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ABSTRACT

India being the world’s third largest power producer and consumer is still considered to
have unreliable electrical infrastructure. It is estimated that about 27% of the energy generated is
stolen or lost in transmission. During the 2012 grid failure, some villages that were not
connected to grid were not affected, such as Meerwada located in Madhya Pradesh because it has
a 14KW solar power station. The photovoltaic (PV) energy systems are gaining popularity
because the systems are being developed and designed to extract maximum energy from the sun

in most efficient way and feed it to the loads without affecting their performance.

In this thesis, a boost converter operating all the switching devices under Zero Voltage
Transition is studied and a model converter which can supply a load of 250W is designed and is
used in a PV energy system. In this converter topology, a part of the circuit resonates for a small
portion of the switching cycle of the converter, known as the auxiliary circuit that enhances the
soft transition from ON state to OFF state and vice versa, thus improving the converter efficiency
by reducing the dominating portion of in losses i.e. the losses that occur due to hard transition of
the switches. Due to reduced losses during switching transitions heating effect of MOSFETS is
reduced and they have a longer life. The comparative study between the new topology and
conventional hard switching converter is analyzed in terms of improvement of efficiency and
reduction of switching losses.
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CHAPTER-1

1.1 INTRODUCTION

Usually, the converters operating under Zero Voltage Transition (ZVT) help solving the problem
of prohibitive Electromagnetic Interference (EMI) either by using a diode whose recovery
characteristics are not fast, to increase the turn OFF time switch present in the boost circuit,
which increases the switching losses [3], or by using passive snubber circuits which increase the
conduction losses [4] [5], thus reducing the converter efficiency and limiting the switching
frequency. So the problem of EMI is solved only at the cost of reduced efficiency. So there is a

need for highly efficient converters with reduced EMI.

The most important thing in the converter design is the positioning of the auxiliary
switch. If the source terminal of the switching MOSFET is not connected to the common point of
grounding in the circuit, we will need a floating gate drive, which demands an effective gate
voltage greater than the input voltage. A reduced stress of voltage and current peaks on the

switching devices is always recommended for safety of devices.

The principle of ZVT is that the auxiliary circuit carries a current higher than the input
current flowing through the boost inductor just for a fractional part of switching time, in order to
attain soft turn ON and OFF transitions of the main and auxiliary switches. So, these converters
have higher ohmic losses than the simple or conventional converters that do not operate under
soft transitions of switching. But the efficiency of the soft switching converters is high as the
losses due to hard switching in the soft switching converters are very low as compared to the
conventional hard switching converters. Also, as the auxiliary circuit it-self is soft switching and
due to the creative placing of the snubber capacitor which controls the ON to OFF transition of

the switch in the boost circuit, this converter reduces the EMI and increases the efficiency.
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1.2 LITERATURE REVIEW

In conventional hard switching converters, the conduction losses are very low. But due to high
switching losses, the efficiency of these converters is low. So the technique of soft switching is
introduced to make the switching transitions at either zero voltage condition or zero current
condition, so that the dominating portion of losses (the ones caused due to switching under high
voltages or currents) can also be reduced and the efficiency of the converters can be highly

improved.

In [3] it has been made clear that the sources of major losses in a boost converter
operating in CCM are the diode and the inductor present in the part of the circuit that boosts the
voltage and the MOSFET used for switching. The efficiency is also affected by the input boost
inductor’s refined design and the OFF transition losses of the main switch. As the turn ON losses
of the switch depend on the reverse recovery characteristics of the diode in the boost circuit,
adopting a fast recovery diode reduces the turn-ON losses. But, use of a fast recovery diode
increases ringing effect and EMI. Further we need to use EMI filters which would increase the

complexity and may affect the improvement in efficiency achieved by using fast recovery diode.

In [4] the process of active turn-ON snubbing for the ZVT is studied. The use of an extra
switch to make easy discharge of resonant inductor to reduce voltage stress on main switch is an
alternative for passive snubbing. This configuration of active snubbing is usually referred to as
the ZVT boost converter. This paper has provided the basic idea of the implementing boost
converter with zero voltage transitions. But in this circuit only the boost circuit switch operates
in zero voltage transitions. But the auxiliary circuit switch operates on zero current transitions.
The resonant energy that has been stored in the inductance of the resonating circuit is circulated
to the load.

Many papers have been referred only to study the different methods adopted in the turn-
off process of the boost switch present in the main circuit. In [2] the snubber capacitance Cs
controls turns off process of the boost switch by controlling the rate of rise of voltage across the
switch. But the energy that has been stored in this capacitor is always dissipated in the auxiliary

circuit. This increased the conduction losses of the converter. In [5] the conduction losses are
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slightly reduced by using an energy feed-forward circuit. In this circuit, some part of the resonant
energy is allowed to be directly fed to the connected load by making use of a transformer. The

circuit topology presented in this thesis has all its resonant energy dissipated into the load.

1.3 MOTIVATION

In recent days of continuously and rapidly growing power demand and but very slowly
improving supplying capacity, there are more chances of power outage or grid failures like in the
case of 2012 grid failure in India. Also most of the remote areas are not connected to the grid and
they do not have power supply. These areas can generate power on their own using renewable

resources such as solar energy.

The efficiency of the PV energy system solely depends on the PV panels, power
converter and the Maximum Power Point Tracking system. The efficiency of a single PV cell is
very low. The efficiency of hard switching converters is low. So they can be replaced by the soft
switching converters that have very less losses and high efficiency. Use of good and efficient
MPPT algorithm also improves the system efficiency. In this thesis, improvement of converter

efficiency is most focused on.

