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ABSTRACT

The growing rate of renewable energy systems and electric vehicles' technology has driven
the need for efficient DC-DC power converters. Boost converter is one of the attractive
converter topologies that can step up the low input voltage to higher output voltage. The
voltages generated by renewable energy sources, like PV systems and fuel cells, are
typically low and variable in nature. Thus, effective techniques in voltage boosting is vital
for the correct power conversion and utilization. Boost converters are commonly used in
electric vehicle applications such as motor drive application and battery management
system. The drawback of using conventional boost converter at high frequency is high
switching losses. Such switching losses reduce efficiency and cause thermal stresses on
semiconductor devices. To surmount these drawbacks, the soft switching techniques are
adopted in the design of converter. Zero Voltage Switching (ZVS) and Zero Current
Switching (ZCS) are two important soft-switching methods used in power electronics.
These techniques minimize switching stress and enhance the efficiency of the converter.
ZVS converters operate by switching element on and off when the voltage across the
switch goes to zero. This minimizes switching losses and reduces electromagnetic
interference. The switch is turned on when the current flows through the switch is zero, in
ZCS converters. This lowers the stress and switching losses in operation. The present work
i1s emphasizing on the design and analysis of different configuration of ZVS and ZCS
boost converter. A variety of converter topologies are explored to study their performance
characteristics. The proposed converters operate at high-frequency. The high frequency
operation results in a reduction of the size of passive components (inductors and
capacitors). But in the classical power converter high frequency switching results in high
switching losses. Thus, software switching techniques are necessary for an efficient
operation. Various configurations of ZVS and ZCS boost converter in open loop condition
are presented in the paper. The converters are modelled and simulated in MATLAB
R2023a software. MATLAB Simulink is a flexible platform to analyse the behavior of the
converter. The switching characteristics of these converters are better understood by
simulating them. Different parameters like output voltage, current wave orm, switching

stress and efficiency are studied. The voltage stress of switching devices are reduced in



the proposed ZVS converter configuration. Likewise, the ZCS converter configuration
shows a lower current stress during switching transitions. Switching waveforms are used
to check the implementation of the soft switching conditions. The switching loss is
reduced, which leads to an improvement of the overall efficiency of the converter system.
The converters also have smoother voltage and current waveforms than the conventional
converters. Switching stress is reduced and the reliability and lifespan of semiconductor
devices are improved. For renewable energy applications where efficiency is a key
concern, soft switching converters are very appropriate. Boost converters are employed
for the connection between the solar panels and the DC buses in the PV systems or with
the battery systems. Such applications can be enhanced in terms of power conversion
efficiency by the proposed converters. For a battery powered system, an efficient DC-DC
conversion is essential in an electric vehicle. The soft-switching boost converters designed
can help in energy saving in EV systems. The simulation results match the stable operation
of the converter topologies under the various operating conditions. Successful regulation
of the output voltage is obtained in open loop mode. The resonant components used in the
converter help in achieving soft-switching conditions. Efficient operation of the converter
requires the proper design of its resonant inductors and capacitors. Operating principle of
various converter configurations are also discussed. Switching sequences are analyzed in
detail to get insight to the converter performance. The voltage and current waveforms
simulated agree with the theoretical analysis. The proposed converter configurations can
offer higher efficiency than hard switched converter. Lower switching losses results in
decreased heat generation in the converter circuit. This makes the need for big heat sinks
and cooling systems unnecessary. Consequently, the entire converter system is compact
and economical. The study shows that soft-switching techniques are greatly beneficial in
the modern power electronic system. The designed converter models can be further
expanded on for the closed loop control analysis. Advanced controllers for voltage
regulation and stability improvement can be implemented in the future. The proposed work
helps in the development of efficient DC-DC conversion for renewable energy and EVs
applications. The study emphasizes that in order to reduce switching losses and increase
the efficiency, ZVS and ZCS techniques are important. Thus, soft-switching boost

converter is a potential solution to future sustainable energy
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CHAPTER 1
INTRODUCTION

1.1 Overview

The Zero Voltage Switching (ZVS) boost converter is a soft switching DC-DC converter,
which is very popular in high-frequency power conversion applications for reducing
switching losses and enhancing the power conversion efficiency. The switching stress is
reduced, the power dissipated in the semiconductor switch is reduced and the overall
efficiency is improved in a ZVS converter by turning the semiconductor switch ON when
the voltage across the switch is almost zero. The conventional hard-switched boost
converter suffers from high switching losses and EMI at high switching frequencies; ZVS
boost converter by using resonant or auxiliary circuits, can eliminate these shortcomings,
realize soft-switching. The choice of ZV'S boost converter is primarily based on efficiency,
frequency, power rating, and the mode of application. The high efficiency and compact
design make these converters a popular choice in various renewable energy applications,
electric vehicle chargers, telecom power supplies, industrial power systems, and modern
data centers. One of the most crucial parameters when selecting a ZVS boost converter is
its switching frequency. The higher the switching frequency, the smaller the passive
components, like inductors and capacitors, and thus the smaller the converter design. But,
high frequency operation comes with switching losses in the conventional converters and
therefore ZVS techniques are very helpful. Selection of semiconductors is also very
important. MOSFETs are preferred by virtue of their fast switching speed, while SiC and
GaN devices are more popular in high frequency and efficiency applications because of
their excellent switching performance. To ensure stable operation, the designer should
take into account the input voltage range, the required output voltage, the load conditions

and the duty cycle run.



1.2 Introduction to Soft Switching based Boost Converter

Conventional pwm converter switches the voltage and currents of semiconductor devices
from high level to 0 or 0 to high level quickly in turn on or turn off, that cause the switching
losses, and produce a large amount of electromagnetic wave radiation interference[1].
Currently, it is not possible to achieve the ideal performance of the PWM converter
architecture using semiconductor power devices and magnetic components. Switching
losses are due to the output capacitance of the transformer, the capacitance of the diodes,
the reverse recovery of the diodes, and the leakage inductance of the transformer [2].The
energy storage in transistor as output capacitance before the transistor on When transistor
turns on, this energy is lost in the transistor, resulting in the transistor switching losses.[3]
As switching losses are directly related to switching frequency, they limit maximum
switching frequency. The wide range of harmonics seen in the rectangular PWM
waveform is the cause of the high amount of EMI [4]. High current spikes due to diode
reverse recovery cause a variety of harmonics, and leakage of transformer inductance from
resonant circuits with the transistors and diode output capacitance causes Ringing in
isolated converters [5].Although the soft switching methods can reduce EMI and
switching losses for dc-dc power converters, it brings up the conduction losses and strains
of devices. Switching losses are avoided because the product of the device voltage and
current during the switching process is zero, as the semiconductor devices are turned on
or off at zero voltage and/or zero current [6]. With less reactive components, the soft
switching converter can be lighter and have a higher switching frequency There is less
EMI because the current and voltage wave's harmonic content is decreased [7]. The soft
switching methods can be classified into two types as (a) Zero voltage switching (ZVS)
and (b) Zero current switching (ZCS)[8]. In ZVS, the voltage across the transistor will be
zero when it is switched on. Therefore, no switching losses due to the output capacitance,
which stores no energy in the transistor, occur when the switching is done. This means that
no switch-on losses occur since the output capacitance, which stores no energy in the

switch, is not switched on when switching takes place.Soft switching converter absorbs



many parasitics components like transistors output capacitance, diode capacitance and
transformer leakage inductance[10].Zero voltage transistor turn on (ZVS) is a technique

used in the ZVS.

