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Transformerless Split-Inductor Neutral Point
Clamped Three-Level PV Grid-Connected Inverter

Huafeng Xiao, Student Member, IEEE, and Shaojun Xie, Member, IEEE

Abstract—Characterized by low leakage current and low voltage
stress of the power device, a neutral point clamped three-level in-
verter (NPCTLI) is suitable for a transformerless photovoltaic (PV)
grid-connected system. Unfortunately, the shoot-through problem
of bridge legs still exists in an NPCTLI, so its operation reliability is
degraded. An improved three-level grid-connected inverter is pro-
posed based on the NPCTLI and the dual-buck half-bridge inverter
(DBHBI), and which avoids the shoot-through problem. The pro-
posed topology guarantees no switching-frequency common-mode
voltage and no shoot-through risk. Furthermore, the freewheel-
ing diode of bridge legs of the DBHBI can be removed taking
into consideration the unity power factor of grid current, and a
straightforward topology is thus derived. The new topology is re-
ferred to as split-inductor NPCTLI (SI-NPCTLI). The operation
mode, common-mode characteristic, and control strategy are ana-
lyzed. Finally, both the simulation and the experimental results of
a 1-kW SI-NPCTLI prototype verify the analysis.

Index Terms—Dual-buck half-bridge inverter (DBHBI), neutral
point clamped three-level inverter (NPCTLI), photovoltaic (PV)
grid-connected inverter, transformerless.

1. INTRODUCTION

HE PHOTOVOLTAIC (PV) power generation system is
T playing an important role in the development of distributed
electric power systems [1]. In order to achieve low cost and
compactness, as well as increased reliability and efficiency,
the concept of the transformerless PV grid-connected inverter
was proposed [2]. In recent years, the transformerless PV grid-
connected inverters (TLI), already well-accepted in European
markets, have draw more and more attention in other parts of the
world [3]-[5], [7]-[10]. Key issues related to TLI are leakage-
current suppression and reliability improvement [1]. Depending
on the inverter topology, there exist potential fluctuations be-
tween the solar cell array and the ground, and the fluctuations
are square-wave voltages at the switching frequency. Due to the
galvanic connection between power grid and solar cell array, the
stray capacitors to ground formed by the surface of the PV array
form a path for the leakage current. Energized by a fluctuating
potential, the stray capacitors lead to leakage currents. A person,

Manuscript received March 17, 2010; revised June 22, 2010, October 13,
2010, April 5, 2011, and June 20, 2011; accepted August 5, 2011. Date of
current version February 20, 2012. Recommended for publication by Associate
Editor T. Shimizu.

H. Xiao is with the College of Electrical Engineering, Southeast University,
Nanjing 210096, China (e-mail: saloulin@ynet.com).

S. Xie is with the College of Automation Engineering, Nanjing Uni-
versity of Aeronautics and Astronautics, Nanjing 210016, China (e-mail:
eeac @nuaa.edu.cn).

Digital Object Identifier 10.1109/TPEL.2011.2164940

connected to the ground and touching the PV array, may conduct
the capacitive current to the ground, causing an electrical haz-
ard. At the same time, the conducted interference and radiated
interference are brought in by the leakage current; furthermore,
the in-grid current harmonics and losses are increased.

Neutral point clamped three-level inverter (NPCTLI) [6] is
widely adopted in a transformerless PV system [4], [5], [8], [10].
The NPCTLI’s topology can overcome the problems of leakage
current and restrict the dc component injected to the grid [8].
In [7] and [9], an analysis model for the leakage current of
a transformerless PV grid-connected inverter was presented in
detail, which can provide the theoretical support for the leakage-
current-suppression technique. With this model, the application
of a single-phase NPCTLI in PV grid-connected system was
thoroughly studied in [8], and an analysis of the principles and
characteristics of leakage current elimination in an NPCTLI
were provided. Worth noting, NPCTLI also suffer from shoot-
through risk as do other bridge-type inverters, which is a major
obstacle to the reliability for power-conversion system. So, it is
worth considering reliability enhancements to NPCTLIs.

