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Abstract—In this paper, a switching loss-free (SLF)
concept for the first six-switches H-bridge inverter (H6-I)
topology is proposed. SLF means that its switches are able
to operate with soft turn-on and turn-off transitions. In
a
new
order
to
implement
the
SLF
goal,
resonance-trajectory is proposed. Compared with the
zero-current-transition H6-I (ZCT-H6-I) topology published
in previous literature, the proposed resonance-trajectory
can precisely compensate for losses of resonant tanks
every switching period. With this intention, an
implementing circuit is structured based on the H6-I
topology, and its detailed operation principle and
performance characteristics are analyzed. As a result, all
active switches of the new circuit are switched under
zero-current turn-on and zero-current turn-off conditions.
Also, the reverse recovery problem of freewheeling diodes
is alleviated owing to the zero-current turn-off property of
diodes. The SLF target is realized in theory. Finally,
experimental results from a 1 kW prototype at 50 kHz
switching frequency are provided to verify the
effectiveness of the proposed SLF concept in practice.
Specifically, the conversion efficiency of the new circuit is
over 95% in a wide load range, and there is roughly a 1.5%
efficiency improvement compared with the hard-switching
H6-I topology.
Index Terms—Zero-current-switching, Resonant tank,
switching loss-free, Transformerless PV inverter

