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Abstract: This paper proposes two new soft-switching transformerless converters
with high voltage conversion ratio. These proposed converters achieve soft-
switching each with a single auxiliary resonant cell. The merit of these converters is
reduced switching losses with lesser number of devices. The main switching devices
are turned off with zero current switching (ZCS). Apart from the soft-switching
feature, the voltage conversion ratio is increased in comparison with the existing
topologies. The operating principles and the simulation results on 12V/200V/500W
converter system are presented in this paper.
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1 Introduction In present grid connected solar photovoltaic systems,

a number of challenges are still left to be overcome,

I N last few decades, the usage of like weight, volume, cost and reliability of power

renewable energy sources such as wind converters and their associated systems which can be

and solar power, often paired with energy storage, overcome by the application of newly designed and
are widely penetrated into the energy sector developed high power density DC-DC converters.

industries to minimize the emissions of various
harmful pollutant gases. Fig. 1 shows a schematic of
a DC microgrid. High gain dc-dc converters act as a
medium between the load and the source and boost
the low voltage (12V-60V) generated by the battery,
solar photovoltaic (PV) and fuel cell to high DC

voltage (200-300V). Moreover, a high gain dc-dc S —— High Gain LTI
1 H H H - - on OIAZCENN DCIDC i S
converter in a DC microgrid maintains the dc-link ¢ 1260 | Chiyarter e @9'12;0_\_) _____

voltage to the desired value.
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non-isolated DC-DC/High gain converters. Earlier,
boost converter with bipolar voltage multiplier [1]
which has significant merits such as reduced device
stress, reduced output ripple, and high gain, was
used. A switched-capacitor voltage multiplier (SC-
VM) based boost converter [2, 3] was developed
prioritizing reduction in input current ripple while
obtaining high gain. However, component count is
increased and the obtained voltage gain is less when
compared with the then existing topologies. On the
other hand, limiting the duty cycle of the switches is
foremost objective in boost converters, which was
achieved by incorporating the three winding coupled
inductor [4, 5], two winding coupled inductor [6],
and another high gain converter in addition with
input coupled inductor, a voltage multiplier with
incorporated with a coupled inductor [7].
Furthermore, in order to reduce voltage stresses and
minimal duty cycles, converters with SC-VM [8]
and without voltage multiplier cell [9] are realized.

These converters utilize extra switches, diodes
and an inductor in addition with the main switching
devices, to attain desired gain values. To improve the
overall gain as compare with existing converters,
passive, active switched inductor and switched
capacitor cells [10-13] are used. However,
complexity in design, cost and overall volume were
the drawbacks. In the present scenario,
transformerless converters (TLCs) with soft-
switching operations like zero voltage switching
(ZvS) and zero current switching (ZCS) are
promising solutions to achieve reduced switching
losses, minimized reverse recovery problems and
better efficiency. To obtain high gain, additional
voltage multiplier cells are used. Soft-switching
capability of main switches and diodes were realized
through a coupled inductor and auxiliary switches
[14-17]. Though these both topologies achieve ZVS
and ZCS conditions, the total number of components
was drastically increased. On the other hand, usage
of active clamped circuits [18] along with the
coupled inductors [19] and built-in transformer [20]
based converters were realized with ZVS capability.
Minimization of auxiliary devices, obtaining soft-
switching and improving gain are the merits of the
proposed TLCs. The proposed configurations are
shown in Fig.2 (a, b).

This  paper presents new soft-switched
transformerless converter (TLC) with a simple
auxiliary cell and a VMC. The operating principles
and description are explained in Section 2. The gain
analysis is described in Section 3 and simulation
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results of the proposed converters are presented in
Section 4.

e
Vi,
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Fig. 2 Proposed converters (a) TLC-1 (b) TLC-2.

2 Operating Principles and Description

The soft-switching transformerless converters
(TLCs), TLC-1 shown in Fig. 2 (a) and TLC-2
shown in Fig. 2 (b) they are comprised of two main
inductors Li, L, two main switches Si, S; and a
voltage multiplier with two diodes and two
capacitors. In addition to the main components, an
auxiliary switch S, a capacitor C; and a resonant
inductor L, are included. The difference between
topologies TLC-1 and TLC-2, is that the output
diode D, in the topology-1 is replaced with L, in
TLC-2. The key waveform for TLC-1 is shown in
Fig.3 and equivalent circuits with current flow
direction for the intervals (to-t1) and (ti-t2) are shown
in Fig. 4 (a, b) and Fig. 5 (a) shows for both the
interval (to-t3) and (t3-14), Fig. 5 (b) shows for interval
(te-ts) and Fig. 5 (c) shows for interval (ts-tg)
respectively. Operation for topology-2 is similar to
topology-1, except the way of achieving soft-
switching.

