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Abstract—To eliminate the common-mode leakage current in the
transformerless photovoltaic grid-connected system, an improved
single-phase inverter topology is presented. The improved trans-
formerless inverter can sustain the same low input voltage as the
full-bridge inverter and guarantee to completely meet the condition
of eliminating common-mode leakage current. Both the unipolar
sinusoidal pulsewidth modulation (SPWM) as well as the double-
frequency SPWM control strategy can be applied to implement
the three-level output in the presented inverter. The high efficiency
and convenient thermal design are achieved thanks to the decou-
pling of two additional switches connected to the dc side. More-
over, the higher frequency and lower current ripples are obtained
by adopting the double-frequency SPWM, and thus the total har-
monic distortion of the grid-connected current are reduced greatly.
Furthermore, the influence of the phase shift between the output
voltage and current, and the influence of the junction capacitances
of the power switches are analyzed in detail. Finally, a 1-kW proto-
type has been simulated and tested to verify the theoretical analysis
of this paper.

Index Terms—Common-mode leakage current, junction capaci-
tance, phase shift, photovoltaic (PV) system, sinusoidal pulsewidth
modulation (SPWM) strategy, transformerless inverter.

I. INTRODUCTION

OWADAYS, the gird-connected photovoltaic (PV) sys-
N tems, especially the low-power single-phase systems, call
for high efficiency, small size, light weight, and low-cost grid-
connected inverters. Most of the commercial PV inverters em-
ploy either line-frequency or high-frequency isolation trans-
formers. However, line-frequency transformers are large and
heavy, making the whole system bulky and hard to install.
Topologies with high-frequency transformers commonly in-
clude several power stages, which increases the system com-
plexity and reduces the system efficiency [1]-[6]. Consequently,
the transformerless configuration for PV systems is developed
to offer the advantages of high efficiency, high power density,
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and low cost. Unfortunately, there are some safety issues be-
cause a galvanic connection between the grid and the PV array
exists in the transformerless systems. A common-mode leakage
current flows through the parasitic capacitor between the PV
array and the ground once a variable common-mode voltage is
generated in transformerless grid-connected inverters [7]-[12].
The common-mode leakage current increases the system losses,
reduces the grid-connected current quality, induces the severe
conducted and radiated electromagnetic interference, and causes
personal safety problems [7], [13].

To avoid the common-mode leakage current, the conventional
solution employs the half-bridge inverter or the full-bridge in-
verter with bipolar sinusoidal pulsewidth modulation (SPWM),
because no variable common-mode voltage is generated. How-
ever, the half-bridge inverter requires a high input voltage which
is greater than, approximately, 700 V for 220-V,. applications.
As a result, either large numbers of PV modules in series are
involved or a boost dc/dc converter with extremely high-voltage
conversion ratio is required as the first power processing stage.
The full-bridge inverter just needs half of the input voltage de-
manded by the half-bridge topology, which is about 350V for
220-V,. applications. But the main drawback is that the full-
bridge inverter can only employ the bipolar SPWM strategy with
two levels, which induces high current ripple, large filter in-
ductor, and low system efficiency. Furthermore, the half-bridge
neutral point clamp (NPC) inverter is applied to achieve three
or more level output. However, NPC inverter also demands the
high input voltage the half-bridge inverter does [8], [14]. There-
fore, many advanced inverter topologies for transformerless PV
applications were developed such as HS inverter, HERIC in-
verter, etc. [17]-[25], as shown in Fig. 1. These topologies need
the same low input voltage as the full-bridge inverter and can
adopt the unipolar SPWM strategy with three levels. The con-
clusion drawn from [17]-[25] is that various solutions are being
researched and employed in transformerless inverters to mini-
mize the common-mode leakage current and improve the effi-
ciency, weight, and size of the whole PV grid-connected power
system.

In this paper, an improved grid-connected inverter topology
for transformerless PV systems is presented, which can sustain
the same low input voltage as the full-bridge inverter and guar-
antee not to generate the common-mode leakage current. Fur-
thermore, both the unipolar SPWM and the double-frequency
SPWM with three-level output can be applied in the presented
inverter. The high efficiency and convenient thermal design are
achieved by adopting the unipolar SPWM. Moreover, the higher

0885-8993/$26.00 © 2011 IEEE
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Advanced inverter topologies for transformerless PV applications. (a) HS inverter. (b) HERIC inverter. (c) Full-bridge inverter with dc bypass.