I. INTRODUCTION

I

N recent years, the distributed PV generation system has
received an increasing popularity in the residential,
commercial, and industrial areas [1-3]. Compared with isolated
PV generation configurations, transformerless configurations
have become a widespread acceptance due to the attractive
efficiency, small volume and low cost [4-10]. Based on these
merits, some researchers intend to pursue high power density
transformerless PV grid-connected inverters by raising the
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switching frequency [11-18]. Looking back, this developing
trend will resemble the developed route of DC switching
supplies in 3C (Computer, Communication and Consumer
Electronic) industry, for their switching frequencies have
already reached MHz level currently. However, in conventional
transformerless PV grid-connected inverters, their switches are
still on hard-switching state [4-10]. Because of this, High
frequency transformerless PV grid-connected inverters will
suffer from high losses, cooling stresses, and EMI noises [11,
12].
Obviously, soft-switching technique is one of the most
promising techniques to reduce or even remove the switching
losses, and to degrade the switching stresses, such as di/dt and
dv/dt [19]. Generally speaking, existed soft switching
techniques can be roughly categorized into two sorts: the
snubber-type with resonant tanks [11, 12, 14, 15, 19-21] and the
control-type using switching modulation strategies [13, 22-26].
In previous literature, there were a plenty of snubber-type soft
switching topologies resulted from Silicon Controlled Rectifier
(SCR) commutating branches [19-21]. Their main aim was at
combining desired features from both of the conventional
PWM and resonant converters while avoiding their respective
disadvantage. Particularly, according to with or without active
power devices, the snubber-type soft switching techniques can
be further classified as the active snubber-type and passive
snubber-type [27, 28]. In active-snubber-types, the resonant
tanks can only be activated during switching transitions of
high-frequency switches. Therefore, once the switching
transition is finished, this kind of converters can revert back to
the familiar PWM operation mode so that the circulation loss of
resonant tanks can be minimized [11, 12, 29, 30].
Because of the advantages of the active-snubber-type soft
switching technique, a ZCT-H6-I transformerless PV
grid-connected inverter was proposed in [11]. In its topology, a
couple of resonant tanks are added in parallel to the
high-frequency main switches around. As a consequence, it
realizes the zero-current turn-off for the main switches and
zero-current turn-on for their auxiliary switches, respectively.
However, there are still two disadvantages in [11]. First, the
peak current of the resonant inductors is gradually attenuated in
the grid period since the loss of resonant tanks can not be
replenished every switching period. Because of this, the
ZCT-H6-I may lose the zero-current turn-off condition of the
high-frequency main switches in partial ranges. Second, the
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turn-off loss of the auxiliary switches and the reverse recovery
problem of freewheeling diodes are still retained.
Undoubtedly, there have been two important challenges for
the ZCT-H6-I so far. They include compensating for the loss of
the resonant tanks every switching period, removing the
turn-off loss of the auxiliary switches and the reverse recovery
loss of the freewheeling diodes. In order to solve these
problems, this paper restructures a resonance-trajectory with a
self-compensation mode, as well as a couple of improved
resonant tanks with the resonance-trajectory are proposed.
Particularly, several distinctive features have been obtained in
the proposed circuit: first, the loss of the resonant tanks is
reliably replenished by the self-compensation mode every
switching period; second, the zero-current-switching (ZCS)
conditions of turn-on and turn-off processes are achieved for all
power semiconductor devices including diodes. In other words,
all switching losses are almost removed, and the reverse
recovery problem of the freewheeling diodes is also alleviated
because of diode’s ZCS turn off. Last and the most important,
the SLF concept for transformerless PV grid-connected
inverters is successfully realized. These advantages will
significantly improve the efficiency of transformerless PV
grid-connected inverters, especially in high switching
frequency applications.
The major contribution of this paper is to propose and
demonstrate a switching loss-free (SLF) concept based on the
H6-I topology, which is attractive in high power density
transformerless PV grid-connected inverters. This paper is
organized as follows. Section II firstly presents the proposed
resonance-trajectory with a self-compensation mode, and the
improved resonance tanks. After that, this section gains an
improved ZCS-H6-I topology with SLF (Hereinafter, the
improved circuit is referred as SLF-H6-I). Moreover, the
additional operation modes of the SLF-H6-I compared with the
ZCT-H6-I are analyzed in this section also. Section III presents
the characteristics of the SLF-H6-I, such as soft switching
conditions, stresses on power components, thermal losses of
semiconductor devices, common-mode performance, as well as
non-unity power factor running. Subsequently, some
experimental results from a 50 kHz/1 kW SLF-H6-I are
provided in Section IV. Finally, a conclusion is given in Section
V.
II. RESONANT TANK WITH SELF-COMPENSATION MODE
A. State-Plane Trajectory of Resonance Behavior
Before analysis, it is necessary to recall the operation
principle of the ZCT-H6-I topology in [11]. Its state-plane
trajectory of the resonant tanks is redrawn in Fig. 1(a), and the
detailed operation modes can refer to Section II. B in [11]. From
Fig. 1(a), it can be seen that the circle real line with arrows is
the ideal resonance trajectory, which is named as free
resonance trajectory. When the loss of the resonant tanks is
taken into consideration, the practical resonance trajectory is
represented by an asymptotic dash line, which is also shown in
Fig. 1(a). Obviously, the peak current of the resonant inductor
and the peak voltage of the resonant capacitor are gradually
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Fig. 1. State-plane trajectories of different resonant activities (here iL5a
and uC5a are the current of the resonant inductor L5a and the voltage
of the resonant capacitor C5a, respectively). (a) Ideal and practical
trajectories in the ZCT-H6-I [11]. (b) Expected trajectory with a
self-compensation mode.

attenuated because the loss of the resonant tanks could not be
replenished timely. As a result, the ZCS turn-off condition of
the high frequency main switches may not be satisfied in entire
operation range.
In order to overcome above disadvantage, an improved
resonance trajectory is restructured in this paper, which is
shown in Fig. 1(b). It can be seen, a constant current charging
period [t3, t4] is inserted into the free resonance trajectory at t3.
As a result, this new mode is able to charge the resonant
capacitor voltage to the half of the input voltage every resonant
period. The new added operation mode is named as
self-compensation mode. After this self-compensation mode, a
resonant inductor current linear falling period [t5, t6] is followed
to force the resonant trajectory catch up with the free resonance
trajectory at t3.
B. Implementing Circuit of the Improved Trajectory with
Self-Compensation Mode
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Fig. 2. Topology of [11] and proposed topology with self-compensation
mode. (a) ZCT-H6-I [11]. (b) SLF-H6-I. (c) Gate signal sketch of
SLF-H6-I (ug is the grid voltage).

