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A Soft-Switching DC/DC Converter with High Voltage Gain

Prakash Parvatham, Dr.A.Srujana:

Abstract: A soft-switching dc/dc converter with high voltage gain is proposed in this paper. The proposed
converter reduces switching loss of active power switches and raises the conversion efficiency by using zero
voltage switching (zvs) and zero current switching (zcs) techniques. This paper provides the effective solution
for reverse recovery problem of the output rectifier by controlling the rate of change of current through diodes
with the help of leakage inductance of a couple inductor cell. The proposed converter also provides continuous
input current and high voltage gain. Experimental results obtained on 200W prototype are discussed..

Index Terms: Boost converter, high voltage gain, soft switching.

I. Introduction

In the 1970’s, conventional PWM power converters were operated in a switched mode operation.
Power switches have to cut off the load current within the turn-on and turn-off times under the hard switching
conditions. Hard switching refers to the stressful switching behavior of the power electronic devices. The
switching trajectory of a hard-switched power device is shown in Fig.i. During the turn-on and turn-off
processes, the power device has to withstand high voltage and current simultaneously, resulting in high
switching losses and stress. Dissipative passive snubbers are usually added to the power circuits so that the dv/dt
and di/dt of the power devices could be reduced, and the switching loss and stress be diverted to the passive
snubber circuits. However, the switching loss is proportional to the switching frequency, thus limiting the
maximum switching frequency of the power converters. Typical converter switching frequency was limited to a
few tens of kilo-Hertz (typically 20kHz to 50kHz) in early 1980°s. The stray inductive and capacitive
components in the power circuits and power devices still cause considerable transient effects, which in turn give
rise to electromagnetic interference (EMI) problems. In late 1980°s and throughout 1990’s, further
improvements have been made in converter technology. New generations of soft-switched converters that
combine the advantages of conventional PWM converters and resonant converters have been developed. These
soft-switched converters have switching waveforms similar to those of conventional PWM converters except
that the rising and falling edges of the waveforms are ‘smoothed’” with no transient spikes. Unlike the resonant
converters, new soft-switched converters usually utilize the resonance in a controlled manner. Soft-switching
converters also provide an effective solution to suppress EMI and have been applied to DC-DC, AC-DC and
DC-AC converters. Various forms of soft-switching techniques such as ZVS, ZCS, voltage clamping, zero
transition methods etc. are addressed. The emphasis is placed on the basic operating principle and practicality of
the converters without using much mathematical analysis.
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Fig.i Typical switching trajectorie of power switches.
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Fig.1.Circuit diagrar"ﬁ of the proposed dc/dc converter.

In applications that require a voltage step-up function and a continuous input current, a continuous-conduction-
mode (CCM) boost converter is often used due to its advantages such as continuous input current and simple
structure. However, it has a limited voltage gain due to its parasitic components. Moreover, the reverse-recovery
problem of the output diode degrades the system’s performances. At the moment when the switch turns on, the
reverse-recovery phenomenon of the output diode of the boost converter is provoked. The switch is submitted to
a high current change rate and a high peak of reverse-recovery current. The parasitic inductance that exists in the
current loop causes a ringing of the parasitic voltage, and then, it increases the voltage stresses of the switch and
the output diode. These effects significantly contribute to increase switching losses and electromagnetic
interference. The reverse-recovery problem of the output diodes is another important factor in dc/dc converters
with high voltage gain]. In order to overcome these problems, various topologies have been introduced. In order
to extend the voltage gain, the boost converters with coupled inductors are proposed. Their voltage gains are
extended, but they lose a continuous input current characteristic and the efficiency is degraded due to hard
switchings of power switches. For a continuous input current, current-fed step-up converters are proposed i.
They provide high voltage gain and galvanic isolation. However, the additional snubbers are required to reduce
the voltage stresses of switches.

