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Abstract—Leakage current reduction is one of the important 

issues for transformerless PV systems. Many interesting 
solutions have been reported to reduce the leakage current for 
three-phase PV inverters. However, most of them are limited 
to two-level inverters. Moreover, there is a potential risk of the 
over-current phenomenon. In order to solve the problem, a 
Z-source three-level four-leg inverter with a new modulation 
strategy is proposed in this paper. Firstly, the mathematical 
modeling of the three-level four-leg Z-source inverter for 
leakage current reduction is established for the first time. 
Secondly, a new carrier-based modulation strategy is proposed 
by utilizing the effective large, medium, small, and zero vectors, 
instead of the invalid vectors, to achieve the constant common 
mode voltage, as well as the leakage current suppression. 
Finally, the proposed solution is carried out on the TI (Texas 
Instruments) TMS320F28335 DSP + Xilinx XC3400 FPGA 
digital control hardware platform. The experimental results 
verify the effectiveness of the proposed solution. 

Index Terms—Z source inverter, three-level inverter, 
four-leg inverter, leakage current. 

 
I.  INTRODUCTION 

Due to environmental pollution and government 
incentives in renewable energy system, the PV power 
system has received widespread attention in recent years 
1-5]. A transformer usually is installed for the conventional 
PV inverter to connect the grid. However, it increases the 
cost, size and decreases the efficiency of the overall system. 
That is the reason why the transformerless PV inverters are 
popular in recent years [6-7].  

For integrating the transformerless PV inverter into grid, 
one of the most important issues is the leakage current 
attenuation. Generally, the solutions to the leakage current 
reduction can be classified into two groups: one is the 
single-phase solutions, and the other is the three-phase ones.  
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Many interesting single-phase topologies have been 
presented to reduce the leakage current [8-15], such as H5, 
oH5, H6, Heric, and so on. They can reduce the leakage 
current effectively. However, there is a limitation of them 
due to the well-known twice fundamental frequency power 
oscillation. And an electrolytic capacitor has to be used, 
which is more prone to failure and the whole system’s 
reliability is degraded [16-18]. Aside from that, integrating 
the single-phase inverter into grid leads to the power 
oscillations and unbalanced problems. Therefore, the VDE 
4105 standard specifies that the capacity of single-phase 
grid-connected inverter should be less than 4.6 kVA, which 
limits the system capacity. On the other hand, there is no 
power oscillation and unbalanced problems in three-phase 
grid connected PV systems. For the leakage current 
attenuation in three phase three legs inverter, one possible 
solution is to use only the medium and zero vectors [19-21]. 
But the modulation index for those solutions is limited [22]. 
To increase the range of the modulation index, the large, 
medium and zero vectors are used to reduce the leakage 
current [23]. However, the common-mode voltage is not 
constant in [23], and the leakage current can reduced to a 
certain level. Another solution uses the modulation strategy 
with Boolean logic function for the leakage current 
attenuation [24-26]. It should be noted that the 
abovementioned solution is for three-leg inverters. For 
dealing with the unbalanced situation, the four-leg inverters 
are typically used [27-29]. For the leakage current reduction 
in three-phase four-leg inverter, a new algorithm is proposed 
in [30] to reduce the common-mode voltage. It has the 
advantage of high DC link utilization, low harmonic 
distortion, less switching losses. However, the 
common-mode voltage is not constant, and the leakage 
current is not well attenuated. In order to ensure the 
common-mode voltage constant, the method in [31] uses the 
six switching vectors to synthesize the reference vector, 
while another interesting solution with a common-mode 
filter is proposed in [32] to reduce the common-mode 
voltage. Besides, a new modulation strategy with Boolean 
logic function is proposed to achieve the constant 
common-mode voltage for the leakage current reduction 
[33]. However, the modulation index is also limited.  
Furthermore, it should be noted that most of 
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above-mentioned solutions are based on the voltage source 
inverters, and it is inherently a step-down converter. Besides, 
in practice, the PV panel voltage depends on many factors 
such as the weather conditions, which will cause the f output 
voltage variation of PV panel. In this case, a boost converter 
has to be installed to the low-voltage PV panel [34]. Due to 
the existence of the additional switch in the boost converter, 
the additional gating driver is needed. Also, both the switch 
and diode of the boost converter need the heat sink [35]. 
Moreover, there is a potential risk of overcurrent, which 
reduces the system reliability. In order to solve the problem, 
the Z-source inverter (ZSI), originally proposed by Peng, 
can be used [36]. The amplitude of the output voltages can 
reach high levels due to the step-up characteristic. Both the 
risk of the over-current phenomenon and additional boost 
switch circuit are avoided [37]. 

For leakage current reduction in ZSI, Bradaschia, et al, 
presented an improved modulation strategy for three-phase 
Z-source inverter [38], where three odd or even vectors were 
used to eliminate the high-frequency common mode voltage, 
so the leakage current can be well attenuated. However, the 
modulation index is limited. And it was pointed out in [39] 
that there is an undesired operation mode in [38], which 
could lead the system to instability. To solve this issue, a 
ZSI-S topology with two additional insulated gate bipolar 
transistors (IGBTs) is proposed in [39]. Meanwhile, to 
reduce the leakage currents, an improved PWM technique is 
presented to achieve the constant common-mode voltage. 
The undesired operation modes are avoided. However, two 
additional switches are needed, and the complexity of the 
control as well as the switching loss is increased. Another 
modified ZSI is presented in [40]. Only one additional 
switch is needed, compared with the conventional ZSI. And 
the leakage currents can be well suppressed due to 
dual-grounding structure. Besides, there are many other 
papers are devoted to reduce the leakage current for the 
Z-source and qZ-source inverter [41-44]. However, the 
above-mentioned topologies and modulation methods for 
ZSI are limited to three-leg inverters. For the leakage 
current reduction in the three phase four-leg Z source 
inverter, an interesting solution is presented in [45] to 
achieve the constant common mode voltage. However, it is 
limited to two-level inverter in nature. So far, the analysis 
and solution regarding the leakage current reduction of 
three-level four-leg Z-source inverter has not been explored 
in literature. That’s the motivation of the paper to deal with 
this unsolved problem. The importance of the three-level 
four-leg Z-source inverter is listed as follows. 

