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Abstract —This paper proposes a new soft-switched High
Step-up DC-DC converter for energy storage systems in
DC traction vehicles. In this converter, soft-switching
operation, i.e., zero current switching has been obtained
by employing dual resonant auxiliary circuits to the
conventional step-up DC-DC converter. The auxiliary
resonant consists of additional auxiliary switches;
inductor and capacitor are used to achieve soft-
commutation especially when the main active switching
devices are being turned-on to turned-off. The main
active switching device of this converter achieves soft
commutation with reduced voltage stresses and reduced
switching losses. Firstly, the operation principles and its
design analysis are discussed in detail. Finally, the
simulation verification on an input with 100V and
350V/2kW converter system operated at S0kHz
switching frequency to validate the theoretical
expectations and its effectiveness.

Keywords- Zero Current Switching (ZCS); DC-DC;
Energy Storage systems; DC traction Vehicles.

I. INTRODUCTION

The high-gain, high step-up non-isolated DC-DC
converters are being widely used in the applications of
energy storage applications (hybrid electric vehicles).
In recent years, there are various types of non-isolated
step-up converters are implemented; they are operating
under hard-switching and soft-switching operations.
Firstly, high step-up DC-DC converter [1] based on
the integration of three boost converters; this converter
switching devices operated under hard-switching
condition, achieved the 93% efficiency at S00W
output power. The soft-switching operation of the
semiconductors in a converter is an alternate way to
achieve  higher efficiencies, to reduce the
voltage/current stresses and improve the overall
performance  respectively. The  soft-switching
operation was achieved by adopting the conventional
resonant network/auxiliary active resonant network are
the sources. A resonant soft-switched step-up
converter [2-3] has achieved the zero voltage
switching (ZVS) and zero current switching (ZCS) to
the semiconductors. However, this converter can be

applicable for the lower output voltage and low output
power. A parallel resonant based high voltage gain
converter [4] has been achieved the zero voltage
switching operation to the main semiconductor
switching devices at higher switching frequency.
However, they achieved low efficiency at low output
power. Similarly, researchers focused on a new kind of
step-up DC-DC converter [5] employed with a
voltage-double-flyback wunit to the conventional
resonant converter [1] with soft turn-on/turn-off
conditions (efficiency 90% at 100W output power). A
resonant network based interleaved step-up isolated
converter [6] has achieved the ZVS operation. In
literature different step-up converters are reported,
they are coupled-inductor, switched-capacitor
techniques [7] and another converter based on active-
passive inductor cells [8] to obtain high-gain and soft-
switching operation as well.
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Figure 1. Proposed ZCS High Step-up DC-DC converter

The main attention of this work is to design a new,
efficient converter with high gain and high power
applications (especially in Battery Back-up systems).
This paper mainly proposed a new soft-switching high
step-up DC-DC converter for energy storage systems
with dual auxiliary resonant circuit. It has major
advantages of reduced switching losses, reduced
voltage stresses and higher efficiency. The additional
advantages of this converter are dual auxiliary active
switches  operated under  soft-turn-on/turn-off
conditions. The following section describes the
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proposed converter and its operating principles,
Section III deals the design analysis and the simulation
results are presented in Section IV.

II.  DESCRIPTION AND OPERATION PRINCIPLE

Fig.1 shows the proposed new high step-up DC-DC
converter. This converter can be operated at high
power and to produce high-gain than previously
reported resonant topologies [2-3]. The proposed
converter semiconductor devices S;,S; are used to
regulate the output voltage. By varying the duty
cycles of S;, S» are control the output voltage. For
S1,S; switches the asymmetrical PWM technique was
used to obtain high voltage gain. The PWM signals
generated for S5, are used to achieve soft-
commuation of §;,S2. The duty cycles of auxiliary
switching devices are chosen as 0.1%. The main
switching devices S;,S> duty cycles are 0.7 chosen for
S;and 0.35 for S,. Here, S;, S> are the main switching
devices and dual auxiliary resonant circuit switches
are S, S,. The resonant inductor L, capacitor C, are
resonating, while the S, is being conducted and Dx
will provide a path to flow of the trapped energy of
inductor L,. S, is turned-on before the main switch S;
gets turned-off. Similarly, while the S is commutated,
the auxiliary switch S, will be turned-on. However,
these dual auxiliary switching devices turned-on for a
short time interval. The input inductor current is
considered as constant. The equivalent current flow
schematics are shown in Fig.3 and the operation of
this converter is divided into seven intervals as shown
in Fig.2 with key waveforms described as follows.
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Figure 2. Keywaveforms

