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Abstract- This paper presents a soft-switching DC-DC boost converter, which can be utilized in renewable
energy systems such as photovoltaic array, and wind turbine connections to infinite bus of a big power network,
using grid connected inverters. In the proposed topology for the DC-DC boost converter, the main and the
auxiliary power switches are turned on and turned off with zero voltage switching (ZVS) and zero current
switching (ZCS), respectively. Furthermore, by applying soft-switching techniques to driving power switches,
the power losses and stresses associated with commutation of power devices decrease significantly. The
efficiency of the proposed soft-switched DC-DC converter at various output powers is compared with that of the
traditional DC-DC converter and a few topologies proposed in recent literature. This comparison indicates that
the proposed DC-DC boost converter is much more efficient around the rated power (1 kW). The power
topology and the control strategy applied to the proposed soft-switched DC-DC boost converter, which is
connected to a grid-tied inverter, are analyzed theoretically by simulation studies. Moreover, an experimental
prototype is implemented to verify the theoretical analysis and the simulation studies.

Keyword: Soft switching, DC-DC converter, Zero voltage switching (ZVS), Zero current switching (ZCS), Grid

connected inverters, Renewable energy systems.

1. INTRODUCTION
Grid-connected inverters have been developing
quickly for renewable energy power converter
applications due to the limited availability of
traditional energy resources such as oil and coal
and even nuclear materials. Furthermore, owing to
dramatic and fast growth of energy demands all
over the world, the cost-effective and reasonable
solution is to utilize renewable energy resources
such as solar and wind energies in lieu of
traditional  nonrenewable  energy  resources.
However, the produced output power of renewable
energy resources is generally unregulated and
discontinuous. DC-DC boost converters are usually
applied in order to convert the unregulated and
discontinuous output power of such renewable
energy resources to a constant output power.
Various grid-tied inverter topologies and control
strategies have been proposed in the literature [1-
10]. Soft-switching techniques are employed
extensively to decline commutation losses of power
switches [11-20]. The purpose of soft-switching
converters is to reduce power-switching losses and
electromagnetic interference (EMI) more than the
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traditional hard-switching inverters. Therefore, to
increase power efficiency, grid-tied inverters are
also designed to be disconnected rapidly from the
power network when it goes down, known as
islanding phenomenon. According to the IEEE
standard 1547 [8], the time required for
disconnection of distributed generation systems
(DGs) must not exceed two seconds after power
network blackout. The grid-tied inverters may
either include high-frequency transformers and
conventional low-frequency transformers, or lack a
transformer (transformerless). Inverters with high-
frequency transformers involve converting high
frequency AC power to DC and then DC to AC
power network voltage again [9]. Transformerless
inverters have higher efficiency; however, due to
the lack of isolation between DC and AC, the
circuit parts can lead to the transmission of
dangerous DC faults to the AC side circuits [10].
The sine PWM technique is applied to decrease the
harmonics contents at the output voltage of grid-
tied inverters. Most grid-tied inverters use
maximum power point tracking technique on their
DC sides to extract the maximum power from the
unregulated and discontinuous renewable energy
resource. This renewable energy resource is usually
a boost DC-DC converter with controllable power
switch gate signal duty cycle according to variable
power supplied from the renewable energy resource
in order to provide constant DC link voltage for
grid-tied inverters [11]. Several soft switching DC
to DC topologies have been proposed in many
studies [22-24]. A few studies also report
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disadvantages such as the power switch not turning
off with soft switching [21]. The soft switching
condition depends on the duty cycle applied in
literature [24]. A magnetically coupled inductor is
applied in a ZVZCS converter [22] which causes
unwanted oscillations to occur in response to the
nonlinear characteristics of coupled inductors. In
another study [25], additional current stress was
produced which caused power loss in the ZVZCS
converter. In literatures [26-31], a magnetically
coupled inductor has been used. The switches are
turned on with zero voltage switching) ZVS) ;
however, they are not turned off in zero current
switching) ZCS). Moreover, due to the nonlinear
characteristics of coupled inductors there will be
unwanted oscillations and inductor current leakages
in the converter. In study [30] on the other hand,
the voltage stress across the main switch is very
high during the resonance mode. Coupled inductor
based converters with arbitrary spike in voltage
gain by changing the turn’s ratio is more attractive.
Voltage spike on the switches is the main issue of
these converters. Passive clamp [32], [33] or active
clamp [34], [35] technique is used to decline the
voltage spike on the switches. However, in these
converters there is a high voltage stress on the
output diode. Therefore, a snubber circuit or higher
rated diodes should be applied.

