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The Wind Turbine:

Currently two types of configuration for wind turbine ex-
ist, which is the vertical-axis wind turbine (VAWT) con-
figuration and the widely used horizontal axis wind tur-
bine (HAWT) configuration. HAWT have the ability to 
collect maximum amount of wind energy for time of day 
and season and their blades can be adjusted to avoid high 
wind storm. Wind turbines operate in two modes name-
ly constant or variable speed. For a constant speed tur-
bine, the rotor turns at constant angular speed regardless 
of wind variations. One advantage of this mode is that it 
eliminates expensive power electronics such as inverters 
and converters. Its disadvantage however, is that it con-
strains rotor speed so that the turbine cannot operate at its 
peak efficiency in all wind speeds. For this reason a con-
stant wind speed turbine produces less energy at low wind 
speeds than does a variable wind speed turbine which is 
designed to operate at a rotor speed proportional to the 
wind speed below its rated wind speed [3]. The output 
power or torque of a wind turbine is determined by sev-
eral factors. Among them are (i) turbine speed, (ii) rotor 
blade tilt, (iii) rotor blade pitch angle (iv) size and shape 
of turbine, (v) area of turbine, (vi) rotor geometry whether 
it is a HAWT or a VAWT, (vii) and wind speed. A relation-
ship between the output power and the various variables 
constitute the mathematical model of the wind turbine. In 
this paper a model describing HAWT is proposed.

For an object having mass m and velocity V under a con-
stant acceleration, the kinetic energy Ww is given by

Ww = 1/2 mv 2	(5)

The power Pw in the wind is given by the rate of change 
of kinetic energy, i.e

Pw = dWw / dt = 1/ 2 dm / dt Vw 2	 (6)
But the mass flow rate is given by	
dm / dt = ρAVw	(7)
Where A is the swept area of the turbine, ρ is the density 
of air. With this expression equation (7) becomes

Pw = 1 / 2 ρAVw 3	 (8)

The actual mechanical power Pw extracted by the rotor 
blades in watts is the difference between the upstream and 
the downstream wind powers [3], i.e.

Pw = 1/ 2 ρAVw(Vu 2 − Vd 2 )	 (9)

Where Vu is the upstream wind velocity at the entrance 
of the rotor blades in m/s and Vd is the downstream wind 
velocity at the exit of the rotor blades in m/s. From the 
mass flow rate, the equation can be written as

ρAVw = ρA(Vu+Vd) 2	 (10)
 
Vw being the average of the velocities at the entry and 
exit of rotor blades of turbine. With this expression, equa-
tion (10) can be simplified and becomes

Pw = 1 2 ρAVw 3	 (11)

Where Cp is a fraction called the power coefficient. The 
power coefficient represents a fraction of the power in 
the wind captured by the turbine and has a theoretical 
maximum of 0.593. Cp is often called the Betz limit after 
the Germany physicist Albert Betz who worked it out in 
1919. The power coefficient can be expressed by a typical 
empirical formula

Cp = 1/2 (λλ − 0.022β 2 − 5.6)e −0.17	 (12)

Where β is the pitch angle of the blade in degrees and λ is 
the tip speed ratio of the turbine, defined as

λ = Vw (mph) / wb (rads−1)	 (13)

Where wb is the turbine angular speed. Equations (5) - 
(13) describe the power captured by the turbine and con-
stitute the turbine model.

III. COUPLED INDUCTOR BASED SIN-
GLE-STAGE BOOST THREE-PHASE 
MULTI LEVEL INVERTER

The CL-SSBI is shown in Fig. 2. A diode is added in the 
front of the topology, to block the leakage current loop 
during the active vectors and open-zero vectors, of which 
the CMV vCM is defined as
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Fig. 1. Transformer less grid-connected Hybrid system 
based on CL-SSBI with an additional diode

The voltage between positive P or negative N solar panel 
and grounded neutral n can be expressed as

