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A New High Step-Up Active Clamp
DC-DC Converter with High Efficiency

Mahmood Vesali!

Abstract: In this paper, a new high step-up converter with a simple structure is
presented. The auxiliary circuit of the proposed converter is in the form of active
clamp, which provides soft switching condition under zero voltage for the main
and auxiliary switches, hence the converter has high efficiency. Since the auxiliary
switch added in the converter works as an active clamp and has a complementary
command with the main switch, the proposed converter is not complicated in terms
of the control circuit and does not need to design a new control circuit. This
converter has a high voltage gain that provides a high output voltage with a lower
duty cycle, so it is suitable for a new energy production system such as a solar
system. The proposed converter has been fully analyzed and in order to prove the
theoretical analysis, an experimental prototype has been implemented and tested
at a power of 500 W, which in this power an efficiency of about 97.3% has been
obtained.
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1 Introduction

Today DC-DC converters are widely used in the industry [1]. There are many
applications of these converters in the industry, such as circuit power supply [2],
solar systems [3—6], fuel cell systems [7—9], wind energy systems [10], etc. In
the systems such as photovoltaic, the voltage level is low and needs to be
increased to a higher level for conversion to the grid voltage for which a DC-DC
converter is needed. The conventional boost converter can increase the voltage
with high duty cycle, but in this converter, when the duty cycle is increased, the
losses on the main inductor increases very much, and the efficiency decreases.
Therefore, high step-up converters are introduced [11—15], which use techniques
to increase the output voltage at lower duty cycle. In the isolated type of the step-
up converter, the output voltage can be increased with high turns ratio in
transformer [16, 17]. This method is good, but in the isolated type, due to
transmitted magnetic power, the efficiency level is low, which in systems such as
photovoltaic, where efficiency is very important, these types are not applicable.
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Of course, if isolation is needed, this type should be used, even though the level
of the efficiency is low.

For reduction the size of the elements, especially the magnetic elements, the
switching frequency should be increased in the converters. But in the basic
converters, with the increase in frequency, the switching losses caused by
overlapping of the voltage and current increases. For this reason, soft switching
techniques are recommended [18]. In these techniques, the goal is to eliminate or
reduce overlap of the voltage and current of the semiconductor elements,
especially switches [19]. Also, by eliminating sudden jumps in the voltage and
current, EMI noise is reduced [20]. For diodes used in the converters, the turn-off
moments are important, because if the diode turns off suddenly, the reverse
recovery of the diode imposes large losses on the converter [21]. Therefore, for
converter diodes, it is important to create soft switching conditions as zero current
switching (ZCS), so that the current slowly becomes zero and the diode turns off.
Various soft switching methods such as resonant [22], phase shift [23], zero
current switching [24 — 26], zero voltage switching (ZVS) [27 —29] and zero
voltage zero current switching (ZVZCS) [30] have been proposed for the switch
(or switches) of the converters. These methods can provide the stated conditions
for the moments of turning on, turning off, or both.

