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Leakage Current Reduction of Three-phase
Z-Source Three-level Four-Leg Inverter for
Transformerless PV system

Xiaoqiang Guo, Senior Member, IEEE, Yong Yang, Baocheng Wang, and Frede Blaabjerg, Fellow, IEEE

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

four-leg inverter, leakage current.

inverter,

[. 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 HS,
oHS5, 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 Cpy is the parasitic capacitance between
the PV panel and ground. V. 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.

cp\% LPIBN b [ PSSy Syl sy
T Coc
9 ' Sty Bty B B
—10 1, rm“h;
C\/Co Vi k L

L l
Fig.1 Schematic diagram of Z-source three-level four-leg inverter.

o

s cIcIcf:c,:: l g

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 Cz; and Cy;, of the Z-source network are equal,
and the capacitor voltage can be expressed as Vc,1 = Ve =
Vc;. The inductance Lz; = Lz, and inductor voltage can be

expressed as V1= V=V,
F V-

n
- Vi, +

Fig.3 Non-shoot-through state.

Fig.2 Shoot-through state.

During shoot-through states, the diodes of D; and D, 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.

VLZ :Vdc _VCZ (1)

Vi =Ve, =V, =2V, =V, @)

where V. is the DC input voltage and V; is the Z-source

voltage, respectively. It is defined that T, is the

shoot-through period, T, is the non-shoot-through period, d

is the shoot-through duty cycle. The average voltage of the

inductor over one switching period of T should be zero, and
thus

TOVCZ +T1 (Vdc _VCZ) _

T

S

0 (€)

The voltage values of V;, V¢, and V, can be derived from
(1) to (3) as follows.

T 1
V.=V, -V, =2V, -V, = V,, = V 4
i Cz Lz Cz de -I-1 _To de 1—2d dc ( )
VCz = BB 'Vdc (5)
Vi, =(=By)-Vg (6)

where B, =(1-d)/(1-2d).

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 S;;=1 if the switch is on,
while Sjj =0 if the switch is off.
X =AB,C,D. i=1,2,3,4. j=1,2,3,4.

BgVuc Sx =2 $3=LSip=1S8;3=0,8,=0
VXN: VdC/Z SX =1 SHZO, Si2:l’ Si3 :1, Si4 =0
(1=-Bg)Vge Sx =0 §;=0,5,=0,S5=1 Sy =1
(7
The phase voltage to ground for each leg of V,,;, Vg, ,V,
and V;,, can be derived from Fig. 1 as follows.
S,S
VAg = (BBSIISIZ +—28 +(1- BB)SBSM)Vdc
+ (SIISIZ + S 12 513 + SI3SI4 )VNg (8)
S,S
VBg =(BgS,,S, + 222 24 (1-Bg)S,;S,, Ve
+ (821822 + S 22 823 + 823 824 )VNg (9)
S,,S
ch =(BgS;,S,, +%+ (1-Bg)S5;S;, Ve
+ (531532 + S 32 833 + S33534)VNg (10)

S,,S
VDg = (BBS4IS42 + 422 = +(1- BB)S43S44)Vdc
+(S4S,+S S, + S43S44)VNg (11)

Vi = 1,51 +V,, (12)
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Vg =1, 5L, +Vg (13)
Vg =I5 -5k +Vy (14)
Vpg = LSk, +§Vc4 (15)

The Vy;, is the voltage between positive (P) or negative
(N) dc bus and ground point ‘g’. Vi, is the voltage across
inductor of Z source network. Vg, Vg, and V, are the grid
voltages. L, L, , L; and L, are the filter inductances and L,=
L, =L;=L4=L. 1, 1,, I5 and |4 are the current shown in Fig.1.
And s is the Laplace operator.

