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ABSTRACT
In this project a Soft-Switching DC-DC Converter with low voltage and current stresses on
switches and high voltage gain is proposed. The voltage and current stresses of switches are
considerably reduced. As a result a reduction of switching losses in turn ON and OFF
states of switching is obtained. Also, using soft-switching method results lower losses. In the
result of ZCS in output diodes, reverse recovery problem of diodes is alleviated. Because
of total reduction of losses, efficiency is improved. The proposed converter is a quasi-resonant
converter controlled by Pulse Width Modulation (PWM) method.

Keywords:- Pulse Width Modulation, Electromagnetic Interference, Quasi-resonant
converters, High Frequency, Zero Current

INTRODUCTION

These days dc-dc converters are more applicable and variety of topologies of them have
been proposed. Depend on application of dc-dc converters, different demands are
considered like high efficiency [I], [2], high voltage gain [3], low voltage and/or current
stress on switches [4] etc. One kind of converter

satisfying these cases is resonant converter [5] [13]. These converters are able to work in high
frequencies [14]. Because of this,

these converters have light weight, low ripple and small size. Since in some applications
size and weight of converters is highly restricted, resonant converters is more capable. One
major disadvantage of resonant converters is their analysis complexity [15], [16].

In high frequencies, Pulse Width Modulation converters have high Electromagnetic
Interference (EM!) and switching losses. Resonant converters have low switching losses and
EMI in high frequencies [17]. Quasi-resonant converters (QRCs) are a kind of resonant
converters employing soft switching at zero voltage (ZVS) and/or zero current (ZCS) to
reduce losses and to improve efficiency [4], [18].

This proposed quasi-resonant converter has low voltage and current stress of switches, high
voltage gain and voltage isolation by a High Frequency (HF) transformer. With series
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resonant circuit ZVS happens for switches and ZCS for output diodes. ZCS in voltage doubler
circuit alleviates reverse recovery problem of diodes and it's not necessary to fast diode anymore.

?' 'é RL2V

Figurel.1  Proposed Quasi-resonant Converter
2.7  Study of DC-DC Converters

There are a variety of DC-Dc converters are possible. But from the list of the converters
only the first four of the converters are to be described which are basically of non-isolated
input output terminals.

The buck converter

The buck converter is a commonly used in circuits that steps down the voltage level from the
input voltage according to the requirement. It has the advantages of simplicity and low cost.
Figure 1 shows a buck converter the operation of the Buck converters start with a switch that is
open (so no current flow through any part of circuit) When the switch is closed, the current
flows through the inductor, slowly at first, but building up over time. When the switch is
closed the inductor pulls current through the diode, and this means the voltage at the inductors
"output™ is lower than it first was. This is the very basic principle of operation of buck circuit.

| Suppy Load l

Figure 2.1 " BUCK Converter

Analysis of the buck converter begins by making these assumptions:
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1. The circuit is operating in the steady state.

2. The inductor current is continuous (always positive)
3. The capacitor is very large, and the output voltage is held constant at voltage Vo.
This restriction will be relaxed later to show the effects of finite capacitance.

4. The switching period is T, the switch is closed for time DT and open for time (1-D)T

5. The components are ideal

The key to the analysis for determining the voltage Vo is to examine the inductor current and
inductor voltage first for the switch closed and then for the switch open. The net
change in inductor current over one period must be zero for steady state operation. The
average inductor voltage is zero. There are two types of operational mode for this circuit a)
Continuous Conduction Mode and b) Discontinuous Conduction Mode. They are described
below.

Continuous Conduction Mode

T ()J}EI

A buck converter operates in continuous mode if the current through the inductor (IL) never

falls to zero during the commutation cycle. In this mode, the operating principle is described
by the chronogram in Figure 1.

—
i

Figure. 2.2: The two circuit configurations of a buck converter: (a) On-state, when the switch
is closed, and (b) Off-state, when the switch is open

When the switch pictured above is closed (On-state, top of Figure 2), the voltage across the
inductor is VL = Vi — Vo. The current through the inductor rises linearly. As the diode is
reverse-biased by the voltage source V, no current flows through it;

When the switch is opened (off state, bottom of figure 2), the diode is forward biased. The
voltage across the inductor is VL = — Vg (neglecting diode drop). Current I decreases.

The energy stored in inductor L is

1 2
P=gbxly @.1)
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Therefore, it can be seen that the energy stored in L increases during On-time (as IL

increases) and then decreases during the Off-state. L is used to transfer energy from the input
to the output of the converter.The rate of change of I can be calculated from:

dt 2.2)
With VL equal to Vi — Vo during the On-state and to — Vo during the Off-state.