Recently many high step-up converters are proposed. In [31] a new high step-
up ZVS converter is presented. In this converter, high voltage gain is achieved
using coupled inductors and capacitors. Also, there is high efficiency due to zero
voltage switching condition. Although high voltage gain is achieved in the
converter and the converter has good efficiency, the proposed converter has a
very large number of the elements. The proposed converter also has four
switches, which complicates the structure of the converter in terms of the control
circuit. The proposed converter in [32] has a simpler structure with high gain and
efficiency. But this converter has a high number of diodes, which increases
conduction losses and decreases efficiency. Also, the converter has two switches
with special control, which requires the design of a new control circuit for the
converter. The converter introduced in [33] is a single switch converter, that the
structure of the converter in terms of the control circuit is no different from a
basic single-switch converter. Additionally, with the introduced structure, high
voltage gain and good efficiency have been achieved. But the proposed converter
provides resonant soft switching condition, which imposes a high current stress
on the switch. Although it is a single-switch converter, the overall structure of the
converter is very complex with a large number of the elements. This results in the
increase of the size and cost of the converter. In [34], a two-switch converter,
with simple control on the switches is introduced. The switches are
complementary to each other so there is no need to design a new control circuit.
The proposed converter has a high gain, but this high gain is obtained by a
complex structure that uses a large number of elements in the converter.
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In this paper, a high step-up converter with a simple structure is presented. It
uses only one coupled inductors and one capacitor to achieve high voltage gain.
Also, by an active clamp circuit, soft switching condition is provided as ZVS.
The coupled inductors in the proposed converter structure are in the form of
tapped coupled inductors, which reduces the volume of the coupled inductors and
converter. The leakage inductance energy caused by the coupled inductors is
discharged in the auxiliary circuit and does not damage the main switch. The
structure and analysis of this converter is presented in Section 2. In Section 3
design of the elements is presented, while the results of the testing of the
experimental prototype of the proposed converter are provided in Section 4. In
Section 5, a comparison between the proposed converter and other converters is
made. Finally, in Section 6 conclusion of the paper is given.

2 Topology and Analysis

Fig. 1 shows the structure of the proposed converter. As can be seen, the
converter has one coupled inductors, which winding as tapped coupled inductors.
This coupled inductors is placed to increase voltage gain. Also, a capacitor is
placed series with the coupled inductors to increase the output voltage. A clamp
circuit with one auxiliary switch is placed for creating soft switching.
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Fig. 1 — The proposed converter structure.

The proposed converter with the equivalent circuit of the coupled inductors,
which consists of a magnetic inductor (Ln) and a leakage inductance (Lk), is
shown in Fig. 2.

The converter has seven modes in one switching cycle. Before Mode 1 the
main switch is off and the auxiliary switch is on. The key waveforms of the
proposed converter are shown in Fig. 3.
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Fig. 2 — The proposed converter with equivalent circuit of the coupled inductors.
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Mode 1 (to— ty):

In the beginning of this mode, the auxiliary switch is turned off. Due to
existence of L, and current direction on this inductor, a resonance occurs
between this inductor and snubber capacitors on the switches. This resonance
causes the charging of C,, and discharging of C, . Therefore, the voltage on the

auxiliary switch increases slowly and ZVS condition is established for turning off
distance. The equations of this mode are shown below:

VCsa :Vsa = (Vin _VCC )COS @, (t _tO) (1)

o =Y cos (1)1 ) @
L

Z= |- 3

c. ®)

0 = @

Mode 2 (t1— to):
This mode starts when C, is charged and C, is discharged completely. Due

to existence of body diode on the switch (S), when C; voltage reaches to zero,

this diode turns on and ZVS condition is established for S in turning on time.
From this moment on, the switch is turned on under ZVS condition. In this mode,

due to the placement of constant voltage on L, , the current increases linearly

until the current reaches zero. Also in this mode, the current of output diode (Do)
is decreased with same slope, so that ZCS condition is provided for this diode.

V. -V
alz in L Lm , (5)

a

where o, is slope of L, current and switch current in this mode.
Mode 3 (tz— ta)l

The current of L, reaches zero and the direction of this current is changed.

So, the current is transmitted from the body diode to the switch, which is already
turned on, and with the same slope as before continues to rise.

Mode 4 (ts— t4)l
In this mode, the switch current reaches |, and Do turns off. Due to the

current of the coupled inductors, D conducts and the current of the switch is fixed
on |, . This mode continues as long as the switch is on.
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Mode 5 (ts— ts):
When the main switch is turned off, this mode begins. Due to L, aresonance
occurs between this inductor and snubber capacitors on the switches. Cg, is

discharged and C; is charged. Therefore, the voltage on the main switch is

increased slowly and ZV'S condition is achieved. The equations for this mode are
as follows:

Ves =Vs = (Vin — Ve )COS @, (t ~1t) (6)

l s _ Vi ‘ZVCC coso, (t—t,)— 14 (t,) (7)
La

- o ®

0, = —— . ©)

Mode 6 (ts — t5):
When C, is discharged completely, the body diode of S, conducts and the

voltage on this switch is clamped on zero. Therefore, ZVS condition is provided
for this switch. The auxiliary switch is then turned on under ZVS condition. The
switch current is increased linearly with slope given by (10). Also, in this mode,
due to the current on auxiliary switch, D is turned off and Do conducts.

o, = Yee Vin L‘VLm , (10)

a

where a., is current slope of the auxiliary switch in this mode.