In this section, a pair of improved resonant tanks with the
self-compensation mode is derived based on the ZCT-H6-I
topology. In detail, the ZCT-H6-I, SLF-H6-I and its driving
logic are shown in Fig. 2(a), (b), and (c), respectively.
Compared with the previous ZCT-H6-I topology, the
connection points of two resonant tanks are moved from the
midpoints of the auxiliary switch and resonant capacitor to the
midpoints of the resonant capacitor and resonant inductor,
respectively. In addition, the previous auxiliary resonant
freewheeling branch and common-mode clamping branch are
integrated into a freewheeling clamping diode branch
composed of Da1 and Da2. Especially, the line-frequency
switches S1-S4 are without anti-parallel diodes. The reason is
that the freewheeling current no longer flows through these
anti-parallel diodes under the condition of unity power factor.
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Fig. 3. Key waveforms of the SLF-H6-I in switching frequency scale (uS5
and iS5 are the collector-emitter voltage and current of IGBT S5,
respectively. uS5a and iS5a are the collector-emitter voltage and current of
IGBT S5a, respectively. uDa and iDa are the cathode-anode voltage and
current of Diode Da1, respectively.).

The detailed operation analysis and performance for the new
circuit are going to be presented in next sections.
On the driving logic hand, the gate signal sketch of all
switches is illustrated in Fig. 2(c). As can be seen in Fig. 2(c),
the duty cycle of the high frequency main switches S5 and S6 is
denoted as D1; the duty cycle of the auxiliary switches S5a and
S6a is denoted with D2. In the positive half cycle of the grid
voltage, S1 and S4 are always ON, S2 and S3 are always OFF.
Oppositely, S1 and S4 are always OFF, S2 and S3 are always ON
in the negative half cycle. There is an overlapping time △
between the high frequency switches (S5, S6) and the auxiliary
switches (S5a, S6a). These driving requirements are almost the
same as at the ZCT-H6-I topology. But their difference is that
the previous turn-off constraint condition for the auxiliary
switches S5a and S6a of the ZCT-H6-I is relieved in the new
resonant tanks.
Referring to Fig. 2(c), the turn on moment of the main
switches and the turn off moment of the auxiliary switches can
be set freely, such as at the same time point, or with a dead time,
or even with an overlapping time. This paper sets the turn on
moment of the main switches and the turn off moment of the
auxiliary switches at the same time to discuss its operation
principle.
C. Operation Principle of the SLF-H6-I Topology
By comparing Fig. 1(b) with Fig. 1 (a), it can be seen that
only the operation modes [t3, t4], [t4, t5], and [t5, t6] are new, so
they are necessary to analysis in detail. However, the rest of
operation modes are not duplicated here since they are similar
with the ZCT-H6-I topology in [11]. Therefore, this section
focuses on three new operation modes. The key operation
waveforms of the SLF-H6-I in the grid current positive half
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Here, iLa(t) and uCa (t) respectively represent general current
and voltage of resonant inductors and resonant capacitors.
2) Stage 5 [t4, t5]: Referring to Fig. 4(b). At t4, the charge
current of the resonant capacitors sharply decreases to zero,
and the resonant inductor current is transferred into the
freewheeling clamping diodes Da1 and Da2. The inverter
goes into the normal freewheeling period.
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Fig. 4. Equivalent circuits of three new operation modes. (a) Stage 4
[t3, t4], (b) Stage 5 [t4, t5], (c) Stage 6 [t5, t6]