Interval (tp-t;): Prior to to, the auxiliary switching
device S is already being conducted. At to, the S; is
turned-on, then due to the resonant tank (L, and Cy),

the current flows through it. Current of S: flows
linearly and whenever it reached the peak (which is
equal to inductor current), the capacitor voltage Cx is
being discharged to zero and then again starts charging
in reverse direction.

i, =1, + v, sin wt (1
Z
i, = Yo gin o (2)
Ve, =V, cos wt 3)
1 L

JIc e

Interval (t;-t;): During this stage, the S is conducting
and the energy of the input inductor has been
accumulated and capacitor voltage is charged up to the
half of the output voltage.

Interval (#.-#,-t.). at the beginning of this interval, the
auxiliary switching device S, is turned-on under zero-
current condition, starting a resonance between L, and
C.. This resonance current forces the IGBT S> current
to decrease in a sinusoidal fashion. While the inductor
and S; currents reached peak value, the capacitor
voltage is discharged to zero. The maximum peak
current of the inductor expressed as follows:

VCr eak
Lpeac = 217 )
i, =1, - v, sin wt (5)
VA
i, = Vs sin wt (6)
Ve, ==V, cos wt (7)

To achieve the zero current turn-off for the S, the
maximum peak value of the inductor L, should be
greater than the input current. During this interval, at
t,, the ZCS condition is obtained for S at the instant
that current drops to zero and then its anti-parallel
diode of S, which provides a path for resonant tank
current. End of this interval at z. the anti-parallel diode
of S is turned-off.

Interval (#-t;): Starting of this interval, the anti-
parallel diode stops conducting and only the auxiliary
switching device is in conduction state. At the end of
this interval, S, is turned-off and S; is turned-on under
zero voltage switching. The resonant inductor current
is reached zero and capacitor voltage is charged to the
half of the output voltage.

Interval (t>-t3): At t, S; is turned-on with ZVS
condition. During this interval, the accumulated
energy by the inductor L will delivered to the load via
S; and output diode D;. End of this interval, the
auxiliary switch S, is turned-on.

Interval (t3-t,-tq): Before the main switch is turned-off,
the S, is turned-on at t3. The resonant elements start to
resonate again. The path of resonant current flows
through the L,,C, and the output voltage V,. The
currents of the Sy, S; increases from zero to peak and
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then decreases. At ty the S; and S, are turned-off under
the ZCS operation.

Interval (#,-¢4): From the beginning of this interval, the
current of the Sx becomes negative, and then its anti-
parallel diode will allow the resonant tank current.
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The soft-switching (zero current switching)
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Figure 3. Operating modes

III. DESIGN ANLAYSIS

The soft-switching condition of the semiconductor
devices of proposed converter can be achieved, if the
peak input inductor current below the resonant
inductor current. The peak current of input inductor L
and L,,L, actually depend on the source input current,
it can be estimated as follows:

20,0, ®)

I = olo
in
Vv

in _ max

Where ; _ F, is the maximum output current.
o Vo

Z is the impedance of the resonant circuit

z< Ve ©)

Z is the impedance of the resonant circuit

PR (10)
" 2zm.4/L,C,

The values of L, = 2uH; C,=45nF chosen to keep

the resonant frequency 0.53 MHz, which is always
above the resonant tank frequency of Ly,Ck.
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The chosen values for L,=2uH and C,=85nF are
selected and resonant frequency (10) about 0.38 MHz.