Therefore, the increase in current during the On-state is given by:

wly (i)
A= | =d=,
0 L [ "t{on}=DT........ 2.3)
Identically, the decrease in current during the Off-state is given by:

tofs V.
Ahm:f”hﬁ='EWf
tn L L™ {off}=T......4)
If we assume that the converter operates in steady state, the energy stored in each component at
the end of a commutation cycle T is equal to that at the beginning of the cycle. That means that
the current IL is the same at t=0 and at t=T (see Figure3).So we can write from the above

equations:
(Vi = Vo) Vo

ton == _to =0
L LT s

ton = DTt is worth noting that the above integrations can be done graphically: In Figure

3, AILoniS proportional to the area of the yellow surface, and AILoHto the area of the
orange surface, as these surfaces are defined by the inductor voltage (red) curve. As

-

. : : . 7
these surfaces are simple rectangles, their areas can be found easily: (Vz - 1o) tonfor the
yellow rectangle and — Votoff for the orange one. For steady state operation, these areas must

be equal. As can be seen on figure 4, and feff =(1=D)T D js a scalar called the duty cycle

with a value between 0 and 1. This yield:
(V; = V,)DT —V,(1—-D)T =0
= V,—DV,=0
Vo
=P=v (2.6)
From this equation, it can be seen that the output voltage of the converter varies linearly with
the duty cycle for a given input voltage. As the duty cycle D is equal to the ratio between tOn

and the period T, it cannot be more than 1. Therefore,Vo < Vi. This is why this converter is
referred to as step-down converter. So, for example, stepping 12 V down to 3 V (output
voltage equal to a fourth of the input voltage) would require a duty cycle of 25%, in our
theoretically ideal circuit.
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Figure 2.3 Evolution of the voltages and currents with time in an ideal buck converter
operating in continuous mode
In some cases, the amount of energy required by the load is small enough to be transferred
in a time lower than the whole commutation period. In this case, the current through the
inductor falls to zero during part of the period. The only difference in the principle described
above is that the inductor is completely discharged at the end of the commutation cycle (Figure
4). This has, however, some effect on the previous equations.

a e 8T

g ol on off on | +
MR - Vl\

g‘ v, Vo

S 0 | -
Vo —V,

B R

5 t

¥ o DT T

Fig. 2.4 Evolution of the voltages and currents with time in an ideal buck converter
operating in discontinuous mode.

We still consider that the converter operates in steady state. Therefore, the energy in the
inductor is the same at the beginning and at the end of the cycle (in the case of discontinuous
mode, it is zero). This means that the average value of the inductor voltage (VL) is zero; i.e.,

that the area of the yellow and orange rectangles in figure 5 are the same. This yields:

(Vi = Vo) DT = VoéT =0 (27
So the value of & is:

J—H_%D

Vo

The output current delivered to the load (lp) is constant; as we consider that the output
capacitor is large enough to maintain a constant voltage across its terminals during a
commutation cycle. This implies that the current flowing through the capacitor has a zero
average value. Therefore, we have:

Ip=1,. ... (2.9)
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Where ILis the average value of the inductor current. As can be seen in figure 5, the
inductor current waveform has a triangular shape. Therefore, the average value of I can be

sorted out geometrically as follow:

fL = (%IL,"”DT+ %IL"‘“(ST> %
I (D +9)
= f
=y - (2.10)

The inductor current is zero at the beginning and rises during ton up to IL_max. That means

that I_max is equal to:

Vi =¥
I = ;DT
L Maz L (2.11)

Substituting the value of ILmax in the previous equation leads to:
(V; = V,) DT (D + 6)

2L (2.12)
And substituting 6 by the expression given above yields:

I,=

(Vi - V,) DT (D + %3%D)

° 2L en(2.13)
This expression can be rewritten as:
Vo, =V;

i 9LT
ovir T 1

It can be seen that the output voltage of a buck converter operating in discontinuous mode is
much more complicated than its counterpart of the continuous mode. Furthermore, the output
voltage is now a function not only of the input voltage (Vi) and the duty cycle D, but also

of the inductor value (L), the commutation period (T) and the output current (o).

on T T
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Fig. 2.7 Waveforms of current and voltage in a boost converter operating in continuous
mode.
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When a boost converter operates in continuous mode, the current through the inductor (L)
never falls to zero. Figure 3 shows the typical waveforms of currents and voltages in a
converter operating in this mode. The output voltage can be calculated as follows, in the case
of an ideal converter (i.e. using components with an ideal behaviour) operating in steady
conditions:

During the On-state, the switch S is closed, which makes the input voltage (Vi) appear across
the inductor, which causes a change in current (IL) flowing through the inductor during a
time period (t) by the formula:

Al

Af Lo, (2.15)
At the end of the On-state, the increase of IL is therefore:
1 (br DT
AILO" = — Vidt = —V;
L Jo L .. (2.16)

D is the duty cycle. It represents the fraction of the commutation period T during which the
switch is On. Therefore D ranges between 0 (S is never on) and 1 (S is always on).