(1) For the three-level inverter, it has the advantage over 
two-level inverter in both high-power and low-power 
systems [46]. It can decrease the total harmonic distortion, 
voltage stress of dv/dt on switches, electromagnetic 
interference and improve the output waveform quality [47].  

(2) For the four-leg inverter, it has the advantage over 
three-leg inverter for unbalanced deal capability and more 
flexible to achieve optimal objective [30]. 

(3) For the Z source inverter, it can avoid the potential 
risk of the over-current phenomenon of inverter and needn’t 
install the additional boost converter [34]. 

The contributions of the paper are shown as follows. 
Firstly, the leakage current behavior for three-level four-leg 
Z-source inverter is established with a mathematical 
description. Secondly, a new carrier-based modulation 
strategy is proposed by utilizing the effective large, medium, 
small, and zero vectors, instead of the invalid vectors, to 
achieve the constant common mode voltage, as well as the 
leakage current suppression. Finally, the experimental 
evaluation of the conventional and proposed solution is 
presented. 

The rest of the paper is organized as follows. Section II 
presents the operation principle of the Z-source three-level 
four-leg inverter. The common mode behavior is discussed 
in Section III. The conventional and proposed modulation 
strategies are presented in Section IV. The simulation and 
experimental results are provided in Section V. Finally, the 
conclusion is reached in Section VI. 

II.   OPERATION PRINCIPLE 

Fig.1 illustrates the schematic diagram of the three-phase 
Z-source three-level four-leg inverter for the transformerless 
PV system, where CPV is the parasitic capacitance between 
the PV panel and ground. Vdc is the DC input voltage. The 
leakage current will arise on condition as the parasitic 
capacitor voltage or common mode voltage varies in a 
high-frequency way. 
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Fig.1  Schematic diagram of Z-source three-level four-leg inverter. 

 

The system operation mode can be divided into two states. 
One is the shoot-through state, and the other is the 
non-shoot-through state. For simplicity of analysis, the 
capacitance CZ1 and CZ2 of the Z-source network are equal, 
and the capacitor voltage can be expressed as VCz1 = VCz2 = 
VCz. The inductance LZ1 = LZ2, and inductor voltage can be 
expressed as VLz1= VLz2=VLz. 
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Fig.2  Shoot-through state.            Fig.3  Non-shoot-through state. 

 

During shoot-through states, the diodes of D1 and D2 are 
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reversely off, as shown in Fig. 2. During non-shoot-through 
state, as shown in Fig.3, the input voltage can be expressed 
as follows. 

Lz dc CzV V V                            (1) 

2i Cz Lz Cz dcV V V V V                     (2) 

where Vdc is the DC input voltage and Vi is the Z-source 
voltage, respectively. It is defined that T0 is the 
shoot-through period, T1 is the non-shoot-through period, d 
is the shoot-through duty cycle. The average voltage of the 
inductor over one switching period of Ts should be zero, and 
thus 

0 1( )
0Cz dc Cz

s

T V T V V

T

 
                        (3) 

The voltage values of Vi , VCz and VLz can be derived from 
(1) to (3) as follows. 

1 0

1
2

1 2i Cz Lz Cz dc dc dc

T
V V V V V V V

T T d
      

 
    (4) 

Cz B dcV B V                                    (5) 

1Lz B dcV B V  （ ）                                (6) 

where (1 ) / (1 2 )BB d d   .  

III.  COMMON MODE BEHAVIOR ANALYSIS 

In this section, the common mode behavior of Z-source 
three-level four-leg inverter is discussed. Firstly, the 
relationship between the switching states and output 
voltages is shown in (7), where Sij =1 if the switch is on, 
while Sij =0 if the switch is off. 

, , , .  1,2,3,4.  1,2,3,4.X A B C D i j    

1 2 3 4

1 2 3 4

1 2 3 4

2      1,  1,  0,  0

/ 2 1 0,  1,  1,  0

(1 ) 0 0,  0,  1,  1

B dc X i i i i

XN dc X i i i i

B dc X i i i i

B V S S S S S

V V S S S S S

B V S S S S S

    
     
      

   

    

  

   (7) 
The phase voltage to ground for each leg of AgV , BgV , CgV  

and DgV  can be derived from Fig. 1 as follows. 

12 13
11 12 13 14

11 12 12 13 13 14

( (1 ) )
2

                                  ( )

Ag B B dc

Ng

S S
V B S S B S S V

S S S S S S V

   

  
   (8) 

22 23
21 22 23 24

21 22 22 23 23 24

( (1 ) )
2

                                  ( )

Bg B B dc

Ng

S S
V B S S B S S V

S S S S S S V

   

  
  (9) 

32 33
31 32 33 34

31 32 32 33 33 34

( (1 ) )
2

                                  ( )

Cg B B dc

Ng

S S
V B S S B S S V

S S S S S S V

   

  
  (10) 

 

42 43
41 42 43 44

41 42 42 43 43 44

( (1 ) )
2

                                  ( )

Dg B B dc

Ng

S S
V B S S B S S V

S S S S S S V

   

  
 (11) 

1 1Ag saV I sL V                          (12) 

2 2Bg sbV I sL V                           (13) 

3 3Cg scV I sL V                            (14) 

4 4 4

2

3Dg cV I sL V                          (15) 

The VNg is the voltage between positive (P) or negative 
(N) dc bus and ground point ‘g’. VLz is the voltage across 
inductor of Z source network. Vsa, Vsb and Vsc are the grid 
voltages. L1, L2 , L3 and L4 are the filter inductances and L1= 
L2 = L3= L4=L. I1, I2 , I3 and I4 are the current shown in Fig.1. 
And s is the Laplace operator. 