Usually ZVT converters solve the problem of EMI either by using slow recovery diodes
or by using passive snubbers which increase the conduction losses. So the reduction of EMI is
achieved only at the cost of reduced efficiency. So there is a need for more efficient converters
with less EMI. Also most of the soft switching converters involving auxiliary switch does not
attain soft switching of the auxiliary switch. So an auxiliary circuit which helps in soft switching

and also is soft switching is required.
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1.4 OBJECTIVES

The main objective of this thesis is to study and analyze the operation of converter and design

the converter that can satisfy all the requirements that have motivated to take up this work. In

short the objectives of the thesis are listed as follows

1. To design a converter that has

a.
b.
C.
d.

Reduced switching losses
Reduced conduction losses
Less EMI

Reduced stress of voltage and current on the devices

2. Study the operation of the converter and verify it by waveforms and study the soft

switching of both the switches.

Implementation in PV environment along with MPPT

4. Calculation of losses and efficiency of the converter and comparative study with a simple

boost converter

18



CHAPTER-2

2.1 BOOST CONVERTER FOR PV ENERGY SYSTEM

The efficiency of a photovoltaic system is very low since the output of the PV array depends on
various environmental conditions most likely to be temperature and solar irradiation. Therefore,
there is a need for a system to condition the power output of the PV array before supplying it to
the domestic loads.

DC-DC
CONVERTER LOAD

|

PWM

PV ARRAY

/

Voltage and
current sensing

o

MPPT Algorithm

Figure 2.1: block diagram of DC-DC converter with PV energy system

Figure 2.1 represents a block diagram showing the use of a converter for PV energy
system. The PV array’s output is supplied to the load after being conditioned by the ZVT DC-
DC boost converter. The switching of the MOSFETs constituting the circuit is controlled by a
maximum power point tracking (MPPT) algorithm which tracks that operating point of the PV

array that meets the DC load line (including the effect of converter).
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2.2 POWER LOSSES IN HARD-SWITCHING CONVERTERS

In the switching converters, when the switching device is in ON state, as the voltage blocked by
the switch is zero, the power losses are zero. When the switch remains in the off state, as the
current allowed by the switch is zero, the power losses are zero. But during the transition of the
switch from both ON state to OFF state and OFF state to ON state, if there is no mechanism to
make either voltage or current zero, power losses occur. This is in the case of hard-switching

converters.

In the hard switching converters, power losses will occur when there will be a
simultaneous non-zero voltage applied across and non-zero current flowing through the switch.
When the switching device turns ON or OFF, the device voltage and current are high in
simultaneous cases resulting in high losses. This is shown as waveforms in figure 2.2, (i)
showing control pulse given to the switching device, (i) the device voltage and current and (i)

power losses per switching cycle.

A

VGS

OFF ON OFF

v

(1)

DS’ D I 0

v

OFF

> (ii)
A Z\"tow \ .

power

v

(iii)
Figure 2.2: switching losses in hard switching converters
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The power losses corresponding to a single switching transition are the product of the
voltage that appears across the terminals of the switch and the current flowing through the
switch. The entire switching losses are the product of energy or power lost per switching
transition and the switching frequency. The power losses that occur due to these switching

transitions are referred to as switching losses.

The switching losses in one switching cycle can be denoted in equation 2.1

Ton + Toff
Psw :Vs I s fs 2
2.1)

From the above equation, the switching losses in any semiconductor device vary linearly
with switching frequency and delay times. Therefore such hard switching converters cannot be
used for high frequency switching applications. Though use of passive snubbers across the

switch reduces voltage stresses, the efficiency cannot be improved due to high switching losses.

From the equation of switching losses, it can be observed that the switching losses can be

reduced in 2 ways

I. By reducing the delay times during turn ON and turn OFF, by using faster and more
efficient switches in converter.
ii. By making the voltage across or current through the switch zero before turning it

ON/OFF, the concept of soft switching converters.

2.3 SOFT SWITCHING TECHNIQUES

There are two basic methods to attain soft switching, zero current switching (ZCS) and zero
voltage switching (ZVS), based on the parameter that is made zero, either the voltage or current

through the device.
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2.3.1 ZERO CURRENT SWITCHING

A switch operating with ZCS has an inductor and a blocking diode in series with it. The
switch turns ON under ZCS as the rate of rise of current after the voltage becomes zero is
controlled by the inductor. As the inductor does not allow sudden change in current, it rises

linearly from zero.

When a negative voltage is made to appear across the combination of inductor and switch
using a resonant circuit, the current flowing through the switch is naturally reduced to zero which

results in the turn OFF of the switch under zero current switching.

HARD SWI%(?EIING
\V4 Resonant SWITCHING

Circuit

-
CURRENT ,,"
CURVE

—

VOLTAGE
CURVE

If
+
magnitude

time —Pp

Figure 2.3: (a) ZCS turn OFF using negative voltage

(b) Switching waveforms of hard switching and ZCS during turn OFF

2.3.2 ZERO VOLTAGE SWITCHIING

A switch operating with ZVS has an anti-parallel diode and a capacitor across it. During turn
OFF as the current reduces to zero, the rate of voltage rise that takes place across the switch is
controlled by the capacitor. As the capacitor does not allow sudden change in voltage, it rises

linearly from zero.
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The turn OFF characteristics of the switch are controlled by a capacitor connected across

it. This capacitor reduces the voltage rise rate as current flow reduces to zero.

VOLTAGE
CURVE HARD ZVS
WITCHING SWITCHING

o o i e o e
7/

—

|—
I I _ Resonant
L Circuit

CURRENT
CURVE

K
magnitude
\\
~,
\\\

(@) (b)
Figure 2.4: (a) ZVS turn ON using negative current

(b) Switching waveforms of hard switching and soft switching

2.4 ZERO VOLTAGE TRANSITION CONVERTERS

The ZVT converters accomplish zero voltage switching during both turn-ON and turn-OFF

transitions of the primary or boost switch.