cycle are shown in Fig. 3, and the equivalent circuits of three
new operation stages are illustrated in Fig. 4.
1) Stage 4 [t3, t4]: Referring to Fig. 4(a). Upon the fact that
the peak value of the resonant currents is larger than the
maximum amplitude of the grid current which is guaranteed
by designing the resonant parameters [11], the resonant
currents iL5a and iL6a fall to IL at t3. After that, they are
clamped at IL by the current of the filter inductors L1 and L2.
In this period, the resonant inductors and resonant capacitors
stop resonating. The resonant capacitors C5a and C6a are
charged by the constant current IL, i.e. the self-compensation
mode compensates for the loss of the resonant tanks. At t4, the
voltages uC5a and uC6a on the resonant capacitors increase to
-0.5UPV at a linear rate, respectively. At this stage,
(1)
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t
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U PV
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It is worth noting that the resonant inductors are involved in
the freewheeling loop, and the currents through S5a and S6a are
naturally dropped to zero. Thus the ZCS turn off condition for
the auxiliary switches S5a and S6a is achieved.
3) Stage 6 [t5, t6]: Referring to Fig. 4(c). At t5, the main
switches S5 and S6 are turned on. After that, the current in
the resonant inductors decreases at a constant slope from IL,
and the current through S5 and S6 increases with the same
slope from zero. Therefore, the ZCS turn on condition for
the high frequency main switches S5 and S6 is achieved. The
decreasing rate of the resonant inductor current is controlled
by the input voltage amplitude and resonant inductance. At
t6, the current through the resonant inductors and
freewheeling clamping diodes fall to zero. As a result, the
reverse recovery problem is alleviated, for the ZCS turn off
condition for the freewheeling clamping diodes Da1 and Da2
is naturally achieved.

(a)
D5

S5

uCa (t )  U Ca

Based on the analysis of three new modes and residual
modes described in [11], no extra current is superposed on the
grid current, which means the resonant action has no effect on
the grid current THD.
III. CIRCUIT PERFORMANCE ANALYSIS
A. Soft Switching Requirements
At stage 6 in Section II. C, the high frequency main switches
S5 and S6 are turned on with zero current. After that, the current
through S5 and S6 increases at a constant slope from zero, and
the increasing rate of the switch current is controlled by the
input voltage UPV and resonant inductance Lr. The increasing
rate is expressed in (8). Besides, the high frequency main
switches S5 and S6 can be turned off with the ZCS condition at
stage [t1, t3], and the detailed operation analysis can refer to [11].
Therefore, the SLF target for the main switches S5 and S6 can be
realized as long as the following terms are satisfied.

(2)
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At stage [t0, t1] (referring to Fig. 3), the auxiliary switches S5a
and S6a are turned on with zero current. Then the current
through S5a and S6a increases from zero at a sine slope, and the
increasing rate is expressed as bellow,
(10)
iLa (t )  I La sin[r (t  t 0 )]  iS5a

topology has approximately voltage stresses as the H6-I and
ZCT-H6-I topologies.
In order to evaluate the lossless advantage of proposed SLF
concept quantitatively, the semiconductor losses of several
topologies have been calculated. They include the H6-I, ZCT
H6-I and SLF H6-I, and the detailed data is listed in Table II.
Here, the power switches used are IKW40N60T from Infineon,
and the power diodes used are by RHRG5060 from Fairchild
Semiconductor. They are accordant with the experiment
prototype in the next section. In addition, the loss calculation
process and formula have already been presented in [5] and is
therefore not duplicated here.

The auxiliary switches S5a and S6a can be turned off with
ZCS at stage 5[t4, t5]. Thus, the SLF target for the auxiliary
switches S5a and S6a can also be realized as long as the
following condition is satisfied.
(11)
D2TS   Lr Cr

TABLE I
COMPONENT QUANTITY AND VOLTAGE RATE IN SEVERAL TOPOLOGIES
Voltage Rating HS-H6-I
ZCT-H6-I
SLF-H6-I

In addition, the current through the freewheeling clamping
diodes Da1 and Da2 decreases in a linear style from IL to zero at
stage 6 [t5, t6]. The decreasing rate of the diode current is
controlled by the input voltage UPV and resonant inductance Lr,
as expressed as bellow,

U
iLa (t )  I L  PV t  iDa
2 Lr

(12)