A dual-buck half-bridge inverter (DBHBI) was proposed
in [11], which received considerable attention in recent years
[12]-[17]. The DBHBI can avoid the shoot-through problem, the
freewheeling current flows through the independent freewheel-
ing diodes instead of the external well-matched freewheeling
diodes of the switches, and all the switches and diodes are
operated at half of the line cycle; so, the efficiency can be im-
proved due to no biased current. But the DBHBI can only work
with the bipolar modulation strategy, and there is large voltage
stress on the power devices. In order to solve the aforementioned
problems, the multilevel leg structure was introduced [18]-[20],
which can work with the unipolar modulation strategy and re-
duce the voltage stress effectively [16].

Based on the half-bridge-type transformerless PV grid-
connected inverter, a novel split-inductor NPCTLI (SI-NPCTLI)
with variable hysteresis band fixed-frequency control is pro-
posed in this paper. There are no leakage current and shoot-
through problems in the proposed inverter. The voltage stress of
power devices in an SI-NPCTLI is the same as in an NPCTLI,
and an SI-NPCTLI can be also operated with unipolar mod-
ulation. The variable hysteresis band fixed-frequency control
offers an excellent current reference tracking performance and
fast transient response ability in comparison with other current
controllers. Furthermore, the independent freewheeling diode
of the DBHBI can be removed considering the unity power fac-
tor of the grid current, and the operation safety is ensured by
shut down of the high-frequency switching drive signal ahead of
the current drops to zero. Based on single-phase structure, the
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SI-NPCTLI can be easily extended to a three-phase four-line
transformerless grid-connected inverter with high reliability and
low leakage current characteristics as well.

The circuit topology, operation principle, and common-mode
characteristic of the SI-NPCTLI, and the comparison among
several inverters are presented in Section II. The control strategy
of the proposed inverter is analyzed in Section III. Simulation
results including steady, dynamic, maximum power point track-
ing (MPPT), and shoot-through fault are presented in Section
IV. In Section V, the experimental results of a 1-kW SI-NPCTLI
single-phase grid-connected inverter prototype verify the theo-
retical analysis of Section II. Finally, concluding remarks are
given in Section VI.

II. CONSTRUCTION AND FEATURE ANALYSIS
OF AN SI-NPCTLI

A. Construction of an SI-NPCTLI

As shown in Fig. 1(a), the power switches in the DBHBI
with a diode-clamped three-level switch cell being substituted,
and the independent freewheeling diodes of the DBHBI being
omitted, a novel topology that is compact and similar to NPCTLI
is derived. The earth connection point is the important detail in
this topology, while the midpoint of PV cluster does not earth,
the output end of the SI-NPCTLI can be connected to the grid
freely; otherwise, once the midpoint of PV cluster earths, both
the midpoint of capacitor’s bridge leg and the midpoint of PV
cluster must be connected to the neutral line of the grid. In
Fig. 1(a), the instantaneous voltage across points 1 and 3 is
defined as u;3 and the instantaneous voltage across points 2 and
3is defined as u93. In Fig. 1(b), waveforms of the switch driving
signals and the output current of the SI-NPCTLI are illustrated.

B. Operation Principle

The switches of the DBHBI are modulated at half of the line
cycle, so the switching and conduction losses are reduced and
the efficiency can be improved [17]. The proposed SI-NPCTLI
is modulated at half of the line cycle current as well. Before anal-
ysis, the following assumptions are given: 1) all power switches
and diodes are the ideal devices with ignored switching time
and conduction voltage drop; 2) all inductors and capacitors are
ideal, and Cy.1 = Cyc2, L1 = Lo = L; and 3) the inverter oper-
ates at the unity power factor, i.e., the inductor current 71,12 is in
phase with the grid voltage u,. Taking the operation during the
half-cycle of the positive grid voltage, e.g., the detailed analy-
sis of the inverter operation modes is described. The operation
during the negative half-cycle is similar to the positive one.