Because shoot-through of the inverter bridge becomes a 
normal operation state, the possible switching states in-
clude six active vectors (V1 –V6 ), two open-zero vectors 
(V0 , V7 ), and seven shoot-through zero vectors includ-
ing one leg shoot through (Va shoot, Vb shoot, Vc shoot), 
two-legs shoot through (Vab shoot, Vice shoot, Vbc shoot) 
and three-legs shoot through (Vabc shoot). For all the odd 
active vectors (V1 , V3 , V5 ), all the even active vec-
tors (V2 , V4 , V6 ), all the open-zero vectors (V0 , V7 ), 
and all the shoot- through zero vectors, the common mode 
voltages (vCM ) and voltages (vP n ,vN n ) of CL-SSBI 
and CL-SSBI with an additional diode (CL-SSBI- D) can 
be derived from (2) and (3), as shown in Table I. For con-
venience, supposing the turns ratio N of the coupled in-
ductor is 2.5, shoot- through zero duty cycle D0 is 0.17, 
and then boost factor B is 3, according to the bus voltage 
expression of Vb = BvP N [16], and using the maximum 
constant boost (MCB) control method realized by space 
vector -based PWM control [18], the switching pattern 
and CMV of CL-SSBI and CL- SSBI-D in section A1 [see 
Fig. 2(a)] can be obtained, as shown in Fig. 2(b) and (c), 
in which Ts is defined as a switching period.

Table I Common-Mode Voltages vCM , volt-
ages vN n and vP n in different space vectors 
(a) for CL-SSBI-D (b) for CL-SSBI

Table II Simulation And Experimental Pa-
rameters Of CL-SSBI And CL-SSBI-D Trans-
former Less Pv System

In section A1, V1 , V2 , V0 , and V7 are used to synthe-
size the output reference voltage and Vshoot is inserted 
in open-zero vectors to realize the boost characteristics. 
Fig. 2(b) and (c) illustrates that the magnitude of CMV 
of CL-SSBI-D is lower than that of CL-SSBI, which in-
dicates that the magnitude of the leakage current can be 
also reduced.

V. MODULATION TECHNIQUE TO RE-
DUCE LEAKAGE CURRENT

The CMV of CL-SSBI-D changes in a maximum step 
value when the active vectors Vodd convert to open-zero 
vector V0 , and changes in a relatively high step value 
when the open-zero vector V0 convert to shoot-through 
zero vectors Vshoot, as shown in Fig. 2(c), which will in-
duce high spikes in the leakage current due to the parasitic 
capacitor path. 

Therefore, open-zero vectors are the key to be considered 
to reduce the magnitude of the leakage current. One pos-
sible technique is the NSPWM control, which omits the 
open-zero vectors and employs three adjacent voltage 
vectors to synthesize the output reference voltage. Vshoot 
can still be inserted to boost the output voltage. The uti-
lized voltage vectors are changed every 60◦ throughout 
the space, as shown in Fig. 3(a).
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Compared to the MCB control method [see Fig. 2(a)], the 
sections rotate 30◦ in clockwise. Moreover, only one-leg 
shoot-through vectors are used in order to reduce switch-
ing events, and are changed every 120◦ to assure equal 
current stress of each leg during shoot-through zero vec-
tors, that is Va shoot for 30◦ to 150◦, Vb shoot for 150◦ 
to 180◦ and −180◦ to −90◦, and Vb shoot for −90◦ to 30◦. 
The voltage utilization level can be indicated by the mod-
ulation index mi (mi = Vm /(2Vb /π), where Vm is the 
magnitude of the reference voltage vector). Modulation 
index within the linear area for NSPWM control is mi π 
3 √3, π 2 √3  = [0.61, 0.907]. Therefore, mi stays in the 
high modulation index section, leading to lower harmonic 
distortion of the output waveforms than the remote- state 
PWM (RSPWM) control [19], which include OPWM and 
EPWM control. Under the same circuit conditions from 
Section II and by using the NSPWM control, the switch-
ing pattern and CMV of CL- SSBI-D in section B1 and B2 
can be obtained, as shown in Fig. 3(b) and (c), in which 
Tsh is defined as a shoot-through period. From Fig. 3(b) 
and (c), changes of CMV should result in eight spikes in 
the leakage currents per switching cycle, corresponding

Fig. 2. (a) Voltage space vectors of a three-phase in-
verter; switching pattern and CMV of (b) CL-SSBI in 

section A1, and of (c) CL-SSBI-D in section A1.

Fig. 3. (a) Voltage space vectors of NSPWM definition; 
switching pattern and CMV of CL-SSBI-D in (b) sec-

tion B1 and (c) section B2.

To 1600 spikes in the leakage current per fundamental cy-
cle (Ts = 100 μs, 50 Hz grid). Nevertheless, the magnitude 
of the leakage current is lower than that of CL-SSBI with 
the MCB control method.