From the (8)-(11), it can be calculated as 

Ag Bg Cg Dg dc NgV V V V aV bV              (16) 

Where 

11 12 12 13 13 14 21 22

22 23 23 24 31 32 32 33

33 34 41 42 42 43 43 44

/ 2 (1 )

  / 2 (1 ) / 2

  (1 ) / 2 (1 )

B B B

B B

B B B

a B S S S S B S S B S S

S S B S S B S S S S

B S S B S S S S B S S

    

    

     

11 12 12 13 13 14 21 22 22 23 23 24

31 32 32 33 33 34 41 42 42 43 43 44

b S S S S S S S S S S S S

S S S S S S S S S S S S

     

      + +

    
From (12)-(15), it can be derived as follows. 

1 2 3 4 4

2
4

( ) 2 / 3

                                2 / 3

Ag Bg Cg Dg c

Ng PV c

V V V V I I I I sL V

V s C L V

       

 
 (17) 

The parasitic capacitor voltage VNg can be derived from 
(16)-(17) as follows 

2
4

2
( ) / ( )

3Ng dc c pvV aV V s LC b               (18) 

From Fig.1, c4V  can be calculated as 

2 2
4

3
(6 3 ) 6 6

2c Z PV pv Ng CM LZV s L C s LC V V V       (19) 

Substituting (19) in (18), the parasitic capacitor voltage 
VNg can be rewritten as follows. 

2

1
[ 4 4 ]

4 2
Ng dc Lz CM

Z PV

V aV V V
s L C b

  
-

     (20) 

From (20), it can be observed that the parasitic capacitor 
voltage VNg is mainly dependent on the following factors 
such as Vdc , VLZ , VCM , a and b. In general, the dc voltage of 
Vdc is constant. From (6), it can be seen that VLZ depends 
only on the shoot-through duty cycle. When shoot-through 
duty cycle is constant, VLZ would be constant. The 
coefficients a and b are depended on the switching states 
shown in (16) and can be constant through proper control of 
the switching states, it will be analyzed in the section IV. 
Therefore, VNg is mainly determined by the VCM.  

The common mode voltage VCM for both shoot-through 
and non-shoot-through states are defined as 

( ) / 4CM AN BN CN DNV V V V V               (21) 

In case of the shoot-through state, the diode is off, and the 
common mode circuit is switched off. The each phase 
voltages are  

2AN BN CN DN Cz DV V V V V V               (22) 
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The inductor voltage, capacitor voltage and diode voltage 
in the shoot-through state are 

Lz Cz B dcV V B V                            (23) 

2

2 (1 2 )

2 2
dc Cz B

D dc

V V B
V V

 
                (24) 

With (21), (22), (23) and (24), the common mode voltage 
in the shoot-through state can be obtained. 

/ 4 / 2CM AN BN CN DN dcV V V V V V    （ ）       (25) 

According to the above analysis, the VCM is constant in 
the shoot-through state. Therefore, if the common mode 
voltage is also constant under non-shoot-through states, the 
leakage current will be effectively suppressed. Thus, it is 
important to find a modulation strategy to make the VCM 
constant in the non-shoot-through, which will be discussed 
in the next section. 

IV. MODULATION STRATEGY 

For three-level inverters, the modulation can be classified 
into two categories. One is the carrier-based modulation, 
and the other is the space vector modulation. In practice, the 
space vector modulation needs complex implementation 
procedure, where it is necessary to calculate the dwell time 
and select the sector of vector. Therefore the carried-based 
modulation is utilized in this paper. 

A. Conventional Modulation 

For the three-level four-leg inverter, the conventional way 
to generate the gating signal is the dual-carrier modulation 
strategy, as shown in Fig.4, where the gating signals of first 
three legs are generated by comparing the modulation wave 
with the carrier. While the gating signal of the fourth leg is 
generated by comparing the zero sequence component with 
the triangular carrier. Finally, the shoot-through signal is 
inserted in the each carrier cycle, as shown in Fig. 5. 
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Fig.4  Conventional modulation. 
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Fig.5  Switching states within a cycle for A phase. 

 

However, as shown in Fig.6, the common mode voltage is 
time-varying with the conventional modulation. Therefore, 
the leakage current is not able to be suppressed due to the 
high frequency common mode voltage. 
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Fig.6  Phase voltage and VCM  with conventional modulation. 

B. Proposed Modulation Strategy 

As discussed in the previous section, the parasitic 
capacitor voltage in the conventional solution is 
time-varying in a high-frequency way. So the leakage 
current is not able to be effectively reduced. In order to solve 
it, a new modulation strategy is proposed by coordinating 
the switching states to achieve the constant common mode 
voltage. According to the aforementioned analysis in 
Section III, the common mode voltage is constant at Vdc/2 in 
case of shoot-through state. So the common mode voltage 
would be constant all the time on condition that it is 
controlled to be Vdc/2 in non-shoot-through state, which can 
be achieved by Eq. (26). 

=4A B C DS S S S                      (26) 

In order to simplify the implementation, the switching 
states of the fourth leg can be controlled in the following 
way.  