1) Mode 1: With switches S; and Sy ON, and S3 and S,
OFF, the output voltage of the bridge leg is the voltage
of capacitor Cy,, i.e., ui3 = (1/2)U,. At this duration,
11,1 indicating the current of inductor L; increases

di 1
LEE = U — (1)
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Fig. 1.  Split-inductor neutral point clamped three-level PV grid-connected
inverter. (a) Power stage. (b) Key waveforms and driving signals.

2) Mode 2: With S; OFF, So ON, and S3, S, still OFF, the
voltage on S; is clamped to the half of the input voltage
by the diode D5, and the output voltage of the bridge leg is
zero, i.e., u13 = 0. At this duration, the current of inductor
L, states in the freewheeling stage and 71,1 decrease

di
L% =0 —u,. )
So, during the positive half-cycle of the grid voltage,
the output-voltage levels of the bridge leg include zero and
(1/2)Upy . Similarly, during the negative half-cycle, the output
voltage gets the two levels of zero and —(1/2)U,,,. As compared
with the DBHBI, which only has the two levels, (1/2)U,, and
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TABLE I
OPERATION LEVELS OF THE SI-NPCTLI

VIN VaN V3N VDM Vem Vempm  Vemt Vempm
Positive | Mode 1 U, u,+U, /2 U,/2 U,/2 3U,/4 -U,J4 U, /2
ip>0 Mode 2 UpV/2 Uy +UpV/2 UPV/2 0 UPV/2 0 UPV/2
Negative | Mode3  u,+U,, /2 0 Upf2 -Uynj2 U,/4 Uyfs  Uyf2
ip<0 | Mode4 u,+U,/2 U,/2  U,/[2 0 U, /2 0 U, /2

Note: In the negative half-cycle, S;, S, is off, and S;, S, is on with operation mode 3. S;, S, is off, S5 is on, and S, is off with

operation mode 4.

VcM—DM
. V4

Vem |+

2C,,

T

N

N

Fig. 2. Simplest common-mode model for a single-phase grid-connected in-
verter at the medium-frequency range [7], [9].

—(1/2)U,y, the SI-NPCTLI can reduce the current ripple of the
inductor dramatically, and it is benefit to reduce the inductance.

C. Analysis of Common Mode Characteristic

The switching frequency common-mode voltage of a trans-
formerless PV grid-connected inverter is the source of the leak-
age current coming forth [7]-[9]. Therefore, whether the switch-
ing frequency common-mode voltage appears or not is the eval-
uation criterion for the topology used in a transformerless PV
grid-connected system. Fig. 2 shows the simplest common-
mode model for the SI-NPCTLLI; for its deductive process refer
to [7] and [9]. Because the inductor current has different paths
in the positive and negative half-cycles, there are also differ-
ences in calculating the differential-mode and common-mode
voltages in the SI-NPCTLI. In the positive half-cycle

von = ZXTIN 3)
UDM = UVIN — U3N 4
In the negative half-cycle
VaN + V-
vor = = 3N )
2
UDM = V2N — U3N (6)

The term ven—p v represents the influence of the differential-
mode voltage to the common-mode voltage [7], [9]

UDM

UOM-DM = T o (N

Table I shows the operating levels of the SI-NPCTLI. It is found
in the last column of Table I (with the shadow) that the to-
tal common voltage produced by the SI-NPCTLI is a constant

TABLE II
COMPARISON AMONG THE SI-NPCTLI AND OTHER INVERTERS
NPCTLI | DBHBI | SI-NPCTLI
Switches Number 4 2 4
Ups(p) /V__| 400 800 400
In(rms) /A | 2.16/2.95 | 2.54 2.16/2.95
SDP /kVA | 4.088 4.064 4.088
Diodes Number 2 2 2
Uxka(p) /V_| 400 800 400
Ix(rms) /A | 0.93 0.47 0.93
SDP /kVA | 0.744 0.752 0.744
Total SDP /kVA 4.832 4.816 4.832
Inductor Number 1 2 2
I (rms) /A | 4.17 2.95 2.95
L /mH 4 16 4
Shoot-through problem? | Yes No No
Leakage current? No No No

Note: U,,=800V, u,=339sin(314X7), P=1000W, the maximum band width of current
hysteresis H(max)=1.25A.

