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Abstract—Flying capacitor photovoltaic (PV) inverters have
been widely discussed in the literature. However, the relevant leak-
age current issues have not received much attention. In this paper,
the modulation techniques for a transformerless three-phase flying
capacitor PV inverter are investigated for the leakage current sup-
pression. First, the theoretical analysis of the system common mode
model and leakage current is presented. Second, three kinds of
conventional carrier-based modulation techniques are evaluated,
and results indicate that they fail to effectively suppress the leak-
age current. Third, a new carrier modulation and logic function is
presented. It is able to maintain the constant common mode voltage,
and consequently, the leakage current can be significantly reduced.
Finally, the experimental tests are conducted on a transformerless
three-phase flying capacitor PV inverter to verify the effectiveness
of the proposed method.

Index Terms—Leakage current, pulse width modulation
(PWM), three-phase flying capacitor (FC) photovoltaic (PV)
inverter, transformerless PV system.

1. INTRODUCTION

N RECENT years, the power generation from renewable en-
I ergy resources, such as photovoltaic (PV) and wind energies,
has received more attention [1]-[8]. Conventional PV systems
with isolated transformers suffer from the high cost, large size,
and low efficiency. That is why the transformerless PV systems
have been receiving more and more attention in recent years.
The early relevant research might date back to 1981. The San-
dia National Laboratories presented a technical report, which
revealed that the efficiency of a PV system without transformer
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could be higher [9]. A couple of years later, Baeberlin investi-
gated the evolution of grid-connected PV inverter systems from
1989 to 2000. He pointed out there was an efficiency increase
around 2% by omission of the transformer, and about 1995, new
PV systems without transformer appeared on the market [10].

Compared with the conventional PV systems, the trans-
formerless ones have advantages of the small size, low cost, and
high efficiency. However, some technical challenges arise such
as the leakage current suppression [11], [12]. In order to solve
the problem, many interesting topologies and modulation solu-
tions have been reported in the literature [13]-[18]. They can be
classified into two groups: single-phase and three-phase solu-
tions. For single-phase applications, one basic idea is to achieve
both the unipolar three-level pulse width modulation (PWM)
and constant common mode voltage by integrating the auxiliary
switches into an H-bridge inverter. It has the advantages such as
the small filter inductor due to the low current ripple and negligi-
ble leakage current. However, all the above-mentioned topolo-
gies operate in the hard-switching mode. In order to further
increase the efficiency, Xiao et al. proposed the soft-switching
transformerless PV inverter [19], [20]. It can achieve the higher
efficiency with the leakage current suppression capability.

On the other hand, for three-phase applications, Kerekes
et al. evaluated three-phase transformerless PV inverter topolo-
gies [21], which revealed that the leakage current could be very
low by connecting the supply neutral to the middle of the dc-link
capacitors. However, the leakage current could dramatically in-
crease, and would be higher than the limited level in case of
a very small neutral line inductance [21]. Another three-phase
four-leg topology was presented to reduce the common mode
voltage [22]. In this way, the leakage current could be effec-
tively suppressed. However, most of above-mentioned solutions
are limited to three-phase two-level PV inverters, while the so-
lutions for three-phase multilevel PV inverters have not received
much attention. In fact, the multilevel PV inverters have been
investigated in many publications [23]-[27], but few papers dis-
cuss their leakage current issues. In general, there are three
typical multilevel inverter topologies [28]-[30], such as the
neutral point clamped (NPC), cascaded H-bridge (CHB), and
flying capacitor (FC). In comparison to NPC inverters, the FC
inverter does not need many clamped diodes. Also, unlike CHB
inverters, it does need a transformer for multiple isolated
dc sources. Therefore, it is attractive for transformerless PV
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systems. Unfortunately, up to now, there is no literature con-
sidering the leakage current issue for the transformerless three-
phase FC multilevel PV inverters.

The objective of this paper is to present a new carrier modula-
tion solution for the transformerless three-phase FC multilevel
PV inverter for the leakage current suppression. The main con-
tributions of this paper include:

1) A detailed evaluation and comparison of the three typical
carrier-based modulation methods for the leakage current
suppression, which has not been comparatively evaluated
so far in three-phase FC PV inverters.

2) Presenting a new leakage current suppression solution
with a new modulation strategy. It can be implemented
with a very simple but effective carrier-based modulation
and logic function (MLF).