1.3 Thesis Motivation.

This research work is motivated by the growing requirement of efficient DC-DC power
converter in renewable energy systems, EVs and the modern power -electronic
applications. The main problem of conventional boost converter is that under high
frequency operation, switching losses are high. Such switching losses decrease the overall
efficiency of the converter. The high switching frequency also causes electromagnetic
interference and thermal stress of semiconductor devices. Hence, soft switching
techniques are a major area of research interest because of these issues. One of the most
significant soft switching method is the Zero Voltage Switching (ZVS). In ZVS converter,
the switch is turned on at zero voltage. This will greatly cut down on switching loss. It
also also decreases stress to the MOSFET switch. Reduced switching stress increases
converter reliability and increases converter life. The other significant benefit of ZVS
operation is that it helps in minimizing the emission of EMI. The harmonics are reduced,
which leads to a better performance of the converter. Thus, ZVS boost converters are
appealing for applications at high frequencies. But avoiding fluctuations in the output
voltage when the load changes remains a challenge. Open-loop converters do not provide
an adequate control over voltage under varying operating conditions. Due to this
constraint, closed-loop control techniques are needed. In comparison to other controllers,
the PI controller is widely used due to its simplicity in structure and good dynamic
response. The PI controller is able to minimize the steady state error and enhance the
voltage regulation. In this research paper, the proposal and analysis of a PI controlled ZVS
boost converter is presented. The converter has an input of 21.6V and an output of 48V.
Switching frequency is decided to be 50 KHz. Care is taken in designing resonant
components like resonant inductor and resonant capacitor to obtain the ZVS operation.
Various operating modes are used to explain the converter operation. Also, a mathematical
analysis of each mode is provided. ZVS boost converter is modeled to enhance the

understanding of the converter behavior. A transfer function of the boost converter is



obtained for controlling the converter.Parameters of the PI controller are designed to
achieve better transient response and voltage stability. The proposed system is simulated
and validated using MATLAB/Simulink. The simulation results confirm that the converter
is able to deliver a stable output voltage.The proposed converter also exhibits minimal
switching stress on the MOSFET. In open loop configuration, the output voltage varies
considerably as a function of load. The voltage regulation has improved significantly after
applying the PI controller. The output voltage is stable around 48V. The output current is
also more stable in situations where there is a load disturbance. The proposed controller
is able to cope with load variation conditions. The voltage ripple is reduced after applying
the controller. One more significant note is that the voltage of the switch decreases during
closed-loop mode. This means the switching losses have decreased. Switching losses are
lowered, which increases converter efficiency. Reduced switch voltage also reduces
heating of the device. This can lead to a decrease in MOSFET switch failure rate. The
proposed work can thus enhance the reliability of the converter system. The performance
of the proposed ZVS boost converter is better than conventional converter. The study also
emphasizes the role of the control methods in the soft switching of a converter. The
proposed methodology can be used in renewable energy applications. It can also be used
in the EV power conversion systems. The work proves that ZVS boost converter is easily
controlled by PI control. This study includes detailed design procedures of resonant
components and controller parameters. The converter performance is tested under various
operating conditions. Results are validating stability and robustness of the system. The
proposed converter is better loaded regulated as compared to open-loop systems. This

research is therefore helpful in designing efficient and reliable power electronic converter.

1.4 Literature Review

Work on soft-switching DC-DC converter commenced with the invention of zero-voltage
switching (ZVS) techniques for the conversion of a DC input voltage to another DC
voltage by K. Liu and F. C.

Lee in 1986. they investigated a way in which by turning on the switches at zero-voltage

switching intervals the loss, switching stress in the DC-DC converters switching at high



frequencies could be reduced. This innovation paved the way for various topologiess of
the modern soft-switching converter designs that allow for converter operation at higher

frequencies. In the similar time period, M.

K. Kazimierczuk and J. Jzwik proposed new topologies of high-efficiency high-frequency
ZVS resonant DC-DC converters in which their research on resonant networks for soft

switching and for minimal switching loss power dissipation.

The authors showed various novel concepts in which these type of high-efficiency
resonant power converters can achieve higher frequencies, reduce EMI, and decrease
switching loss. The design of the new soft-switching dc-dc topologies can be viewed with
the aid of analysis performed with the use of practical issues addressed via the theory and

the commercial software program for layout and implementation by way of P. C.
Todd and R. W. Lutz.

In addition, Kazimierczuk and Jzwik provided the analysis and design of a buck ZVS
resonant converter that became a guideline inside the improvement of those topologies.

Kazimierczuk and W. D.

Morse did analysis of the use of state-plane analysis of ZVS resonant converter in 1989.
Their article presents the concept of the use of the state plane to review the dynamics of
dc-dc converters. Kazimierczuk continued research of ZVS boost converter by stating its

capabilities via a design-directed approach to analyze the.

ZVS-ZCS topologiess later on, were investigated and used for the converter topoligies.

Soft-switching converter design for the renewable energy applications by using B. R.

Lin and Fang-Yu Hsieh, with their active clamp circuit ZVT converter for zero-voltage
turn on. Control issues, voltage mode PID control for Cuk converters were examined by

P.S.

Shandilya et al., which was able to improve the operation of closed-loop converter. A PI-
controlled soft switching boost converter design and experiment with its results was

reported by P. Usha & Priyanka K in 2015.



Dheeraj Joshi et al designed high-efficiency boost dc-dc converter for photovoltaic solar
systems that provide a solution in voltage up-conversion and minimized power loss. Dr
Robert W. Erickson and Prof Dr.agan Maksimovic published an important textbook that
provides a clear concept of power electronic converters theory, Small-signal modeling and
control, and resonant converters which could provide fundamental basis of the topic of

converter design and controller structure.

Zero voltage transition (ZVT) DC-DC boost converter with efficient EMI reduction and
higher efficiency by Genesia C. Tavares and Noah Dias was a notable modern
contribution. Research on adaptive ZVS boost converter by Souhali Barakat et al. was an

attempt to design more stable converter for varying conditions.

Design and control of a PI controller based ZVS boost converter was reported by Arijit
Nath and Dheeraj Joshi with MATLAB/Simulink simulation results and it also shows that

with this converter efficiency gets improved and losses reduced. M. J.