During the Off-state, the switch S is open, so the inductor current flows through the load. If we
consider zero voltage drop in the diode, and a capacitor large enough for its voltage to remain
constant, the evolution of IL is:

T an
hW=Vesmdige . 2.17)

N _/rm_mij%-mU'D”
oy =) " I .(18)

As we consider that the converter operates in steady-state conditions, the amount of energy
stored in each of its components has to be the same at the beginning and at the end of a
commutation cycle. In particular, the energy stored in the inductor is given by:

| Y
E= §LIL .............. (2.19)

So, the inductor current has to be the same at the start and end of the commutation cycle. This
means the overall change in the current (the sum of the changes) is zero:

AILon + AILO_ff — 0

.............. (2.20)
AILonAILOJ’J‘Substituting and by their expressions yields:
DT (WD
St by =ot=——= 2.21)

This can be written as:
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¥, i
. 1=D . . .. (2.22)
Which in turns reveals the duty cycle to be:
] s
i (2.23)

From the above expression it can be seen that the output voltage is always higher than the input
voltage (as the duty cycle goes from 0 to 1), and that it increases with D, theoretically to
infinity as D approaches 1. This is why this converter is sometimes referred to as a step-up

converter.
Discontinuous mode

a Vos 5T |
5 o o off On i
&

Vo Vv
§v N
2 o :

v,-v,,-L --- P pe— Vi
1

E Inw- e et Lo B S e -y ‘ - 'D |L

-] ‘ Iz

Y 0 DT T

Fig. 2.8. Waveforms of current and voltage in a boost converter operating in
discontinuous mode.

In some cases, the amount of energy required by the load is small enough to be transferred
in a time smaller than the whole commutation period. In this case, the current through the
inductor falls to zero during part of the period. The only difference in the principle described
above is that the inductor is completely discharged at the end of the commutation cycle (see
waveforms in figure 4). Although slight, the difference has a strong effect on the output
voltage equation. It can be calculated as follows:

As the inductor current at the beginning of the cycle is zero, its maximum value ILMam(at t=

DT) is i
__V.DT

LMaz B o (2.24)
During the off-period, IL falls to zero after oT:

Lotz L IR (2.24)
Using the two previous equations, d is:

5= ViD
Vo—=Vi. (2.25)
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The load current lg is equal to the average diode current (ID). As can be seen on figure 4, the
diode current is equal to the inductor current during the off-state. Therefore the output current
can be written as:

Replacing ILmax and & by their respective expressions yields:

VDT VD VI

T V-V RGN 2.27)

Therefore, the output voltage gain can be written as follows:
Vo _, VDT
Vi T oLI O oo (2.28)

Compared to the expression of the output voltage for the continuous mode, this expression is
much more complicated. Furthermore, in discontinuous operation, the output voltage gain
not only depends on the duty cycle, but also on the inductor value, the input voltage, the
switching frequency, and the output current.

2.8 BUCK-BOOST CONVERTER

Another basic switched mode converter is the buck-boost converter. The output of the buck-
boost converter can be either higher or lower than the input voltage. Assumption made
about the operation of this circuit is same as it was for the previous converter circuits.

2.8.1 Principle of operation

W () LTVLDC-I-R v,

Figure. 2.9. Schematic of a buck-boost converter.
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Figure 2.10 The two operating states of a buck-boost converter: When the switch is
turned-on, the input voltage source supplies current to the inductor, and the capacitor
supplies current to the resistor (output load).When the switch is opened, the inductor
supplies current to the load via the diode D.

The basic principle of the buck—boost converter is fairly simple (Figure 10):

= while in the On-state, the input voltage source is directly connected to the inductor (L).
This results in accumulating energy in L. In this stage, the capacitor supplies energy to the
output load.