The zero voltage transition in zero wvoltage switching converters is accomplished by
turning OFF the switch which has capacitor and a diode connected in parallel with it. As the
flow of current through the switch falls to zero, the capacitor maintains zero voltage across
the switch. Where as in zero voltage transition, as the switch turns OFF, the current in the

switch is transferred to the capacitor connected in parallel to it.

The turn ON transition in zero voltage switching is accomplished by discharging the

capacitor connected in parallel by making use of the energy stored in a magnetic circuit
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element like a transformer winding or an inductor coil. The switch is turned ON after the

parallel diode enters into the state of conduction. This ensures a zero voltage across the
switch during transition.

There are various zero voltage switching techniques. Each one differs from other in the
techniques used to control and modulate to attain regulation and also in the mechanism of
storing energy to attain zero voltage turn ON.
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CHAPTER-3
ZERO VOLTAGE TRANSITION DC-DC BOOST CONVERTER

3.1 CIRCUIT DESCRIPTIONAND ITS NOVELTY

The circuit schematic of the zero voltage transition DC-DC boost converter is shown in Figure
3.1. It is just a simple boost converter with a diode Di, input boost inductor Li,, main switch S;
and an output capacitor Co across a load Rjpaq, In addition to the boost circuit, it also constitutes
of an additional circuit that resonates, consisting of an inductor L,, a capacitor C,, diodes D;-Ds
and a capacitor Cp to feed the resonant energy to the load. The capacitance Cs shown across the

main switch S; is its parasitic capacitance and not an external capacitance.

oo rmem s , D,
1 ]
L. >
" :C+ *Dz e :
1 H
I b | ]? :
5 L3
i r !
Ly 1 [l : C, i cx 2R
in — CS' : 0 P < OAD
1 H
i D, i
i !
. i
1 2 K— f I
i — !
i !
] H
i !
i 1

Figure 3.1: Schematic diagram of the ZVT dc-dc boost converter

The basic principle of Zero Voltage Transitions is that the auxiliary circuit carries a
current higher than that of the input supply current, for a small portion of the entire switching
cycle in order to attain soft switching of the switching elements present in the converter.

Therefore Zero Voltage Transition converters have higher ohmic losses than that of those
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converters that operate under hard-switching. But the efficiency of the converters that operate
under soft switching is inflated unlike the hard switching converters on account of diminished

switching losses.

The innovative part of this circuit lies in the reduction of conduction losses along with
soft switching of all the switches main and the auxiliary ones, and also all the diodes. This is
achieved by using a capacitor that controls the turn-off characteristics of the main switch, whose
resonant energy all dissipated into the load. From figure 3.1 it is clear that the capacitor Cy is the
feed-forward capacitor that controls the turn-off of the main/boost switch. The energy retained
by this capacitor is completely discharged into the load through the boost diode, either D1 or Ds.
So the rms current carried by the auxiliary circuit is reduced and so happens with the conduction

power losses, unlike the other topologies mentioned in the literature review.

3.2 CIRCUIT OPERATION

The operation of the circuit is explained for one complete switching cycle, which is split into
seven parts for easy understanding. Each of these cases is explained along with equivalent circuit
for that interval. Initially the boost diode D; supplies the output current and the circuit acts as a
simple pulse width modulated boost converter. The circuit under this condition is shown in
figure 3.2.

N
®. T

Figure 3.2: [t<to] converter circuit in simple boost converter mode
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Interval 1 [to-t;1]:

At instant tp the switch S, is switched ON with Zero Current Transition owing to the existence of
auxiliary resonant inductor serially connected to it. The current slowly starts to divert from the
diode D; to that part of the circuit which supplements the main circuit, which eventually starts to
resonate. The resonant inductor decelerates the turn-off current rate through D; that turns off
under ZCS by the end of this interlude. By this time the auxiliary current flowing through boost

inductor equals the input boost current. The equivalent circuit for this interval is manifested in

figure 3.3.

Figure 3.3: Equivalent circuit for interval [to-t;]

Interval 2 [t;-t2]:

The auxiliary circuit current keeps on increasing all interval long. But the input current supplied
is assumed to be constant due to large inductance which does not allow sudden change in
current. So the parasitic capacitance Cs of the main switch S; starts discharging into the auxiliary
circuit in order to supply the increased portion of auxiliary current. By the end of this interval the

capacitance discharges completely. The equivalent circuit for this interval is manifested in figure

3.4.
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C* Iin Vcs —~ Cs r

Figure 3.4: Equivalent circuit for interval [ti-t7]

Interval 3 [ty-t3]:

After the instant t, the diode internally present in the main switch connected anti parallel to it
starts conducting, which causes the voltage blocked by the main switch S; to be zero. This is the
Zero Voltage duration during which the switch S; must be supplied with the trigger. By the end
of this interval the current carried by the auxiliary circuit equals the input supply current and the
main switch is in a condition of about to start conduction. The equivalent circuit of the converter

for this mode is manifested in figure 3.5.

I A S ST TV
C*) in 1 J_ Cr

Figure 3.5: Equivalent circuit for interval [to-t3]

Interval 4 [ts-t4]:

The auxiliary current declines the input supply current and the residue of the input supply current

after supplying with the auxiliary current starts flowing through the switch S;. By the end of this
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interval the flow of current in the auxiliary circuit becomes zero. The equivalent circuit of the

converter for this mode is manifested in figure 3.6.

lISI ILrl Lr
C TV
i Cr

-

Figure 3.6: Equivalent circuit for interval [t3-ts]

®1, s

Interval 5 [ty-ts]:

In this interval, the direction of current flow in the auxiliary part of the circuit changes and the
negative portion of the resonant cycle starts at this instant. Diode D4 which is in series the switch
makes the branch unidirectional and does not allow the switch S, to conduct and so this current
passes through the diode Ds creating a Zero Voltage turn-off condition for S,. Meanwhile the
current from the diode D, is rerouted to the capacitor C, which starts getting charged. The

equivalent circuit for this interval is manifested in figure 3.7.