Baig and R. K. Singh presented a design and analyzed ZVS-ZCS boost converter with

improved performance characteristics (reduced switching losses, EMI, switching stresses)

Although the ZVS and ZCS boost converter topologies have been highly developed, there
are still some key research challenges associated with soft switching boost DC-DC
converter topologies. The majority of the previous works focused on soft switching and
converter efficiency, with comparatively less emphasis being placed on the closed-loop
control performance, dynamic stability, and practical issues. The real-time performance
of the converter is limited by the parasitic elements, the component tolerances, thermal
effects and electromagnetic interference, and many existing studies are based on ideal
operating conditions without considering such factors. While voltage regulation using PI
and PID controllers are commonly employed for the ZVS boost converter, the modelling
of the small signal, stability analysis and transient response under various load and input
conditions is still limited. For a variety of proposed soft switching converters, the extra
resonant and auxiliary circuits result in higher component counts, design complexity and
cost, making them impractical for small and inexpensive applications. In addition, there

has been little research on simultaneous optimization of efficiency, EMI reduction,



switching stress and dynamic response. Experimental hardware validation and real time
implementation are relatively few, while most research contributions are validated by
MATLAB simulation. The advanced control methods like fuzzy logic control, sliding
mode control, adaptive control, artificial intelligence based control, and model predictive
control have not been studied extensively in ZVS and ZCS boost converter. Furthermore,
there is only a few limited studies on converter performance as function of light load,
parameter variations and operation at high frequencies. The integration of soft-switching
boost converters in renewable energy systems, in PV systems, in electric vehicle charging
systems and in smart-grid infrastructures is also under development. Hence, it is highly
required to conduct further research on the simpler, high power conversion efficiency,
closed-loop controlled ZVS/ZCS boost converter with better stability, lower EMI,
switching losses, and better transient response and of the actual hardware implementation

for modern sustainable energy



CHAPTER 2

DESIGN OF ZVS BOOST CONVERTER

2.1 Introduction

These converter are obtained by adding a resonant capacitor C, in parallel with the switch
and resonant inductor L, in series with the parallel combination of switch and resonant
capacitor[2]. The transistor or switch output capacitance is absorbed into the C,..The diode
lead inductance is absorbed into the L,. An anti-parallel diode found in power MOSFETs
prevents a switch voltage of less than -0.7V [2]. This type of switch is bidirectional for
current and unidirectional for voltage. Half-wave ZVS converters are ZVS quasi-resonant
converters with a unidirectional voltage switch. To prevent a —Ve switch voltage, a diode
might be connected in series with the transistor[3]. This type of switch is unidirectional
for current and bidirectional for voltage. The full-wave ZVS converter is a ZVS quasi
resonant converter that has a unidirectional switch for current and a bidirectional switch
for voltage. Figure 2; displays a high frequency for the equivalent circuit of a ZVS
converter. Low-frequency and dc components are reduced to zero to obtain the circuit.
The input dc source Vin is substituted with a short circuit, the filter capacitance C is
substituted with a short circuit, and the filter inductor L is substituted with an open
circuit[8].

In the Fig (1.a) looks like L,-C, circuit,

Cr

RL
Constant Current
Source

Fig2.1 : Schametic diagaram of ZVS Boost Converter Fig 2.2: Short circuited capacitor and input

voltage source and open circuit for inductor[2]



1
resonant frequency wy = N (2.1)
Normal switching frequency A = % (2.2)
0
The load quality
R R AR
Q= Woir =WoCRy, = == (2.3)

JE  Wsly

Cr

2.2 Working of ZVS Boost Converter
Initially, both the switch and diode conduct. The voltage across the switch is zero The
resonant inductor current starts increasing linearly, energy is storing in the resonant
inductor. When the diode becomes reverse biased and turns OFF. The input source
transfers energy through the resonant inductor and switch. The resonant capacitor voltage
begins changing because of resonance between L,and C,.[6]. When the switch is turned
OFF. The resonant capacitor charges and the switch voltage rises gradually instead of
suddenly. Because of resonance, the voltage and current waveforms become sinusoidal.
The capacitor and inductor exchange energy during this interval. The switch voltage
eventually reaches its peak value. When The diode turns ON and transfers stored energy
to the load. The resonant capacitor discharges. Due to resonance, the switch voltage
decreases toward zero. When the switch voltage becomes zero, the MOSFET is turned

ON again. This achieves Zero Voltage Switching[11].

2.2.1 Mode I Operation (0< t < t,)

For the resonant inductor charging in the interval 0 < t < t;; both switch and diode are

on. See in Fig3

Lin (v!?ﬂlq 1p
. —+
1Lr ~
. 1o ¢
| e B ] L Vo
Vin() TC
iSW

Fig 2.3: Switch and diode are on

During this time interval, V;,,=0, vp=0, i-=0, V;.-=Vo. And



. 1 wgt .
lper = -r) fO ° vLcrd(Wst) + chr(O)
skcr

= 2wt +i(0)

WsLer

Sil’lce VO = IORL and
Vi 1 IinQ
_0 X — n
Wg Ler Mypc A

i iow (Wst) Q.wgt
Lcr (Wst) — swi\¥s — S + h
Iin Iin AMypc

The diode current is given by

DWwsh _ __Q ot —h+1
Iin AMypc
At the end of this time interval, ip (wgt;) = 0;

Hence ,

wety = 226 (1~ h).

2.2.2 Mode II Operation (t; < t < t,)

For time interval t; <t < t, , the switch is on and diode is off. The converter

model is shown in bellow Fig 4; During this time interval V;,, = 0,i.. = 0,ip =

0,Vier = 0,iLer = bsw = lin,and vp = =V,
.. L1
i ~~
2 Y iO v
Vvin JL icl

Fig2.4: Switch is on and Diode off
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(2.4)

2.5)

(2.6)

2.7)

2.8)



2.2.3 Mode III Operation (t, < t < t3)

11

During time interval t, < t < t3, both switch and diode are off. This time interval

isw=0,ip =0,i1ep =iy = lin, Vper = 0.

vaCD

Fig2.5: Both switch and diode are off

Ws

t
VS‘W = ftz UCTd(WSt) + vcrtz;
Let assume t, = 21D;
wst
Vow = fzw Verd(Wst) + v (21D) ;

lin _
:E (wgt — 2mD).

Iin _ MypcVo,

Because — =——"—and [, = —

wyCr AQ

We get

Vsw _ Mypc _ .
o = Ag (w,t — 2nD);

Up _ Mypc _ 1.
/VO_ A0 (Wrt 27TD) 1,

The end of this time interval is determined by putting v, (wt3) = 0.

wsts = 2nD + 9

Mypc

Vo

RL

2.9)

(2.10)

@2.11)

(2.12)

(2.13)
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2.2.4 Mode IV Operation (t3 < t < ty)

Now t3 <t <T;the switch is off and diode is on. This time interval ig, = 0 and vp =
0. Initial condition are i, (w,t) = I;;, and v, (Wst3) = V.

1in m ‘ ifd

Lr icl ¥ Y
Vo

. + p—
Vm:() Cl1 R

Fig2.6: Switch is off and Diode is on

Using Laplase Transform,

i S —

i1, (8) = 5y Tme€ ™" (2-19)

, by _ ler _ o Wt Wsts (2.15)
lin lin A

Diode current is,
L = ] — cos (2.16)

Iin

d WsLylin _ VoMypc |

- )

A Q

Since [, = Z—‘; an
We have,

diy Mypc . wst — wstz
= WSLd(WSt) =0 sin ) ;
Switch voltage,

VL

% M . -
Yow _ Mvbe iy Wst=Wsts 4 4, 2.17)
Vin Q A




13

For zvs operation Vg, (2) = Vs, (0) = 0; and i,,,(2m) = i,,-(0) = I,.