TABLE III
PARAMETERS OF THE SIMULATION MODEL AND THE PROTOTYPE

Parameter Value
Input voltage/V 800
Grid voltage/V, Frequency/Hz 240/50
Rating Power /W 1000
DC Capacitor Cy, Cyer/uF 470uF/450V
Power Device S1~S6 (MOSFETs) IXFN36N100

Filter Inductance L;+ L,/ mH 4
Common-mode Inductance Lcy Core: 2x2W-43615-TC

Wire: 2mm
Turns: 10+10
Common-mode Capacitance Cyy, Cyy/nF 2.2
Parasitic Capacitance C,y1, Cpyo/UF 0.1

value and it will not introduce leakage current in transformer-
less PV grid-connected applications [7]-[9]. Compared with
the common-mode character of the NPCTLI presented in [7], it
can be found that the SI-NPCTLI and NPCTLI have the same
common-mode performance.

D. Comparison With Several Topologies

In this section, the quantitative comparison among the SI-
NPCTLI, NPCTLI, and DBHBI from several aspects are dis-
cussed. As shown in Table II, including the number of power
devices, voltage and current stress, and switching device power
(SDP) factor, which is presented to scale the power level of
switching devices [21], as well as the performance included the
shoot-through and leakage-current problems. The comparison
of passive components mainly focuses the amount and the value
of the filter inductor. The electrical parameters are shown in
Table III.
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Fig. 3.

Phase control of inductor current iy, 1 5.

It can be seen from Table II that the DBHBI is in a weak
position at devices stress and the value of inductance, while
the NPCTLI is in a well position at the quantity of the filter
inductor, and with the largest inductor current stress. However,
the shoot-through problem makes the NPCTLI in a weak po-
sition. The proposed SI-NPCTLI is completely dominant over
the DBHBI. Compared with the NPCTLI, the SI-NPCTLI has
the advantages of reduced inductor current stress and, most
importantly, no shoot-through problem except the duple filter
inductors. The three circuit topologies are comparable with re-
gard to total SDP. As they all do not generate high-frequency
time-varying common-mode voltage when applied to a trans-
formerless PV grid-connected inverter, the leakage current is
restrained.

III. CONTROL STRATEGY OF AN SI-NPCTLI
A. Analysis of the Hysteresis Band

The analysis in Section II-B assumes that the inverter works
with the unity power factor, i.e., the inductor current 41,12 i
in phase with the grid voltage u,. This assumption is reason-
able under the requirement of the unity power factor between
the in-grid current and the grid voltage, when applied to a PV
grid-connected inverter. However, as the freewheeling diodes of
bridge leg in the DBHBI are omitted, in order to ensure safe
operation, the inductor current needs to be reliably dropped to
zero before the zero crossing of the grid voltage.

The hysteresis current control can achieve accurate tracking
to the inductor current [22]. In order to ensure the zero inductor
current before the zero crossing of the grid voltage, the high-
frequency switching signals must be stopped at the time z7, and
the inductor current may be forced to zero by the grid voltage,
as shown in Fig. 3.

The time x7 to turn OFF the high-frequency switching signals
is expressed as

[T [Uy-sin(wt) + Up (ON) +Ug (ON)]
L

> Lot sin(zm) + g
(8)
Here, Up (ON) and Ug(ON) are the ON-state voltages of the
clamping diodes and the power switches, respectively, h is the
bandwidth of current hysteresis, i.e., the ripple of inductor cur-
rent, and x is the percent of high-frequency driving signal con-
tinuance.
Hysteresis current control, which is a nonlinear control
method, possesses high performance, simple realization circuit,
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Fig.4. Curves of the hysteresis band with constant switching frequency under
different PV voltage (u, = 339sin(314 x t); L = 4 mH; f, = 20 kHz).