(d) High-efficiency inverter with H6-type configuration. (e) Karschny inverter. (f) Inverter with two paralleled buck converters.

equivalent frequency and lower current ripples are obtained by
using the double-frequency SPWM. Therefore, a smaller fil-
ter inductor can be employed and the harmonic contents and
total harmonic distortion (THD) of the output current are re-
duced greatly, and the grid-connected power quality is improved
accordingly.

This paper is organized as follows. The condition of eliminat-
ing common-mode leakage current is analyzed in Section II. The
improved inverter topology and correlative operation modes un-
der two SPWM control strategies are introduced in Section III.
The influence of the power switches’ junction capacitances is
illustrated in Section I'V. The simulated and experimental results
are shown in Section V to explore the performance of the pre-
sented inverter. Section VI summarizes the conclusions drawn
from the investigation.

II. CONDITION OF ELIMINATING COMMON-MODE
LEAKAGE CURRENT

Without an isolated transformer in the PV grid-connected
power systems, there is a galvanic connection between the grid
and the PV array, which may form a common-mode resonant
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Fig. 2. Simplified equivalent model of common-mode resonant circuit.

circuit and induce the common-mode leakage current. The sim-
plified equivalent model of the common-mode resonant circuit
has been derived in [7]-[16] as shown in Fig. 2, where Cpy
is the parasitic capacitor, L, and Lp are the filter inductors,
icm 18 the common-mode leakage current. And, an equivalent
common-mode voltage ., is defined by

Udm LB _LA
2 Lps+Lp

D

Uecm = Uem
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Fig. 3. Improved inverter topology.

where u., is the common-mode voltage, uy, is the differential-
mode voltage, uax and upy are the output voltages of the
inverter relative to the negative terminal N of the dc bus as the
common reference

Uem = w 2)

Udm = UAB = UAN — UBN- 3
It is clear that the common-mode leakage current 7.y, is ex-
cited by the defined equivalent common-mode voltage wecyy, -
Therefore, the condition of eliminating common-mode leakage
current is drawn that the equivalent common-mode voltage tecy,
must be kept a constant as follows:
Udm LB - LA
2 Lis+Lp

UAN + UBN

Uecm = Uem

uaN —upN Lp — Ly

= + = Constant. (4)

2 2

In the half-bridge inverter family, including NPC inverter,
Karschny inverter, and the inverter with two paralleled buck
converters as shown in Fig. 1, one of the filter inductors L 4 and
Lp is commonly zero. Therefore, the condition of eliminating
common-mode leakage current is accordingly met that

Ly+Lp

UAN + UBN  UAN — UBN

Ueem = 5 + 5 = uan = Constant
(La=0) (5
UAN + UBN  UAN — UBN
Uecm = — = upn = Constant
2 2
(Lp =0). (6)

Similarly, in the full-bridge inverter family including HS in-
verter, HERIC inverter, the full-bridge inverter with dc bypass,
and the high-efficiency inverter with H6-type configuration as
shown in Fig. 1, the filter inductors L 4 and Lp are commonly
selected with the same value. As a result, the condition of elim-
inating common-mode leakage current is met that

Ueem = Uem = w = Constant

> (La =Lg). (1

III. IMPROVED INVERTER TOPOLOGY AND OPERATION MODES

Fig. 3 shows the improved grid-connected inverter topology,
which can meet the condition of eliminating common-mode
leakage current. In this topology, two additional switches S5
and Sy are symmetrically added to the conventional full-bridge
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inverter, and the unipolar SPWM and double-frequency SPWM
strategies with three-level output can be achieved.

A. Unipolar SPWM Strategy

Like the full-bridge inverter with unipolar SPWM, the im-
proved inverter has one phase leg including S; and Sy operating
at the grid frequency, and another phase leg including S5 and
S, commutating at the switching frequency. Two additional
switches S5 and Sg commutate alternately at the grid frequency
and the switching frequency to achieve the dc-decoupling states.
Accordingly, four operation modes that generate the voltage
states of +Uqy., 0, —Uq. are shown in Fig. 4.