Hence the relation among Myp-, Q and h are given by,

_ 2m(1-D) _ Q
h =cos| - MVDc]’ (2.18)
and = —sin [ZLD)__@ 4 (2.19)
Mypc A Mypc
_ Q 2
h= |1—( )%, (2.20)
Mypc
The duty cycle,
1(fs
D=1——(—) [2tn — arccosh +V1 — h?], (2.21)
2w \fo

For n=1 and h=0,

D=1-Z2(L), (2.22)

41 fo

D=1 — 0.9092 (E); (2.23)

0
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CHAPTER 3

MODELING OF ZVS BOOST CONVERTER

3.1 Introduction

Modeling of a ZVS boost converter is very crucial as it helps in understanding, analysis,
design and control of the converter well. The resonant components, along with switching
devices and (nonlinear characteristics) make it difficult to foresee the behavior of the
converter without modeling without a ZV'S boost converter. Mathematical representation
of a converter by modelling using equations and transfer functions is helpful in analysing
the voltage, current, duty cycle and switching performance. The main application is in the
design of controllers such as PI or PID controller because the transfer function of the
converter plays an important role in the design of such controllers. Modeling can be used
by engineers to explore the stability of the converter and to see if the system will function
correctly for various inputs and loads. It also allows for the analysis of the transient
response and its characteristics such as rise time, settling time, overshoot and steady state
error during rapid load and/or source voltage changes. Resonant inductors and capacitors
also are playing important role in ZVS boost converter so modeling of the same is required
for selecting the appropriate values of the resonant components for ZVS (zero voltage
switching) condition. The voltage and current waveforms across the switch are also
provided, which makes it easier to analyse the losses and the reduction in the converter
efficiency, and makes it possible to minimise these losses by using modelling. This is
useful as a check to make sure that the MOSFET can be turned on at zero voltage, which
i1s the main objective of ZVS operation. Another need of modeling is simulation in
software prior to the implementation such as MATLAB/Simulink. Using simulation based
on modelling can reduce the cost of using hardware, reduce risk in experiments and reduce
the development time. Using the modeling, the study of the load regulation performance
and line regulation performance of the converter can also be obtained. Other helpful
frequency analysis information such as bode plot, crossover frequency, gain margin and
phase margin can be modeled as well. Furthermore, the modeling can be used to predict
voltage ripple, current ripple, switch stress and overall dynamic response of the converter.

Therefore, the modeling of ZV'S boost converter is required in the following applications:
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designing the ZVS boost converter, stability analysis of the converter, efficiency
improving of the converter, converter performance prediction, and implementing of the
ZVS boost converter in renewable energy system, EV application and high frequency

power electronic system.

3.2 DC Voltage Transfer Function

Modeling a ZVS boost converter is crucial for understanding, designing, and optimizing
both the circuit and its closed-loop control, directly supporting higher voltage regulation,

stability, and practical deployment.
1-h?
lo=1;,[1- D+— W] (3.1)

Assuming that the converter is lossless, IV, = I;;,Vin

Hence , the dc voltage transfer function is given by

Vo  Iin 1 2m
VvDC _n2 _n2 .
Vin Io 1_D+A(17h) A[2mn—arc cos h+V 1—h2+M
amy/1-n? 2V1-h2

Thus, for h< 0;

Mypc = ﬁz — (3.3)
(fs){(Zn 1)7r+ +arc cos [1- MVDC MVDC [1+ [1- MVDC
And for h> 0;
Mypc = 2 3.4
;—;{Znn +M‘?Dc—arc cos [1— MVDC MVDC[l MVDC l
Now Putting n=1 and h=0;
1 4 1.1
Mypc = — = — = (3.5)

-0 Gm)dy &y’
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CHAPTER 4

DESIGN OF COMPONENT OF ZVS BOOST
CONVERTER

4.1 Introduction

When designing a ZVS boost converter, the design of its components is highly critical,
since the performance of the converter relies on the proper choice of components. Careful
design of components like resonant inductor, resonant capacitor, filter inductor, filter
capacitor, MOSFET and diode is necessary in a ZVS boost converter. Zero voltage
switching operation can be achieved through proper design of the components. In ZVS
operation, the MOSFET will switch on with a zero voltage, thus minimizing the switching
losses. Wise design of resonant components contributes to achieve resonance between the
voltage and current wave forms. This resonance helps to minimize the stress on the
MOSFET during switching. Appropriate component selection also leads to a better
converter efficiency. The resonant frequency is a function of the values of the resonant
inductor and resonant capacitor. The filter inductor and capacitor are used to lower the
output voltage and current ripple. Appropriate components value is used to ensure a stable
output voltage under different load conditions. Proper design can also minimize
electromagnetic interference within the converter. The voltage and current stress are
considered in the selection of the MOSFET and the diode ratings. The values of the
components may be incorrect, resulting in instability and heating. The proper design can
enhance the converter's transient response. It also decreases conduction losses and
switching losses. The design of the components plays an important role in achieving its
desired output voltage and power rate. Good design of components enhances reliability
and the life of the converter. Before simulation and hardware implementation, it is also
important to correct the design of the components. Therefore, the design of the
components is crucial to the efficient, stable and reliable operation of a ZVS boost

converter.



4.2 Equation for Resonanting Inductor (L.,)

For design of components of ZVS Boost converter, input voltage is taken as 21.6V, output

voltage as 48V and switching frequency(f;,,) as 50 kHz respectively.

v, v,

R,=-2=7050 Myp=0Q=—=222
IO Vin

L, = W’% =5.01x 10-°H

4.3 Equation for Resonanting Capacitor (C.,)

C,, =—2 =5x10""F

WoRL

4.4 Equation for Filter Capacitor (C,)

D =1-09092 (ff—w) —0.549=54.9%= 55

0

C.. = =7.80x%x 1077F
Cmin Zst

But Filter Capacitor can be taken as C, > C pin; Cc = 8 X 107°F.
4.5 Equation for Filter inductor (L)

R(1-D)?D
i = ———=——— = 7.85 x 107°H
2f;

Similarly, for filter inductance L, > L¢,_. ;  L¢ = 180 X 107°H



Input Voltage V;,, (V)
Output Voltage Vo (V)
Switching frequency f,, (kHZz)
Resonant frequency fo(kHz)
Duty ratio (D)

Load Quality (Q)

DC Voltage transfer function

(Mypc)

Load Resistance R; (€2)
Resonanting Capacitor C,.(F)
Resonanting Inductor L,.(H)
Filter Inductor L.(H)

Filter Capacitor C.(F)