G J_TILr

ISl

®' 5]~

Figure 3.7: Equivalent circuit for interval [ts-ts]
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Interval 6 [ts-ts]:

As this interval starts at instant ts, the auxiliary current becomes zero and the resonant cycle ends
here. The circuit begins to runs identical to a PWM boost converter operating in its charging

state. The equivalent circuit of the converter in this interval is manifested in figure 3.8.

lIs1

®, Sl

Figure 3.8: Equivalent circuit for interval [ts-ts]

Interval 7 [ts-t7]:

At the beginning of this interval at instant ts Si is turned-off. The feed forward capacitor Cy, is
responsible for the slow voltage rise across S;. Voltage across the capacitor Cy, reverse biases the
boost diode D; and it cannot conduct. So the energy stored in the capacitor Cy, during the
resonant cycle i.e. the auxiliary circuit energy discharges through diode Ds and when this voltage
reaches zero the diode D; starts conducting and the succeeding switching cycle gets initiated.

The equivalent circuit of the converter for this mode is shown in figure 3.9.

T
T C
®1, 5)iqv. =0

i [
L,

Figure 3.9: Equivalent circuit for interval [ts-t7]

30



3.3 THEORETICAL WAVEFORMS

Figure 3.10 shows the theoretical waveforms for the operation of the converter showing each
interval in the entire switching cycle. The variations of the resonant circuit current and voltage of
the inductor and capacitor respectively, switch voltages and currents (both main and auxiliary),
the feed forward capacitor voltage in each interval are shown clearly.

Va2

V1

R S s R S R

AN Al

Vcr

Vcb

to t1 T ts ta ts to t7

Figure 3.10: Hypothetical waveforms of the converter
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It is to be noted that the resonant cycle (The time during which the auxiliary circuit
supplements the main circuit) is just a small part of the entire switching cycle. For easy
understanding the operation in resonant cycle is more focused on. The simple boost converter
operation interval i.e. [ts-tg] is time compressed. Only that part of the waveform is compressed in

which there will be no change in the waveforms, or the variables remains constant.

For further detailing in the ZVS turn ON of the S;, all the waveforms are put together on
common time axis and shown. Figure 3.11 shows the zero voltage interval during which the
main switch has to be turned ON. The waveforms of current carried by the resonant inductor,
voltage blocked by the resonant capacitor, voltage blocked by the feed forward capacitor and the

main switch voltage are overlapped for easy understanding.

tO tl t2 t3 t4 on time t5 t6 t7

Figure 3.11: ZVS interval for S;
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3.4 CONVERTER DESIGN

Design objectives:

The converter is designed to meet the following objectives:

1. Minimize the switching losses the main switch.

2. Minimize the turn-off losses the main switch.

3. Reduce the EMI of the boost diode.

4. The auxiliary circuit resonant cycle must be kept as short as possible because with the

increase in the cycle length the losses in the auxiliary circuit increase.
Design specifications:

The specifications for the design of the converter are given in table 3.1. The specifications
include converter output power rating, input voltage range, output voltage, allowable ripple

percentage in current and voltage etc.

SI.No. Parameter Specification Value
1 Output power Pout 250W
2 Output voltage Vout 400V
3 Input voltage Vin 90-265V
4 Switching frequency Fsw 100kHz
5 Output voltage ripple Vip 1%
6 Input current peak ripple Alrpp 20%

Table 3.1 Converter specifications for design

DESIGN PROCEDURE

The design procedure of this converter is divided into two parts:

I.  Design of the boost or power circuit which is active for entire switching cycle.
Il.  Design of the auxiliary resonant circuit which is active for a resonant cycle which is just a

minor part of the switching cycle.
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3.4.1 DESIGN OF POWER CIRCUIT

The power circuit consists of the main switch, boost diode, input inductor and the output

capacitor. Calculation of each circuit element values is shown very clearly.

Input inductor L;,:

The numerical value of the input inductor Lj, , must be decided first because its value sets the
peak input current which the converter switches have to withstand and therefore this current is
necessary to decide the rating of other power circuit components. The maximum current without

ripple is

J2 P 5250

o= ——1-=—095 _ 41350
Vi %0 (3.0)

in

The maximum peak-peak ripple current is

Al =1, o - Al =4.135x 200% = 0.827A (3.2)

Therefore the maximum peak input current with ripple is

Al
Lo max = Vo max + —2 4135+ 2827 _ 455
- - 2 2 (3.3)
The duty ratio of the converter when the maximum current occurs is
Y2V, :
D, =1-———=""=1- V290 =0.682
V, 400 (3.4)
The input inductor value is calculated as follows
2.V .D .90.
rpp ~ Tsw . ) z (35)
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Where Fgy is the switching frequency
Output capacitor:

The output capacitor acts as an energy storage element. It stores energy when the input voltage
and current are near their peak and provides this energy to the output load when the line is low.
The point of reference for selection of this capacitor is the endurable ripple in the output voltage.
The peak charging current of the capacitor is

P 250 o

Ichg_pk =
V,, 400 (3.6)

The voltage ripple across Co is
I

V — chg_ pk
PP 2.7 f, - C,
R 0.625 207 .F
° 2.7 f, Vg, o 2-7-120Hz-(0.01-400) (37)
Boost diode:

The maximum voltage across the boost diode will be the output voltage V=400V which appears
across the diode when the main switch remains in the conducting state. The peak current that

flows through the diode is the peak with ripple of the current flowing through boost inductor i.e.