This paper introduces a novel soft-switching DC-
DC boost converter, which can be deployed in
renewable energy systems such as photovoltaic
array and wind turbine connections to infinite bus
of a big power network, using grid-connected
inverters. To overcome the deficiencies mentioned
earlier in literatures, in the proposed topology and
control strategy, the power losses associated with
commutation of power devices diminish
significantly by using soft-switching techniques for
driving power switches. The power topology and
control strategy for the proposed soft-switched
grid-tied inverter are investigated theoretically
through simulation studies and demonstrated
experimentally via prototype circuit testing.

2. PROPOSED TOPOLOGY AND
CONTROL STRATEGY
The circuit schematic in Fig. 1 depicts the power
circuit topology of the proposed soft-switched DC-
DC boost converter, which is connected to a grid-
tied inverter. The proposed topology is a novel
soft-switched resonant DC-DC boost converter in a
series of connections with a traditional full-bridge
PWM converter. The series-connected circuit
topology is assumed to include mass conduction
losses. However, by applying soft-switching
techniques through power switches, the associated
power losses would decline considerably.
Furthermore, all of the methods employed in grid-
tied inverters such as maximum power point
tracking (MPPT), power network synchronization,

and islanding detection algorithms can be utilized
in the proposed soft-switched grid-tied inverter. In
operation mode I, power switches S; and S; are off,
and then inductor Li, current flows through
capacitors Cs1 and Cs. In this mode, the following
equation can be written:
I R @
dt Cg, o C,

In operation mode 11, power switch S is turned
on with ZVS. In contrast, power switch S; is off.
In this mode, capacitor C; is discharged through
diode of S;. Moreover, the following relation can
be written:

—j ide+ L, 9= v, )
dt
In operation mode Ill, power switch S1 is

turned on with ZVS, and capacitor C1 and C2 are
charged. Furthermore, in grid half positive cycle,
power switches S3 and S6 are turned on with
ZVS. The following equation is valid among the
circuit elements:
di di 3
Lo g b = Vo ®)
where, L1 is the primary inductance of high
frequency transformer. In operation mode 1V,
power switch S2 is turned off with ZVS. In this
mode, power switches S3 and S6 are also turned
off, and freewheeling current flows through diode
of power switches S3 and S4. Moreover, we have
the following equation:
i

L, d'[+L1—+—_|‘ i, dt=V, (4)

In operation mode V, the power switch S; is
turned on with ZVS.

In addition, capacitors C, and C; are charged
and discharged by the power switch S; diode
respectively. The following equation is also
satisfied:

in%_cit idt=

15 (5)

In operation mode VI, power switch S; is
turned off with ZCS, and capacitors C, and C; are
charged and discharged, respectively. The
foIIowing equations can be used:

—+—j i, dt+
) (6)
Elt6|2 dt+ Lia=o -
i1+i2 =i (8)

In operation mode VII, the power switch S; is
turned off with ZCS conditions. In addition, we
have the following equation
L9y —j i dt+ —j idt=V,

dt
9)
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Fig. 1. Circuit schematic of the proposed soft-switched grid-tied inverter
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Fig. 2. Operation modes timing diagram for DC-DC converter section in the proposed soft switched grid tied inverter

Timing diagrams of various circuit parameters as
well as soft-switching conditions for power
switches S; and S; are depicted in Fig. 2.