Tablel: Design of Components parameters of ZVS Boost Converter

21.6
48
50
101
55

2.22

2.22

7.05
5% 1077
5% 107°
180 x 10°

8% 107°

18
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CHAPTER 5

Design PI Controller for ZVS Boost Converter

5.1 Introduction

Control of a boost converter is important for the performance and stability of the converter.
Because the boost converter is a high-frequency switching converter, its dynamics will be
nonlinear, it is important to have a proper controller to ensure a regulated and stable output
voltage for different operating conditions. Converters are subjected to constant
perturbations, such as load currents, input voltage, parameter uncertainties, switching
effects and nonlinear operating points, in real-world applications. Therefore a proper
control system is essential for the reliable operation of the converter, the transient
response, the low ripple content and the accurate voltage regulation of the converter. Due
to the ease of implementation, low computational requirement and satisfactory dynamic
performance, among the various control techniques available for PE converters, the PI
method is chosen. This PI controller will continuously monitor the difference between the
value of the reference voltage and the actual output voltage, and generate a control voltage
to minimize that difference. The integral portion of the controller is used to minimize
steady state error and the proportional portion is used to speed up the response of the
system by making the controller respond immediately to a change in error which causes a
reduction in its rise times. The above properties ensure the PI controller is very stable and
error free in many industrial and commercial applications. The tuning of the parameters
of the controller is of the most important in the boost system using power electronics such
as boost converter because the performance of the overall system will greatly depend on
the proportional and integral gains provided in the controller. When a system is improperly
tuned, it can result in excessive overshoot, oscillations, slow response, instability, longer
settling time or poor disturbance rejection. Hence, various techniques to tune the controller
parameters to yield a satisfactory converter performance are employed. The aim of this
research is to design the PI controller to attain a regulated output voltage and improve the
dynamic response and reduce the steady state error under different operating
conditions[55]. In practice, conventional type PI controller can be enough to provide a

good voltage regulation; however, some nonlinearities cannot be ignored during the
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analysis and design of a boost converter system. Nonlinearities are found in real power
electronic systems as a result of the Switching device limitations, duty cycle constraints,
actuator saturation, dead zone effects, nonidealities of components and limitations of
sensors. The nonlinear effects can significantly influence the converter dynamics and, in
certain cases, the stability of the system, the transient response, converter ripple and
converter performance. One of the significant nonlinearities which are considered in this
work is saturation nonlinearity. In real (practical) converters, however, the duty cycle is
limited by definite physical restrictions as the switching devices cannot function beyond
a certain range. To limit the duty cycle in a safe operating range, and to avoid excessive
control action and hence damage to converter components or instability, saturation
nonlinearities are added. Saturation adds protection and operation safety but also brings
nonlinear behaviour into the system which can impact the converter response under large
perturbations and/or transient conditions. Dead—zone non—linear property is another non—
linear property analysed in this work. A dead zone is an area which has a small change in
the input control signal, but no corresponding change in output response. In the real world,
this is often caused by the change in thresholds, the sensitivity of the actuators, or by the
limits of the sensors and/or hardware. Dead zone phenomena on the controller sensitivity
of boost converters can lead to slow transient response, if not considered in the system
analysis. The analysis of a converter may provide a more descriptive study of the practical
operating conditions by using the study of nonlinear dynamics. In the real world, all the
converters have and always will be nonlinear but most conventional analyses assume a
linear behavior. Therefore, the understanding of the effect of saturation and dead-zone
nonlinearities will be helpful when applying the real-world limitations of converter
systems and evaluating the performance of the PI controller in real world situations. The
design of the PI controller of boost converter is described in detail in the following chapter
and the implementation of nonlinear dynamics inside the control loop is discussed. The
chapter describes the action of proportional and integral actions in voltage regulation, the
importance of the correct tuning of the controller and the need for the converter to operate
in a stable mode. Further, the nonlinearities of saturation and dynamics of dead zone are
addressed in great detail, their practical implications are discussed, and their effect on the

converter behavior is discussed. Under nonlinear operating conditions, concepts explained
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in this chapter form the basis for simulation analysis and performance evaluation of closed
loop boost converter. The nonlinear implementation and the controller design described
here will be used in later chapters in detail in MATLAB/Simulink. Simulations, transient
analysis, ripple analysis and comparison of the converter performance under various

nonlinear situations.

5.2 Design of PI Controller for Boost Converter

Boost converter systems typically employ a PI controller for control due to its
combination of simplicity, stability, and strong performance capability. The most
significant requirements in the closed-loop power electronic system are to maintain an
output regulated and constant voltage. In reality, many perturbations like fluctuations
in the input voltage, sudden load changes, switching effects, parameter changes in
components, and nonlinear operating conditions always come into effect in practical
boost converter circuits. It is possible for these disturbances to result in deviations from
the output voltage and a decrease in system performance if appropriate control
techniques are not used. Thus, a PI controller is utilized to make sure the output voltage
is regulated constantly so as to optimize the converter performance for various

operating conditions.

In a closed-loop boost converter system, the PI controller continuously compares the
desired reference voltage with the actual converter output voltage. The difference
between these two signals is called the error signal. Based on this error, the controller
generates an appropriate control action to adjust the duty cycle of the switching device.
By continuously controlling the switching duty ratio.The PI controller consists of two

important control actions:
e Proportional action
e Integral action

Both actions work together to improve converter performance and ensure accurate

voltage regulation.
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5.3 Proportional Action (Kp)

The proportional component of the controller is an instantaneous response to the

value of the error signal. Proportional action results in a corrective control signal

proportional to the size of the error as long as there is an error—that is, when the

output voltage deviates from the reference voltage. This step will reduce the

converter's rise time and improve its transient response to an extent.

The major functions of proportional control are:

Improves system response speed
Reduces rise time

Enhances transient response
Quickly reacts to load disturbances
Improves dynamic performance

Reduces output voltage deviation

A higher proportional gain generally results in faster system response and improved

disturbance rejection capability. However, excessively large proportional gain may

produce:

Oscillations
Overshoot
Instability

Increased ripple content

Therefore, proper selection of proportional gain is necessary to achieve stable

converter operation.
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5.4 Intrigal Action (K;)

The integral part of the controller continuously accumulates the error over time and
generates an additional control signal that helps eliminate steady-state error. In practical
systems, small voltage errors may remain even after the transient response settles. The
integral action removes these remaining errors and ensures that the output voltage reaches

exactly the desired reference value.

The major functions of integral control are:

e FEliminates steady-state error

e Improves voltage regulation accuracy

e Maintains output voltage stability

e Compensates for load variations

e Enhances long-term system accuracy

e Maintains output voltage at desired reference value

Although integral action improves steady-state performance, excessive integral gain may

lead to

e Slow transient response
e Increased settling time

e Oscillatory behavior

e Reduced system stability

Therefore, careful tuning of integral gain is also important for obtaining satisfactory

converter performance



5.5 Combine effect of PI Controller

Accurate steady-state performance and quick dynamic reaction are both possible
when  proportional and integral control work together. While the integral action
eliminates steady-state error and increases voltage regulation precision, the
proportional action speeds up reaction.The overall advantages of the PI controller

include:

e Simple structure

e Easy implementation

e Low computational complexity

e Stable converter operation

e Fast transient response

e Accurate voltage regulation

e Reduced steady-state error

e Improved disturbance rejection capability

e Suitable for industrial applications

Because of these advantages, PI controllers are extensively used in:

e DC-DC converters

e Renewable energy systems
e Battery charging circuits

e Electric vehicle applications
e Motor drive systems

e Industrial power supplies

e Voltage regulation systems

Proper tuning of PI controller parameters is extremely important because incorrect

parameter selection may result in:

e Excessive overshoot

e Poor transient response

24
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e Increased settling time
e Oscillations

e Instability

e Higher ripple content

Therefore, suitable tuning methods are used to determine appropriate controller

gains for achieving stable operation and improved converter performance.