= while in the Off-state, the inductor is connected to the output load and capacitor, so
energy is transferred from L to C and R. Compared to the buck and boost converters, the
characteristics of the buck—boost converter are mainly:

= polarity of the output voltage is opposite to that of the input;

= —oconoThe output voltage can vary continuously from 0 to (for an ideal converter). The
output voltage ranges for a buck and a boost converter are respectively 0 to Viand Vito
.The circuit has two

= main mode of operations. They are described below.

2.8.2 Continuous mode

o T AE

o
Offiz 0 I L
V B e T

é{' V.. - - - Vn

> 0 t

o Ve i

o V V.

L~ o L
ma [0k |
- ! = o = =il - 0 o L
min g | [ B 1t
DTE 0O T

Fig 2.11 Waveforms of current and voltage in a buck—boost converter operating in

continuous mode.
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If the current through the inductor L never falls to zero during a commutation cycle, the
converter is said to operate in continuous mode. The current and voltage waveforms in an ideal
converter can be seen in Figure 3.

t=0t=D TFrom to , the converter is in On-State, so the switch S is closed. The rate
of change in the inductor current (IL) is therefore given by

dI,

dt:- " L. (2.29)

At the end of the On-state, the increase of I is therefore:

DT DT v/ 7
NLOn:/ dIL:/ B W07
0 0 L Lo (2.30)

D is the duty cycle. It represents the fraction of the commutation period T during which the
switch is On. Therefore D ranges between 0 (S is never on) and 1 (S is always on).
During the Off-state, the switch S is open, so the inductor current flows through the load. If we
assume zero voltage drop in the diode, and a capacitor large enough for its voltage to remain
constant, the evolution of IL is:

dI, _V,

di- L ... 2.31)
Therefore, the variation of I during the Off-period is:

L Oy v
MLOHZ/ (”L:/ 10—(“: W=D
hooh b b (2.32)

As we consider that the converter operates in steady-state conditions, the amount of energy
stored in each of its components has to be the same at the beginning and at the end of a
commutation cycle. As the energy in an inductor is given by:

it is obvious that the value of I at the end of the Off state must be the same as the value of I
at the beginning of the On-state, i.e. the sum of the variations of I during the on and the off
states must be zero:

.............. (2.34)
Al Lon DT Los Substituting and by their expressions yields:
VDT V(1-D)T
Mo tbhg=—p=t=—7—=1 (2.35)

This can be written as:
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7= (=7)
Vi L=Dd ... (2.36)
This in retugl yields that:
D == ,—o,
Vo=¥a.. . ... (2.37)

From the above expression it can be seen that the polarity of the output voltage is always
negative (as the duty cycle goes from 0 to 1), and that its absolute value increases with D,
theoretically up to minus infinity as D approaches 1. Apart from the polarity, this converter
is either step-up (as a boost converter) or step-down (as a buck converter). This is why it is
referred to as a buck—boost converter.

2.8.3 Discontinuous Mode

g 1T er
§ o On off On +
R e el -- ‘
v v,
f
E L
Vn VO VI
I
1 (el s s i G (et
3 | Iy
0 DT T t

Fig 2.12 Waveforms of current and voltage in a buck—boost converter operating in
discontinuous mode.

In some cases, the amount of energy required by the load is small enough to be transferred
in a time smaller than the whole commutation period. In this case, the current through the
inductor falls to zero during part of the period. The only difference in the principle described
above is that the inductor is completely discharged at the end of the commutation cycle (see
waveforms in figure 4). Although slight, the difference has a strong effect on the output
voltage equation. It can be calculated as follows:

As the inductor current at the beginning of the cycle is zero, its maximum value £ S (at

t=DT)is
;DT
IL"]BX =
L .. (2.38)
During the off-period, I falls to zero after 5.T:
V,oT
L. —
Lmx + —p— =84 (2.39)
Using the two previous equations, o is:
5= _ ViD
Wi (2.40)
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The load current lg is equal to the average diode current (ID). As can be seen on figure 4, the
diode current is equal to the inductor current during the off-state. Therefore, the output current
can be written a;:
~ L
I,=Ip=—"tm=4
? 2 (2.41)

Replacing T and d by their respective expressions yields:

V,DTV;D  VED*T

TV, T WV, (2.42)
Therefore, the output voltage gain can be written as:
V, V.DT

Vi 2L1, .. ... (2.43)

Compared to the expression of the output voltage gain for the continuous mode, this expression
IS much more complicated. Furthermore, in discontinuous operation, the output voltage not
only depends on the duty cycle, but also on the inductor value, the input voltage and the output

current.
2.8.4 Limit between continuous and discontinuous modes

1

D00 ]
—o =

fconunuolis

 — e —
=05

1 i_/m— S

o = 1
S / e ¢onunuous E
- / - =0.5 i
o

o.os (o o.1s (= 2-1 o.2s

Nomelzzdvotege
Wl

Lo
[ T

N ormalized current

Fig 2.13 Evolution of the normalized output voltage with the normalized output current in
a buck-boost converter.