Fig. 5 shows the ideal waveforms of the improved inverter
with unipolar SPWM. In the positive half cycle, S; and Sg are
always ON. S, and S; commutate at the switching frequency
with the same commutation orders. Sy and S3, respectively,
commutate complementarily to S and Sy. Accordingly, Mode 1
and Mode 2 continuously rotate to generate +U,. and zero states
and modulate the output voltage. Likewise, in the negative half
cycle, Mode 3 and Mode 4 continuously rotate to generate —Uj..
and zero states as a result of the symmetrical modulation.

Mode 1: when S, and S5 are ON, upag = +Ujg. and the
inductor current increases through the switches S5, Sy, S4, and
Sg. The common-mode voltage is

Udc

1 1
Uem = §(UAN +upn) = g(Udc +0) = 5 (8)

Mode 2: when Sy and S; are turned OFF, the voltage u v falls
and upy rises until their values are equal, and the antiparallel
diode of S3 conducts. Therefore, uap = 0V and the inductor
current decreases through the switch S; and the antiparallel
diode of S3. The common-mode voltage changes into

_ 1 o 1 Udc Udc o Udc
Uem = 2('U/AN + UBN) - 2 ( 9 + 2 ) = 9 . (9)
Mode 3: when S5 and Sg are ON, upap = —Uyq. and the

inductor current increases reversely through the switches Ss,
Ss, Sy, and Si. The common-mode voltage becomes

1
2

Mode 4: when S3 and Sg are turned OFF, the voltage uan
rises and upy falls until their values are equal, and the antipar-
allel diode of S, conducts. Similar as to Mode 2, uag =0V and
the inductor current decreases through the switch Sy and the
antiparallel diode of S;. The common-mode voltage u.,, also
keeps Uyq./2 referring to (9).

From (8) to (10), the common-mode voltage can remain a
constant Uy./2 during the four commutation modes in the im-
proved inverter with unipolar SPWM. The switching voltages of
all commutating switches are half of the input voltage Uqy./2, and
thus, the switching losses are reduced compared with the full-
bridge inverter. Furthermore, in a grid period, the energies of the
switching losses are distributed averagely to the four switches
Ss, Sy, S5, and Sg with high-frequency commutations, and it
benefits the thermal design of printed circuit board and the life
of the switching components compared with H5 inverter.

U
(0+ Use) = —2<.

1
Uem = §(UAN +upn) = (10)
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Fig. 5. Ideal waveforms of the improved inverter with unipolar SPWM.

B. Double-Frequency SPWM Strategy

The improved inverter can also operate with the double-
frequency SPWM strategy to achieve a lower ripple and higher
frequency of the output current. In this situation, both phase
legs of the inverter are, respectively, modulated with 180° op-
posed reference waveforms and the switches S;—5) all acting
at the switching frequency. Two additional switches S5 and Sg
also commutate at the switching frequency cooperating with

A 1000\~
Udc Er ugrid
B === ¥
S¢ S S L¢
M4

(b

(d

Four operation modes of the improved inverter with unipolar SPWM. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4.

the commutation orders of two phase legs. Accordingly, there
are six operation modes to continuously rotate with double fre-
quency and generate +Uj,. and zero states or —Ujy. and zero
states, as shown in Figs. 4 and 6.

Fig. 7 shows the ideal waveforms of the improved inverter
with double-frequency SPWM. In the positive half cycle, Sg
and S; have the same commutation orders, and S5 and S, have
the same orders. S5 and .S3, respectively, commutate comple-
mentarily to S} and Sj. Accordingly, Mode 1, Mode 2, and
Mode 5 continuously rotate to generate +Uy. and zero states
and modulate the output voltage with double frequency. In the
negative half cycle, Mode 3, Mode 4 and Mode 6 continuously
rotate to generate —U,. and zero states with double frequency
due to the completely symmetrical modulation.

Mode 5: when S} and Sy are turned OFF, the voltage ua y falls
and upy rises until their values are equal, and the antiparallel
diode of Sy conducts. Therefore, uap = 0V and the inductor
current decreases through the switch Sy and the antiparallel
diode of .S;. The common-mode voltage u.,,, keeps a constant
Uq./2 referring to (9).

Mode 6: similarly, when S, and S5 are turned OFF, the voltage
uan rises and upy falls until their values are equal, and the
antiparallel diode of S conducts. Therefore uap = 0V and
the inductor current decreases through the switch S3 and the
antiparallel diode of S;. The common-mode voltage ., still is
a constant Uy./2 referring to (9).