high stability, inherent current-limiting capability, and fast dy-
namic response. However, due to the unfixed switching fre-
quency, the energy of spread-spectrum of output current is
widely distributed. As a result, it is difficult to design the filter.
Numerous studies have focused on this problem [23]-[28], and
hysteresis band real-time regulation is one of the most effective
ways to follow.
For the proposed SI-NPCTLI, from (1) and (2), one can get

h:
UpV'L'fs

©)
Here, f; is the expected switching frequency. Fig. 4 shows the
curves of hysteresis band under different PV voltage according
to (9) in the half-cycle of grid. So, when the inverter is oper-
ating, the fixed frequency hysteresis control can be fulfilled by
calculating the hysteresis band h using the transient value of the
grid voltage and output voltage of PV array.

Furthermore, the time xm to turn OFF the high-frequency
switching signals can be redesigned considering the antisland-
ing requirements. At the islanding mode, when the detected
voltage frequency is increasing, reduce the time of x7 (namely
increasing the gap of current reference) in a positive-feedback
manner, to trip the over-frequency limitation. Detailed designing
and experimental verification will be demonstrated in another
paper.

With the aforementioned control method, the single-phase
SI-NPCTLI can be extended to three-phase four-line grid-
connected inverter structure, as shown in Fig. 5. It can be decom-
posed into three independent single-phase inverters completely
and possesses the same operation safety performance and low
leakage current characteristics. In the three-phase topology, the
midpoint of PV cluster can earth, or not. In addition, while in
the absence of accessible star center, such as A-way grid, the
proposed three-phase topology is not employed.

B. Control Strategy of an SI-NPCTLI

Considering the proposed SI-NPCTLI for PV grid-connected
applications, the schematic control block is shown in Fig. 6.

In Fig. 6, the phase and the amplitude of grid voltage and
the PV array voltage are sampled by the digital signal process-
ing (DSP) chip. The reference current iy,12 (ref) of the inductor
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Fig. 6. Control block of SI-NPCTLI PV grid-connected inverter (7 is the

switching period; T} is the grid period; w, is the angular frequency of grid
voltage; and ¢, is the initial phase angle of grid voltage)..

current ir,12 can be obtained by calculating the product of the
reference amplitude I,.; and the phase of the grid voltage. As the
result of hysteresis current control, the inductor current 71,12 can
achieve the error-free tracking to the reference current. Then, the
MPPT algorithm can be fulfilled by calculating U, and reading
I,c¢. Lastly, the driving signals of the inverter can be generated
by comparing the real-time hysteresis band h with the error of

inductor current i,1o and reference current i 5 (ref) provided
by DSP.

IV. SIMULATION ANALYSIS

A simulation model of the single-phase grid-connected
SI-NPCTLI has been established with MATLAB/Simulink.
Table III shows the simulation parameters.

A. Validation of Steady-State Characteristics

When the single-phase grid-connected SI-NPCTLI operates
under the hysteresis current control with a fixed band, the wave-
forms of the grid current and voltage and the energy spectrum
of the grid current are shown in Fig. 7. Fig. 8 shows the same
terms of the condition under the variable band hysteresis current
control. From the energy spectrums of the inductor current 4y,
in Figs. 7(b) and 8(b), it can be seen that the current harmonic
concentrates to the desired frequency band by calculating the
hysteresis band h real time, and it will be easier to be further
filtered.

Refer to the curves of the inductor current 71,1 and grid
voltage u, in Fig. 9, hysteresis control and stopping the high
frequency switching signals ahead make the current 1,12 zero
before the zero crossing of u,, which ensures the current path-
shifting safety.