4D A B CS S S S                 (27) 
In this way, the switching states and corresponding 

common mode voltage are listed in the Tab I. 
TABLE I 

COMMON MODE VOLTAGE AND SWITCHING STATES 
 Vector SA SB SC SD a b VCM 

non-shoot 
through 

state 

Effective 
vectors 

large 
vector 

0 2 0 2 2 4 Vdc/2 
2 2 0 0 2 4 Vdc/2 
2 0 0 2 2 4 Vdc/2 
2 0 2 0 2 4 Vdc/2 
0 0 2 2 2 4 Vdc/2 
0 2 2 0 2 4 Vdc/2 

medium 
vector 

1 2 0 1 2 4 Vdc/2 
2 1 0 1 2 4 Vdc/2 
2 0 1 1 2 4 Vdc/2 
1 0 2 1 2 4 Vdc/2 
0 1 2 1 2 4 Vdc/2 
0 2 1 1 2 4 Vdc/2 

small 
vector 

1 2 1 0 2 4 Vdc/2 
1 1 0 2 2 4 Vdc/2 
2 1 1 0 2 4 Vdc/2 
1 0 1 2 2 4 Vdc/2 
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1 1 2 0 2 4 Vdc/2 
0 1 1 2 2 4 Vdc/2 

zero 
vector 

1 1 1 1 2 4 Vdc/2 

Invalid 
vectors 

- 

0 1 0 X - - - 
2 2 1 X - - - 
1 2 2 X - - - 
1 0 0 X - - - 
0 0 1 X - - - 
2 1 2 X - - - 
0 0 0 X - - - 
2 2 2 X - - - 

Tab. I shows all the possible non-shoot-through states, the 
common mode voltages and the values of ‘a’, ‘b’ when the 
(27) is adopted, where X indicates that this state does not 
exist. In Tab I, there are two groups of vectors for non-shoot 
through state. One is the effective vector, and the other is the 
invalid vector. For the latter, Eq. (26) and (27) can’t be 
satisfied no matter what the switching state of the fourth leg 
is. Besides, from (7), it can be observed that the SD is 
limited, where the values of SD only are three states: 0, 1, 2. 
Therefore, the states similar with SA = SB = SC = 0, SD = 4 
and SA = SB = SC = 2, SD=-2 do not exist because of 

0,1, 2DS  . On the other hand, for the effective vectors such 

as the large, medium, small and zero vector, there is always 
a switching state SD of the fourth leg, which meet the 
requirement of (26) and (27). Fig.7 shows the effective 
vector distribution, which is for understanding the switching 
states distribution.  
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Fig.7  proposed method. (a) diagram of the effective vector distribution, 
and (b) Switching states and common mode voltage. 

The common mode voltage of those effective vectors in 
Fig.7 is analyzed as follows. Take the 2101 as an example, 
the corresponding switching states are S11=1, S12=1, S13=0, 
S14=0, S21=0, S22=1, S23=1 S24=0, S31=0, S32=0, S33=1, S34=1, 
S41=0, S42=1, S43=1, S44=0. At this time, from the Eq.(7), VAN 
, VBN, VCN and VDN are BBVdc, Vdc/2, (1-BB)Vdc and Vdc/2, 
respectively. Then by (21), the common mode voltage VCM 
can be calculated as VCM= VAN + VBN+ VCN + VDN =( BBVdc+ 
Vdc/2+(1-BB)Vdc+ Vdc/2)/4= Vdc/2. Similarly, the common 
mode voltages VCM of other effective vectors in Fig. 7 are 
also Vdc /2. Therefore, the VCM is constant when the equation 
(27) is adopted in non-shoot-through state. It is worth noting 
that, unlike the conventional method where only the 
medium and zero vectors are used to eliminate the 
high-frequency common mode voltage, the proposed 
solution uses all the effective vectors, that is, the large, 
medium, small, and zero vectors to control the common 
mode voltage constant. Compared Fig. 6 with Fig. 7 (b), it 
can be observed that there are 24 turn-on losses and turn-off 
losses in a carrier cycle for the traditional solution. While 
there are 26 turn-on losses and turn-off losses in a carrier 
cycle for the proposed solution. That is, there are two more 
turn-on losses and turn-off losses for the proposed solution 
than the traditional scheme in a carrier cycle. Although the 
number of switching for proposed solution is slightly 
increased than the traditional scheme, both the leakage 
current and the THD of grid current are reduced. Moreover, 
with the development of wide band gap semiconductor 
device, the switching loss can be further reduced. Therefore, 
it is an attractive solution. For the coefficients a and b, take 
the effective vectors 2101 as example, from (7), the 
corresponding switching states are S11=1, S12=1, S13=0, 
S14=0, S21=0, S22=1, S23=1 S24=0, S31=0, S32=0, S33=1, S34=1, 
S41=0, S42=1, S43=1, S44=0. As defined by (16), the 
coefficients a and b are 2 and 4, respectively. In a similar 
way, the coefficients a and b are calculated as 2 and 4 in 
other effective vectors. Therefore, a and b are also constant 
when the effective vectors in Table I and Fig. 7 are used.  

In summary, because both the VCM  and coefficients a, b 
are constant, therefore, from (20), the parasitic capacitor 
voltage VNg is constant in the proposed solution. Fig. 8 
shows the block diagram of the hardware implementation 
and control unit part. 
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Fig. 8  Block diagram for implementation. 
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The grid voltages are measured by the transducers LV 
28-P, and then through a PLL to generate the angle for the 
reference current. The transducer LA 55-P are used to 
measure the current, which is subtracted by the reference 
current. The error is regulated by the proportional-resonant 
(PR) controller and the inverse-Clarke transformation. And 
then the modulation wave ma, mb and mc can be obtained. 
These control algorithms are implemented by a 
TMS320F28335 DSP control board, Considering that the 
switching state of the fourth leg SD is generated by SA, SB, 
SC, the logical operation is implemented by a Xilinx 
XC3400 FPGA. 

In the Xilinx XC3400 FPGA, the logical signals S1a, S2a, 
S1b, S2b, S1c, S2c are obtained by compared the modulation 
wave ma, mb , mc with the carriers c1, c2. When ma is greater 
than c1, S1a is 1, otherwise S1a is 0. When ma is greater than 
the carrier c2, S2a is 1, otherwise S2a is 0. In the Similar way, 
S1b, S2b, S1c, S2c can be obtained. Then SA, SB, SC are 
calculated by SA= S1a+S2a, SB= S1b+S2b, SC= S1c+ S2c. SD can 
be obtained by (27). And then the effective vectors are 
obtained by eliminating the invalid vectors. The 16 logical 
signals G11-G44 are obtained by (38), where X = A, B, C, D. i 
=1, 2, 3, 4 . For example, when the SA is 2, at this time, G11, 
G12, G13, G14 are 1, 1, 0 and 0, respectively. Finally, the 
gating signals are generated by the 16 logical signals and 
shoot-through signals. VH and VL are the signals that control 
the shoot-through duty cycle. 