Under the double-frequency SPWM strategy, the common-
mode voltage can keep a constant Ugy./2 in the whole switching
process of six operation modes. Furthermore, the higher fre-
quency and lower current ripples are achieved, and thus, the
higher quality and lower THD of the grid-connected current are
obtained, or a smaller filter inductor can be employed and the
copper losses and core losses are reduced.
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Ideal waveforms of the improved inverter with double-frequency

C. Phase Shift Between Output Voltage and Current

There is actually a phase shift between the output voltage
uap and output current 4, in the grid-connected inverter due to
the existence of the filter inductance. Two additional operation
modes occur in the small regions where the output voltage and
current are in different directions, as shown in Fig. 8.
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(b)

Remaining two of six operation modes under double-frequency SPWM. (a) Mode 5. (b) Mode 6.

Two additional operation modes when voltage and current are in different directions. (a) Mode 7. (b) Mode 8.

Fig. 9 shows the practical waveforms of the improved in-
verter when considering the phase shift, where uap; is the
fundamental component of the output voltage uap. In Region I
and Region II, the detailed operation principle and modes of
the unipolar SPWM and double-frequency SPWM have been
analyzed earlier, under the condition that the output voltage and
current are in the same direction.

In Region II1, the output current is positive. Meanwhile, the
output voltage is negative and modulated according to the op-
eration principle in the negative half cycle. Therefore, if the
unipolar SPWM strategy is adopted, accordingly Mode 7 and
Mode 5 continuously rotate to generate —Uy. and zero states. If
the double-frequency SPWM strategy is used, Mode 7, Mode 2,
and Mode 5 continuously rotate to generate —Uj. and zero states
with double frequency.

Symmetrically in Region IV, the output current becomes neg-
ative, and the output voltage is modulated according to the op-
eration principle in the positive half cycle. Hereby, Mode § and
Mode 6 continuously rotate to generate +Ug. and zero states
when the unipolar SPWM strategy is used. Mode 8, Mode 4, and
Mode 6 continuously rotate to generate +Uy. and zero states
with double frequency when the double-frequency SPWM is
adopted.

With Mode 7, although the switches Ss, S5, S3, and S are
ON, and S and Sy are OFF, the positive inductor current only
freewheels through the antiparallel diodes S3, S5, Sg, and Ss,
and decreases rapidly for enduring the reverse voltage. The
common-mode voltage u.,, keeps Uq./2 referring to (10).

With Mode 8, similarly, the negative inductor current only
freewheels through the antiparallel diodes of 57, S5, Sg, and
Sy, and decreases rapidly for enduring the reverse voltage.
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Fig. 9. Practical waveforms of the improved inverter considering phase shift.

TABLE I
SEMICONDUCTOR LOSSES ANALYSIS IN THE IMPROVED INVERTER

Conduction Losses
MODE DEVICE TIME
Mode 1, Mode 3 4 Switches DT,
Mode 2, Mode 4 1 Switch (1-D)T.
Mode 5, Mode 6 1 Anti-parallel Diode s
Mode 7, Mode 8 4 Anti-parallel Diodes DT,
Switching Losses
SWITCHING
REGION DEVICE VOITAGE
2 Switches Ug/2
Region I, Region II
1 Anti-parallel Diode Ug
1 Switch Ug
Region 11, Region IV
2 Anti-parallel Diodes Ug/2

The common-mode voltage wu.,, still keeps Uy./2 referring
to (8).

Therefore, it is summarized that the condition of eliminating
common-mode leakage current is met completely in the whole
switching process including all eight operation modes

Furthermore, in regard to the inverter losses, compared with
H5 inverter and HERIC inverter, the improved inverter pro-
duces similar low switching losses and relatively high conduc-
tion losses. In Mode I, Mode 3, Mode 7, and Mode 8, the
conduction losses increase due to more devices conducting.
However, this inverter achieves the double-frequency SPWM
strategy, which has significant harmonic advantages and makes
the current ripple further decrease to half of one with unipolar
SPWM strategy. Therefore, much lower current ripple of the
filter inductor conduces to the great reduction of the core losses
and copper losses of the filter inductor. Table I shows the detail
of the semiconductor losses analysis in the improved inverter,
where Uy, is the input dc voltage, T is the switching period,
and D is the duty ratio in a switching period.