In order to increase the efficiency and power conversion density, a soft-switching technique is required
in dc/dc converters. A soft-switching dc/dc converter with high voltage gain, which is shown in Fig. 1, is
proposed. A CCM boost cell provides a continuous input current. To increase the voltage gain, the output of
the coupled inductor cell is laid on the top of the output of the CCM boost cell. Therefore, the high voltage gain
is obtained without high turn ratio of the coupled inductor, and the voltage stresses of the switches are confined
to the output voltage of the CCM boost cell.

A zero-voltage-switching (ZVS) operation of the power switches reduces the switching loss during the
switching transition and improves the overall efficiency. The theoretical analysis is verified by a 200 W
experimental prototype with 24-to-360 V conversion.

II.  Analysis Of The Proposed Converter
Fig. 1 shows the circuit diagram of the proposed soft switching dc/dc converter with high voltage gain.
Its key waveforms are shown in Fig. 2. The switches S1 and S2 are operated asymmetrically and the duty ratio
D is based on the switch S1.
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Fig.2. Key waveforms of the proposed converter.

D1 and D2 are intrinsic body diodes of S1 and S2 . Capacitors C1 and C2 are the parasitic output capacitances
of S1 and S2 . The proposed converter contains a CCM boost cell. It consists of LB, S1, S2, Col , and Co2 .
The CCM boost cell provides a continuous input current. When the switch S1 is turned on, the boost inductor
current iLB increases linearly from its minimum value /LB2 to its maximum value /LB1 . When the switch S1 is
turned off and the switch S2 is turned on, the current iLB decreases linearly from /LB1 to ILB2 . Therefore, the
output capacitor voltages Vol and Vo2 can be derived easily as

Vol = Vin (1)

Vo2=D/(1-)D Vin. (2)

To obtain ZVS of S1 and S2 and high voltage gain, a coupled inductor Lc is inserted. The coupled inductor Lc is
modeled as the magnetizing inductance Lm, the leakage inductance Lk , and the ideal transformer that has a turn
ratio of 1:n (n = N2/N1). The voltage doubler consists of diodes D1 ,D2 and the output capacitors Co3, Co4 ,
and the secondary winding N2 of the coupled inductor Lc is on the top of the output stage of the boost cell to
increase voltage gain. The coupled inductor current iL varies from its minimum value —/L1 to its maximum
value /L2 . The operation of the proposed converter in one switching period 7Ts can be divided into six modes.
Fig. 3 shows the operating modes. Before ¢0 , the switch S2 and diode D4 are conducting.

Mode 1 [t0, 11 ]: At 10 , the switch S2 is turned off. Then, the boost inductor current iLB and the coupled
inductor current iL

start to charge C2 and discharge C1 . Therefore, the voltage vS1 across S1 starts to fall and the voltage vS2
across S2 starts to rise. Since the output capacitances C1 and C2 of the switches are very small, the transition
interval Tt1 is very short and it can be neglected. Therefore, the inductor currents iLB and iL can be considered
to have constant values during mode 1.

Mode 2 [f1, 12 ]: At t1 , the voltage vS1 across the lower switch S1 becomes zero and the lower diode D1 is
turned on. Then, the gate signal is applied to the switch S1 . Since the current has already flown through the
lower diode D1 and the voltage vS1 becomes zero before the switch S1 is turned on, zero-voltage turn-ON of S1
is achieved.

Since the voltage across the boost inductor LB is Vin , the boost inductor current increases linearly from ILB2 .

Mode 3 [12, 3 ]: At 12 , the secondary current i2 changes its direction. The diode current /D4 decreases to zero
and the diode
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D4 is turned off. Then, diode D3 is turned on and its current increases linearly. Since the current changing rate
of D4 is controlled
by the leakage inductance of the coupled inductor, its reverse-recovery problem is alleviated. Since v1 is —Vin

and
vk is nVin — Vo4.

Mode 4 [63, t4 ]: At £3 , the lower switch S1 is turned off. Then, the boost inductor current ;LB and the coupled
inductor current iL start to charge C1 and discharge C2 . Therefore, the voltages vS1 and vS2 start to rise and
fall in a manner similar to that in mode 1.