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

Vg +Vag +Veg +Vpg = aVy, +bVy, (16)
Where
a=BgS,;S); +5,,5,;/2+(1-Bg)S;5S,, + BgS,,5,
+57553 /24 (1-Bg)Sy35,4 + BgS;,55, + 55,55, /2
+(1=Bg)S33S3, +BgSy;Ss + 545543 / 2+ (1= Bg)S43S4
b=5,1S1, +5 38,3 + 535, + 555, +5 5,53+ 5,5y,
753153 + 53533 + 533934 7541943 +5 42543 + 54354
From (12)-(15), it can be derived as follows.
Vag +Veg +Veg +Vpg = (I + 1, + 15+ 1,)sL+2V, /3

=V S°Cpy L+2V,, /3

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

(17)

2
VNg = (Vg _EVM)/(SZ Lva -b) (18)

From Fig.1, V_, can be calculated as
3
V., = (6-3s’L,Cpy —EschpV)ng —6Vey 6V, (19)

Substituting (19) in (18), the parasitic capacitor voltage
V¢ can be rewritten as follows.
_ 1

4-25°L,Cpy —b

From (20), it can be observed that the parasitic capacitor
voltage Vy, is mainly dependent on the following factors
such as Vg, Viz, Vem , @ and b. In general, the dc voltage of
Vqc is constant. From (6), it can be seen that V|7 depends
only on the shoot-through duty cycle. When shoot-through
duty cycle is constant, V,; 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, Vg is mainly determined by the Vey,

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

Veu =V +Vay +Vey +Von )/ 4 (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

[anc _4VLZ + 4VCM ] (20)

Vg

Van =Vay =Veu =Vou =Ve, +Vp, (22)
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The inductor voltage, capacitor voltage and diode voltage
in the shoot-through state are
VLz :VCz = BB 'Vdc
Vi —2V, 1-2B
VD2= de 3 Cz =( 5 B)Vdc (24)

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

Vew =V +Vay +Voy +Von2/4=V,. /2 (25)

According to the above analysis, the V¢ 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 Vcy
constant in the non-shoot-through, which will be discussed
in the next section.

IV. MODULATION STRATEGY

(23)

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.

(VAL J
P L a I LHE - C B
Cl my

N .
Cy ]

Vi

Fig.4 Conventional modulation.
m, =T — T - =
My ] uppen carrier —_
m, +—————t
1 lower carrier__
me ] T ~
| :

a4

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.

upper carrier

) lower carrier
m £ —

m, = k.

Vo BV
vV, /2 H L

Ven V. /2

(1-Bg)Vye

Ven V. /2

(1-Bg)V,, m

Vou V, /2
(1=Bg)Vyc

(1.5+ BV, /41~
Vem V. /2 rl_
(2.5-By)V,, /4
(3-2B, )V, /4
(3.5-3B, )V, /4|

Fig.6 Phase voltage and Vcym 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 V4./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 V4./2 in non-shoot-through state, which can
be achieved by Eq. (26).

Sp+Sg+Sc +5Sp=4 (26)

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

Sp=4-5,-S55-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

w
>
w
o
wn
e}
w
O
Q

Vem

Vio/2
V4e/2
Va2
Vao/2
V4e/2
Vie/2
Vao/2
Vyo/2
Vao/2
Vie/2
Vao/2
Vao/2
Va/2
Vao/2
V4e/2
Vo2

large
vector

non-shoot
through
state

Effective
vectors

medium
vector

small
vector

e R R B e e B e B N N R R R R B k=2

=IN| == OO [= (NN = OO o

O|= =N —=[o|o|=|N N o|o|o|N| N

ol Bl =0 el Kl NS S Bl E=J ==X | (SR | ) | O] feull fenl) Ko}

N[O |—= === == DN |||

NN [N N[N

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.

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.



This article has been accepted foFpistiki¢ht am thoafustensi dssoé of thris gt hiaw blees pobbistre duillythik jedirGaln €ha mgey wleangagdedotthfinatpidiibytthn. (Cithisber ipforntatparblio@iorn. 1109/ TPEL.2018.2873223, IEEE

The final version of refoadssctinilable Rower Electrohitp://dx.doi.org/10.1109/TPEL.2018.2873223

T 1]2]02]4] Vel2
01122 Vo2
zero ) Va2

vector

X | -] - -
X |- - _
X | -1 - N
Invalid X | - - -
vectors . X | - - -
X
X
X

NN |D[—= |~
NO|— || N f—
N[OOI |—= D=

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 Sp is
limited, where the values of Sp only are three states: 0, 1, 2.
Therefore, the states similar with Sy = Sg =S¢ =0, Sp =4
and S, = Sg = S¢ = 2, Sp=-2 do not exist because of
Sp ¢ 0,1,2. On the other hand, for the effective vectors such

as the large, medium, small and zero vector, there is always
a switching state Sp 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.