Mode 7 (ts— t7):

The current of L, as a resulting current of the auxiliary switch, reaches zero
and the direction of it is changed. Therefore, the current is transferred from body
diode to the switch and increases with o, slope. This mode ends when the
auxiliary switch is turned off and the system turns back to Mode 1.

The equivalent circuits for the previously described modes are shown in Fig. 4.
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Fig. 4 — The proposed converter equivalent circuits in seven modes.

3 Elements Design

3.1 Main elements
The main elements of the converter such as L, and C, are chosen as for a
boost converter. Therefore, L and C, are obtained as below.
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L, =—0n 11

" AiLm fSW ( )
!

Co=—O—, 12

VAR (12)

CO 'sw

where Ai,,, is variation of the main inductor current, which is usually considered
to be 0.1 times the inductor current. Also AV, is variation of the output voltage
that is considered 0.1 times of the output voltage. D is duty cycle of the main
switchand fg, is switching frequency.

The main switch (S) and main diode (Do) of the converter are selected
according to their voltage and current.
3.2 Auxiliary elements

The voltage gain is increased by adding L, and C. The value of these
elements is obtained from voltage gain equation.

L, establishes ZVS condition by fully discharging the snubber capacitors.
So, the energy of this inductor should be sufficient.

1 1

E La I 5a > ECSquCZS ' (13)
C. V2
g>sﬁ“,cm=Q+QW (14)
La

According to modes of the converter, V¢ is equal to V,, —V.. and I, is
equal to 1 (1+1/n). Therefore, L, is obtained as:

L > (Cs +CSa)(Vin _Vcc )2 '

a | 2
L
(ILm+ nmj

As it is clear from (15), the snubber capacitors should be calculated first (16),
(17) and then the inductance can be obtained.

(15)

it
CS _ CS*f , (16)
2\/CS
it
C. =221 17
Sa 2\/ ( )

CSa

where t; is the switch current fall time specified for each switch by the
manufacturer.
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The noteworthy point is that the parasitic capacitance of each switch can also
be used to create soft switching condition at the moment of turning on. However,
due to the small value of these capacitance, when the switch is turned off, it is
quickly charged and ZVS condition is not guaranteed.

As it is clear from the design relationships, many parameters effect the values
of the elements, therefore, based on the design relationships and the desired range
of the proposed converter, the curves in Figs. 5, 6 and 7 are found, which can help
in the selection of the elements.
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Fig. 5 — The calculated values of L, in respect to the power, for different values of Cgeq.
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Fig. 6 — The calculated values of Lain respect to Cseq, for different values of the power.
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Fig. 7 — The calculated values of L, according to the power and Cseg.

3.3 Voltage gain
The voltage-second balance is written for Ly, in order to obtain voltage gain:

V, +V: -V,
1+n

It should be noted that some modes have been ignored due to their short
working time.

In Mode 4, C is charged until V. =nV, . If this value is placed in (18), voltage
gain is obtained as:

V,,DT + (1-D)T =0. (18)

\i_l+n
V. 1-D°

in

(19)

The effect of n and D on the voltage gain are presented in Fig. 8. Curves are
obtained according to (19).

Yoltage gain
=

0.4 OjS 0.0 0:‘7 0.8 0.9
Fig. 8 — The effect of D and n on voltage gain.
324



A New High Step-Up Active Clamp DC-DC Converter with High Efficiency...