As a result, the freewheeling diodes naturally commutate and
do not suffer from severe reverse recovery problem.
It is worth noting the antiparallel diodes D1-D4 of the line
frequency switches S1-S4 are no longer involved in the
freewheeling loop (referring to Fig. 4(c)) in the SLF-H6-I. As a
result, the reverse recovery problem of the former antiparallel
diodes D1-D4 is avoided.
It is truth that the line-frequency switches S1-S4 turn on and
turn off with nearly a zero current in Fig. 2 (b) and their
switching frequency equals the line-frequency, the
line-frequency switches S1-S4 have an ignorable switching loss.
Therefore, it can be found that the SLF-H6-I works with SLF
for all semiconductor devices approximately, and a new SLF
concept for transformerless PV grid-connected inverters has
been realized in circuit.
B. Voltage Stresses and Loss Analysis of Power
Devices
From Fig. 3, the voltage stresses of the high frequency main
switches (S5 and S6) and the auxiliary switches (S5a and S6a) are
the half of the input voltage. These mean that low voltage rated
power devices with high performance can be employed in the
high input voltage applications to reduce the conduction loss
and cost. The voltage stress of the resonant capacitors C5a and
C6a is also the half of the input voltage, which means that low
voltage rated film capacitors can be used to reduce the leakage
current loss and cost.
The voltage stresses of the line-frequency switches (S1-S4)
and the freewheeling clamping diodes (Da1 and Da2) equal the
input voltage. Table I shows the quantity and voltage stress
rating of power components. It can be found that the SLF-H6-I

Main
switch
Auxiliary
switch
Diode
Resonant
component

UPV
UPV/2
2UPV
UPV
UPV
UPV/2
Inductor
Capacitor

4
2
0
0
4
4
0
0

4
2
1
2
5
6
2
2

4
2
0
2
2
4
2
2

As can be seen in Table II, the SLF-H6-I is with the least
semiconductor device losses, and its switching loss and reverse
recovery loss are zero. For this reason, the total semiconductor
losses of the SLF-H6-I are able to be independent of the
switching frequency. Therefore, the lossless advantage will be
getting more outstanding as the switching frequency increases.
TABLE II
SEMICONDUCTOR LOSSES OF SEVERAL TOPOLOGIES RATED AT 50 KHZ / 1
KW
Topology
H6-I
ZCT-H6-I
SLF-H6-I

Cond.
loss
(W)
11.57
13.22
13.22

Switch.
loss
(W)
12.97
6.03
0

Freew.
loss
(W)
4.00
4.00
8.88

Rev.
recov.
loss (W)
11.66
11.66
0

Gate
loss
(W)
0.64
0.96
0.64

Total
(W)
40.48
35.87
22.73

C. Common-Mode Characteristic
The leakage current induced by the common-mode voltage is
another concern for transformerless PV grid-connected
inverters. Basically, the leakage current property can be
assessed by the common-mode voltage performance [32]. In
brief, the leakage current of a full-bridge transformerless
inverter depends on the amplitude and frequency of the
common-mode voltage under the condition of filter inductor
symmetric placement in phase line and neutral line.
Ignoring the switching current ripple in the output filter
inductors, the differential-mode and common-mode voltages of
the proposed SLF-H6-I can be listed in Table III according to
the switching states. Here uDM= u1N－u2N, and uCM=0.5×(u1N＋
u2N). As shown in Table III, the differential-mode voltage uDM
of the SLF-H6-I is an unipolar SPWM style, and the
common-mode voltage uCM is a constant value at all operation
stages. As a result, the SLF-H6-I topology has the same
differential-mode and common-voltage characteristics as the
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H6-I and ZCT-H6-I topologies. Therefore, the leakage current
index of the SLF-H6-I will satisfy the grid standards and codes,
such as VDE 0126-1-1, IEEE 1547 et al..
TABLE III
SWITCH STATES, OPERATION LEVELS, DIFFERENTIAL-MODE, AND
COMMON-MODE VOLTAGE OF THE SLF-H6-I
Switching Stage

u1N

u2N

uDM

uCM

[t0, t3]
[t3, t4]
[t4, t5]
[t5, t9]

Upv
Upv－uC5a
Upv/2
Upv

0
uC6a
Upv/2
0

Upv
Upv－2uCa
0
Upv

Upv/2
Upv/2
Upv/2
Upv/2

Note: u1N is the voltage between midpoint 1 and terminal N in Fig. 2 (a),
u2N is the voltage between midpoint 2 and terminal N.