3) Testing and verifying the leakage current suppression ca-
pabilities of the typical and new carrier-based modulations
to serve as a useful reference to researchers and engineers
working in the area of transformerless PV applications.

The rest of the paper is organized as follows: First, the system
leakage current analysis is presented in Section II. Second, a
theoretical analysis of the conventional carrier modulations and
corresponding common mode voltages is provided in Section III.
Third, a new carrier modulation with logic functions is presented
in Section IV. This is followed by the experimental verification
in Section V. Finally, the concluding remarks are presented in
Section VI.

II. LEAKAGE CURRENT ANALYSIS IN A FLYING
CAPACITOR PV INVERTER

The schematic diagram of the transformerless three-phase FC
multilevel PV inverter is illustrated in Fig. 1, where Cpy is the
parasitic capacitance between the PV paneland ground. Cy,,, is
the parasitic capacitance between the converter output points
and the ground. The leakage current will arise if the capacitor
voltage is time-varying, due to the fact that i = Cpvy (dV/dt).
The simplified model is shown in Fig. 1(b), from which it can
be observed that the parasitic capacitor voltage depends on the
phase voltages Vin, Vax, and Von.

In order to simplify the analysis, the common mode and dif-
ferential mode model between each phase is derived, as shown
in Fig. 2(a), where the common mode and differential mode
voltage of AB phase are defined as follows:

Van + Van
2
Vax — Wan.

ey
2

Venras =

Vouas =

With (1) and (2), the phase voltages Van and Vpy can be
rewritten as

Voo

Van = VCM,AB‘F%AB (3)
Vo

Ven = Vomoas — %’A? 4)

In practice, the parasitic capacitor Cj, is so small that
its influence on the leakage current can be neglected. The
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Fig. 1.  Transformerless flying capacitor multilevel PV inverter. (a) Schematic
diagram and (b) simplified model.
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Fig.2. System model. (a) Step-by-step procedure for AB phase. (b) Simplified
model for three-phase system.

inductances of L, and L; in Fig. 2(a) are designed equal to each
other, so the effect of the differential mode voltage Vpyr ap
can be neglected. In this way, the simplified model three-phase
system can be obtained by considering all common mode models
of AB, BC, and CA phases. As shown in Fig. 2(b), the para-
sitic capacitor voltage depends on three-phase common mode
voltage Vo, which is defined as

Van + Van + Von
3 .

Veu =

(&)



GUO et al.: LEAKAGE CURRENT SUPPRESSION OF THREE-PHASE FC PV INVERTER WITH NEW CARRIER MODULATION

In (5), each phase voltage in Fig. 1(a) can be expressed as
three states, as shown in (6), where the FC voltage is assumed
to be V;; /2 for simplicity of the analysis:

Va S=2 S1e Sop ON, Sy, Sy, OFF
V= d Vi g {SM S2c ON, Sz S OFF
Sl:L‘ SZw OFF, Slx 52;1: ON
S=0 S1e Sop OFF, Sp, S, ON

(6)

where x = A, B, C, and V; is the dc bus voltage.
Substituting (6) into (5), it can be concluded that the common
mode voltage Von cannot be kept constant if the switching
states are not properly selected, which mainly depends on the
modulation strategies. Therefore, the next section will analyze
the effect of different modulation strategies on the common

mode voltage.

III. CONVENTIONAL MODULATIONS

As discussed in the previous section, the common mode volt-
age should be controlled constant to suppress the leakage cur-
rent. This section will provide an analysis of common mode
voltage with the conventional modulation methods, namely, in-
phase disposition (IPD) modulation, opposite phase disposition
(OPD) modulation, and phase shift (PS) modulation.

A. IPD Modulation

Fig. 3(a) shows the schematic diagram of IPD modulation.
During the positive half-cycle, the modulation wave of m,, is
always greater than the lower carrier, so S, remains ON and
S, is OFF. On the other hand, in case the modulation wave of
m, is greater than the upper carrier 57, is ON, S, is OFF, and
Van = V;. While m, is lower than the upper carrier, Sy, is
OFF and Sy, is ON, and Vax = V;/2.