Overall, the PI controller provides an effective and reliable solution for controlling
the output voltage of the boost converter. It improves voltage regulation capability,
enhances transient response, reduces steady-state error, and ensures stable converter

operation under different operating conditions.

e Proportional term (Kp) provides an output proportional to the instantaneous

error, speeding up the response & reducing the rise time of the system.

e Integral term (Kj) accumulates the error over time, eliminating steady-state

error and ensuring the output voltage settles exactly at the desired reference,

even with load changes or input fluctuations.

e The PI controller output is given by:

u(t) = Kp - e(t) + Kif,, e(t) dt

where e(?) is the error signal (Vref — Vour)

5.6 Deriving State Space Averaging Equation

The switching action in a converter is continually cycled between ON and OFF. This has
made the circuit equations also time-dependent. The direct analysis of the actual switching
waveform will be very complex. To simplify this problem, a state space averaging
technique is implemented to transform the switching converter into an averaged

continuous time model for one switching period.

During 0 < t < t,,, ,Switch is on ,Diode is off.
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—Vint+tv,=0, v, =V,

Lli» ~ io

Fig5.1: Schematic diagram of a Boost Converter

dip, _ m

priaien (5.1)
iC + iO - 0,

ave _ﬁ

= T Re (5.2)

During t,,< t< T ; switch is off and diode is on

—Vin+tv,+V.=0;

diy _ Ve, Vin
-1t (5.3)
iL = iC + io ;
We _ i Ve
dt ¢ RC (54)
0 0 1
From equation 1 and 2 we get ; [41] = 0 1l [B4] =L
RC 0
0o —- 1
From equation3 and 4 , we get [4,] = |, i ; [B2]= | L
T
A=A, XD+ A4, x(1-D);
—(-D)
_ L
[Al= (1-D) -1
c RC
B = By XD+ B, x(1-D);
1
[B] = LI
0
(ili 0 _(1_D) l 1
t| _ L L -
L4 [ [ R [vc ¥ Lﬁl Vin (5-5)
dt c RC

This equation 5.5 is the steady state averaging equation.
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5.7 Deriving Small Signal Model for Boost Converter

Now To obtain linear model which is easier to analyze a small signal model has been
constructed and that is linearised about steady state operating point to get required transfer

functions.
Linearization is done by using the below expression

X =A% + B+ {(4, — A,)X + (B, — B,)U}d

=141 =0 |5 Bl=[Bd=0

Lt 0 —A-D[u® — A
o P T T

On solving above equation (5.6) using Laplace and inverse Laplace transforms and
making V,,,(s) is equal to zero one can get the transfer function between control input ‘d’

to output voltage ‘V’ is given as equation

. Vi Iy,

55(s) _ _ GccS (5.7)

d(s 2, 1, (-D)? :
) s oS+

This equation 5.7 is transfer equation of Boost Converter

5.3 Finding K, and K; value for PI Controller

Here, it is assumed that Lr and Cr are not present.

Transfer function of boost converter
Vin_ILg
_ LC_C
6o =SS 1]
RC LC

Transfer function of PI controller
wL

Go(s) =G(1="2) [11]
w,
W, = ZSOW = 2.5kHz

w,
wy, = 1—6 = 250Hz



K, = Ge, = 0.032
K, = G, X w, = 4.9475

T =
g L
+
vin® 1 R
1 T° -
Ve |
+I:
-Gate Driver:
+ PI <5

— —

Ts

Fig5.2: Simulation of ZVS Boost converter using PI

28
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CHAPTER 6

TYPES OF ZVS BOOST CONVERTER
6.1 M-type Half-wave ZVS Boost Converter

A family of ZVS quasi resonant converter is shown in Fig8 and Figl10. These converters
are obtain by adding a resonant capacitor Cr in parallel with the switch and the resonant
inductor Lr in series with parallel combination of the switch and the resonant capacitor in

the conventional pwm converters.

L D1
M o
is g =T DT
+ -
Vin Lr ol §Vo a1
Fe) N . .
,:

x ==CT'Vs Fi /!
- - 1
1

T.

Penax 2z

Fig6.1 : Schematic diagram for M-type Halfwave Fig6.2: Steady state wave from M-type Half-wave
Boost Converter Boost Converter [11]

From Fig9 when switch and diode D1 both are off, the resonant inductor current i;,start
increasing linearly and resonant capacitor is also getting charge by constant source current
,voltage V., start increasing linearly. At time t = t;,inductor current get maximum upto
source current [;;, and resonant capacitor voltage V. is upto output voltage V,then switch
is off and diode D,is on. Now Cr-Lr-Vo froms a resonanting path ,Resonant inductor

current equation is like
i1-(t) = I; coswy(t — t,). Resonant capacitor voltage Vi, (t) = Vy + [;,Z, sinwy (t — t7).

At =ty > I (t) = 0 and Vi, (t) is maximum i.e (Vy + I;;,Z,) Volt.
At t =t,, Vg (t)=0 , current passing through body diode D,. After t,, we can on the
switch. So across the switch, voltage is zero and switch current start linearly increasing.

After t=t5, switch current reaches maximum and diode D; will be off.
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6.2 M-type Full-wave ZVS Boost Converter
This type of converter only allow one direction of current flow but the direction of

voltage is bi-directional.

LS >
in Vo
Yo T 2.
Fig6.3:Circuit diagram of M-type Full-wave Fig6.4: Steady state wavefrom of M-type Full-
ZVS Boost Converter ZVS Boost Converter

From the above figure when switch is on and diode D1 is off, inductor is storing charge. Now
switch is off and diode D1 is also off, at this time Cr(resonant capacitor) starts storing charge.
When Vcr will be equal to Vo(output voltage) then diode D1 will be on and inductor current starts
decreasing with a cosine function. When inductor current is it’s -ve peak lin then Vcr(resonant
capacitor voltage) is zero. When switch and diode D1both are on, inductor start charging again, it
try to reach lin from -lin. Ver goes to -ve and it comes again zero when inductor current touches

at zero.
6.3 L-type Half-wave ZVS Boost Converter

L-type refers to the shape and configuration of the resonant auxiliary circuit in an L-type
Half-Wave ZVS Boost Converter, particularly the connection of the inductor (L) with the

switch and resonant elements.
L Lr D1 '
M rmmMm Bt o)
is + —L

ImINIn
e (T I

| lcrVvs
G

Fig6.5:Circuit diagram of L-type Half wave Fig6.6: Steady state wavefrom of M-type Full-
ZVS Boost Converter ZVS Boost Converter

When switch and diode D1 both are off , Then resonant capacitor start charging by

constant current source. When diode D1 is on then resonant capacitor , resonant inductor
and load from a resonating path.This resonating path helps the voltage across the switch

become zeo although current through the switch is not zero completely.
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6.4 L-type Full-wave ZVS Boost Converter

L Lr D1
M mm Bt 5 T T _—
iS + s 1 ’H
v D2 — — i i E—
Vin Yo . | J—
! ct 3 |
+ RL

= = Vs - ’ — —
,n

I 1
T T N S

TimefSec)

Fig6.7: Circuit diagram of L-type Full-wave ZVS Fig6.8: Steady state wavefrom of L-type
Boost Converter Full wave ZVS Boost Converter

From the figure it’s shows that when diode is connected series with the switch it blocking
-ve current but it allows bi-directional of voltage. when switch is on , resonant capacitor
voltage is zero and when it off resonant capacitor start getting charge. When it is reached
equal to output voltage Vo, then diode D1 is on and it is in the resonating cituation. From

the figure current flowing through the switch is 21.6 A and voltage across the switch is

80V, it is a peak voltage
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CHAPTER 7

DESCRIPTION OF THE ZCS BOOST CONVERTER &
OPERATING PRINCIPAL

7.1 Overview

ZCS Boost converter circuit are obtained by adding a resonant inductor Lr in series with
the transistor and a resonant capacitor Cr in parallel with the series combination of the
switch and the resonant inductor Lr. When power MOSFET with its body diode then it
behave as a bi-direction switch for current and uni-direction for voltage. It’s circuit is
called as full wave ZCS converter. If a diode is added with series with MOSFET then it
is called half wave ZCS converter. Family of ZCS Boost Converter are shown in the Fig7.1
and Fig7.3 .