Mode 5 [t4, 15 |: At t4 , the voltage vS2 across the upper switch S2 becomes zero and the diode D2 is turned on.
Then, the gate signal is applied to the switch S2 . Since the current has already flown through the diode D2 and
the voltage vS2 becomes

zero before the switch S2 is turned on, zero-voltage turn-ON of S2 is achieved. Since the voltage across the
boost inductor LB is —(Vin/(1 — D) — Vin ), the boost inductor current decreases linearly from /LB1 . Since vl is
DVin/1 — D) and vk is —Vo3 — nDVin/(1 — D).

Mode 6 [t5, 16 ]: At t5 , the secondary current i2 changes its direction. The diode current /D3 decreases to zero
and the diode
D3 is turned off. The reverse-recovery
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Fig. 3. Operating modes.

www.iosrjournals.org 36 | Page



A Soft-Switching DC/DC Converter With High Voltage Gain

problem of D3 is also alleviated due to the leakage inductance of Lc . Then, the diode

+ +
.S'_-E Viz Cor I Vg R;_g V.
2 L -
Iy —_—
+
+
e . A
5 vir Caf-?
D, C) -
p
Mode 2
% ¥ r—L v
L S— -
4 = i
D; K Cos o Ver
5 +
‘\‘:JE sz Cor B Ve fﬁg v
D,C; L .
Ly =
2000
s x
-,

5 E,

D,C;

Vs,

D, Cy

+
Vs

. e
Le
=N\
La +
Tl ol

-

Maode 6

D4 is turned on and its current increases linearly. Since v1 is DVin/A1 — D) and vk is Vo4 — nDVin/(1 — D).

A. Input Current Ripple

III.

Characteristic And Design Parameters

The input current ripple AILB can be written as

AILB =ILB1 — ILB2 = DVinTs/LB

To reduce the input current ripple

condition:
LB > DVinTs/I *

B. Voltage Gain

3)

AILB below a specific value 7+, the inductor LB should satisfy the following

“)

the voltage gain of the proposed converter is obtained by
Vo/Vin=(1/1 -=D)+ (D (1 —a)(D —a (2D — 1)) (1 = D+ a (2D — 1))).
Fig. 4 shows the voltage gain according to duty cycle D: (a) the voltage gain according toD under o=0.1 and

several n values;

)
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(b) the voltage gain according toD under n = 3 and several a values. As a increases, the voltage gain
decreases. Namely, larger Lk reduces the voltage gain. On the assumption that a is small, the voltage gain of
(34) can be simplified as follows:

Vo/Vin=(1 +n)/(1 =D ) (©6)

C. ZVS Condition

The ZVS condition for S2 is given by Im2 + nID3 + ILB1 > 0 (7) Fig. 5. Normalized voltage stresses according
to duty cycle. (a) Under a = 0.1 and different n values. (b) Under » = 3 and different a values. from where, it can
be seen that the ZVS of S2 is easily obtained. For ZVS of S1 , the following condition should be satisfied:

Iml + nID4 > ILB2 @)
On the assumption that o is small, /D4 and /LB2 can be simplified as follows:
ID4 =2[o/1—-D ®)
ILB2=(n+1)1Io/1 — D— AILB/2. (9)
From (8) and (9), the inequality (7) can be rewritten by
Im1 +2nlo/(1 —D)>(n + 1) lo/(1 — D)— AILB/2 . (10)

Since Im1, lo , and DILB are all positive values, the inequality (40) is always satisfied for »>1. From (7) and
(8), it can be seen that ZVS conditions for S1 and S2 are always satisfied. Moreover, dead times of two switches
S1 and S2 should be considered.

the gate signal should be applied to the switch before the current that flows through the anti parallel diode
changes its direction. Namely, the leakage inductance Lk should be large enough for the current to maintain its
direction during dead times of two switches, S1 and S2 . This condition can determine the minimum value of the
leakage inductance., the leakage inductance Lk should satisfy the following condition:

Lk > nVinDTs (1 —(1 — 2A#1/D)"2) /81 (11)
Where A# 1 is a predetermined minimum value ofAl . The leakage inductance of the coupled inductor also
alleviates the reverse recovery problem of output diode. Large leakage inductance can remove the reverse-
recovery problem but it reduces the voltage gain as shown in Fig. 4(b).