During the negative half-cycle, the modulation wave of m,,
is always smaller than the upper carrier, so S, maintains OFF
and S;, is ON. On the other hand, Sy, is ON, Ss, is OFF and
Van = Vy/2 if m, is greater than the lower carrier. On the
contrary, if m, is smaller than the lower carrier, Sy,is OFF,
Ss,is ON and Vay = 0.

The operation principles of phases B and C are similar to that
of phase A, and thus not duplicated here for simplicity.

Considering that the switching frequency is high enough,
each phase modulation wave of m,,, m;, or m, can be assumed
constant during one switching cycle. In this case, each phase
voltage and corresponding common mode voltage are illustrated
in Fig. 3(b), from which it can be observed that the common
mode voltage is time-varying within a switching cycle, and the
pk—pk value is 5V; /6 — V;/3 = V;/2.

B. OPD Modulation

Fig. 4(a) shows the schematic diagram of OPD modulation.
During the positive half-cycle, the operation principle is similar
to that of IPD modulation. However, it is different within the
negative half-cycle. Fig. 4(b) shows each phase voltage and cor-
responding common mode voltage. Compared with Fig. 3(b),
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Fig. 3. In-phase disposition modulation. (a) The principle of the modulation
and (b) each phase voltage and corresponding common mode voltage.

it can be observed that the common mode voltage pk—pk
amplitude is reduced from V;;/2 to V;/3.

C. PS Modulation

Fig. 5(a) shows the schematic diagram of PS modulation. Dif-
ferent from the in-phase and opposite disposition modulations
mentioned above, all switches operate in high-frequency mode
during the entire cycle. Fig. 5(b) shows each phase voltage and
corresponding common mode voltage, whose pk—pk value is
2Vy/3 — Vy/3 = Vy/3.

In summary, the conventional IPD modulation, OPD modu-
lation, and PS modulation fail to achieve the constant common
mode voltage. Therefore, the leakage current cannot be effec-
tively suppressed.

IV. PROPOSED CARRIER MODULATION

In order to solve the above-mentioned problem, a new modu-
lation with constant common mode voltage is presented in this
section. From (6) in Section II, it can be concluded that there
are 3 X 3 X 3 = 27 operation states for the three-phase system.
First of all, a brief review of all the 27 operation states and cor-
responding common mode voltage is provided in Table I. It can
be observed that the common mode voltage can be controlled to
be constant with the specific seven operation states.
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Fig. 4. Opposite phase disposition modulation. (a) The principle of the mod-
ulation and (b) each phase voltage and corresponding common mode voltage.

It is interesting to note that there is a logic relationship be-
tween these seven operation states and the switching states, as
shown in Table II. And the proposed MLF is presented in Fig. 6.
The logic function is defined as

Sle=X(X@Y)+XYZ S, =Y(XBY)+XYZ
Sy=YY®Z)+XYZ Su=20Yd2)+XYZ

S1e=2(Z&X)+XYZ S =X(Z®X)+XYZ.
@)

For example, in the second row of Table I, the input state
of XYZ is 111. With the logic manipulation of (7), the output
switching states will be 101010 for S7,-S5., see (8) as shown
at the bottom of this page.

In the fourth row of Table I, the input state of XYZ is O11.
With the logic manipulation of (7), the output switching states
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Fig. 5. Phase shift modulation. (a) The principle of the modulation and
(b) each phase voltage and corresponding common mode voltage.

will be 000111 for S;,—55., see (9) as shown at the bottom of
the next page.

Similarly, the rest six cases can also be derived and not du-
plicated here for simplicity.

It should be noted that, in order to suppress the leakage current
in an effective way, only seven operation states are used in the
proposed modulation. In order to explain the use of the vectors,
the limitations, link with redundant vectors, the use of the dc
bus in case of seven operation states, a space vector diagram is
provided in Fig. 7.