From Fig. 9, it can be also found that the inductor current 4,19
achieves the capability of high-precision tracking to the given
reference. For the grid-connected applications, the performance
of current tracking under different grid-current reference, espe-
cially light-load and zero-grid-current reference tracking perfor-
mance (such as the max utility backfeed current, which is must
be limited in many international standards, such as UL1741
and NEC690), is the key index to evaluate the inverter control
and safety features. Fig. 10(a)—(c) shows the operation wave-
forms under different grid-current reference of the single-phase
grid-connected SI-NPCTLI, respectively. It can be seen, when
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the grid-current reference is reduced and less than the hystere-
sis band (h/2), the high-frequency switching signals turn OFF,
as shown in Fig. 10(b). As a result, the quality of the grid
current worsens. However, the decreased switching times im-
proves the converter efficiency at light load. Fig. 10(c) shows the
waveforms of the inverter working under the zero-grid-current
reference. As a result of this, the grid-current reference is al-
ways less than the hysteresis band and the converter acts no
high-frequency switch actions, which ensures high precision
tracking to the grid-current reference and, furthermore, realizes
the zero max utility backfeed current.

B. Verification of the Dynamic Performance

Fig. 11 shows the dynamic response waveforms of the single-
phase grid-connected SI-NPCTLI under the variable band-
width hysteresis current control, when the grid-current reference
i1,12(ref) rises and drops suddenly. It can be seen that the SI-
NPCTLIrepresents a very good dynamic response performance.
When the grid voltage and PV input voltage change suddenly,
variable-band hysteresis current control arithmetic can realize
constant-frequency control by changing the hysteresis band h
rapidly, as shown in Fig. 12(a) and (b), respectively.
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Variable hysteresis band constant-frequency control for the SI-NPCTLI. (a) Grid current and grid voltage. (b) Energy spectrum of the grid current.

C. Verification of MPPT

The model of the PV array with the MPPT algorithm was im-
plemented in Simulink, operated at various irradiations and con-
stant cell temperature. The PV array was modeled by a constant
voltage source in series with resistor for simplicity and speed-
iness in our simulation model. Fig. 13 shows the simulation
results of increasing and decreasing irradiation; the oscillation
of MPP voltage is brought due to power ripple of single-phase
grid-connected inverter. It can be seen that the MPPT algorithm
can track the MPP of PV array within 1.5 times grid period, so
the adopted MPPT algorithm is valid.

D. Verification of the Shoot-Through Fault

The proposed SI-NPCTLI has no shoot-through risk as ana-
lyzed in Section II. In order to support this point, the comparative
simulation results of the SI-NPCTLI and NPCTLI are presented
in Fig. 14. When the shoot-through durations (about 10 us) ap-
pear at the zero crossing and peak of the grid voltage, respec-
tively, the current through power devices is limited by the SI
in the SI-NPCTLI. However, the current through power devices
rapidly increases as shoot-through appearance in the NPCTLI;
its amplitude can be seen from Fig. 14(b), which would destroy
the devices.

V. EXPERIMENTAL ANALYSIS

In order to verify the validity of the proposed SI-NPCTLI and
to evaluate the performance of the leakage-current suppression,
a universal prototype inverter has been fabricated in our labora-
tory, as shown in Fig. 15. Main electrical parameters and com-
ponent parameters are shown in Table III. In Fig. 15, the module
labeled “universal three-level inverter” represents the NPCTLI
or SI-NPCTLI structure. C'x denotes differential-mode capaci-
tors in the electromagnetic interference (EMI) filter; Lpy and
L are the differential-mode and common-mode inductors, re-
spectively; and C'y; and Cly» are the common-mode capacitors.
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Steady operation waveform with different grid-current command under variable-band constant-frequency hysteresis current control. (a) Rated current.
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inductor current i1,1 and i1, and the grid voltage ug .