0022 1021 2020
(@
upper _carrier
m,
lower carrier
m,
m,
m
VAN BBvdc
v, /2 H a
VBV Vdc 2
(1=Bg)Vy
Veu Vee /21— ]
(1=By )V,
stu( 1
Vou Vo /24 T H
1-By V| [ 1 B
(1= BV Invalid Invalid
vector vector
Vo Ve /2

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 S;;=1, S;=1, S;3=0,
S14=0, 55,0, S5,=1, S53=1 $4=0, S3,=0, S3,=0, S33=1, S34=1,
S41:0, 842:1, S43:1 , 844:0. At this time, from the Eq(7), VAN
. VBN; VCN and VDN arc BBVdcs VdC/Z, (I-BB)VdC and VdC/Z,
respectively. Then by (21), the common mode voltage Vcy
can be calculated as Vey= Van + Vent Ven + Vpn =( BgVg t
V4o/2+(1-Bp)Vyet+ Vo/2)/4= Vy4/2. Similarly, the common
mode voltages V¢ of other effective vectors in Fig. 7 are
also V. /2. Therefore, the Vcy 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 S; =1, S;,=1, S;3=0,
S14=0, $5,=0, S5,=1, S53=1 $4=0, S3,=0, S3,=0, S33=1, S34=1,
S41:0, 542:1, S43:1, 544:0. 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 Vcy and coefficients a, b
are constant, therefore, from (20), the parasitic capacitor
voltage Vy, 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 m,, m, and m, can be obtained.
These control algorithms are implemented by a
TMS320F28335 DSP control board, Considering that the
switching state of the fourth leg Sp is generated by Sa, Sg,
Sc, the logical operation is implemented by a Xilinx
XC3400 FPGA.

In the Xilinx XC3400 FPGA, the logical signals S;,, S,,,
S1bs Sabs Sies Soc are obtained by compared the modulation
wave m,, m, , M, with the carriers c1, c2. When m, is greater
than cl, Sy, is 1, otherwise Sy, is 0. When m, is greater than
the carrier 2, S,, is 1, otherwise Sy, is 0. In the Similar way,
Sibs Sab, Sie, Spe can be obtained. Then Su, Sg, Sc are
calculated by Spy= S1,+S5a, Sg= S15+S26, Sc= Sict Sze. Sp can
be obtained by (27). And then the effective vectors are
obtained by eliminating the invalid vectors. The 16 logical
signals G1;-Gy4 are obtained by (38), where X=A, B, C, D. i
=1, 2, 3,4 . For example, when the S, is 2, at this time, G,
Gz, Gz, Gy are 1, 1, 0 and 0, respectively. Finally, the
gating signals are generated by the 16 logical signals and
shoot-through signals. Vy and Vy are the signals that control
the shoot-through duty cycle.

SX:2 G“:l, Gi2:1’ Gi3:0a Gi4:0
SX =1 Gil :0, Gi2 :1, Gi3 :1, Gi4 =0 (38)
SX =0 G“:O, Gi2 :0, Si3:1’ Gi4 =1

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 V. 470V 120V
Capacitance of Z-source Vc, 940 pH 940 uH
inductance of Z-source Vi, 3 mH 3 mH
line-line voltage Vap 380V/50Hz 98V/50Hz

rated current of grid 10A 8A

Filter inductance L 7mH SmH
Filter capacitor C 9.4uF 9.4uF
parasitic capacitor Cy, 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, (¢) Grid current, (d) Common mode
voltage (CMV), (e) Parasitic capacitor voltage U, , 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 U, , 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%.0n 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 lcy is the leakage

current, C,, 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.
10000
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Fig.11 Leakage current curve for maximum value.

TABLE III
LEAKAGE CURRENT UNDER DIFFERENT PARASITIC CAPACITANCE
c maximum value of ey
P conventional solution Proposed solution
SnF 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 V; 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.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
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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, (¢) Parasitic capacitor voltage and Uy,
Usn, Ucen,Upn, 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 Fault
network leg modulation voltage tolera
S| D | C | L | number index level orerance
capability
ZSI-D [ 0 | 2 2 |2 3 0<=m<=2/3 2 no
[38]
ZSIS |2 [0 [2 |2 3 0<=m<=2/3 2 no
[39]
ZS1 1 {0 |6 |6 3 0<=m<=2/sqrt(3) 2 no
[40]
Proposed | 0 | 2 2 2 4 0<=m<=2/sqrt(3) 3 yes
solution

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.
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