As told at the beginning of this section, the converter operates in discontinuous mode when low

current is drawn by the load, and in continuous mode at higher load current levels. The limit

between discontinuous and continuous modes is reached when the inductor current falls to zero

exactly at the end of the commutation cycle. with the notations of figure 4, this corresponds to :

In this case, the output current Tojim, (output current at the limit between continuous and
discontinuous modes) is given by:

- fy= a1y

I,
" 2 (2.46)
Replacing {Zmaxby the expression given in the discontinuous mode section yields:
V.DT
Olim — —+—(1-D)
2L L (2.47)
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As Tlimis the current at the limit between continuous and discontinuous modes of operations, it
satisfies the expressions of both modes. Therefore, using the expression of the output voltage in
continuous mode, the previous expression can be written as:

ViDTYV;
I z—_'l —D
lim 2L ‘/0 ( ) ........ (2.48)

Let's now introduce two more notations:

Veol=

Vo
Vi The normalized voltage, defined by . It corresponds to the gain in
voltage of the converter;

o= 17 Togp, : : TV;.

. § e normalized current, defined by . The term —T—is equal to the
maximum increase of the inductor current during a cycle; i.e., the increase of the
inductor current with a duty cycle D=1. So, in steady state operation of the converter,
this means that [felequals 0 for no output current, and 1 for the maximum current the
converter can deliver.

Using these notations, we have:
Vol=—12p

1 D? .
IVal==2T2TIn continuous mode, :

e In discontinuous mode, X
e the current at the Ilimit between continuous and discontinuous mode is

.k _Iolim .. .
lojjm==21 D=D)=51,t D(1=D) Tharefore the locus of the limit between continuous

1 3
and discontinuous modes is given by ZTT P1—D)=1

These expressions have been plotted in figure 5. The difference in behaviour between the
continuous and discontinuous modes can be seen clearly.

2.9 The CUK Converter:

The Cuk converter is used for getting the output voltage with different polarity. That means
output voltage magnitude can be either larger or smaller than the input, and there is a polarity
reversal on the output.

The inductor on the input acts as a filter for the dc supply, to prevent large harmonic
current. Unlike the previous converter topologies where energy transfer is associated with the
inductor. Energy transfer for the cuk converter depends on the capacitor C1. The primary
assumptions for this circuit analysis are as before. It also has two modes of operation which are
described below.

2.9.1 Operating Principle
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Fig 2.14: Schematic of a non-isolated Cuk converter.
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Figure 2.15: The two operating states of a non-isolated Cuk converter.

ate

C
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Fig 2.16 : The two operating states of a non-isolated Cuk converter. In this figure, the
diode and the switch

are either replaced by a short circuit when they are on or by an open circuit when they are off.
It can be seen that when in the Off state, the capacitor C is being charged by the input source
through the inductor L1. When in the On state, the capacitor C transfers the energy to the output
capacitor through the inductance L2.
A non-isolated Cuk converter comprises two inductors, two capacitors, a switch (usually a
transistor), and a diode. Its schematic can be seen in figure 1. It is an inverting converter, so
the output voltage is negative with respect to the input voltage.
The capacitor C is used to transfer energy and is connected alternately to the input and to the
output of the converter via the commutation of the transistor and the diode (see figures 2 and
3).
The two inductors L1 and L2 are used to convert respectively the input voltage source (Vi) and
the output voltage source (Cp) into current sources. Indeed, at a short time scale an inductor can
be considered as a current source as it maintains a constant current. This conversion is necessary
because if the capacitor were connected directly to the voltage source, the current would be
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limited only by (parasitic) resistance, resulting in high energy loss. Charging a capacitor with a
current source (the inductor) prevents resistive current limiting and its associated energy loss.
As with other converters (buck converter, boost converter, buck-boost converter) the Cuk
converter can either operate in continuous or discontinuous current mode. However, unlike
these converters, it can also operate in discontinuous voltage mode (i.e., the voltage across the
capacitor drops to zero during the commutation cycle).
2.9.2 Continuous mode
In steady state, the energy stored in the inductors has to remain the same at the beginning
and at t{1e end of a commutation cycle. The energy in an inductor is given by:
E= LI
2 (2.49)
This implies that the current through the inductors has to be the same at the beginning and the
end of the commutation cycle. As the evolution of the current through an inductor is related to
the voltage across it:
: dl
VL — L‘—
dt .............. (2.50)
it can be seen that the average value of the inductor voltages over a commutation period have
to be zero to satisfy the steady-state requirements.
If we consider that the capacitors C and Co are large enough for the voltage ripple across
them to be negligible, the inductor voltages become:
= |n the off-state, inductor L1 is connected in series with Vj and C (see figure 2). Therefore
VL1 =Vj — VC. As the diode D is forward biased (we consider zero voltage drop), L2 is
directly connected to the output capacitor. Therefore VL2 = Vo
= In the on-state, inductor L1 is directly connected to the input source. Therefore VL1 = Vi.
Inductor L2 is connected in series with C and the output capacitor, so V.2 = Vo + VC