7.2 Half-wave ZCS Boost Converter operating principal

Cr

-
I

2y

Vin Lc S v ] soon
C) <;R L

D2

as[ng 23eD

Fig7.1:Circuit diagram of Half-Wave ZCS Boost Converter Fig7.2 :Steady state wavefrom of Halfwave
ZCS Boost Converter

From the above figure Assume Switch is on, initially inductor current and capacitor
voltage are zero. When the resonant inductor current reaches the input current Iin , the
diode turns off. Converter enters mode 2.At mode2 the switch remain closed ,but the diode
is off at mode2.This is a resonating mode during which capacitor voltage starts decreasing
from its initial value of Vo. When inductor current reaches lin current then capacitor
reaches its negative peak. When inductor current equals zero, and the switch turn off.
Mode3 switch and diode both are open. Since capacitor voltage is constant, the capacitor
starts charging up by the input current source. At mode4 the capacitor voltage is clamped
to the output voltage, and diode starts conducting again. The cycle of mode repeat again

at the time of Ts when Switch S is turned on again.
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7.3 Full-wave ZCS Boost Converter operating principal

D
_ YYym S
Lzl

=
=

O
as[ng D
T

wass

Fig 7.3: Circuit diagram of Full-wave ZCS Boost Converter. Fig 7.4: Steady-state wavefrom of Full-wave Boost Converter
From the figure , assume switch and the diode both are on. Initial resonanting inductor
current was zero and initial resonant capacitor voltage was output voltage V; .Inductor
current reaches upto input source current. When inductor current reaches upto input
source current then diode D1 will turn off. The switch and diode remain off, this is a
resonating mode during which capacitor voltage starts decreasing resonantly from its
initial value of V,,. When inductor current will zero after some time then at that point
capacitor voltage will reaches -ve peak. When switch and diode both are open capacitor
charging up by the input current source. When capacitor voltage again charge upto output

voltage then diode begins conducting.

This mode of cycle will repeat again at the time of Ty when switch S is turned on again.
From this graph switch current is bi-directional and switch voltage is uni-directional.

When switch is off ,the switch current is zero but switch voltage may not be zero.
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CHAPTER 8

RESULT & DISCUSSION

8.1 ZVS-Boost Converter performance in open loop

| | i I | 1 |
O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time(scc)

Fig8.1a: ZVS-Boost Converter output voltage in open loop
From Fig 8.1a, it is showed that at time t= 0.3 msec, output voltage of the ZVS boost
converter reaches to steady state value and voltage ripple is about to 4.95V due to the
resonant component in the converter. By connecting high value of capacitor at load end

will reduce the ripple drastically

Output Current(A)

L i I I I I
(o] 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time(Sec)

Fig8.1b: ZVS-Boost Converter output current in open loop

Fig 8.1b shows that at time t= 0.3 msec, output current of the converter reaches at steady
state and because of resistive load is used, output current follows output voltage and
current ripple is about to 1.5A. Further output voltage and current are coming as 46.25V

and 7.53 A respectively
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Fig8.1c: ZVS-Boost Converter switch current and switching voltage in open loop

From Fig:8.1c,It also shows that in the converter switch ZVS and ZCS are occurred

simuntaniously.
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Fig 8.1d: Voltage across the switch in open loop

From Fig:8.1d, voltage across switch is 1.7 times of output voltage. After 0.3msec,

maximum switch voltage is 82.32V and minimum switch voltage is 1.5V .

8.2 Load Regulation of ZVS Boost Converter in open loop

O 0.1 0.2 0.3 0.4
Time(sec)

Fig8.2a: Output voltage of ZVS Boost Converter during Load -Regulation

From Fig8.2a, upto time t=0.4sec average output voltage is 56.8V and after that average
output voltage is 52.21V.It is because of loading from 50€Q to 50€2||100€2.
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Fig8.2b: Output current of ZVS Boost Converter during Load -Regulation

From Fig8.2b, it is seen that upto t=0.4sec, average output current is 1.24A and after that

it is 1.62A because of high loading and equivalent resistance come down from 50€2 to
37.5Q.
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Fig8.2¢: Switching voltage of ZVS Boost Converter during Load -Regulation
From Figl3, it is seen that upto t=0.4 sec, voltage across switch is 73.6V and after

0.4sec, voltage is around 62.2V.

8.3 ZVS Boost Converter performance using PI controller

[s1e]
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~
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V
L

Output Voltage(V)

Fig8.3a: Output Voltage of Boost Conveter using PI Controller

From Fig8.3a, output voltage is varied from 43.31V to 52 V. Using PI controller,

average output voltage of the converter is improved.
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Fig8.3b: Output Current of Boost Conveter using PI Controller

From Figl5, it is seen that load current follows the output voltage waveform. Moreover,
load current is varied from 5.8A to 7.7A. Using PI controller, the load current is not
much affected and nearly of same value. Thus there is need of current loop and can be

implemented in future studies
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Fig8.3c: Switching current & Switching voltage of Boost Converter using PI Controller

From Fig8.3c. It shows that during use of PI controller converter’s switch performs ZVS
and ZCS simuntaniously.

8.4 Load Regulation of ZVS Boost Converter using PI Controller

70

[S18]

iput Voliage(V)

| | |
(8] 0. 0.2 0.3 0.4 0.5 0.6

Fig8.4a: Output voltage of Boost Converter during Load-Regulation using PI
Controller

From the Fig8.4a it is seen that output voltage remain same even though, at t=0.4 sec
load is increased. Average output voltage through out is 47.25V and voltage ripple is

2.35V.
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Fig8.5b :Output current of PI Controller based ZVS Boost converter during varying
load

From Fig8.5b, it is seen that upto 0.4 sec output current is 0.9A when load is increased

the output current is also increased as 1.42A
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Fig8.5c: Switching voltage of Boost Conveter during Load-Regulation using PI
Controller

From Fig 8.5¢, it is seen that upto 0.4 sec, voltage across the switch is 58.84V and after
this it is 62.56V.