The operation modes of the proposed grid-tied
inverter topology are demonstrated in Fig. 3. For AV =i xR
controlling the output power of the proposed grid- RS C270s
connected inverter, a current control method using AVg,e, = [ AV,,? + AV
alpha beta to dg transformation and vice versa (dq K
to alpha beta transformation) is applied. The block
diagram of the applied current control strategy with

I
AV, = DT,

2

DC-link capacitor, thus the ripple voltage across
capacitor C, can be written as follows:

output voltage phase locked loop (PLL) is shown in

Fig. 4.

capacitor C; is its using adequate capacitance to
reduce ripple current ratings. DC-link capacitor
current is obtained by subtracting the input current
from power MOSFET S, current (ips2). The
frequency of DC-link capacitor C, current is
approximately twice the switching frequency.
Since there is an equivalent series resistance (Rs) in

where, lin, D, and Ts are the drain current, duty
cycle, and switching period of power switch S,
respectively. Under specific output ripple voltage
conditions, the value of capacitor C, can be
estimated. As indicated in Fig. 2, the maximum
drain current of power MOSFETS S, Sy, Sa, Sa, Ss,
and Sg as well as the maximum drain-to-source
voltages across them in the proposed soft-switched
grid-tied inverter are given as follows:
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Fig. 4. Control strategy of the proposed soft switched grid connected inverter
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i — | _ | _ | _ \/Epo,max
ds3,max — 'ds4,max — 'ds5max — 'ds6max —  y,

' ' ' ’ V,

0,rms (13)
vds3,max = VdsA,max = vdss,max = VdsG,max (14)
V,

Vg, +V, =&

C1 Cc2 l— D
. P
e = 2 (15)

s1,max Vin

Vst max =Ve, +Veo (16)

The maximum current through power switch S;
and the maximum voltage across it can be obtained
from the following equations:

Ve, +Ve,(n=1/n)

Idsz,max R Iin + Io,max +

Z, 17
_ Ponac V2P, o Ve Ve, (n-1/n)
Vin Vo,rms Zo
Vesa max = Ver Ve, (1+1/n) (18)

where, n is the turn ratio of high frequency
transformer and Z, is defined in equation (20). The
resonant inductor maximum current iiinmax IS
obtained through the following relation:

vi 4 Vea(n-1) (19)

C1,max L1,max
nz,

Lin,max =1

In Equation (18), it is obvious that high values of
Z, will cause lower current flowing through power
switch Sy, thus reducing the current stress of power
switch S;. Likewise, we have the following
equation:

Z,=4L,/Cq (20)
Furthermore, we can write the following relation:
Csi =L, /202 (21)

Therefore, in order to have a large value for Z,,
capacitor Cs1 should have a relatively small value.
Output filter inductor L; and capacitor Cs are
chosen such that to reduce the harmonics contents
of the output voltage, which are a part of output
LCL filter.

3. SIMULATION RESULTS

The drain-to-source current, gate-to-source voltage,
and drain-to-source voltage for power switch S; are
presented in Fig. 5. As this figure indicates, power
switch Ss is turned on and turned off with ZVS and
ZCS, respectively. Similarly, the drain-to-source
current, gate-to-source voltage, and drain-to-source
voltage for power switch S, are depicted in Fig. 6.
As shown in Fig. 6, power switch Sy is turned on
and turned off with ZVS and ZCS, respectively.

4. EXPERIMENTAL RESULTS
To illustrate the proper operation of the theoretical
analysis and investigate whether it was accurately
implemented in the present study, an experimental
prototype of the proposed soft-switched grid-tied
inverter was built. A photograph of the proposed
converter is shown in Fig. 7. The real drain-to-

source current, gate-to-source voltage, and drain-
to-source voltage for power switch S; are
demonstrated in Fig. 9. The ZVS turn-on condition
for power switch S; is illustrated in Fig. 10.
Moreover, the ZCS turn-off condition for power
switch Sy is depicted in Fig. 11. The real drain-to-
source current, gate-to-source voltage, and drain-
to-source voltage for power switch S, are shown in
Fig. 12. The ZVS turn-on condition for power
switch Sy is illustrated in Fig. 13. In addition, the
ZCS turn-off condition for power switch S; is
depicted in Fig. 14. The real drain-to-source
current, gate-to-source voltage, and drain-to-source
voltage for power switch S; are presented in Fig.
15. The ZVS turn-on condition for power switch Sz
is illustrated in Fig. 16 and the ZCS turn-off
condition for power switch Sz is depicted in Fig. 17.
Furthermore, the grid voltage, inverter output
current, and inverter output voltage are shown in
Fig. 18.