From Fig. 7, it can be observed that seven operation states
are symmetrically distributed. The inverter modulation in-
dex range or dc-bus utilization is smaller than that of the
traditional space vector pulse width modulation (SVPWM).
However, by using the zero sequence injection in Fig. 6(a),
the dc-bus utilization will be increased. It should be noted
that the traditional SVPWM results in the very high leak-

Sl =X(X®aY)+XYZ=1
Sp=Y(Y®Z) +XYZ=1
Sie=Z(ZoX)+XYZ=1

Soe =Y (XBY)+XYZ=0
Sy =2Y®2)+ XYZ=0 (8)
S =X(ZBX)+XYZ =0




GUO et al.: LEAKAGE CURRENT SUPPRESSION OF THREE-PHASE FC PV INVERTER WITH NEW CARRIER MODULATION

TABLE I
OPERATION STATES AND COMMON MODE VOLTAGE

States Van VN Vex Veu

222 Va Vi Va Vi

111 Va/2 Va2 Va2 V4/2
000 0 0 0 0

200 Va 0 0 Va/3
220 Va Vy 0 2V, /3
020 0 Va 0 Va/3
022 0 Vg Va 2V, /3
002 0 0 Va Va/3
202 Vy 0 Va 2V, /3
210 Vy Va/2 0 Va/2
120 Va/2 Vi 0 Vi/2
021 0 Va o Va2 Va2
012 0 Va/2 Va Va/2
102 Vy/2 0 Vi Va/2
201 Va 0 Va/2 V)2
211 Vy Va/2  Vi/2  2V4/3
100 Va/2 0 0 Va/6
221 Vy Vg Va/2  5V4/6
110 Va/2  Vi/2 0 Va/3
121 Va/2 Va Va/2  2V./3
010 0 Va/2 0 Va /6
122 Vy/2 Vy Vi 5Vy/6
011 0 Va/2  Va/2  Va/3
112 Va/2  Vi/2 Vy 2V, /3
001 0 0 Va/2 Va6
212 Vy Va/2 Va 5V, /6

101 Vi /2 0 Va/2  V4/3

TABLE II
SWITCHING LOGIC STATES AND OPERATION STATES
XYZ Sl.. SZn Slb Szb Slc S2c States
defined in (6)
111 1 0 1 0 1 0
111
000 0 1 0 1 0 1
011 0 0 0 1 1 1 012
010 0 0 1 1 0 1 021
001 0 1 0 0 1 1 102
101 1 1 0 0 0 1 201
110 0 1 1 1 0 0 120
100 1 1 0 1 0 0 210

age current, which restricts it applications in transformerless
PV systems. While the proposed method can significantly
reduce the leakage current to comply with standard VDE-0126-
1-1. Therefore, the proposed method is attractive for trans-
formerless PV systems. In summary, the proposed modulation
is very easy to implement. Meanwhile, it can achieve the
constant common mode voltage with the negligible leakage cur-
rent, which will be verified in the following section.
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Fig. 6. Proposed modulation. (a) Schematic diagram and (b) each phase volt-
age and corresponding common mode voltage.
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Fig. 8.
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phase disposition modulation, (c) phase shift modulation, and (d) proposed modulation (MLF).

Simulation results of line—line voltage, common monde voltage, common-mode current, and grid current. (a) In-phase disposition modulation, (b) opposite
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TABLE III
SUMMARY OF DIFFERENT MODULATION METHODS IN TERMS OF
THD AND LEAKAGE CURRENT

Current THD (%) Voltage THD (%) Leakage current (Max)

IPD 8.49% 40.69% 4000 mA
OPD 5.54% 59.96% 2300 mA
PS 2.13% 59.89% 600 mA
MLF 3.5% 70.03% 120 mA

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, simulations are carried out with MAT-
LAB/Simulink. The dc bus voltage V; is 400 V, the grid voltage
is 208 V/60 Hz, and the rated power is 2 kW. The switching fre-
quency is 10 kHz, and the filter inductor is 4 mH. According to
[21], the parasitic capacitance between PV array and ground is
from 50 to 150 nF/kW. Considering that the rated power is 2 kW,
the parasitic capacitor value is selected as 300 nF in this paper.

Fig. 8 shows the simulation results of four different carrier-
based modulations. It can be observed that the conventional
IPD, OPD, and PS modulations result in the high leakage cur-
rent, whose maximum value is beyond 300 mA and fails to
comply with the standard VDE-0126-1-1. On the contrary, the
proposed new method leads to a negligible leakage current. Its
maximum value is well below 300 mA.

Table III shows the summary of different modulation methods
in terms of total harmonic distortion (THD) and leakage current
regarding the simulation results in Fig. 8. It should be noted that
the voltage THD value is that of the line-line voltage without
the PV inverter output filter. Generally, the higher voltage THD
may lead to more high-frequency harmonics on the converters.
However, the output filter is typically installed in the PV invert-
ers. So the high-frequency harmonics can be well attenuated, as
shown in the following simulation and experimental results.