1 2 3 4

1 2 3 4

1 2 3 4

2      1,  1,  0,  0

1 0,  1,  1,  0

0 0,  0,  1,  1

X i i i i

X i i i i

X i i i i

S G G G G

S G G G G

S G G S G

    
     
     

   

    

        (38) 

V.   SIMULATION AND EXPERIMENTAL RESULTS 

A  Simulation results 

The time-domain test of conventional and proposed 
solutions is carried out in the Matlab/Simulink environment. 
The simulation parameters are listed in the Tab II, where the 
dc bus voltage is 470V. The capacitance and inductance of 
the Z-source network are 940uF and 3mH, respectively. The 
line-line voltage effective value of the grid is 380V/50Hz. 
The rated current is 10A. The switching frequency is 10 kHz. 
The output filter inductor is 7 mH. The parasitic capacitor is 
300 nF, and the shoot-through duty cycle is 0.2.  

TABLE II 
SIMULATION AND EXPERIMENTAL PARAMETERS 

Parameter Simulation value Experimental value 
dc bus voltage Vdc 470V 120V 

Capacitance of Z-source VCz 940 μH 940 μH 
inductance of Z-source VLz 3 mH 3 mH 

line-line voltage VAB 380V/50Hz 98V/50Hz 
rated current of grid 10A 8A 
Filter inductance L 7mH 5mH 
Filter capacitor C 9.4μF 9.4μF 

parasitic capacitor Cpv 300nF 300nF 
shoot-through duty cycle D 0.2 0.2 

switching frequency f 10 kHz 10 kHz 

Fig.9 shows the simulation results of the conventional 
solution. It observed that the output voltage of Z source 

network is in according to the theoretical analysis in section 
II. The line-line voltage shown in Fig.9 (b) is five-level, 
while output current shown in Fig.9 (c) is sinusoidal. The 
THD of grid current in traditional schemes is 4.61%. Fig9 (d) 
shows that the common mode voltage varies during one 
switching period, as predicted in Fig. 6. Accordingly, there 
are high-frequency components in the parasitic capacitor 
voltage shown in Fig.9 (e). Therefore, the leakage current 
can’t be effectively suppressed, as shown in Fig.9 (f), where 
the peak and rms values are 880mA and 410mA, 
respectively. It is far beyond 300mA, which can't meet 
VDE-0126-1-1 standard. 
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Fig.9  Simulation results of conventional solution.(a) Z-source output 
voltage Vi, (b) Line-line voltage, (c) Grid current, (d) Common mode 
voltage (CMV), (e) Parasitic capacitor voltage Ucpv , and (f) Leakage 
current. 
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Fig.10  Simulation results of proposed solution.(a) Z-source output voltage 
Vi, (b) Line-line voltage, (c) Grid current, (d) Common mode voltage 
(CMV), (e) Parasitic capacitor voltage Ucpv , and (f) Leakage current. 

 

Fig.10 shows the simulation results for the proposed 
solution. As predicted by (4), the output voltage of Z source 
network is 780V in the non-shoot-through state. The grid 
current is sinusoidal, and its THD is 4.38%.On the other 
hand, the common mode voltage is constant, and the 
parasitic capacitor voltage is free of high-frequency 
components. Therefore, the leakage current is significantly 
reduced as shown in Fig.10 (f), where the peak and rms 
values are 54mA and 17mA, respectively. It is well below 
300mA, which complies with the VDE-0126-1-1.  

The leakage current curve of simulation results with 
different parasitic capacitances for both the conventional 
and proposed modulations are shown in Fig. 11. The 
detailed data is listed in Tab. III, where ICM is the leakage 

current, Cpv is the parasitic capacitance. From Fig. 10 and 
Tab. III, it can be observed the leakage current can be well 
attenuated with the proposed solution in case of different 
parasitic capacitances.  

 
Fig.11  Leakage current curve for maximum value. 

 
TABLE III 

LEAKAGE CURRENT UNDER DIFFERENT PARASITIC CAPACITANCE 

Cpv 
maximum value of ICM 

conventional solution Proposed solution 
5nF 500mA 18mA 
15nF 600mA 20mA 
75nF 9000mA 260mA 

150nF 1200mA 63mA 
225nF 1000mA 57mA 
300nF 880mA 54mA 
375nF 848mA 58mA 
450nF 815mA 70mA 

 

B  Experimental results 

This section will present the experimental evaluation of 
the conventional and proposed solutions. The control 
algorithm is implemented in a TI (Texas Instruments) 
TMS320F28335 DSP plus Xilinx XC3S400 FPGA digital 
platform. The details are shown in Fig.8. The down-scaled 
system parameters are listed in the Tab II, where the dc bus 
voltage is 120 V. The grid voltage is 98/50Hz. The rated 
current is 8A. The rated power is 1kW. The switching 
frequency is 10 kHz. The capacitance and inductance of the 
Z-source network are 940uF and 3mH, respectively. The 
output filter inductor is 5 mH. The parasitic capacitor is 300 
nF, and shoot-through duty cycle is 0.2. 

Fig.12 shows the experimental results with traditional 
solution. Fig.12 (a) and Fig.12 (b) are the output voltage 
waveform of the Z source network and DC voltage, which 
shows the output voltage Vi of the Z source network is 
consistent with the theoretical analysis in the section II. Grid 
current and line-line voltage waveform are shown in Fig.12 
(c) and Fig.12 (d), where the THD of grid current is 6.01%. 
The line-line voltage is five-level. Fig.12 (e) and Fig.12 (f) 
show the common mode characteristics and leakage current 
waveforms. On the other hand, the common mode voltage, 
as well as parasitic capacitor voltage is time-varying. 
Consequently, the leakage current is high as shown in Fig.12 
(f), where the RMS and maximum value of the leakage 
current are 425mA and 251mA, respectively. It fails to 
comply with the VDE standard. 
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Fig.12  Experimental results with traditional solution. (a) (b) output 
voltage of the Z source network and DC voltage, (c) output current, (d) 
line-line voltage and output current, (e) Parasitic capacitor voltage and UAN, 
UBN, UCN,UDN, and (f) Parasitic capacitor voltage and leakage current. 