Irok mx =4-99A. The average current flowing through the diode is

I —&—@:O.GZSA

D1_avg — -
V, 400 (3.8)

The peak current rating of the main boost switch depends upon the auxiliary circuit. So it is

designed after the auxiliary circuit.
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3.4.2 DESIGN OF THE AUXILIARY CIRCUIT AND MAIN SWITCH

Base values:
The base voltage is defined as:

The base current is defined as:

Al 0.827

o = pex —— > =4.135 - —— =3.722
- 2 2 (3.10)
Therefore the base impedance is defined as:
Z, = Vo _ 400 107.48Q
I, 3.722 (3.11)

The base time is defined as the natural resonant cycle of the auxiliary circuit and is given as:

TFZZ.E.W’LI“CI‘ (3.12)
The worst case condition is where the ZVS interval will be least which occurs when the input

boost current is at its maximum peak. At this value of peak current the impedance Z., will be 1

p.u. and the auxiliary circuit has to be designed for this value only.

Resonant Inductor L,:

The selection of the inductor L, is made keeping in mind that the D;’s reverse recovery current is
to be made zero. Therefore selection of resonant inductor depends on the boost diode’s turn-off
di/dt and this can be controlled by slowly rerouting the current flowing through it to resonant
inductor.

With increase in the value of the inductor the rise time of the current flowing through it
increases which in turn decreases the reverse recovery current of D;. But this increases the
resonant cycleT,, which results in an increase of ohmic losses due to increase in the rms currents
of the auxiliary circuit. So a compromise must be made in the selection of resonant inductor.

L,is chosen such that it lets the auxiliary current to increase up to the input peak current

lin_pk Within 3 times the reverse recovery time ty of D; that is specified.
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The boost diode must be an ultra-fast recovery diode with as low value of t, as possible
as a slower diode requires a larger value of L,. So an ultra-fast diode which will satisfy all
voltage and current requirements and have minimum t, is selected. Assuming the value of

t,=30ns the value of L, can be calculated as follows

3.t -V .30ns-(0.7-
L3t Voo w _3:30n5:(07:400) o gy

f I, 3.722 (3.13)

Where Vs, pk is the peak voltage that appears across S, and is assumed 0.7 pu [1].

Resonant Capacitor C, :

The value of resonant capacitor C, is selected from the graph of ZVS interval vs. resonant
impedance Z,. We have to choose C, that will give adequate ZVS turn-on interval as well as
good turn-off. For proper design we select the curve K=3 and Z,=0.21 pu [1] and the value of C,

can be determined as follows

f:c

Z =27 —021><107469 22.568Q2 ... C, =11InF

(3.14)

Auxiliary capacitor C:

ZVS at turn-off is provided by capacitor Cp. the selection of this capacitor is easy and is as

follows
K=Sro3
Cb
C, = & = 3.66nF
K (3.15)
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Rating of the auxiliary switch:
From the values of K and Z chosen it is found that the peak voltage blocked by auxiliary switch
Vs2 pk is found to be

Vsz_ ok = 0.64 pu x 400V = 256V (316)

The peak current flowing through the switch is found to be

Iy, o =1.61pu. x3.722 = 5.99A (3.17)

The rms current of the switch is found to be

Iz rms = (Issz_rms» PU) - 1y </, - Fy, = (0.53)-3.722 - \/1.58 55 - 100kHz = 0.786 A (3.18)

Rating of the auxiliary circuit diodes:

The auxiliary circuit diodes have the same voltage rating as that of boost diode. The two series
diodes D, and D, will conduct the same peak current as auxiliary switch S,. The peak current
carried by diode Ds is also somewhat same as the above. The peak current carried by diode D5 is
the peak current with ripple Ipk max that flows in the converter was found to be 4.55A. The

average current through diode D5 is found to be

Ib2 avg = (I D2 aug? pu)- I, -T, - F, =(0.21pu)-(3.722A) -1.587 15 -100kHz = 0.12 A (3.19)

Rating of the main switch:
The maximum voltage that this switch must be able to handle is the output voltage Vo with
ripple. The ripple present in the output voltage can be found as

Vchg_ pk = 001 X 400 =4V (320)

Thus the switch S; must handle 404 volts
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The peak current carried by the main switch is2.27 pu x 3.722 = 8.448A (3.21)

The maximum rms current for the switch is found to be

4.V, 2 .90.
T S R N FL IR IPPP
- - 2 3-7-V, 2 3-7-400 (3.22)

The voltage across the capacitor Cp for K=3 and Z,=0.21 is -0.87 pu. This means that the voltage

blocked by switch S; during turn-off is 0.13 pu. Therefore voltage blocked by switch S; is found
to be
0.13pu x 400 =52V

Therefore the turn-off losses are also greatly reduced.

3.5 SIMULATION OF THE CONVERTER

The converter circuit shown in figure-1 is simulated in MATLAB simulink environment by

taking the component values shown in table 3.2.

Sl.no. Circuit component Symbol specification

1 Resonant inductor L, 6uH

2 Resonant capacitor C, 15Nf

3 Feed-forward capacitor Co 3.5Nf
4 Boost inductor Lin 1050pH
5 Output capacitor Co A470uF
6 Input voltage Vin 265V
7 Switching frequency Fsw 100kHz

Table 3.2 Component specifications for simulation
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CHAPTER-4
PHOTOVOLTAIC ARRAY MODELLING
4.1 INTRODUCTION

A Photovoltaic system plies solar modules or panels for converting solar energy to electrical
energy. The basic unit of a PV array is a PV cell.