Interval (to-t1): At to, IGBT S is in off condition
and IGBTSs Sy, S are already turned off. During this
interval, voltage across S; decreases linearly and S;
voltage increases linearly. At ti, the voltage across S
is zero and L, current is also zero. The current and
voltage equations of L, and C; are expressed as:
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Fig. 3 Key waveform: TLC-1.
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Fig. 4 Equivalent circuits (a) Interval (to-t1) (b)
Interval (ti-t2).
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Fig. 5 Equivalent circuits (a) Interval (to-t3) & (t-ts)
(b) Interval (ts-ts) (c) Interval (ts-ts)

i, (t)=i,(t,)cosao(t—t,) 1)
Ve, ) =1,Zsinw(t-t,),
1 L (2
= 2= |=X
@ JLC, Cy
sz%%ﬁmwa4@ )

Interval (t1-t2): At ty, Cris charged to peak level
which is equal to V,, current through L, is zero and
Vs1 is zero. The body diode of IGBT, S; starts
conducting. Hence, ZVS condition is achieved.
Throughout this interval, the L, current gradually
decreases in reverse direction and C; also discharges.
At t, voltage across Sz and L current will be zero
and C; gets completely discharged.

Interval (to-t3): At to gate signals are applied to Sy,
S,. At instant tp, current and voltages of S5, S, are
zero and hence, the soft-switching condition, zero
voltage zero current (ZVZC) is obtained. After a
short period, current through Sz, Sy rises to a constant
value, which equal to input current. During this
interval, the energy accumulates in Li, L.. The
equations of L, and C, are expressed as:

i, @®)=i,(t)cosw(t—-t,)) (4)
Ve (1) =—Zsin w(t —t5) 5)
Ver = -2 gin ot — t

c Vo sina(t -to) (6)

Interval (ts-ts): At ts, Sc is turned on and current
through L, L linearly increase.

Interval (ts-ts): This is a short interval, that begins
when Si, S, turn off. The currents through IGBTS, Sy,
S, reaches to zero. The diode of IGBT S; is conducts
throughout this interval. Hence, the zero current
switching (ZCS) is obtained for the IGBTs Sy, S2.

Interval (ts-tg): At ts, Sc is still in conducting state
and L, current starts decreasing. The current through
S, is zero and its voltage is also zero, hence ZVZCS
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condition is achieve. Interval (ts-tg): This interval is
same as to-ta.

3 Steady State Analysis

The following assumptions are considered for
the steady state analysis
1. The IGBTs Sy, Sy, Sc and diodes D1, Dy, D, are
ideal devices.
2. Short time intervals to-t; and ts-t4 are neglected.
3. The currents of the inductances Li, L, are
constant during to-t2,

3.1 Voltage Gain

By applying KVL during to-t; and t;-tz, equations
(7) (8), (9) and (10) are obtained.

Viion) =Vin (7
Vi2on) =Vin (8)
Vin +Vep =Vea 9
Vie =V —Veo (10)

During tz-ts, all switches are in off state, and the
voltage across inductor L is,
VL1(oFF) = w (11)
By applying KVL in state ts-ts, equations (12)
and (13) are obtained
Vea +Veb =Vio +Veo (12)
Vio(oFF) =Vca +Veb —Veo (13)
Volt-second balance across output filter inductor
(Lo) is:
VLO(ON)D +VL0(OFF) (1_ D) =0 (14)
Equations (10) and (12) in equation (13), gives,
Vep =Veo)D + (Ve +Ve, —Ve,)A-D) =0 (15)
After simplifying equation (9), equation (16) is
obtained.

Vep +Vea (- D) =V, (16)
where:
Vea =Vin +Vep a7

The voltage of the multiplier cell capacitor, Cp
can be written as:
— Vo —Vin(1-D) (18)
2-D
As per volt-second balance condition across Ly
gives.
Viaon) D +Viyorr)@-D) =0 (19)
The gain expression is obtained for TLC-1 is
obtained from equations (10), (18) and (19) as
follows:
Yo 3+D (20)
Vin 1-D
Similarly, the gain expression (21) is obtained
for TLC-2, which is shown in Fig. 1 (b). TLC-1 with
diode capacitor filter having gain value 19 is shown

Veb
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in Fig. 1 (a). TLC-2 with output L,, C, filter having
gain value above 12 is shown in Fig. 1 (b).
Vo 3-D

Vin 1-D (21)

4 Simulation Results

This section presents the performance of the
proposed converters and soft-switching at light and
heavy loads is validated and presented. The
parameters are considered for design simulation are
mentioned in Table-1. Initially, simulations are
carried out on TLC-1 and the obtained results for Vs,
is1, V2, Is2, Vsc and isc are shown in Fig. 6 (a), (b),
(©), (d), (e), (). Fig. 7 (a), (b), (c) shows the
waveforms of i 1, iz and iy of the input inductors L,
Lo, Lr and resonant capacitor, Cy, V¢ is shown in Fig.
7 (d). It is also observed from the waveforms, the
resonating conditions are very similar to the
theoretical expectations. The voltage and current
waveforms of Da,Dy, are shown in Fig.8 (a,b,c,d) and
voltage waveforms of C,;, C, are shown in Fig.8
(e,f). It can be seen from the obtained results that,
diode D, is turned off with zero current condition
and Dy is turned on with ZVS condition. Fig. 9 (a),
(b), (c), (d), (&), (f) shows the waveforms Vs, is1, Vs2,
is2, Vsc and isc for IGBTS Sy, S, S¢ for TLC-2. Fig. 1
(b) shows TLC-2 with an output filter having L, and
Co. However, ZVS turn on in TLC-2 is achieved with
a longer duration of conduction of the body diode of
S1. Sl, S, and Se.