The converter operates in on-state from t=0 to t=D-T (D is the duty cycle), and in off state
from D-T to T (that is, during a period equal to (1-D)-T). The average values of V|1 and
V|2 are therefore:

V=DVt (1-D)-(F-Te) = (- (1-D)- W) 2.51)
Vo= DT +(1-D)-<Ty= (4 D-¥) (2.52)

As both average voltage have to be zero to satisfy the steady-state conditions we can write,
using the last equation: i
Vo

1/'(—-),:__

D. ... (2.53)

So the average voltage across L1 becomes:

) v,
= (V}+(1—D)-5) =0
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\{\(hich can be written as:
'/o .

Vi 1-D (2.55)

It can be seen that this relation is the same as that obtained for the Buck-boost converter.

2.9.3 Discontinuous mode

Like all DC-DC converters Cuk converters rely on the ability of the inductors in the circuit to
provide continuous current, in much the same way a capacitor in a rectifier filter provides
continuous voltage. If this inductor is too small or below the "critical inductance”, then the
current will be discontinuous. This state of operation is usually not studied too much depth, as
it is not used beyond a demonstrating of why the minimum inductance is crucial.

The minimum inductance is given by:

(1 - D)?R

Limin = 5D7.

Where fs is the switching frequency.

OPERATION PRINCIPLE AND CONVERTER ANALYSIS

Proposed converter circuit is shown in Fig. 1. Input boost circuit consists of inductance Ls and
switch Si. Leakage inductance of transformer in primary side modelled as L. Capacitor
C: and leakage inductance Lk provide resonant circuit. Active clamp circuit is made by C:
and switch S2. In secondary side of the transformer, diodes D1 and D2 work as a half bridge
rectifier, providing voltage doubler circuit with capacitors Coi and Co2 in output.

In this converter, parasitic capacitances and Ron resistance of switches are neglected.
Because of ZCS on the output diodes, fast diodes are not necessary. Moreover rL is candidate as
load resistance, N1 and Nz are primary and secondary of transformer's turn ratio
respectively and n is defined asn = N2/Ni. fs and fr are switching and resonant
frequency respectively.

The operation of proposed converter is described by the following six intervals. Important
currents and voltage curves in Fig. 2 and circuit diagrams are shown in Fig. 3. At the time
before to , switch Sz is turned ON. Inductance LB is large enough to alleviate input
current ripple so assume that input current has constant value Ilin. Further assume that
voltage of Cz has constant value Vca.

3.1.1 Interval 1[t,, t1]

At to , Sz turns OFF and difference of input and the transformer current flow through
anti-parallel diode of switch Si. As long as this current flows, voltage across S1 is zero and
gate pulse can be applied to achieve ZVS. This interval will finish when reverse current of
S1 decreases to zero.

3.1.2 Interval 2[ty, t2]

At t1, current of switch Sichanges its direction and flows through the switch because Si
has been turned ON in the previous interval. lin circulates through Si and the source, and
Vin charges input inductor Le. By applying voltage Voz2/n via transformer primary winding
tothe Ciand Lk in two last intervals, ik decreases to zero. This interval will finish when
iik reaches to zero. In the output D2 is conducting. So:
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Voa/n=V,
! o L YOUNTYEY
—y w0 d,T,
X

GTy =t~ 3]
Where V' is voltage of capacitor Ci at the time to.
3.1.3 Interval 3 [t2 t3]
At t2 , the transformer current ik changes its direction and voltage of output capacitor Co
is reflected via transformer to the primary side and Ci: and Lk make resonance. This
interval will fmish when ik reaches to zero. During this interval, as aresult of Vin across
the Ls, current of input inductance is rising. Because of changing the current of transformer
direction in this interval, direction of secondary current is also changed, so in output
doubler circuit, D1 is conducting and supplies output capacitor Coi. For this interval:

(0 = 22 o sin o, (¢ — €)

d, T, =t3— ¢

i (t3) = V"I/l';._;\vl Lsin(w,d,T;) =0
(i

Adr Tw d2Tw daTe (1-D)Te

Figure 3.1 Operating Waveforms Of Quasi Resonant Converter
Where Voi/n is voltage of capacitor Coi. reflected to the primary side of the transformer.