The stray capacitances Cl,y1 and C),v2 between solar panels and
the earth depend on the material and size of the solar panels,
soil properties, air humidity, installation, etc. Z1,ine1 and Zyine2
are line impedances (mainly inductive). Z¢ is the impedance
between grid ground and chassis ground of the inverter.
Experimental studies focused on the operation principle ver-
ification of the proposed topology and the leakage-current per-
formance testing and comparison. For the convenience of ex-
perimental testing, the solar array is simulated by an adjustable
dc source and the additional high-voltage ceramic capacitors



XIAO AND XIE: TRANSFORMERLESS SPLIT-INDUCTOR NEUTRAL POINT CLAMPED THREE-LEVEL PV GRID-CONNECTED INVERTER

Ch2 9754
..... 240V
..... ch1 51
1.39°V
Chil 500V —Jcha 200V WG 0oms ALTTEL 7 4.80V
@B 10.0vV_|ch4[ 200V | 23 1152009
u»v[d1.1040ms 10:36:23
(a)
Tek ¥ _lg L = =
la : Ug 7
oy ZL12'.:. g d .
W(16.7A/d1V) e : A C“ifgﬁ?*ﬁ
UGS(S2) |
(10V/div)
T ch1 7R
3\ 1.39°V
L TR
UDS(S2)
(200V/div)
o RN SPPR [N
Chil 500V Jcha[ 300V ME-00ms AL 7 480V
[ 10.0vV__|ch4[ 200V | 23 1152009
O+~ [@i.1040ms 10:27:30
(b)
Fig. 17. Experimental waveforms of driving, voltage across the drain and

source of switch, grid voltage, and in-grid current in the SI-NPCTLI. (a) Driving
ugs(s1) and drain-source voltage upg(s1) for the switch Sy, grid voltage
ug, and in-grid current i1,12. (b) Driving ugg(s2) and drain—source voltage
upsg(s2) for the switch So, grid voltage ug, and in-grid current ir,12.

Cpv1 and Cpyo (100 nF, for the 1.5 kWp solar panel), which
connect the dc source’s positive and negative ends to the sink,
respectively.

Fig. 16(a) presents the output voltage between the bridge legs
of the SI-NPCTLI, referring to Fig. 1(b) and Table I. Fig. 16(b)
gives the current waveforms of filter inductors L; and Lo, which
indicates that they work half-cycle in a line period and have no
bias current. Fig. 17 shows the gate drive voltage and the drain—
source voltages of S; and Ss, respectively, in which voltage
stress of Sy is half of the PV input voltage, and the fact coincides
with the principle; voltage stress of Sy is the grid voltage and
its maximum value is less than half of the PV input voltage.

Fig. 18(a) and (b) shows the common-mode current and its
energy spectrum of the SI-NPCTLI and NPCTLI in the trans-
formerless PV grid-connected applications, respectively. It is
first pointed out that the common-mode path of the adjustable
dc source is formed when the inverter connects to the grid, and
the common-mode current I1g k1, arises as the dc source works
in the high-frequency switching (whose switching frequency is
18 kHz), while grid-connected inverter does not work yet. In the
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Fig. 18. Experimental waveforms of the grid voltage ug, in-grid cur-
rent ir,19, leakage current ipcakage, and energy spectrum of leakage cur-
rent in the SI-NPCTLI and NPCTLI (I50y, represents the common-
mode current produced by the grid voltage; Ijskp, represents the
common-mode current produced by the PV cells simulator; Iogkp, repre-
sents the common-mode current produced by the grid-connected inverter).
(a) SI-NPCTLI (b) NPCTLL.

two-stage grid-connected inverter, the high-frequency switch-
ing action of its front stage also generates a high-frequency
common-mode current just like here (whether they contain a
high-frequency transformer or not). So, the common-mode cur-
rent I1g k1, needs to be restrained, too. From the comparison of
Fig. 18(a) and (b), both the SI-NPCTLI and the NPCTLI have
suppress leakage current well.

VI. CONCLUSION

A split-inductor three-level grid-connected inverter with high
reliability and low-leakage current characteristics is presented
in this paper. The proposed inverter features low device volt-
age stress and constant common-mode voltage, which exists in
the traditional neutral-point clamping three-level circuit struc-
ture. At the same time, it can avoid the shoot-through issue
like a dual-buck half-bridge inverter. The proposed inverter can
achieve high efficiency, low cost, low leakage current, and high
reliability to satisfy the requirements of the transformerless PV
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grid-connected inverter. The proposed structure can be also ex-
tended to three-phase four-line applications.
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