4.1.1 PHOTOVOLTAIC CELL

This is similar to simple P-N junction devices. When sunlight hits the surface of the PV cell, the
photons are absorbed by the atoms in the semiconductor material and electrons are freed from
the negative layer. When this cell is connected to an external circuit, the free electrons find a

path to reach the positive layer. The current generation process is shown in figure 4.1

{éi/iadiation

— - |

LOAD

Figure 4.1 photocurrent generation
Detailed constructionand working of a PV Cell:

PV cells are usually manufactured from various types of semiconductor materials using disparate
processes. In present days, the monocrystalline and polycrystalline are mostly found. Si cells
have a Si film that is connected to terminals of other devices. One side of the layer undergoes a
process of addition of impurities, usually called doping to materialize a P-N junction. A very

thin grid (metallic) is planted on the top of the PV cell which faces the sun.
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As the light is incident on the surface of the cell, charge carriers are generated, which
originates an electric current when the cell becomes a part of a loop or is connected to a load. As
the energy of the incident photon becomes sufficient to break the covalent bond and detach the
electrons of the semiconductor, charge carriers are generated. Photons that have lower energies
than the energy gap of PV cell are not of any use and they help generating no voltage. Whereas
Photons that have energy surpassing the band gap can produce electricity, but the energy
associated with the band gap is only made use of. The remaining energy will be dissipated in the
form of heat [10].

412 PHOTOVOLTAIC MODULE

The voltage generated by a single cell is very low around 0.5 volts. So a number of cells should
be connected in serial and parallel to achieve the desired output. Diodes may be needed in order

to avoid reverse current in the array, in case of partial shading.

413 PHOTOVOLTAIC ARRAY

The power generated by a single module may not be sufficient to supply the most of the
appliances. So a group of modules are connected in series which is generally used for high
voltage applications and in the same way they are connected in parallel, the connection which is

useful for high current applications.
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4.2 MODELING OF PV SYSTEM

421 PV CELL MODELING

The single diode model of a single PV cell is manifested in the figure 4.2. It includes a current
source, a diode, parallel connected to the current source which represents the photocurrent, a

series resistance Rsand a parallel resistance Rg.

An accurate single diode model is depicted in the above figure. Equation 3.1 represents the

current generated from the cell.

=1, —|{exp(vgv'RS]—1}—[V+R'RS] (4.1)
T P
I —> +
ID¢ ¢ sh Rs ||

®rny

YWW—
~
=
<

Figure 4.2 Analytical circuit of a practical PV cell
Where
lo is the diode’s reverse saturation current
V7 is the diode’s thermal voltage
ais the ideality factor of the diode

The equation of a PV current as a concomitant of changing environmental conditions, the

temperature and irradiance can be written as

G
Iy = (IPV_STC + K\ AT )_ (4.2)

STC

Where
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Ipv stcis the photocurrent under Standard Test Conditions (STC)

AT=T-Tstc (in Kelvin) and Tstc=25°C

G is the irradiance on the surface of the cell

Gstcis the irradiance under STC (1000W/mg)

K, is the short circuit current coefficient (generally provided by the manufacturer)

The equation for the saturation current of the diode is given as

Toe) oo | 9B (1 1
ly =1y sre| —2€ | exp| —2| —-= 4.3
° °—STC( T j {ak (TSTC TH 43)

Where

Eg is the energy gap of the semiconductor
lo_stcis the nominal saturation current

The reverse saturation current equation can be further improved as a function of temperature as
follows

| = (ISC_STC + KIAT)
° op|Voe orc + K AT)/aV, |-1

4.4)

Where
Ky is the temperature coefficient of open circuit voltage
Isc_stc is the nominal short circuit current

Voc_stc is the nominal open circuit voltage
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4.2.2 PV ARRAY MODELING

All the above equations are applicable for a single PV cell. But in a typical installation of a PV
power station, PV modules are used in which series and parallel connected PV cells are used in
order to bridge the supply demand gap. Series combination of the cells increases the voltage and

the parallel combination of the cells increases the current of the entire module

In such case, the output equation can be written as follows

V+IR | Ns V+IR | Ns
|21 Ny — 1N fexp| e | g || \Ne) (4.5)
pv iNp T lolNp av, N, . k .
P NP

The configuration of modules in a series parallel structure is shown in figure 4.3.

NP
A — I
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O
)
z‘z

Figure 4.3: PV Module- representation of series parallel combination
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The typical characteristics of a PV energy system are shown in the figures below. The
Photovoltaic characteristics include the current voltage (I-V) characteristics and the power
voltage (P-V) characteristics. The typical curves of these characteristics are shown. The point
Pmax in the 1-V curve shows the point at which maximum power can be coerced. It represents the

voltage at the maximum power point from the curve. This maximum power point is tracked from
the P-V curve using different tracking techniques.

A MPP

max
I

172]
a

current (A)

Power (W)

v

v

\%
voltage (V) oc Voltage (V)

Figure 4.4: Typical I-V curve Figure 4.5: Typical P-V curve

The peak point of the P-V curve gives the maximum power point of a PV cell. This point

will be different for different cells. But the maximum power point tracking system tracks the

MPP of the system on a whole, i.e. all the cells connected. Recently research is going on
implementing MPP tracking devices for each cell.
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43 PV ARRAY SIMULATION

The PV module model is simulated in MATLAB simulink using the abowve equations. The
parameters used for simulating the PV module are as shown in the table 4.1

SI.No. PARAMETER SYMBOL VALUE
1 Current at maximum power Imp 7.61A
2 Voltage at maximum power Vimp 26.3V
3 Short circuit current Isc 821 A
4 Maximum power Pmax 200.143 W
5 Open circuit voltage Voc 329V
6 Temperature coefficient of V Ky -0.1230 V/IK
7 Temperature coefficient of I Ki 0.0032 A/K

Table 4.1 Parameters of the simulated PV module

When a single module is simulated, the open circuit voltage of the module is found to be
around 30 volts. But this voltage is found not to be present within the input voltage range of the
designed converter. This voltage cannot be fed to the converter to check its operation in the PV
environment. So 6 modules of similar kind are connected in serial so that the output voltage
increases. When 6 modules are serial connected, then the output voltage of the array is raised to
almost 180 volts. This voltage of 180 volts is within the input range of the designed Zero Voltage
Transition DC-DC boost converter which is 90-265 volts.
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CHAPTER-5
MAXIMUM POWER POINT TRACKING