3.1.4 Interval 4 [t3t4]
This interval will begin when the current of transformer reaches to zero. Capacitor C: and
inductor Lk transfer their energy to the output, consequently voltage across the transformer
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and capacitor Ci reach zero too, but the current of S1 remains lin in the entire interval and
the power supply charges the inductor Ls. Based on the diagrams shown in Fig. 2 :

d.(Ts =l-0

n=l--ahes 33

And, by applying volt-second law to the transformer winding:

dlvl + (IKV{ = (11 VZ

daVy=di¥y
Vy=——

dy

Figure 3.2 Operating Intervals of Quasi Resonant Converter

In the output, diodes are turned OFF because secondary current is zero. So in this
interval output capacitors (COIl and CO2) supply the load.

Interval 5 [t4 t5]
At t4 , S1 turns OFF and difference of input and the current of transfonner flow through
anti-parallel diode of switch S2 and charges C2. As long as this current flows, voltage
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across S2 is zero and gate pulse can be applied to achieve ZVS. In output, D2 is conducting
and supplies output capacitor CO2. This interval will finish when reverse current of S2
reaches zero.

Interval 6 [t5 t6]

When current of anti-parallel diode of S2 reaches to zero, its direction changes, and it
flows through switch S2 which has been turned ON in previous interval. The current of
transformer is rising just like previous interval. In these two later intervals, input constant
current flows through the transformer and charges CI. Current of capacitor C2 circulates
through the transformer.

This Interval finishes by removing pulse gate of S2. The current of transformer rises
linearly from O until at the time t6 reaches to the il. So:............ 3.5

VC2 is voltage of clamp capacitor and V02/nis voltage of CO2 on the output which was
reflected to the primary side of the transformer, and DTs is duty cycle of switch S1-

To achieve minimum current stress in Turn-OFF switching state, this proposed converter works
in discontinues conduction mode. Further controllability of converter becomes easier. In
contrast with conventional resonant converters this proposed converter can be controlled with
PWM method. Consequently, converter works in constant frequency reducing EMI effect [19].
Since this converter is controlled by PWM method the control complexity is eliminated.

This proposed converter has a boost circuit on the input with large inductance causing
low input ripple. The leakage inductance of transformer is used for resonant inductance
of resonant circuit. An active clamp circuit is implemented parallel with primary side of
the transformer to clamp primary side voltage. In secondary side of transformer, voltage
doubler circuit is used to achieve high voltage gain.

THEORETICAL ANALYSIS

Voltage Gain

Here it is assumed that voltage of capacitors Ci, Cz and Co, and input current lin are
constant.

According to proposed converter in Fig. 1, by applying KCL to node "a", average current of
C1, Cz2and Lk is zero.

(i Hlic) +li)=0 4.1

Where "(.)" means, average value of "." here. In steady state, average current of capacitors is
zero, So:

(ic1) = (ic2) =0

And:

=0 4.2

But during the time (1 - D)Ts= ts - ts, by
applying KCL in node “b”.

feg + lin = i

............ 4.3
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Here lin is average input current. Switch Sz is in series with capacitor Cz (icz = is2) so from
(12) it's average current is zero. Form Fig. 2 during the time(l - D)Ts, average current of ik is
equal to lin, then:

Ziy(1 = D)T; = (1 = DT,
Il = 21m
............ 4.4

By applying KVL:
(Vin) = (Vi) + (Vp) + (VLA) + (VCZ) 4.5

In steady state average voltage of inductors and the windings of transformer are zero, so:

Vin = (Ver) 4.6

As shown in Fig. 3 at the time ts to ts the current lin flows through Ci and then current of
C: jumps to i1 after that decreases almost linearly to zero, simultaneously voltage of Ci
during the time t4 to te increases linearly and after that it resonance and reaches its peak at
t2, its minimum happened at t3 and it would be constant to the end of time period.