From Fig. 8, it can be observed that the conventional IPD
modulation has the lowest THD of differential-mode line—line
voltage before filtering, which theoretically means the lowest
current THD. However, it is not the case, as shown in Fig. 8(a).
The reason is that the grid current consists of the differential-
mode and common-mode components. The common mode
current (leakage current) is very high, and the grid current is
interfered by the common mode leakage current [21]. There-
fore, the conventional IPD modulation has the highest current
THD. The common mode leakage current is still high with the
OPD modulation, so the current THD is as high as 5.54%. Both
the PS and proposed modulation methods have smaller current
THD, but only the proposed modulation method can effectively
reduce the leakage current well below 300 mA, which meets the
standard VDE-0126-1-1.

In order to further validate the effectiveness of the pro-
posed modulation solution, an experimental platform is built
with a 32-bit floating point DSP (TMS320F28335) and field-
programmable gate array (Xilinx Spartan3 series XC3S400).
The experimental parameters are the same as those in the simu-
lation.

Fig. 9 shows the experimental results of different modula-
tion solutions. From the phase—phase voltages waves, all the
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Fig.9. Experimental results of different modulations: (a) In-phase disposition
modulation, (b) opposite phase disposition modulation, (c) phase shift modula-
tion, and (d) proposed modulation.

output phase—phase voltages are five-level waveforms, except
that there is a slightly asymmetrical level in Fig. 9(a-1) and (b-1).
The reason behind that is the FC voltage fluctuates in a funda-
mental frequency manner, due to which the switch state remains
unchanged during the positive or negative half-cycle, as shown
in Figs. 3(a) and 4(a). On the contrary, all of the switches operate
in high-frequency mode with the PS modulation and proposed
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Fig. 10.  Experimental results of dynamic test.

modulation. Therefore, there is no asymmetrical level problem
in the phase—phase voltage, as shown in Fig. 9(c-1) and (d-1).
The measured line-line voltage THDs of four different modu-
lations are 42.52%, 62.51%, 63.86%, and 74.1%. On the other
hand, all the filtered output voltage and current are sinusoidal,
which indicates that all the above-mentioned modulations can
achieve the high quality output waveforms.

Fig. 9(a-3), (b-3), (c-3), and (d-3) shows the experimental
waveforms of each phase voltage Van, Van, Veon and cor-
responding common mode voltage during two switching cy-
cle (200 ws). In agreement with the theoretical analysis in
Section III, the common mode voltage with the IPD modu-
lation has the largest amplitude, as shown in Fig. 9(a-3). With
the OPD modulation and PS modulation, the common mode
voltage is reduced, but still fluctuating, as shown in Fig. 9(b-3)
and (c-3). It is interesting to note that the common mode volt-
ages experience a high-frequency sinusoidal fluctuation [e.g.,
Fig. 9(a-3)], which is different from the theoretical waveform
[e.g., Fig. 3(b)] in Section III. The main reason is that there is a
resonant circuit, which consists of the parasitic capacitor Cpy
and filter inductor. That is why the common mode voltages vary
in a high-frequency sinusoidal way.

The experimental results of the common mode voltage and
leakage current with different modulation solutions are shown
in Fig. 9(a-4), (b-4), (c-4), and (d-4). It can be observed that
the common mode voltage fluctuation amplitude is the largest
with IPD modulation, and consequently the maximum value of
leakage current is very high, as shown in Fig. 9(a-4). With the
OPD modulation and PS modulation, the common mode volt-
ages are reduced, as shown in Fig. 9(b-4) and (c-4), but the
maximum value of the leakage currents is still high and ex-
ceeds 300 mA, which fails to meet the standard VDE-0126-1-1.
Fig. 9(d-4) shows the experimental results with the proposed
solution. The common mode voltage fluctuates slightly so that
the maximum value of the leakage current is about 200 mA,
which is below 300 mA specified in VDE-0126-1-1.