5.1 INTRODUCTION

As the PV panel has non linear characteristics of voltage and current, MPPT algorithms are
required to improve the efficiency of the PV system by setting the operating point to MPP of the
characteristic curve. The only 3 major components of the PV energy system are the PV panels,
the converter and the MPP tracker. The efficiency improvement of the first two components is
that easy as it depends on the technology used and it may involve lot of cost. So the efficiency of

the entire PV system can be improved cost-effectively by using MPPT algorithms [10].

optimum load line

Load line

\4

Fig 5.1: Concept of maximum power point tracking

Maximum power point (MPP) is an operating point on either IV or PV characteristic
curve of a PV array. It is that point of operation, where the power supplied to the load is
maximum. From maximum power transfer theorem, when the load of the converter is fixed and

the duty cycle of the converter is varied which in turns varies the effective load on the PV
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system, maximum power can be coerced from the PV energy system. In this way changing the
slope of the load line and shifting the operating point and fixing it at the MPP, maximum power
can be coerced from the PV array. The concept of maximum power point tracking is shown in
figure 5.1

5.2 TYPES OF MPPT TECHNIQUES/ALGORITHMS

In recent years, many algorithms have been introduced to track maximum power point. They

differ from one another in aspects like complexity, efficiency and cost. Some of them are

1. Perturb and observe

2. Incremental conductance

3. Fuzzy logic control

4. Neural networks

5. Fractional open circuit voltage

6. Fractional short circuit current

7. Current sweep

8. Maximum power point current and voltage computation
9. State based MPP tracking technique

From all the above techniques, we use Perturb and observe algorithm for simplicity.

5.3 PERTURB AND OBSERVE ALGORITHM

The Perturb and Observe algorithm is a kind of hill climbing technique. In hill-climbing, the duty
cycle of the converter is perturbed and in P&O the DC link operating voltage or the voltage at

the PV panel output or the converter input terminals is perturbed.

In this technique, the present perturbation is decided by the signs of the previous
perturbations and increments. If the power is incremented by the last perturbation, then the

perturbation should be in the same direction, where as if it results in the decrement of power, the
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direction of the perturbation should be changed. The perturbations are repeatedly carried out
until the MPP is attained.

54 FLOW CHART

The flow chart for the MPPT algorithm using P&O method is shown below in figure 5.2

measure V(n) and I(n)

A

calculate power P(n)=V(n).I(n)

P(n)-P(n-1) YES

=0

P(n)-P(n-1)
>0

NO YES

D=D+AD D=D-AD D=D+AD D=D-AD

RETURN

Fig 5.2: Flow chart for MPPT P&O algorithm
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CHAPTER-6
RESULTS AND DISCUSSION

6.1 SIMULATION RESULTS OF CONVERTER

The operation of the converter is verified and the waveforms of the auxiliary circuit elements for

a resonant cycle and the main switch current and voltage waveforms for one switching cycle are

shown below.

ILr (amperes)

4.999 4.999 4.999 4.9991 4.9991 4.9991
time (micro-seconds)

Fig 6.1: Auxiliary inductor current

Yer [yolts)

20

] | ] | |
4.999 4.999 4.999 4.9991 4.9991 4.9991
time {micro-seconds)

Fig 6.2: Auxiliary capacitor voltage
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Figures 6.1 and 6.2 show the resonating circuit waveforms for one resonant cycle which is a part
of the switching cycle. These waveforms are compared with the analytical waveforms shown in

the figure 3.10. Figure 6.3 shows the feed forward capacitor voltage waveform.

20 T T T T T T

Wb (volts)

0
48 48001 48002 48003 48004 48005 4.8006 48007 4.8008
time (micro-seconds)

Fig 6.3: Feed-forward capacitor voltage

PPy N R N HRSSS S—

S N —

Vs (volts)

200 — —— |

0] SRR 18 N BO— S— T

1 1 I i'___
49012 49014 49016 49018
time (micro-seconds)

Fig 6.4: Main switch voltage
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s (amperes)

475 4 7502 47504 4 7506 4 7508 4 751
time (micro-seconds)

Fig 6.5: Main switch current

Figure 6.4 manifests the main switch voltage waveform and the figure 6.5 shows the
main switch current waveform. Superimposing one on the other, the zero voltage turn ON of the
main switch is manifested in figure 6.6 and the reduced voltage turn-off of the main switch is

manifested in figure 6.7. The voltage during turn-OFF is measured to be 80 volts.

Vsandls

-2
4741 4741 4741 47411 47411 47411
time {micro-seconds)

Fig 6.6: ZVS turn ON of S;
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Fig 6.7: Reduced voltage turn OFF of S;

The switching transitions of the auxiliary switch S, ZCS turn-ON and the ZVS turn-OFF
are shown in the figures 5.8 and 5.9 respectively.

voltage and currant of 52

time (microseconds)

Fig 6.8: ZCS turn ON of S,

voltage and cument of §2

0.5 e e oo oo s STt SR
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4.997 4.997 4.997 4.9971 4.997 1 4.9971 4.9971 4.997 1
time (microseconds)

Fig 6.9: ZVS turn OFF of S,
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The circuit is run under different input conditions with input voltage ranging from 100-
265V and the circuit is found to give an output voltage of 400V for different values of duty
cycles ranging from 35-81.2% and is shown in table 6.1.