IV. INFLUENCE OF SWITCHES’ JUNCTION CAPACITANCES

The aforementioned eight operation modes can be classified
into two categories based on whether the dc and ac sides of the
improved inverter are decoupled.

Wo | (U is br L
i " d o | &2 o< o
™ o) (U A | Ww , OB “
C;
o

Fig. 10. Transient circuit of commutation from Mode I to Mode 2. (a) Tran-
sient circuit. (b) Equivalent circuit.

In the nondecoupling states, Mode 1, Mode 3, Mode 7,
and Mode 8, the dc and ac sides of the inverter are directly
connected by the filter inductors, and the operation states and
the common-mode voltage are not affected by the junction ca-
pacitances of any switches.

However, in the dc-decoupling states, Mode 2, Mode 4,
Mode 5, and Mode 6, the dc and ac sides are decoupled by
turning OFF the additional switch S5 or Sg. It becomes more
complicated to achieve the condition of eliminating common-
mode leakage current if considering the junction capacitances
of the switches. Actually, when the improved inverter com-
mutates from one of the nondecoupling modes to one of the
dc-decoupling modes, the slopes of voltage uasn and upyn are
determined by the junction capacitances of the switches, and
accordingly, the common-mode voltage u.,, is affected.

Taking the commutation from Mode I to Mode 2 as an exam-
ple, there are always two stages whether the unipolar SPWM or
the double-frequency SPWM strategy is adopted. Other commu-
tations are similar due to the symmetry of the operation modes.

Stage I: Fig. 10 shows the transient circuit of the commutation
from Mode I to Mode 2, where C1—Cj represent the junction
capacitors of the switches S7—Sg. As shown in Fig. 10(a), when
S, and Sy are turned OFF and the antiparalleled diode of Ss
has not conducted to freewheel, three charging or discharging
circuits are composed of the junction capacitors Cs, C3, Cy, and
C5. According to Kirchhoff’s current law, the following current
equations can be given

1y =ic3 +ics (11)
1o = 14 = ic2 +i0s (12)
13 =102 +ic3 +ics (13)

where 71, 72, and i3 represent the currents of three charging or



758
Ss
o ':f
LTl s
cs Ci . C; Ly
Al Ul
A Udc {-dePprcccas T-- ---------'
i '
'
'
'
'
'
'
'
'
a
(b)
Fig. 11. Potential resonant circuit in Mode 2. (a) Resonant circuit. (b) Equiv-
alent circuit.

discharging circuits; i¢2, i3, tc'4, and ¢ are, respectively, the
currents of Cy, C3, Cy, and Cs.

From (11)—(13), the equivalent circuit model is demonstrated
in Fig. 10(b), where the initial voltages in Stage I are indicated
in the brackets. It is obvious that the junction capacitor C} is
charged by (s and Cj in parallel through the filter inductor
Ly; thus, the voltage uax falls and upy rises until their values
are equal. Meanwhile, the antiparalleled diode of S5 conducts
and the transient process in Stage I end. Based on the charge
conservation, it can be found that

Cy+Cs

- 70}@
Cy+Cy+Cy !

UAN = UBN (14)

Stage I1: Fig. 11 shows the potential resonant circuitin Mode 2
according to (14). If Cy = Cy + (5, the voltages upn and
upn become Uy./2 synchronously when Stage I ends, thus the
common-mode voltage u.,, can still keep Uy./2. Therefore, the
improved inverter works normally in Mode 2, and the condition
of eliminating common-mode leakage current is met as analyzed
earlier.

If Cy # Cy + Cs, the voltages uaN, upn, and Uy, are not
equal to Uq./2 when Stage I ends. As shown in Fig. 11(a), on
entering Stage II, a high-frequency common-mode current is
excited in the resonant circuit that consists of the junction ca-
pacitors Cs, Cy, and (5, the parasitic capacitor Cpy between
the PV array and the ground, and the filter inductor L. There-
fore, the voltage oscillations of uan, upn, and u.p, are induced,
and the condition of eliminating common-mode leakage cur-
rent in Mode 2 may be broken. The equivalent circuit model is
demonstrated in Fig. 11(b).