In order to further verify the dynamic performance of the
proposed modulation method, the output current is stepped from
zero to a certain level in the experimental test, as shown in
Fig. 10. It can be observed that the FC voltage is balanced to
half the dc bus voltage under the current step, and the common
mode voltage remains around V;; /2(200 V). The leakage current
is well below 300 mA. In summary, the proposed modulation
has a superior steady-state and dynamic performance in terms
of leakage current suppression.

On the other hand, the effect of maximum power point track-
ing (MPPT) techniques on the leakage current is an interesting
topic, which is neglected in most papers. There are many MPPT
methods, so the effect of different MPPT algorithms on the leak-
age current is very complicated. However, if the dc-link voltage
is slowly changed with the MPPT algorithm, its effect on the
leakage current will be small, due to the fact that the leakage
current is dependent of the high-frequency components, instead
of low-frequency ones. It should be noted that this paper mainly
concentrates on the different carried-based modulation solu-
tions to reduce the leakage currents. Other issues such as grid
synchronization [31]-[34], current control [35]-[38], islanding
detection [39], fault ride through control [40], and other space
vector modulations [41]-[42] are beyond the scope of this paper.

VI. CONCLUSION

This paper has presented the theoretical analysis and experi-
mental verification of carrier-based modulations, instead of the
complex space vector modulations, for the leakage current sup-
pression in a transformerless three-phase FC multilevel PV
inverter system. The findings reveal that the conventional
carried-based modulations cannot keep the common mode volt-
age constant, and thus fail to reduce the leakage current in
an effective way. On the other hand, the proposed modulation
solution can achieve the constant common mode voltage, and
the leakage current can be significantly suppressed well below
300 mA, as specified in the standard VDE-0126-1-1. In addi-
tion, the proposed modulation is simple to implement by digital
signal processors or analog circuits.

REFERENCES

[1] Z. Shuai, Y. Hu, Y. Peng, C. Tu, and Z. Shen, “Dynamic stabil-
ity analysis of synchronverter-dominated microgrid based on bifurca-
tion theory,” IEEE Trans. Ind. Electron., 2017, to be published. Doi:
10.1109/TIE.2017.2652387.

R. Li, H. Geng, and G. Yang, “Fault ride-through of renewable energy
conversion systems during voltage recovery,” J. Mod. Power Syst. Clean
Energy, vol. 4, no. 1, pp. 28-39, Jan. 2016.

J. Hu, L. Sun, X. Yuan, S. Wang, and Y. Chi, “Modeling of type 3
wind turbine with df/dt inertia control for system frequency response
study,” IEEE Trans. Power Syst., 2017, to be published. Doi: 10.1109/TP-
WRS.2016.2615631.

Z. Shuai, W. Huang, C. Shen, J. Ge, and Z. Shen, “Characteristics
and restraining method of fast transient inrush fault currents in syn-
chronverters,” IEEE Trans. Ind. Electron., 2017, to be published. Doi:
10.1109/TIE.2017.2652362.

(2]

[3]

(4]


http://dx.doi.org/10.1109/TIE.2017.2652387
http://dx.doi.org/10.1109/TPWRS.2016.2615631
http://dx.doi.org/10.1109/TPWRS.2016.2615631
http://dx.doi.org/10.1109/TIE.2017.2652362

GUO et al.: LEAKAGE CURRENT SUPPRESSION OF THREE-PHASE FC PV INVERTER WITH NEW CARRIER MODULATION

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

X. Guo et al., “Flexible control strategy for grid-connected inverter under
unbalanced grid faults without PLL,” IEEE Trans. Power Electron., vol. 30,
no. 4, pp. 1773-1778, Apr. 2015.

Z. Xie, X. Zhang, X. Zhang, S. Yang, and L. Wang, “Improved ride-
through control of DFIG during grid voltage swell,” IEEE Trans. Ind.
Electron., vol. 62, no. 6, pp. 3584-3594, Jun. 2015.

K. Sun, X. Wang, Y. Li, F. Nejabatkhah, Y. Mei, and X. Lu, “Parallel op-
eration of bidirectional interfacing converters in a hybrid ac/dc microgrid
under unbalanced grid voltage conditions,” IEEE Trans. Power Electron.,
vol. 32, no. 3, pp. 1872-1884, Mar. 2017.