Input voltage Vin(V) Duty cycle 6 (%) | Input voltage Vin(V) | Duty cycle 8 (%)
265 35.00 185 56.45
260 36.25 180 57.80
255 37.60 175 59.25
250 38.90 170 60.70
245 40.20 165 62.10
240 41.60 160 63.60
235 42.85 155 65.10
230 44.20 150 66.54
225 45.56 145 68.10
220 46.90 140 69.70
215 48.30 135 71.3
210 49.60 130 73
205 51.00 125 74.7
200 52.30 120 76.6
195 53.70 115 78.65
190 55.00 110 81.2

Table 6.1 Duty cycle corresponding to input voltage for 400V output

Also the RMS current flowing through the auxiliary switch is measured for different

values of input voltage and is tabulated below in table 04

Input voltage (volts) | Duty cycle (%) | Rms current of switch-2(Amps)
265 35.00 0.135
200 52.30 0.243
150 66.54 0.415
110 81.20 0.634

Table 6.2 RMS current of auxiliary switch
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6.2 LOSSCALCULATION AND COMPARATIVESTUDY

In order to carry out the comparative study, a conventional hard switching converter is designed
for the same specifications. A boost converter with the component values given in table 6.1 is

simulated and the losses of both the converters are compared.

SLNo. Component Symbol Value
1 Boost inductor Lin 5.58mH
2 Output capacitor Co 1.21F

Table 6.3 components for conventional hard switching converter

The switching losses of any switch is calculated using the following formula

Ton + Toff
2

Psw :VO ' IO ' st {
(6.1)

6.2.1 LOSSES IN THE STUDIED SOFT SWITCHING CONVERTER

The main switch’s turn ON transition takes place under zero voltage. Therefore from the above

formula the switching losses of the main switch during turn ON are zero.
PSV\ﬂ.OH = M

The main switch’s turn OFF transition takes place at reduced voltage and the voltage during turn
OFF is measured and is found to be 80V and the peak current that is carried by this switch is

measured to be 4A.

The switching losses during turn OFF time is calculated as follows

P, =80-4-10°- ~1.6W

S|

(0+1OO><109J
2

The auxiliary switch’s turn ON transition takes place under ZCS and its turn OFF transition takes

place under ZVS. Therefore the switching losses of S, are zero.
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sw2on — Psw20ff =

The total switching losses are

P

sSwW

=P

S

w + =1.6+0=1.6W

sw2

The conduction losses of the switches are calculated using the formula

P, 1.8-1, ..* R (6.2)

sw_cond S_rms on

The rms current of the main switch is measured to be 2.3481Amperes and the conduction losses

are calculated as follows

P =1.8-2.34817 - 0.85 = 8.4357W

cond_sl

The rms current of the auxiliary switch is measured to be 0.786 Amperes and the conduction

losses are calculated as follows

P =1.8-0.786" - 0.85 = 0.947W

cond_s2
The total conduction losses of the switches are

P

cond_s

=8.4357+0.947 =9.3827W

The conduction losses of the diode are product of the forward voltage drop across the diode and
the average current flowing through it. The forward voltage drop is measured to be 0.8027 Volts
and the current flowing through it is the load current which is 0.625 Amperes. So the conduction

losses of the diode are calculated as follows.

P, Ve -1, ., =0.8027-0.625=0.5016 = 0.502W

_cond = D_avg

The total losses in the converter are

P

losses

=P, +P,,+P, =1.6+9.3827 +0.502 = 11.4847W
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The efficiency of the converter is calculated as follows

p=|—Fo |x100= (L) «100 = 95.6%
P+P 250+11.484

6.2.2 LOSSES IN CONVENTIONAL HARD SWITCHING CONVERTER

The only switch in this converter is hard switched and the switching losses are calculated using
the equation 6.1. The voltage across the switch during ON and OFF conditions is 400V and the
peak current is measured to be 4.6A. The switching losses of the switch in conventional boost

converter are

100x10™ +100x10°°
2

P, =400-4.6-10° ( j=18.4W
The conduction losses in the hard switching converter are calculated using the formula
given in equation 6.2. The rms current flowing through the switch is measured to be 2.2632A.

The conduction losses are calculated as

P, =1.8-2.2632%-0.85 = 7.836W

sw_cond

The conduction losses of the diode remain same as that of the soft switching converter.

P, Ve -1, ., =0.8027-0.625=0.5016 = 0.502W

_cond = D_avg

The total losses in the converter are

P

losses

=Py + Peong + Po_cong =18.4+7.386 + 0.502 = 26.288W

cond

The efficiency of the converter is calculated as follows

n=|—F |x100= (Lj x100 = 90.4%
P, + P 250 + 26.288
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All the results obtained from the comparative study are tabulated and shown in table 6.2

SLNo. Specification Hard switching Soft switching
converter converter
1 Psw 18.4 1.6
2 Pcond 7.386 9.3827
3 Pp 0.502 0.502
4 %on 90.4 95.6

Table 6.4

6.3 SIMULATION RESULTS OF PV ARRAY

The simulation results of the PV array are shown below. The IV characteristics and PV

characteristics are in figures 6.10 and 6.11 respectively. The open circuit voltage of the simulated

PV array is 180 volts and the short circuit current is 2.25 amperes.

Fig 6.10: IV characteristics of the PV array
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Fig 6.11: PV characteristics of the PV array

The tracked operating point at which maximum power can be extracted using an MPPT

algorithm is shown below in figure 6.12
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Fig 6.12: Output power of the PV array after MPPT
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6.4  CONCLUSIONS

» The main switch losses of conventional converter are much greater than those of the soft-
switched converter.

» The auxiliary switch losses are zero in both converters since no auxiliary switch in
conventional converter and in the new converter it is soft switched.

» The diode conduction losses remain same in both the cases

» The conduction losses vary by the RMS current carried by the switches. It is found to be
more in soft switched converter since the auxiliary circuit losses are added up to
conduction losses.

But the switching loss contribution of the hard switching converter dominates in the
calculation of total losses and hence the soft-switched converter is found to be more efficient

than the conventional hard-switched converters.

6.5 FUTURE SCOPE

Work may be done on further reducing the voltage during turn-off transition of the main

switch or making it zero without increasing the circuit complexity.
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