D. Discussion on SLF-H6-I with Non-Unity Power Factor
The aforementioned analysis is based on the assumption that
the grid-connected inverter works with unity power factor, and
the compact SLF-H6-I topology is derived with omitting the
anti-parallel diodes of the line-frequency switches. On the other
side, a definite amount of reactive power for PV grid-connected
inverters has been required by the latest grid codes. For instance,
German standard VDE-AR-N 4105 (updated in 2011) claims
that grid-tied PV inverters of the power rating over 4.6 kVA
(single phase)/13.8 kVA (three phase) should satisfy the power
factor from 0.9 leading to 0.9 lagging [34]. The detail
specification is shown in Table IV.
TABLE IV
DISPLACEMENT FACTOR OF THE POWER SYSTEM UNDER DIFFERENT
POWER RATINGS (STD. VDE-AR-N4105)
Power Rating

Displacement Factor Requirement
0.95(under-excited) to
PGS/PGU≤3.68 kVA
0.95(over-excited) without control
0.95(under-excited) to
3.68 kVA<PGS/PGU
0.95(over-excited) commanded by
PGS/PGU≤13.8 kVA
power companies
0.9(under-excited) to
PGS/PGU>13.8 kVA
0.9(over-excited) commanded by
power companies
PGS/PGU: power generation system/power generation unit.
The required displacement factor accuracy is 0.01.

In fact, the SLF-H6-I can also work under non-unity power
factor if the anti-parallel diodes of line-frequency switches are
remounted. At the same time, in order to increase the reactive

HS-BipolarSPWM
ug

I

power output ability, the unipolar SPWM modulation should be
switched to the bipolar SPWM in out of phase of grid voltage
and grid-in current. The reason is in order to supply sufficient
voltage to magnetize the filter inductor. Undoubtedly, the
complexity of the circuit topology and driving logic will
increase. Besides, some operation regions will lose ZCS
because the timing sequence of the resonant tanks is no longer
satisfied for the sake of producing reactive power.
The corresponding driving logic is shown in Fig. 5. Taking
the grid-in current lagging grid voltage as example, when the
grid-in current and grid voltage are in phase, the SLF-H6-I can
still work under ZCS with unipolar SPWM; when the grid-in
current reverses the grid voltage, the SLF-H6-I enters into the
hard switching (HS) mode with bipolar SPWM. In addition, the
reverse recovery of the anti-parallel diodes D5 and D6 of the
high frequency main switches will cause additional loss in the
HS mode. In order to reduce the loss, the fast recovery diodes
can be chosen as the anti-parallel diodes of the high frequency
main switches S5 and S6 because the anti-parallel diode of
IGBT can be optimized separately. Considering the cost and
reliability, the proposed topology is therefore preferred to
operate at unity power factor.
Fortunately, the power rating below 3.68 kVA is still
permitted to work with unity power factor only, so the proposed
topology is valuable for low power applications in the future.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
In order to verify the effectiveness of the main contributions
of this paper, a 1 kW prototype with the topology shown in Fig.
2(b) is built and tested. The main components and parameters
are listed as follows, UPV: 360-400V DC; ug: 180-240 V
RMS/50 Hz; switching frequency fs: 50 kHz; Cdc1, Cdc2: 470

Fig. 6. Waveforms of the grid voltage ug, the grid-in current ig, and the
differential-mode voltage uDM. (ug and uDM: 200V/div, ig: 10A/div, and
time: 4ms/div).

ZCS-UnipolarSPWM
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Fig. 5. Gate signals of the SLF-H6-I with lagging power factor.

Fig. 7. Waveforms of the grid voltage ug, the grid-in current ig, and the
common-mode voltage uCM, as well as the arm voltages u1N and u2N. (ug,
u1N, u2N, and uCM: 200V/div, ig: 10A/div, and time: 4ms/div).
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μF/350 V DC; L1, L2: 0.5 mH; C1: 2 μF; S1-S6: IKW40N60T;
S5a, S6a: IKW40N60T; Da1, Da2: RHRG5060.
The inductance and capacitance of the resonant tanks are the
key parameters for the SLF-H6-I topology because they
determine the soft switching range, maximum duty cycle, and
current stress. Referring to the design guidelines and steps of
the resonance parameters in [11], the key parameters Lr=23 μH
and Cr=47 nF are selected and assembled. In this case,
maximum IL=6.43 A, ILa=8.13 A, Tr=6.28 μs, and the turn on
current rise rate of the high frequency main and auxiliary
switches K=8.7 A/μs.
The following experimental results are obtained at Pout=1
kW, ug=230 V/50 Hz, and UPV=380 V. The experimental
results of the differential-mode and common-mode
performance are shown in Fig. 6 and Fig. 7, respectively. It can
be seen that the differential-mode voltage is an unipolar SPWM
style, and the common-mode voltage is a constant value. These
two factors are very important for the efficiency and leakage
current performance indicators of transformerless PV
grid-connected inverters. It can be found that the experimental
results are in agreement with the theoretical analysis of Section
III. C, so the SLF-H6-I topology is suitable for transformerless
PV grid-connected applications [32, 33].
Fig. 8 shows the experimental waveforms of the gate driving