J. Hu, B. Wang, W. Wang, H. Tang, Y. Chi, and Q. Hu, “Small signal
dynamics of DFIG-based wind turbines during riding through symmet-
rical faults in weak ac grid,” IEEE Trans. Energy Convers., 2017, to be
published. Doi: 10.1109/TEC.2017.2655540.

R. L. Steigerwald et al., “Investigation of a family of power condition-
ers integrated into the utility grid,” Sandia National Laboratories Report,
Albuquerque, NM, USA, 1981, pp. 81-7031.

H. Baeberlin, “Evolution of inverters for grid connected PV-Systems from
1989 to 2000,” in Proc. 17th Eur. Photovolt. Sol. Energy Conf., Munich,
Germany, 2001, pp. 426—430.

X. Guo, “A novel CHS inverter for single-phase transformerless photo-
voltaic system applications,” IEEE Trans. Circuits Syst. II: Exp. Briefs,
2017, to be published. Doi: 10.1109/TCSII.2017.2672779.

X. Guo, “Three phase CH7 inverter with a new space vector modula-
tion to reduce leakage current for transformerless photovoltaic systems,”
IEEE J. Emerg. Sel. Topics Power Electron., 2017, to be published. Doi:
10.1109/JESTPE.2017.2662015.

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, Jul. 2015.

Y. Tang, W. Yao, and P. C. Loh, “Highly reliable transformerless photo-
voltaic inverters with leakage current and pulsating power elimination,”
IEEE Trans. Ind. Electron., vol. 63, no. 2, pp. 1016-1026, Feb. 2016.

S. Kouro, J. I. Leon, D. Vinnikov, and L. G. Franquelo, “Grid-connected
photovoltaic systems: An overview of recent research and emerging PV
converter technology,” IEEE Ind. Electron. Mag., vol. 9, no. 1, pp. 47-61,
Mar. 2015.

B. Ji, J. Wang, and J. Zhao, “High-efficiency single-phase transformer-
less PV H6 inverter with hybrid modulation method,” IEEE Trans. Ind.
Electron., vol. 60, no. 5, pp. 2104-2115, May 2013.

L. Zhang, K. Sun, L. L. Feng, H. F. Wu, and Y. Xing, “A family of neutral
point clamped full-bridge topologies for transformerless photovoltaic grid-
tied inverters,” IEEE Trans. Power Electron., vol. 28, no. 2, pp. 730-739,
Feb. 2013.

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.

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.
H. E Xiao, X. P. Liu, and K. Lan, “Zero-voltage-transition full bridge
topologies for transformerless photovoltaic grid-connected inverter,” [EEE
Trans. Ind. Electron., vol. 61, no. 10, pp. 5393-5401, Oct. 2014.
Kerekes, R. Teodorescu, and M. Liserre, “Evaluation of three-phase trans-
formerless photovoltaic inverter topologies,” IEEE Trans. Power Electron.,
vol. 24, no. 9, pp. 2202-2211, Sep. 2009.

X. Guo, R. He, J. Jian, Z. Lu, X. Sun, and Z. Lu, “Leakage current elim-
ination of four-leg inverter for transformerless three-phase PV systems,”
IEEE Trans. Power Electron., vol. 31, no. 3, pp. 1841-1846, Mar. 2016.
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.

J. Rodriguez et al., “Multilevel converters: An enabling technology for
high-power applications,” Proc. IEEE, vol. 97, no. 11, pp. 1786-1817,
Nov. 2009.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

(32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

2135

Y. Wang and R. Li, “Novel high-efficiency three-level stacked-neutral
point-clamped grid-tied Inverter,” IEEE Trans. Ind. Electron., vol. 60,
no. 9, pp. 3766-3774, Sep. 2013.

Z.Wang, S. Fan, Y. Zheng, and M. Cheng, “Design and analysis of a CHB
converter based PV battery hybrid system for better electeromagnetic
compability,” IEEE Trans. Magn., vol. 48, no. 2, pp. 4530-4533, Nov.
2012.

Y. Liu, B. Ge, and H. Abu-Rub, “Modelling and controller design of
quasi-Z-source cascaded multilevel inverter-based three-phase grid-tie
photovoltaic power system,” IET Renewable Power Gener., vol. 8, no. 8,
pp. 925-936, Aug. 2014

P.Lezana, J. Pou, T. A. Meynard, J. Rodriguez, S. Ceballos, and F. Richard-
eau, “Survey on fault operation on multilevel inverters,” IEEE Trans. Ind.
Electron., vol. 57, no. 7, pp. 2207-2218, Jul. 2010.