4  Experimental Results

An experimental prototype of the proposed converter is shown in Fig. 9. It is
made according to the specifications given in Table 1. Considering that the
switching control is simple, the converter can be easily controlled by a ready
controller. This controller is shown in Fig. 10. The experimental results of the
prototype testing are presented in Fig. 11.
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Fig. 10 — The control circuit of the proposed converter.
It can be noted from Fig. 11 that the current of the switches is negative when
they are turned on, so, the ZVS condition is established. Also, the voltage is
increased slowly, when the switches are turned off, which is how ZVS condition
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is obtained. For diodes, the current slowly reaches zero when these diodes turn
off, which explains how ZCS condition is established and reverse recovery
problem does not exist.

Table 1
The proposed converter specifications.
ELEMENTS PART NUMBER/
VALUE

D MURG660

Do MUR260

S IRFP140

Sa IRFP140

Lm 400 pH

n 4

D 0.6

La 15 uH

C 10 pF
fow 100 kHz

Co 100 pF

P 500 W

Fig. 11 — Voltage (up) and current (down) of switch S (vertical
scale is 10 V/div or 20 A/div, horizontal scale is 2.5 ps/div).
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Fig. 12 — Voltage (up) and current (down) of Sa (vertical scale
is 10 V/div or 20 A/div, horizontal scale is 2.5 ps/div).
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Fig. 13 — Current of diode D (vertical scale
is 5 A/div, horizontal scale is 2.5 ps/div).
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Fig. 14 — Current of diode DO (vertical scale
is 2 A/div, horizontal scale is 2.5 ps/div).
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5 Comparison Section

The proposed converter is compared with hard switching converter and in
Fig. 12 the results are presented. As can be seen, the proposed converter has
higher efficiency in comparison with hard switching converter.
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Fig. 15 —The comparison of the efficiency of the
proposed converter and hard switching type.

Also, according to several important parameters, the proposed converter is
compared with six converters that have been introduced in recent years (Table
2). The converters given in [31, 34] have high efficiency, and these converters
have higher voltage gain than the proposed converter. However, this high gain
has been obtained by a large number of the elements, which complicates the
structure of the converters and increases the volume and cost. Converter proposed
in [32] has good gain and good efficiency with small number of the elements.
However, according to the proposed structure, this converter has a complex
control over the switches, and for such a converter complex control circuit needs
to be designed. Converter presented in [33] has a low efficiency with a large
number of elements, although it has a very good and high voltage gain.
Furthermore, converters given in [35, 36] have a small number of elements and
their efficiency is also good, but both converters have a complex structure in
terms of the control. Although, the converter proposed in this paper has a low
gain compared to the other converters, it has a simpler structure both in terms of
topology and control, while also having high efficiency.
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Table 2
The comparison of the proposed converter with other soft switching converters.
Converter Number of | - Soft swltch!ng Efficiency Voltage gain
components | for main switch
n(m+1)+1
[31] 24 ZVS 95.3 % n(m-1)(1-D)
. 2+n
[32] 13 ZVS 96.5 % o
1+n,+n,+n,(1+ D)
[33] 22 ZCS 94 %
1-D
. 1+mN
[34] 19 ZVS 9752 % )
N(1+n)(1+D)+2
[35] 13 ZCS 95 %
1-D
1+n, —ny,
0 e Ty
[36] 14 zcs 96.8 % (N —n,,)(1-D)
1+n
proposed 12 ZVS 97.3% )

6 Conclusion

A new DC-DC converter with high voltage gain was presented in this paper.
The converter has simple structure with only one auxiliary switch. The auxiliary
circuit worked as active clamp, which provided soft switching condition for the
main and auxiliary switches. Therefore, the losses of the converter are reduced
and the efficiency is increased. The auxiliary switch is switched complementary
to the main switch, which did not complicate the control circuit, and the converter
is also simple in terms of the control circuit. The aforementioned has been
confirmed with theoretical analysis as well as the experimental results obtained
for the prototype of the proposed converter.
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