Fig.13 shows the experimental results with proposed 
solution. The grid current is sinusoidal, where the THD of 
grid current is 2.84%. On the other hand, with the proposed 
solution, the common mode voltage is constant, and the 

parasitic capacitor voltage is free of high-frequency 
component. Therefore, the leakage current is well 
suppressed. The maximum value and rms value of leakage 
current are 102mA and 28mA, respectively, which meets 
the VDE 0126-01-01 standard. 
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Fig.13  Experimental results with proposed solution. (a) (b) output 
voltage of the Z source network and DC voltage, (c) output current, (d) 
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line-line voltage and output current, (e) Parasitic capacitor voltage and UAN, 
UBN, UCN,UDN, and (f) Parasitic capacitor voltage and leakage current. 

VI. BRIEF COMPARISON 

This section will present the brief comparison of the 
existing solutions to Z-source inverter for the leakage 
current reduction, where m is modulation index. 

TABLE IV 

COMPARISON OF RECENT THREE PHASE Z-SOURCE INVERTER FOR LEAKAGE 

CURRENT SUPPRESSION 

 
Z Source 

network leg 
number 

modulation 
index 

voltage 
level 

Fault 
tolerance 
capability S D C L 

ZSI-D 
[38] 

0 2 2 2 3 0<=m<=2/3 2 no 

ZSI-S 
[39] 

2 0 2 2 3 0<=m<=2/3 2 no 

ZSI 
[40] 

1 0 6 6 3 0<=m<=2/sqrt(3) 2 no 

Proposed 
solution 

0 2 2 2 4 0<=m<=2/sqrt(3) 3 yes 

As shown in Tab. IV, it can be observed that the ZSI-S in 
[39] and ZSI in [40] have more switches (S) than ZSI-D in 
[38] and proposed solution. The number of diodes (D), 
capacitors (C), inductors (L) of ZSI-D in [38] is the same as 
that of the proposed solution. But the modulation index of 
ZSI-D in [38] is smaller than that of the proposed solution. 
Aside from that, the existing solutions in [38], [39] and [40] 
are two-level topologies, while the proposed solution is 
three-level topology. Furthermore, only the proposed 
solution has unique features of fault tolerance deal 
capability, which cannot be achieved with existing solutions 
in [38], [39] and [40]. It should be noted that this paper 
mainly focuses on the leakage current reduction, and the 
relevant research of zero-sequence deal is ongoing, and a 
comprehensive analysis and test results would be reported in 
a future paper. 

VII. CONCLUSION 

This paper has presented the analysis and experimental 
verification of a new solution for the leakage current 
reduction of a Z-source three-level four-leg PV inverter. 
Different from the previous insights, our findings indicate 
the parasitic capacitor voltage is dependent on not only the 
common mode voltage, but also the switching states, more 
specifically, the coefficients of a and b in (16) and (20). And 
the conventional solution fails to eliminate the 
high-frequency components of the parasitic capacitor 
voltage, and thus the leakage current can not be well 
suppressed. On the other hand, with the proposed solution, 
the parasitic capacitor voltage is free of high- frequency 
component. Consequently, the leakage current is effectively 
reduced. Also, the proposed solution is easy to implement in 
practice. Therefore, it is attractive for Z-source three-level 
four-leg PV inverters. 

REFERENCES 
[1] X. Guo, “A novel CH5 inverter for single-phase transformerless 

photovoltaic system applications,” IEEE Trans. Circuits and Systems 
II: Express Briefs, vol. 64, no. 10, pp. 1197-1201, Oct. 2017.  

[2] L. Wang, Y. Shi, Y. Shi, R. Xie, and H. Li, “Ground leakage current 
analysis a suppression in a 60-kW 5-level T-type transformerless SiC 
PV inverter,” IEEE Trans. Power Electron., vol. 33, no.2, pp. 
1271–1283, Feb. 2018. 

[3] V.  Sonti, S. Jain, and S. Bhattacharya, “Analysis of the modulation 
strategy for the minimization of the leakage current in the PV 
grid-connected cascaded multilevel inverter,” IEEE Trans. Power 
Electron., vol. 32, no.2, pp. 1156–1169, Feb. 2017. 

[4] X. Guo, “Three phase CH7 inverter with a new space vector 
modulation to reduce leakage current for transformerless photovoltaic 
systems,” IEEE Emerg. Select. Topics Power Electron., vol. 5, no. 2, 
pp. 708-712, 2017. 

[5] Y. Shi, Y.  Li, T. Kayiranga, and H. Li, “Exploring the LCL 
characteristics in GaN based single-L quasi-Z-Source grid-tied 
inverters,” IEEE Trans. Ind. Electron., vol. 64, no.10, pp. 7758–7768, 
Oct. 2017. 

[6] X. Guo, X. Zhang, H. Guan, T. Kerekes, and F. Blaabjerg, "Three 
phase ZVR topology and modulation strategy for transformerless PV 
system," IEEE Trans. Power Electron., DOI: 10.1109/TPEL. 2018. 
2849074.   

[7] C. Liu, Y. Wang, J. Cui, Y. Zhi, M. Liu, and G. Cai, “Transformerless 
photovoltaic inverter based on interleaving high-frequency legs 
having bidirectional capability,” IEEE Trans. Power Electron., vol. 
31, no. 2, pp. 1131-1142, Feb. 2016. 

[8] N. Vazquez, J. Vazquez, J. Vaquero, C. Hernandez, E. Vazquez, and 
Rene Osorio, “Integrating two stages as a common-mode 
transformerless photovoltaic converter,” IEEE Trans. Ind. Electron., 
vol. 64, no. 9, pp. 7498–7507, Sept. 2017. 