(a)

(b)

(c)
Fig. 8. Waveforms of the resonant tank. (a) Steady state (driving voltage
uGE5 of switch S5 and driving voltage uGE5a of switch S5a: 10V/div, uC5a:
200V/div, iL5a: 10A/div, and time: 4μs/div); (b) Start-resonant process
(time: 10μs/div); (c) Stop-resonant process.

uGE5, uGE5a, the resonant current iL5a, and the resonant voltage
uC5a. As can be seen in Fig. 8, the peak voltage across the
resonant capacitor is stably clamped at the half of the input
voltage. It is worth noting that the processes of the
start-resonating and stop-resonating of the resonant tank are
safe and reliable. The experimental waveforms are in
agreement with the theoretical analysis in Fig. 3.
The experimental results of the ZCS of the high frequency
main switches and auxiliary switches are shown in Fig. 9 and
Fig. 10, respectively. It can be concluded that ZCS turn on and
turn off are realized for all power IGBTs, which minimizes the
switching losses. It is worth noting that the steady-state voltage
stresses of the high frequency main switches and auxiliary
switches are equivalent to the half of the input voltage.
However, some voltage spikes can be found in the auxiliary
switches voltage waveforms during the transition period, which
is caused by the resonance between the resonant inductor and
the parasitic capacitor of the auxiliary switch. Fortunately, the
resonance energy is relatively small, and the voltage spikes are
still in an acceptable range.
The experimental waveforms of the freewheeling clamping
diode Da1 are shown in Fig. 11. It can be seen that the voltage
stress of the freewheeling clamping diodes is equivalent to the

Fig. 9. Waveforms of the high frequency main switch S5. (uGE5 and
uGE5a: 10V/div, uS5: 100V/div, iS5: 10A/div, and time: 4μs/div)

Fig. 10. Waveforms of the auxiliary switch S5a. (uGE5 and uGE5a: 10V/div,
uS5a: 200V/div, iS5a: 10A/div, and time: 4μs/div).

Fig. 11. Waveforms of the auxiliary diode Da1. (uGE5 and uGE5a: 10V/div,
uDa: 200V/div, iDa: 5A/div, and time: 4μs/div).
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Fig. 12.
Efficiency curves comparison between the SLF-H6-I,
ZCT-H6-I [11], and HS-H6-I [28] (measured by Digital Power Analyzer
VOLTECH PM3300).

input voltage. The current falling rate of the freewheeling
clamping diodes is controlled by the resonant inductance, so the
freewheeling clamping diodes are turned off naturally. As a
result, the reverse recovery current of freewheeling clamping
diodes is alleviated, which reduces the reverse recovery loss
and the EMI noise. Considering the experimental results in Fig.
9-11, the SLF concept for the H6-I transformerless PV
grid-connected inverter is realized in practice.
In order to verify the merit of the SLF concept in efficiency,
the efficiency curves of the SLF-H6-I, ZCT-H6-I, and hard
switching H6-I (HS-H6-I) with different output powers are
shown in Fig. 12. It can be seen that the efficiency at full load is
97%, and is at least for 1.5 % improvement compared with