The simulations of the proposed converter
are verified up to 500 W and obtained voltage is 190
V for TLC-1 shown in Fig. 1 (a) and 150V for TLC-
2 shown in Fig. 1 (b). Additional current and voltage
stresses are also not present in the obtained results.
These proposed topologies can withstand the soft-
switching capability from light load 100W to heavy
load 500W. Fig. 10 (a), (b), (c), (d) shows Vcr, i1,
iL2, iLr waveforms of Ly, Ly, Ly and C. L, current is 5
A and C; is charged to 150V and is discharged at the
end of resonating period.

Table 1 Simulation parameters

Si Number  Parameters Symbols Value
Input : 12V
! Voltage Vin
2 Output vV 120 V-
Voltage ° 200V
Input 100pH
3 Inductors Lule
Resonant 9uH
4 Inductor Lr
Resonant 30nF
5 Capacitor G
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Fig. 6 Simulated Results: TLC-1 (a) Vs1, Collector to emitter voltage of Si (b) is1, Collector current of S1 (C) Vsz,
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Fig. 8 Simulated Results: TLC-1 (a) Voltage across Da: Vpa (b) Current through Da: ipa(c) Voltage across Dp: Voo (d)
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Fig. 10 Simulated Results: TLC-2 (a) Current through L2: iz (b) Current through La: ita (c) Current through Lr: icr (d)
Voltage across capacitor Cr: Vcr.

The voltage and current waveforms of D, Dy, are
shown in Fig.11 (a), (b), (c), (d) and voltage
waveforms of C,, Cp are shown in Fig.8 (e) and (f).
It can be seen from the obtained results that, diode
D is turned off with zero current condition and Dy, is
turned on and turned off with ZCS condition. The
soft turn on and turn off transitions of IGBTs Sy, Sz
are clearly seen in Fig. 12 (a), (b), (c), (d) for 450 W
output power. Fig. 13 (a), (b), (c), (d) shows for 230
W. These results are observed at constant load power
of 450 W. It can be seen from the obtained results is
that there is an overlap between current and voltage
waveforms of S; at light load conditions during turn

on condition and duration of body diode of S,
conduction.

These results are observed at constant load power
of 500W. It can be seen from the obtained results that
there is an overlap between current and voltage
waveforms of S; at light load conditions, during turn
on and during the conduction of the body diode of
S. Similarly, for TLC-2, the soft commutation of Sy,
S, are clearly shown in Fig. 14 (a), (b), (c), (d) for
450W output power and Fig. 15 (a), (b), (c), (d)
shows the soft turn on and turn off transitions of S;,
S, for 230 W output power.
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Fig. 12 Simulated Results TLC-1: Main switch transitions S1, Sz when converter operated at 450W output power (&) Turn-on
transition of S1 (b) Turn-off transition of S1 (c) Turn-on transition of Sz (d) Turn-off transition of Sa.
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Fig. 13 Simulated Results TLC-1: Main switch transitions Si, S2 when converter operated at 230W (a) Turn-on transition of
S1 (b) Turn-off transition of S1 (c) Turn-on transition of Sz (b) Turn-off transition of Sa.
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Fig. 14 Simulated Results TLC-2: Main switch transitions S1, Sz when converter operated at 450 W output power (a) Turn-on
transition of S1 (c) Turn-off transition of Sz (¢) Turn-on transition of Sz (d) Turn-off transition of Sz.
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Fig. 15 Simulated Results TLC-2: Main switch transitions Si1, Sz when converter operated at 230W output power (a) Turn-on
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5 Conclusion

This paper presents two transformerless
converters (TLCs) used for renewable energy
applications. The operating principles and steady
state analysis are also described. TLC-1, TLC-2 are
designed and operated with 12 V input voltage while
obtaining 200 V output voltage. For these converters
TLC-1 and TLC-2, the soft-switching capability is
verified at light load and heavy load conditions. ZVS
turn on and ZCS turn off conditions are obtained
when TLC-1 and TLS-2 are operated at 100 W and
500 W output power, respectively. The proposed two
TLCs offer better solution without increasing the
losses. They can provide better efficiency in high
power applications with reduced number of auxiliary
devices.
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