[9] X. Guo, and X. Jia, “Hardware-based cascaded topology and 
modulation strategy with leakage current reduction for 
transformerless PV systems,” IEEE Trans. Ind. Electron., vol. 62, no. 
12, pp. 7823–7832, Dec. 2016.   

[10] Y. Siwakoti, and F. Blaabjerg, "Common-ground-type transformer- 
less inverters for single-phase solar photovoltaic systems," IEEE 
Trans. Ind. Electron., vol. 65, no. 3, pp. 2100–2111, Mar. 2018. 

[11] W. Li, Y. Gu, H. Luo, W. Cui, X. He and C. Xia, “Topology review 
and derivation methodology of single-phase transformerless 
photovoltaic inverters for leakage current suppression,” IEEE Trans. 
Ind. Electron., vol. 62, no. 7, pp. 4537–4551, July. 2015. 

[12] T. Kerekes, R. Teodorescu, P. Rodriguez, G. Vazquez and E. 
Aldabas, “A new high-efficiency single-phase transformerless PV 
inverter topology,” IEEE Trans. Ind. Electron., vol. 58, no. 1, pp. 
184–191, 2011. 

[13] L. Zhang, K. Sun, Y. Xing, and M. Xing, “H6 transformerless 
full-bridge PV grid-tied inverters,” IEEE Trans. Power Electron., vol. 
29, no. 3, pp. 1229–1238, Mar. 2014. 

[14] H. Xiao, K. Lan, B. Zhou, L. Zhang, and Z. Wu, "A Family of 
zero-current-transition transformerless photovoltaic grid-connected 
inverter," IEEE Trans. Power Electron., vol. 30, no. 6, pp. 3156– 
3165, Jun. 2015.  

[15]  H. F. Xiao, X. P. Liu, and K. Lan, “Zero-voltage-transition full 
bridge topologies for transformerless photovoltaic grid-connected 
inverter,” IEEE Trans. Ind. Electron.,  vol. 61, no. 10, pp. 5393-5401, 
Oct. 2014.  

[16] Y. Song and B. Wang, “Survey on Reliability of Power Electronic 
Systems,” IEEE Trans. Power Electron., vol. 28, no. 1, pp. 591-604, 
Jan. 2013. 

[17] X. Guo, Y. Yang, and X. Wang, “Optimal space vector modulation of 
current source converter for dc-link current ripple reduction," IEEE 
Trans. Ind. Electron., DOI: 10.1109/TIE.2018.2835396. 

[18] H. Wang, M. Liserre and F. Blaabjerg, “Toward Reliable Power 
Electronics: Challenges, Design Tools, and Opportunities,” IEEE 
Industrial Electronics Magazine, vol. 7, no. 2, pp. 17-26, June 2013. 

[19] L. Zhang, K. Sun and Y. Fang, “An optimized common mode voltage 
reduction PWM strategy for T-type three phase three level 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TPEL.2018.2873223

Copyright (c) 2018 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2873223, IEEE
Transactions on Power Electronics

 

 

photovoltaic grid-tied inverter,” 2013 IEEE Energy Conversion 
Congress and Exposition, Denver, CO, 2013, pp. 1623-1627. 

[20] N. S. Choi, E. C. Lee and K. S. Ahn, “A carrier-based medium vector 
PWM strategy for three-level inverters in transformerless 
photovoltaic systems,” 2015 9th International Conference on Power 
Electronics and ECCE Asia (ICPE-ECCE Asia), Seoul, 2015, pp. 
2752-2757. 

[21] M. C. Cavalcanti, A. M. Farias, K. C. Oliveira, F. A. S. Neves and J. 
L. Afonso, “Eliminating Leakage Currents in Neutral Point Clamped 
Inverters for Photovoltaic Systems," IEEE Trans. Ind. Electron.,  vol. 
59, no. 1, pp. 435-443, Jan. 2012. 

[22] T. Kato, K. Inoue, K. Takano and A. Aki, “Common-mode voltage 
reduction with two-phase modulation in three-level PWM inverter,” 
2013 IEEE Energy Conversion Congress and Exposition, Denver, 
CO, 2013, pp. 5349-5354. 

[23] J. S. Lee and K. B. Lee, “Modulation technique to reduce leakage 
current in transformerless photovoltaic systems using a three-level 
inverter,” 2013 Twenty-Eighth Annual IEEE Applied Power 
Electronics Conference and Exposition (APEC), Long Beach, CA, 
2013, pp. 700-705. 

[24] X. Guo, B. Z. Wei, T. Y. Zhu, and Z. G. Lu, et al., “Leakage current 
suppression of three-phase flying capacitor pv inverter with new 
carrier modulation and logic function,” IEEE Trans. Power Electron., 
vol. 33, no. 3, pp. 2127-2135, March 2018. 

[25] X. Guo, J. Zhou, R. He, X. Jia and C. A. Rojas, “Leakage current 
attenuation of a three-phase cascaded inverter for transformerless 
grid-connected pv systems,” IEEE Trans. Ind. Electron.,  vol. 65, no. 
1, pp. 676-686, Jan. 2018. 

[26] X. Guo, Y. Yang and T. Zhu, “ESI: A novel three-phase inverter with 
leakage current attenuation for transformerless pv systems,” IEEE 
Trans. Ind. Electron.,  vol. 65, no. 4, pp. 2967-2974, April 2018. 

[27] A. Mohd, E. Ortjohann, N. Hamsic, W. Sinsukthavorn, M. 
Lingemann, A. Schmelter, et al., “Control strategy and space vector 
modulation for three-leg four-wire voltage source inverters under 
unbalanced load conditions,” IET Power Electronics, vol. 3, no. 3, pp. 
323-333, May 2010. 