—

- AMMMMAIAY

Fig. 5. Drain to source current (top), gate to source voltage
(middle) and drain to source voltage (bottom) for power
switch S;

L

Fig. 6. Drain to source current (top), gate to source
voltage (middle) and drain to source voltage (bottom) for
power switch S,

Fig. 7. A photograph of the proposed grid-tied inverter
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Furthermore, grid voltage, grid-tied inverter output
current, and grid-tied inverter output voltage are
depicted in Fig. 19. The following components and
characteristics have been used in the proposed soft-
switched grid-tied inverter experimental prototype:

Input voltage: 150 VDC
Output voltage: YoM = 22072 sin[27(50)t

Output power: 1000 W maximum

Switching frequency: 20 kHz

HF transformer turns ratio: 2

Capacitor C1: 470 pF

DC-link capacitor C2: 470 uF

Input capacitor Cin: 470 pF

Resonant inductor Lin: 5 pH

Resonant capacitor CS1 and CS2: 2.2 nF
Switches S1, S2, S3, S4, S5, and S6: IRF840
Power diodes: 1N5408
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Fig. 8. Inverter output and grid voltages
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Fig. 9. Measured drain to source current (top), gate to
source voltage (middle) and drain to source voltage (bottom)
for power switch S;
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Fig. 10. Measured drain to source current (top), gate to
source voltage (middle) and drain to source voltage (bottom)
for power switch S;

The efficiency diagram of the proposed soft-
switched DC-DC converter, which was compared
with that of the conventional DC-DC boost
converter, active clamp push pull converter [35]
and the system proposed in literature [27] is
Ilustrated in Fig. 20.
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Fig. 11. Measured drain to source current (top), gate to
source voltage (middle) and drain to source voltage (bottom)
for power switch S;
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Fig. 12. Measured drain to source current (top), gate to
source voltage (middle) and drain to source voltage (bottom)
for power switch S,
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Fig. 13. Measured drain to source current (top), gate to
source voltage (middle) and drain to source voltage (bottom)
for power switch S,
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Fig. 14. Measured drain to source current (top), gate to
source voltage (middle) and drain to source voltage (bottom)
for power switch S,

As depicted in this figure, the proposed soft-
switched DC-DC converter reaches high power
efficiency for almost 97.5% under the power
between 800 W and 1000 W, being far superior to
the hard-switching DC-DC boost converter and
other existing topologies.
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Fig. 15. Measured drain to source current (top), gate to
source voltage (middle) and drain to source voltage (bottom)
for power switch S3
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Fig. 16. Measured drain to source current (top), gate to
source voltage (middle) and drain to source voltage (bottom)
for power switch S
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Fig. 17. Measured drain to source current (top), gate to
source voltage (middle) and drain to source voltage (bottom)
for power switch S
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Fig. 18. Grid voltage (top), inverter output current (middle)
and inverter output voltage (bottom)
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Fig. 19. Grid voltage (top), grid-tied inverter output current
(middle) and grid-tied inverter output voltage (bottom)
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Fig. 20. Efficiency comparison of the proposed soft-
switched DC-DC boost converter and existing converters

5. CONCLUSIONS

The soft-switched grid-tied inverter presented in
this paper demonstrated a novel and highly
efficient topology and control strategy because of
using soft-switching techniques for commutation of
power switches. Simulation results were prepared
via ORCAD software in order to validate the
proposed analysis and design. The experimental
prototype  verified the functionality and
performance of the design and analysis.
Furthermore, the experimental results indicated the
accuracy of the analysis and high performance of
the proposed topology and the applied control
strategy.
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