MULTI LEVEL INVERTER

Ph to Ph OUTPUT

Reverse Leakage Currents

GRID CONNECTED VOLTAGE AND CUR-
RENTS

CONCLUSION:

This paper has presented a transformer less grid-connect-
ed PV system based on a coupled inductor single-stage 
boost three phase Multi level inverter. Diode D4 is added 
in the front of the topology together with D1 , to block the 
leakage current loop during the active vectors and open-
zero vectors. 

It is important to note that leakage current occurs from 
CMV only in the duration of transiting from or to shoot-
through zero vectors with NSPWM control, when open-
zero vectors are omitted. And the magnitude of CMV is 
also reduced, which leads to lower leakage current.

SIMULATION RESULTS:
Simulink circuit

PV System

Wind system

HYBRID SYSTEM OUTPUT

The leakage current caused in the transient states of 
changing from and to shoot-through zero vectors is also 
reduced by using the NSPWM technique with one-leg 
shoot-through zero vectors, when open-zero vectors are 
omitted. Simultaneously, the leakage current caused by 
other transitions can be further reduced due to the mag-
nitude reduction of the CMV. The CMVs and the caused 
leakage currents are compared between CL-SSBI with 
MCB control and CL-SSBID with NSPWM. According 
to the simulation and experimental results, the amplitude 
and RMS value of the leakage current can be well below 
the threshold level required by the VDE0126-1-1 stan-
dards, indicating an effective leakage current reduction.
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Compared to the MCB control method [see Fig. 2(a)], the 
sections rotate 30◦ in clockwise. Moreover, only one-leg 
shoot-through vectors are used in order to reduce switch-
ing events, and are changed every 120◦ to assure equal 
current stress of each leg during shoot-through zero vec-
tors, that is Va shoot for 30◦ to 150◦, Vb shoot for 150◦ 
to 180◦ and −180◦ to −90◦, and Vb shoot for −90◦ to 30◦. 
The voltage utilization level can be indicated by the mod-
ulation index mi (mi = Vm /(2Vb /π), where Vm is the 
magnitude of the reference voltage vector). Modulation 
index within the linear area for NSPWM control is mi π 
3 √3, π 2 √3  = [0.61, 0.907]. Therefore, mi stays in the 
high modulation index section, leading to lower harmonic 
distortion of the output waveforms than the remote- state 
PWM (RSPWM) control [19], which include OPWM and 
EPWM control. Under the same circuit conditions from 
Section II and by using the NSPWM control, the switch-
ing pattern and CMV of CL- SSBI-D in section B1 and B2 
can be obtained, as shown in Fig. 3(b) and (c), in which 
Tsh is defined as a shoot-through period. From Fig. 3(b) 
and (c), changes of CMV should result in eight spikes in 
the leakage currents per switching cycle, corresponding

Fig. 2. (a) Voltage space vectors of a three-phase in-
verter; switching pattern and CMV of (b) CL-SSBI in 

section A1, and of (c) CL-SSBI-D in section A1.

Fig. 3. (a) Voltage space vectors of NSPWM definition; 
switching pattern and CMV of CL-SSBI-D in (b) sec-

tion B1 and (c) section B2.

To 1600 spikes in the leakage current per fundamental cy-
cle (Ts = 100 μs, 50 Hz grid). Nevertheless, the magnitude 
of the leakage current is lower than that of CL-SSBI with 
the MCB control method.
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in the front of the topology together with D1 , to block the 
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zero vectors. 

It is important to note that leakage current occurs from 
CMV only in the duration of transiting from or to shoot-
through zero vectors with NSPWM control, when open-
zero vectors are omitted. And the magnitude of CMV is 
also reduced, which leads to lower leakage current.
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The leakage current caused in the transient states of 
changing from and to shoot-through zero vectors is also 
reduced by using the NSPWM technique with one-leg 
shoot-through zero vectors, when open-zero vectors are 
omitted. Simultaneously, the leakage current caused by 
other transitions can be further reduced due to the mag-
nitude reduction of the CMV. The CMVs and the caused 
leakage currents are compared between CL-SSBI with 
MCB control and CL-SSBID with NSPWM. According 
to the simulation and experimental results, the amplitude 
and RMS value of the leakage current can be well below 
the threshold level required by the VDE0126-1-1 stan-
dards, indicating an effective leakage current reduction.
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