[28] Z. Liu, J. Liu and J. Li, “Modeling, analysis, and mitigation of load 
neutral point voltage for three-phase four-leg inverter,” IEEE Trans. 
Ind. Electron., vol. 60, no. 5, pp. 2010-2021, May 2013. 

[29] L. Zhang, M. J. Waite and B. Chong, “Three-phase four-leg 
flying-capacitor multi-level inverter-based active power filter for 
unbalanced current operation,” IET Power Electronics, vol. 6, no. 1, 
pp. 153-163, Jan. 2013. 

[30] Min Zhang, D. Atkinson and M. Armstrong, “A zero-sequence 
component injected PWM method with reduced switching losses and 
suppressed common-mode voltage for a three-phase four-leg voltage 
source inverter,” IECON 2012 - 38th Annual Conference on IEEE 
Industrial Electronics Society, Montreal, QC, 2012, pp. 5068-5073. 

[31] F. Hasanzad, H. Rastegar and M. Pichan, “Performance evaluation of 
space vector modulation techniques for reducing leakage current of a 
three-phase four-leg PV inverter,” 2017 Iranian Conference on 
Electrical Engineering (ICEE), pp. 1026-1031, Tehran, 2017. 

[32] Z. Liu, J. Liu and J. Li, “Modeling, analysis, and mitigation of load 
neutral point voltage for three-phase four-leg inverter,” IEEE Trans. 
Ind. Electron., vol. 60, no. 5, pp. 2010-2021, May 2013. 

[33] X. Guo, et al, “Leakage current elimination of four-leg inverter for 
transformerless three-phase PV systems,” EEE Trans. Power 
Electron., vol. 31, no. 3, pp. 1841-1846, March 2016. 

[34] G. Ding, F. Gao,  H. Tian, C. Ma, M. Chen, G. He, and Y. Liu, 
“Adaptive DC-link voltage control of two-stage photovoltaic inverter 
during low voltage ride-through operation," IEEE Trans. Power 
Electron., vol. 31, no.6, pp. 4182–4194, Jun. 2016.   

[35] Miaosen Shen; Joseph, A; Jin Wang; Peng, F.Z.; Adams, D.J., 
"Comparison of traditional inverters and Z-source inverter for fuel 
cell vehicles," IEEE Trans. Power Electron., vol. 22, no.4, 
pp.1453–1463, Jul. 2007 

[36] F. Z. Peng, “Z-source inverter,” IEEE Trans. Ind. Appl., vol. 39, no. 2, 
pp. 504–510, Mar./Apr. 2003. 

[37] D. Panfilov, O. Husev, F. Blaabjerg, J. Zakis and K. Khandakji, 
“Comparison of three-phase three-level voltage source inverter with 

intermediate dc-dc boost converter and quasi-Z-source inverter,” IET 
Power Electronics, vol. 9, no. 6, pp. 1238-1248, 5 18 2016. 

[38] F. Bradaschia, M. C. Cavalcanti, P. E. P. Ferraz, F. A. S. Neves, E. C. 
dos Santos and J. H. G. M. da Silva, “Modulation for three-phase 
transformerless Z-source inverter to reduce leakage currents in 
photovoltaic systems,” IEEE Trans. Ind. Electron., vol. 58, no. 12, pp. 
5385–5395, Dec. 2011. 

[39] P. E. P. Ferraz, F. Bradaschia, M. C. Cavalcanti, F. A. S. Neves and 
G. M. S. Azevedo, “A modified Z-source inverter topology for stable 
operation of transformerless photovoltaic systems with reduced 
leakage currents,” Brazilian Power Electronics Conference, DOI 
10/1109/COBEP. 2011.6085216 Praiamar, pp. 615-622, Sept.2011. 

[40] M. C. Cavalcanti, M. T. M. Neto, F. Bradaschia, L. R. Limongi and E. 
Bueno, “Three-state three-phase Z-source inverter for transformerless 
photovoltaic systems,” 2013 Brazilian Power Electronics 
Conference, DOI 10/1109/COBEP.2013.67851632013, pp. 509-516, 
Oct.2013. 

[41] V. Erginer and M. H. Sarul, “Modified reduced common mode 
current modulation techniques for Z-Source inverter used in 
photovoltaic systems,” 4th Annual International Power Electronics, 
Drive Systems and Technologies Conference, Tehran, 2013, pp. 
459-464. 

[42]  V. Erginer and M. H. Sarul, “A novel reduced leakage current 
modulation technique for Z-source inverter used in photovoltaic 
systems,” IET Power Electronics, vol. 7, no. 3, pp. 496-502, March 
2014. 

[43] Y. P. Siwakoti and G. E. Town, “Three-phase transformerless grid 
connected Quasi Z-Source Inverter for solar photovoltaic systems 
with minimal leakage current,” 2012 3rd IEEE International 
Symposium on Power Electronics for Distributed Generation Systems 
(PEDG), Aalborg, 2012, pp. 368-373 

[44]  M. Mosa, H. Abu-Rub and J. Rodríguez, “High performance 
predictive control applied to three phase grid connected 
Quasi-Z-Source Inverter,” IECON 2013 - 39th Annual Conference of 
the IEEE Industrial Electronics Society, Vienna, 2013, pp. 
5812-5817. 

[45] X. Guo, Y. Yang, R. He, B. Wang, and F. Blaabjerg, "Transformer- 
less Z-source four-leg PV inverter with leakage current reduction," 
IEEE Trans. Power Electron., DOI: 10.1109/TPEL.2018.2861896. 

[46] S. De, D. Banerjee, K. Siva Kumar, K. Gopakumar, R. Ramchand, 
and C. Patel, “Multilevel inverters for low-power application,” IET 
Power Electron., vol. 4, no. 4, pp. 384–392, Apr. 2011. 

[47] H. Akagi, “Multilevel Converters: Fundamental Circuits and 
Systems,” Proceedings of the IEEE, vol. 105, no.11, pp. 2048–2065, 
2017. 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TPEL.2018.2873223

Copyright (c) 2018 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.