Voltage of Ci increases linearly during ts to ts. The time interval between w© to t2 is too
short, consequently It can be assumed that in this interval voltage of C: is constant. So from
(1S) it can be said:

My =#(1- DT,
aVey

Vo = Vm(to) =Vt =

= Vig + 22 (1= D)

0T ll (1o

Figure 4.1 Output Diode Current
From FigA and by applying volt-second product equations on output capacitors, relations
between Vo, Vo2 and Vo can be easily obtained as following [20]:

Vo= (D+d,)V,

Va2 Q=lmtds. 48

And also Vc: can be represented as:
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ch oy (l{__lﬂ) vul
............ 4.9
From(1),(9),(20),(21) and (23), T1 can be obtained as follow:

l'l-()l(-l%vm-'(l)—d, |V”/,,b]

dy = v i

(D~dy) ’/,,W...*‘,Cln—un\
............ 4.10

Average current of each output diodes is equal to output current, because average current

capacitors are zero. So:

1
lo =301 (peak)- 2
Also:
1,
Iu = ;'Dum'akl'(l -D +dl)

From Fig2 and (16):

iDZ(P-'ﬂk}'" == 21“"
............ 4.11
By using (9),(25) and (27) output current can be obtained as follow:
- [ -0-00"%| g
=B - 0)a- D4 =2
......... 4.12
Form (28) voltage gain can be expressed as:
D
M=r— : —
...... 4.13
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.0 b e ? Vime
(a)

(<)

Figure 4.2 simulated waveforms of proposed converter (a) VT and Vgs1 ,10V/div.(b) Ik,
5V/div. (c) is1 and isz, 10V/div. (d) ip1 and ipz, 1A/div. (€) lin, 10A/div
4.1.2 Inputcurrent ripple

Switch Sz is turn ON during DTs and input voltage Vin applies to inductor Ls and charges it. So
input current can be derived as following:

Auvailable online: http://edupediapublications.org/journals/index.php/l1JR/ Page |590



https://edupediapublications.org/journals
http://edupediapublications.org/journals/index.php/IJR/

— ® International Journal of Research e-ISSN: 2348-6848
. . - . p-ISSN: 2348-795X
qg Available at https://edupediapublications.org/journals
Volume 06 Issue 06
ITR May 2019
iy =72 DT,
- 4.13

Maximum switches voltage

As we assumed before, voltage of Ci1 between to to t2 is constant. Voltage of Si rises linearly to
its peak, and turn OFF and Sz turn ON. After that, voltage of Sz decreases sinusoidal until t3. So
it can be assumed that both switches maximum voltage is equal. By applying KVL on S1,S2, C1

and C: at to:

Vsumax = Veanax = Vea(to) + Ve
D l“l "
oz I___DVW + ‘/(H +T(} - D),\
‘
Jin 4. 281 - DT,
=02 4.13

SIMULATION RESULTS

This proposed converter is simulated and simulation waveforms results are shown in Fig. 5. In this simulation
example input voltage is Vin = 24v and average input current is lin = 9A, so output power is Pin = 220w. Here
output voltage is Vo = 360v. Switch S1 has duty cycle about D = 0.7. Other converter elements parameter are as
follow: LB = 200uH, Lk = 2UH , C2 = 47uF, C1 = luF , COIl = CO2 = 10uF , fs = 100KHz and n = 5. In this
condition, efficiency of proposed converter is about n = 96%.

In Fig. 6 voltage gain against duty cycle for RL = 800D. and some Lk values is plotted. It's clear that output
voltage changes by duty cycle so by controlling duty cycle, output voltage can be regulated.

Efficiency of converter has been shown in Fig. 7 at various output power. It can be seen that in output power
about 30w to 330w converter efficiency varies in region between 95% and 98%.

Figure 5.1 Measured Output Voltage at different duty cycle

. ’/.———.\_.,,'——0\\.

@0

Me

Figure 5.2 Measured efficiency at different output power
RESULTS
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CONCLUSION

In this paper, the steady state analysis of a new quasi- resonant converter for fuel cell application has
been presented. Since this converter works in discontinuous conduction mode, switches stress have been
minimized. These switches are working under ZVS condition which cause low switching losses. The leakage
of transformer Lk inductance has been employed to made the resonant circuit with C1. Therefore, an active
clamp circuit across the primary side of the transformer clamps its primary voltage. Using a boost circuit
with a large inductor in the input of converter cause low input current ripple which is appropriate for fuel cell
applications. In output, a voltage doubler circuit has been used to obtain high voltage gain. The output
diodes working under ZCS, alleviate their reverse recovery problem and reduce losses. By these reduction of
losses, converter has a high efficiency.
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