Vo/Vin

Vo/Vin

(b)
Fig..4 Voltage gain according to duty cycle. (a) Under o = 0.1 and different values. (b) Under n = 3 and
different o values.

www.iosrjournals.org 38 | Page



A Soft-Switching DC/DC Converter With High Voltage Gain

Switches
i o=0.1 :

Nomalized voltage stresses

.......................................................................

-5~ Diodes

Switches -1
H H H H : : n=3 i
081 i | — | —

09

07 Wi
06 [

05--

04}

0.3 |-

Normalized voltage stresses

02t

01

. ()
Fig.5 Normalized voltage stresses according to duty cycle. (a) Under a = 0.1 and different n values. (b) Under n
= 3 and different o values.

D. Voltage Stress of Devices

Generally, high output voltage will impose high-voltage stress across the switching devices in dc/dc
converters. In the proposed dc/dc converter, the voltage stresses across the switching devices are smaller than
the output voltage. Maximum values of vS1 and vS2 are confined to the output of the CCM boost cell as
follows:

vS1,Max = vS2,Max = Vol + Vo2= Vin/(1 — D) (12)
The maximum voltage stresses vD3,Max and vD4,Max of the output diodes are given by

vD1,Max = vD2,Max = Vo3 + Vo4 = Vo—Vin/(1 — D) (13)

Fig. 5 shows the voltage stresses of the power switches and the output diodes that are normalized with Vo .

IV. Experimental Results:

The prototype soft-switching dc/dc converter with high voltage gain is implemented with specifications
ofn=>5,Vin=24V, Vo=360V, LB =154 uH, Lk =74 uH, Col = Co2 = Co3 = Co4 =47 uF, Lm =105 uH, fs
=100 kHz, and Po =200 W. Fig. 6 shows PSPICE simulation results. Fig. 7 shows the experimental waveforms
of the prototype of the proposed converter. Fig. 7(a) shows the inductor currents iLB and iL , and the voltage
vS1. It can be seen that the experimental waveforms agree with the theoretical analysis and the simulation
results in Fig. 6. The input current is continuous.
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The ripple component of the input current can be controlled by LB. Fig. 7(b) shows the experimental results of
the turn-OFF current of diodes D3 and D4 . It is clear that the reverse-recovery current is significantly reduced
and the reverse-recovery problem is alleviated dramatically by the leakage inductance of the coupled inductor
Lc. Fig. 8. Shows the ZVS of S1 and S2 . (a) iS1, vGS1, and vS1 . (b) iS2, vGS2, and vS2 . Fig. 8 shows the
ZVS of S1 and S2. In Fig. 8(a), the voltage vS1 across the switch S1 reaches zero before the gate pulse vGS1 is
applied to S1 . Fig. 8(b) shows the ZVS of S2 . Fig. 9 shows the measured efficiency of the proposed converter.
It exhibits an efficiency of 96.4% at full-load condition. Due to its soft-switching characteristic and alleviated

reverse-recovery problem, the overall efficiency was improved by around 2%compared with the conventional
high step-up boost converter with a coupled inductor.
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Fig. 9 Measured efficiency.

V. Conclusion
A soft-switching dc/de converter with high voltage gain has been proposed in this paper. A simple and
effective method to alleviate rectifier reverse- recovery problems in CCM boost converters is proposed in this
paper the proposed converter can minimize the voltage stresses of the switching devices and lower the turn ratio
of the coupled inductor. It provides a continuous input current, and the ripple components of the input current
can be controlled by using the inductance of the CCM boost cell. Soft switching of power switches and the
alleviated reverse-recovery problem of the output rectifiers improve the overall efficiency.
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