Where,n=xory

The impedance of the resonant networks Z= 8.16
Q (Ly, Cy) and Z=4.85Q (L.,Cy). The values of
impedance of these dual auxiliary resonant networks
always less than the output voltage versus maximum
input current ratio(8), then the soft-switching
condition can be obtained for all switching devices of
the converter.

The duty cycle of auxiliary switch is 0.1 which is
from tx-t,. The total time of ty obtained from (11) and
ty, are obtained from (12)

[,
t.3, = +JL,C, sin 1[ % j

i

bropg = ,/L,Cy[/r — 2sin ‘I[Z;"]J (12)

The obtained time of #,= O0.lusec and
t,:=0.7usec.The total time of zero current switching of
S> is obtained for the values of L,= 2uH and C,=85nF.
Where ty, is the period of zero current turn-off of S» In
this proposed converter the turn-on time of S, is
13psec and Sy turn-on time is 1.6pusec used. Similarly
for the switching turn-on times of IGBT ;= 6psec and
Sy 2usec respectively. The zero current turn-off of the
IGBT S; 54 is 1.1psec and t3,is 0.1psec.

(11)

TABLE L. SIMULATION PARAMETERS

Parameters Values
Input voltgae(V) 100
Output voltage 350
Output Current 5A
Switching frequency 50kHz
Input Inductor(L) 200puH
Resonant Inductor(Ly L,) 2uH
Resonant Capacitor(Cy) 85Nf
Resonant Capacitor(Cy) 45Nf

IV. SIMULATION RESULTS

The proposed converter model designed for 2kW
system by using Matlab. The converter specification is
aforementioned as in Table I. The simulations were
performed for open loop condition. It was confirmed
that the simulation results that ZCS turn-off transitions
as described above can be achieved for all IGBTs in
the converter. The duty cycles chosen for S; is 0.3 and
S>1s 0.7. Fig.4 shows the collector-emitter voltage and
current waveforms of the S; and S,, which shows that
the voltage of the switches are 350V and currents are
16A respectively. The soft turn-on operation to the S
and S, was observed. The S> with the ZCS Turn-off
and S, turned-off with hard switching operation. Fig.5
represents the S;,S, voltage and current waveforms, it
is observed from the obtained results with voltages of

the both switches are 350 V and current of S; is 18A,
Sy is nearly 18 A.The both switches S;,Sx achieved soft
turn-on and while they turning-off S;,S. both are
turned-off under ZCS condition. So this topology has a
reduced switching losses of the main switches,
including auxiliary switches Fig.6 show the resonant
capacitors(Cy,C,) voltages. Fig.7 represents the
auxiliary inductors currents (Ly,Ly) waveforms, results
obtained are same as theoretical analysis. The
obtained results were nearly same as the theoretical
analysis.
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Figure 4. (a) Voltage and Current waveforms of S, (b) Voltage
and Current waveforms of .
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Figure 5. (a) Voltage and Current waveforms of S; (b) Voltage
and Current waveforms of S,.
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Figure 6. (a) Auxiliary resonant capacitor voltage Ve,
(b) Auxiliary resonant capacitor voltage Ve,

Fig. 8 and Fig.9 ZCS Turn-on Turn-off transitions
clearly shows the main switches (S;,S2) and auxiliary
switches (Sy,S)).
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Figure.7. (a) Auxiliary resonant inductor L, current (b) Auxiliary
Resonant inductor L, current.
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Figure 8. (a) Turn-on and Turn-oft Transition of S,
(b) Turn-on and Turn-off Transition of S;
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V. CONCLUSION

This proposed work is a new ZCS high step-up
DC-DC converter, which is applicable in battery
operated electric vehicles. The operation principles,
design and its simulation analysis were presented. The
zero current switching turned-off operation was
obtained for all the switches in this converter, it is one
major advantage, because the auxiliary circuit does not
increase additional switching losses and also reduced
voltage stresses to the main switches. The simulation
results were observed in order to verify the theoretical
analysis. This converter can be applicable for high-
gain and high power applications with improved
efficiency over the existing topologies of DC battery
back-up systems. The experimental verification of this
topology is under progress.
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