M. Malinowski, K. Gopakumar, J. Rodriguez, and M. Perez, “A survey on
cascaded multilevel inverters,” IEEE Trans. Ind. Electron., vol. 57, no. 7,
pp. 2197-2206, Jul. 2010.

C. Hu et al., “An improved virtual space vector modulation scheme
for three-level active neutral-point-clamped inverter,” [EEE Trans. Power
Electron., 2017, to be published. Doi: 10.1109/TPEL.2016.2621776.

X. Guo, W. Wu, and Z. Chen, “Multiple-complex coefficient-filter-based
phase-locked loop and synchronization technique for three-phase grid
interfaced converters in distributed utility networks,” IEEE Trans. Ind.
Electron., vol. 58, no. 4, pp. 1194-1204, Apr. 2011.

L. Zheng, H. Geng, and G. Yang, “Fast and robust phase estimation algo-
rithm for heavily distorted grid conditions,” IEEE Trans. Ind. Electron.,
vol. 63, no. 11, pp. 6845-6855, Nov. 2016.

F. Wu, D. Sun, L. Zhang, and J. Duan, “Influence of plugging dc offset
estimation integrator in single-phase EPLL and alternative scheme to elim-
inate effect of input dc offset and harmonics,” IEEE Trans. Ind. Electron.,
vol. 62, no. 8, pp. 4823-4831, Aug. 2015.

J. Wang, J. Liang, F. Gao, L. Zhang, and Z. Wang, “A method to improve
the dynamic performance of moving average filter-based PLL,” IEEE
Trans. Power Electron., vol. 30, no. 10, pp. 5978-5990, Oct. 2015.

X. Guo et al., “ABC-frame complex-coefficient filter and controller based
current harmonic elimination strategy for three-phase grid connected in-
verter,” J. Mod. Power Syst. Clean Energy, vol. 4, no. 1, pp. 87-93, Jan.
2016.

X. Zhang, Y. Wang, C. Yu, L. Guo, and R. Cao, “Hysteresis model pre-
dictive control for high-power grid-connected inverters with output LCL
filter,” IEEE Trans. Ind. Electron., vol. 63, no. 1, pp. 246-256, Jan. 2016.
X. Guo, X. Zhang, B. Wang, W. Wu, and J. Guerrero, “Asymmetrical
grid fault ride-through strategy of three-phase grid-connected inverter
considering network impedance impact in low-voltage grid,” IEEE Trans.
Power Electron., vol. 29, no. 3, pp. 1064-1068, Mar. 2014.

Y. Zhang and C. Qu, “Model predictive direct power control of PWM rec-
tifier under unbalanced network conditions,” IEEE Trans. Ind. Electron.,
vol. 62, no. 7, pp. 4011-4022, Jul. 2015.

X. Guo, D. Xu, and B. Wu, “Overview of anti-islanding US patents for
grid-connected inverters,” Renewable Sustainable Energy Rev., vol. 40,
pp- 311-317, Dec. 2014.

X. Guo, W. Liu, and Z. Lu, “Flexible power regulation and current-
limited control of grid-connected inverter under unbalanced grid volt-
age faults,” IEEE Trans. Ind. Electron., 2017, to be published. Doi:
10.1109/TIE.2017.2669018.

X. Guo, D. Xu, and B. Wu, “Common-mode voltage mitigation for back-
to-back current-source converter with optimal space-vector modulation,”
IEEE Trans. Power Electron., vol. 31, no. 1, pp. 688—697, Jan. 2016.

J. 1. Leon et al., “Conventional space-vector modulation techniques versus
the single-phase modulator for multilevel converters,” IEEE Trans. Ind.
Electron., vol. 57, no. 7, pp. 2473-2482, Jul. 2010.

Authors’ photographs and biographies not available at the time of publication.


http://dx.doi.org/10.1109/TEC.2017.2655540
http://dx.doi.org/10.1109/TCSII.2017.2672779
http://dx.doi.org/10.1109/JESTPE.2017.2662015
http://dx.doi.org/10.1109/TPEL.2016.2621776
http://dx.doi.org/10.1109/TIE.2017.2669018


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