ZCT-H6-I and HS-H6-I topologies thanks to adopting the SLF
concept. More importantly, the SLF-H6-I efficiency is higher
than the HS-H6-I in the full load range, which means that the
sum of the increased conduction loss and resonant components
loss is less than the reduced switching losses in the proposed
SLF-H6-I topology.
Based on above theoretical analysis and experimental data,
Table V compares and summarizes some typical
hard-switching transformerless PV inverter topologies and two
soft-Switching Topologies in Price and Performance aspects.
As can be seen in Table V, the main disadvantage of the
SLF-H6-I is in terms of passive components and diodes, which
are necessary to help realize SLF. Fortunately, under the
precondition of keeping same conversation efficiency, the
switching frequency of the SLF-H6-I can be raised to shrink the
AC filter, which is normally expensive in price. As a result, the
saving cost from the AC filter can compensate for the cost of
auxiliary circuit and diodes of the SLF-H6-I.
V. CONCLUSION
The soft-switching technique is one of the most promising
techniques to raise the switching frequency for PV
grid-connected inverters. The main contributions of this paper
are that the SLF concept for single-phase transformerless full
bridge topologies has been proposed and the SLF concept is
realized based on the H6-I topology. Several clear merits are
summarized as below.
1) A resonance trajectory with the self-compensation
mode is designed, and a couple of the resonant tanks with
the self-compensation mode are obtained based on the H6-I.
They are able to compensate for the loss of the resonant
tanks precisely.

TABLE V
COMPARISON OF HARD-SWITCHING AND SOFT-SWITCHING TOPOLOGIES IN PRICE AND PERFORMANCE
HERIC
H5
HS-H6-I
ZCT-H6-I
SLF-H6-I
Input DC Quantity(piece)
1
1
2
2
2
capacitors
Voltage
UPV
UPV
UPV/2
UPV/2
UPV/2
Price
High
High
Low
Low
Low
Switches
Quantity(piece)
4(HF1)
2(LF2)
3(HF)
2(LF)
2(HF)
4(LF)
4(HF)
4(LF)
4(HF)
4(LF)
Voltage
UPV
UPV
UPV
UPV
UPV/2
UPV
UPV/2
UPV
UPV/2
UPV
Price
High
Medium
High
Medium Medium Medium
High
Medium
Medium3
Medium
Diodes
Quantity
0
0
2
1
2
2
Voltage
UPV/2
2UPV
UPV/2
UPV
Price
None
None
Low
Medium
Low
Low
Passive
Quantity (set)
1(AC4)
1(AC)
1(AC)
1(AC)
2(Aux5)
1(AC)
2(Aux)
components Voltage/Current
UPV/ILp6
UPV/ILp
UPV/ILp
UPV/ILp
UPV/2 /ILa7
UPV/ILp
UPV/2 /ILa
Price
High
High
High
High
Very low
High
Very low
Losses
Switching
High
High
High
Medium
Almost zero
Conduction
Low
Medium
High
High
High
Total
Medium
High
High
Medium
Low
Heat-Sink (Volume/Price)
Medium
High
High
Medium
Low
EMI noise
High
High
High
Medium
Low
Leakage current
Medium
Medium
Medium
Low
Low
Reactive power ability
Good
Good
Good
Not recommend
Not recommend
1
: HF means high frequency operation;
2
: LF means line frequency operation;
3
: can choose low speed switches because of no switching losses;
4
: AC means output filter at AC side, which composes of inductor and filter;
5
: Aux means resonant components in the resonant tank, which composes of inductor and filter;
6
: ILp represents the maximum amplitude of the grid-in current;
7
: ILa represents the maximum amplitude of the resonant current.
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2) The ZCS conditions are achieved for all power switches
in both of turn on and turn off processes under unity power
factor condition. Besides, the ZCS turn off of the
freewheeling diodes is achieved naturally so that the reverse
recovery problem is alleviated.
3) By integrating the resonant tank and clamping diodes
with saving one diode, the freewheeling clamping function
is obtained synchronously so that a constant common-mode
voltage is realized at switching frequency scale.
These characteristics are verified by a SLF-H6-I prototype
rated at 50 kHz, 1 kW. In brief, the proposed SLF concept is a
good candidate for the high frequency transformerless PV
inverters, especially in the unity power factor application below
4.6 kW rated power.
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