In conclusion, there are four commutations from one of the
nondecoupling modes to one of the dc-decoupling modes, and
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when junction capacitances of six switches are equal. (a) Simulated waveforms
of upaN, upN,and ucy, - (b) Experimental waveforms of uan, upn, and tepy, -

the following equations can be analyzed and summarized sim-
ilarly to reach upaxy = upn = Ug./2 at the end of the transient
process in Stage I, when the unipolar SPWM is adopted.
1) Commutation from Mode 1 to Mode 2: Cy = Cy + Cs.
2) Commutation from Mode 3 to Mode 4: C5 = C + Cs.
3) Commutation from Mode 7 to Mode 5: C3 = Cy + Cs.
4) Commutating from Mode 8 to Mode 6: C; = C5 + C5.
Therefore, to meet the condition of eliminating common-
mode leakage current, the value principle of the junction capac-
itors under the unipolar SPWM is concluded that
Ci=Cy+Cy and C5=0C1+Cs. (15)
Furthermore, when the double-frequency SPWM is adopted,
four additional equations must be added to balance the junction
capacitances of the switches.
1) Commutation from Mode 1 to Mode 2: C; = C5 + Cs.
2) Commutation from Mode 3 to Mode 4: Cy = Cy + C5.
3) Commutation from Mode 7 to Mode 5: Cy = Cy + Cs.
4) Commutating from Mode 8 to Mode 6: C, = C5 + Cj.
Similarly, the value principle of the junction capacitors under
the double frequnecy SPWM is concluded that Cy = Ci = 0,
Cy = Cy, and C7 = (5. Considering that the junction capaci-
tance of the switch cannot be zero, the theoretic value principle
is modified as next for practical applications

Cy < (Cy=Cyand Cy < C = (5 (16)
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Simulated and experimental results by employing the unipolar SPWM when two additional capacitors with values of 29 pF are, respectively, paralleled

to S3 and Sy. (a) Simulated waveforms of uap, 74, and icm . (b) Experimental waveforms of w,,iq and i,4. (c) Experimental waveforms of uap and icp .
(d) Simulated waveforms of uA N, upN, and ey, . (€) Experimental waveforms of ua N, upN, and ey, -

V. SIMULATED AND EXPERIMENTAL RESULTS

In order to verify the theoretical analysis in previous sec-
tions, a 1-kWp PV array is simulated, having the frame of the
panels connected to ground with the parasitic capacitance of
75 nE. A 1-kW inverter prototype is also built. The detailed
components and parameters used are as follows: output power,
Pyt = 1kW; input voltage, Uy, = 380 V; input capacitor, Cy.:
940 piF; grid voltage, U, =220 V,; grid frequency, f, =50 Hz;
switch frequency, f; = 20kHz; filter inductor, L; = 4 mH;
parasitic capacitor, Cpy = 75 nF; power switches, S1—S5 =

IRGB4056DPbF; junction capacitors of the switches, C—Cj:
29 pF.

Fig. 12 shows the simulated and experimental results by em-
ploying the unipolar SPWM when the junction capacitances of
six switches are equal. Since the value principle of the junction
capacitors described in (15) is not reached, the relatively large
oscillations of the voltages uaN, upn, and ucy, are induced.
As shown in Fig. 12(a), the simulated waveforms indicate that
uaN = upN = 253V at the end point of the transient process
from Mode 1 to Mode 2, according to the theoretical analysis
in (14). Subsequently uaN, upn, and u., begin to resonate
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Simulated and experimental results by employing double-frequency SPWM when four additional capacitors with values of 470 pF are, respectively,

paralleled to S1—-S5;. (a) Simulated waveforms of ua g, iy, and icp, . (b) Experimental waveforms of ug,iq and i, . (c) Experimental waveforms of uap and ey .
(d) Simulated waveforms of ua N, upN, and ., - (€) Experimental waveforms of ua N, upN, and uep, .

with the amplitude up to 180 V. The experimental waveforms
are shown in Fig. 12(b), which is similar to the simulation, but
the resonant amplitude is slightly damped due to the internal
resistance of the practical inverter prototype.

Therefore, to accord with the value principle of the junction
capacitors under the unipolar SPWM, two additional capacitors
with the values of 29 pF are, respectively, paralleled to S5 and
Sy. Fig. 13 shows the simulated and experimental results. The
simulated and experimental waveforms of the grid-connected
current 7, are shown in Fig. 13(a) and (b). It is clear that the

grid-connected current is highly sinusoidal synchronized with
the grid voltage by achieving the three-level output. The ex-
perimental THD counted to 50th of the grid-connected current
is 2.543%. Furthermore, the simulated waveforms shown in
Fig. 13(a) and (d) indicate that when the common-mode voltage
Uem keeps 190 V constantly, the common-mode leakage current
Tem 18 almost zero since ua N and upy are fully complementary
in the switching periods. Accordingly, as shown in Fig. 13(c)
and (e), in the experimental waveforms, even though the junc-
tion capacitances of practical switches are nonlinear and hard to
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TABLE II
MEASURED EFFICIENCY OF THE IMPROVED INVERTER

Outout Power 50% | 10.0% [20.0% | 30.0% | 50.0% | 100% | | .
P 50W_| 100W | 200w | 300w | 500W | 1000W "
Unipolar
SPWM Efficiency 90.6 93.1 95.1 95.9 96.5 96.5 97.1 95.9
Doubled Frequency (%)
SPWM 90.5 | 919 | 946 | 955 | 96.1 962 | 96.6 | 95.5
100 VI. CONCLUSION
- This paper presented an improved grid-connected inverter
* topology for transformerless PV systems. The unipolar SPWM
s and double-frequency SPWM control strategies are both imple-
§ %0 mented with three-level output in the presented inverter, which
£ can guarantee not to generate the common-mode leakage current
. 85 «=gr=Unipolar SPWM i o :
po because the condition of eliminating common-mode leakage
=8=Double frequency SPWM current is met completely. Furthermore, the switching voltages
80 250 5:,0 .,;0 1000 of all c.oml.nutating switches are half of the input dc vgltage and
Pout(W) the switching losses are reduced greatly. The high efficiency and

Fig. 15. Measured efficiency of the improved inverter.

be matched accurately, the common-mode leakage current %¢,
is successfully limited within a very small value that is less than
50 mA for the peak value and less than 10 mA for the rms value,
which complies with DIN V VDE V 0126-1-1 standard [26].

Similarly, to accord with the value principle of the junction
capacitors under the double-frequency SPWM, four additional
capacitors are respectively paralleled to S;—5;, whose values
are much larger than the junction capacitances of S5 and S.
However, considering the increased switching losses induced by
the paralleled capacitors, the value of the paralleled capacitor is
decided as 470 pF as a tradeoff. Therefore, from (14), uan =
upn = 0.514U,. is obtained at the end point of the transient
process from Mode I to Mode 2, and thus, u.,, is maintained at
Ujq./2 approximately. Fig. 14 shows the simulated and experi-
mental results. It is distinct that the equivalent frequency of the
output voltage uap is duplicated to 40 kHz and the ripples of
the grid-connected current i, are reduced greatly thanks to the
double-frequency SPWM strategy; thus, the experimental THD
of the grid-connected current drops to 1.585%. Meanwhile, the
common-mode leakage current ., is effectively limited within
a safety range, although the common-mode resonance between
the junction capacitors of the switches cannot be thoroughly
eliminated. The peak value of the common-mode leakage cur-
rent is measured less than 100 mA, and the rms value is less than
25 mA.

Fig. 15 and Table II show the detailed efficiency data of the im-
proved inverter including the maximum efficiency and European
efficiency, which are measured by the power analyzer PZ4000
from Yokogawa, respectively, when the unipolar SPWM and
the double-frequency SPWM are adopted. The maximum effi-
ciency of 97.1% and European efficiency of 95.9% are achieved
under the unipolar SPWM. And the maximum efficiency and
European efficiency are 96.6% and 95.5% under the double-
frequency SPWM due to the slight increase of the switching
losses.

convenient thermal design are achieved thanks to the decoupling
of two additional switches Sy and Si. Moreover, by adopting the
double-frequency SPWM, the higher frequency and lower cur-
rent ripples are achieved. Consequently, the higher quality and
lower THD of the grid-connected current are obtained, or the
smaller filter inductors are employed and the copper losses and
core losses are reduced accordingly. Finally, a 1-kW prototype
was built, and the validity and applicability of the improved in-
verter were confirmed by the simulated and experimental results.
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