8.5 Comparated results of different ZVS Switching schemes

Switch Current wvws Duty Ratio

M orype full wave ZWsS BOOST COMNWERTER
M Twpe half wave ZwWs BOOS T COMNWVERTER
L type full wave Zws BOOST COMNWVERTER
L twpe half wawve Zws BOOST COMNVERTER

I

Siutch Curent (4

=0 =5 L Yal as =ta] 55 so 655 O
Duty Ratio {(26)

Fig8.5a: Switching current compare graph between M-type Full wave, Half-wave, L type
Full- wave,Half-wave ZVS Boost converter

From the above graph L-type Half-wave ZVS Boost converter has highest switching
current nearly12A. In 30% duty ratio the switch currents of M-type Full-wave, Half -wave
and L-type Full-wave,Half -wave ZVS Boost converter are 2.786A,3.21A,2.73A and
2.83A respectively. In 50% duty ratio the switch currents of M-type Full-wave, Half -
wave and L-type Full-wave, Half -wave ZVS Boost converter are 7.678A,7.09A,8.05A
and 8.27A respectively. In 70% duty ratio the switch currents of M-type Full-wave, Half
-wave and L-type Full-wave, Half -wave ZVS Boost converter are 11.84A,10.56A,12.05
and 11.3aA respectively
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Fig8.5b: Output voltage compare graph between Full wave, Half wave M-type L-type
ZVS Boost converter

From the duty varies 30-70% output voltage of Full-wave M-type ZVS Boost converter
output voltage vary from 28.8V to 47.8V and Half wave M-type ZVS Boost converter
vary from 26.2V to 45.8V and L-type Full-wave ZVS Boost converter’s output voltage
vary from 28.08V to 50.15V and L-type Half-wave ZVS Boost converter’s output voltage
vary form 28.44V to 49.46V.

Efficiency ws Duty Ratio

Efficiency (%)
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Fig8.5c¢: Efficiencies compare graph between Full wave, Half wave M-type, L-type ZVS
Boost converter

From the above graph it is seen that we get maximum efficiency at duty is equal to 60%.
At 30% duty ratio M-type Full-wave ZVS boost converter shows 76.6% efficiency, M-
type Half-wave ZVS Boost converter shows 73.83% efficiency and L-type Full-wave ZVS
boost converter show 72.3% and L-type Half-wave ZVS Boost converter show 77.48%
efficiency. At duty 60% M-type Full -wave ZVS Boost converter shows 93.19%

efficiency.
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8.6 Switching Current comparision between ZVS & ZCS Boost
Converter

Switch Current Comparison (ZCS Boost Conwverters)
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Fig8.6: Switching current compare graph between ZCS Full-wave and ZCS Half-wave
Boost converter

From the above at duty 70%, the switch current of ZCS full wave Boost Converter and
ZCS half wave Boost Converter are 12.3A,28.24A respectively. At duty 50%, the switch

current of ZCS full wave Boost Converter and ZCS half wave Boost Converter are

6.33A,21.18A respectively.

8.7 Switching Voltage comparision between ZVS & Z.CS Boost
Converter

Switch WVoltage Comparison (ZCS Boost Converters)
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Fig8.7: Switching voltage compare graph between ZCS Full-wave and ZCS Half-wave
Boost converter

From the above Voltage across the switch of ZCS Full-wave Boost Converter is same
21.6V, but in case of ZCS Half-wave Boost converter ,at duty 30% voltage stress across
the switch is maximum i.e 38V. At 70% duty the voltage stress across switch of Half-

wave ZCS Boost converter is 33.1V, At 50% duty the voltage stress across switch is
21.2V.
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8.8 SIMULATION BASED RESULT

ZVS M—fype H_alf wave Bopst Convert_er
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Fig8.8a: Comparision switching stress and switching current in between ZVS M-type
Full-wave & Half wave Boost converter

From the graph At 50% duty ratio maximum switching voltage is 43.67V and switching
current is 12.12A.
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Fig8.8b: Voltage stress and switching current of ZVS L-type Half wave Boost Converter

Above graph is obtained when we were taking duty ratio is equal to 50%.Voltage stress

of switch is equal for both half/full wave converter but switching current wave are
different.
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Fig8.8c: Voltage stress and switching current of ZVS L-type Full- wave Boost
Converter

Above graph is obtained when we were taking duty ratio is equal to 50%. Voltage stress
of switch is equal for both half/full wave converter but switching current wave are
different.
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Fig8.8d: Voltage stress & switching current of Half-wave ZCS Boost converter
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Fig8.8e: Voltage stress & switching current of Full-wave ZCS Boost converter

From Fig:8.8d &8.8e, we may conclude that form switching stress point of Half-wave

ZCS Boost converter is more superior than Full-wave ZCS converters.
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8.9 Discussion

From 8.5 to 8.7 , All comparated results are made by taking below parameters

Input Voltage(V) 21.6

Filter Inductor(uH) 180

Switching 50
Frequency(kHz)
Resonant 5
Inductor(uH)
Resonant 0.5
Capacitor(uF)

Filter Capacitor (uF) 8

Load Resistance(Q) 7
Table2: Parameters are considered for Converters

From the above discussion we may conclude in case of ZVS point of view M-type half
wave Boost Converter has better efficiency than other type of ZVS Boost Converter
(considering all ZVS converters are operating in 50% duty). Switching stress of all ZVS
converters are nearly same i.e nearly 100V but current passing through switch is more in
L type of ZVS converters.Full-wave ZCS Boost Converter has better efficiency and
current flow through the switch is lesser than half-wave ZCS converter but switching

stress 1s comparatively more.

ZVS Boost Converter is designed and controlled via PI controller in the present work. It
was found that switch voltage is reduced due to ZVS action. Further it may reduce the
junction temperature causing less failure rate of MOSFET as a switch. PI controller work
Properly through for less ranges of load during ZVS operation. By seeing voltage waveform
across the switch during ZVS operation, voltage comes at zero after every cycle. If we
will increased L and C value by keeping Kp and Ki value constant then output voltage

shown very little voltage variation.
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CHAPTER9

CONCLUSION & FUTURE SCOPE

9.1 Conclusion

The present research work was directed towards the Design, Modeling, Analysis and
Control of a Zero Voltage Switching (ZVS) Boost Converter by implementing a PI
controller for better performance of the converter under varying operating conditions. The
proposed converter was designed to reduce switching losses, to minimize voltage stress
across the switch and to enhance the overall converter efficiency, particularly for
renewable energy system applications and electric vehicle applications where an efficient
DC-DC converter is critical. The voltage and current overlap during switching transition
in conventional PWM boost converter, which results in high switching losses, increased
electromagnetic interference and higher device stress. To overcome these problems, one
of the soft switching ZVS technique was implemented in the proposed converter. This
method has a very small switching voltage (close to zero), which results in fewer
switching losses and less stress on the MOSFET. Soft switching operation was
successfully achieved by using the resonant inductor and resonant capacitor in the
converter topology. It was explained how the converter works in the various operating
modes and each mode explained the operation of the switch, diode, resonant components
and load on the switching cycle. The vibration effect enabled the switch voltage to go
close to zero before turn-on, which proved the switch functions correctly in the ZVS mode.
Successful mathematical modelling and design analysis of the converter was also
completed. The converter input voltage is 21.6V and output voltage is 48V and switching
frequency is 50kHz. The values of the resonant inductor, resonant capacitor, filter inductor
and filter capacitor have been carefully calculated to obtain the desired performance of
the converter. In the first step, the open loop performance of the ZVS boost converter was

studied using MATLAB simulation in R2023a. The results indicate that the steady-state
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output voltage was achieved rapidly and the converter was able to increase the voltage to
the desired value. However, some voltage and current ripples were noticed due to
resonance operation. The voltage across the switch verified that switch voltage dropped
considerably after ZV'S operation, which helped to minimize switching losses and enhance
the converter reliability. By analyzing load regulation in the open-looped condition, it was
found that the output voltage changed as the load conditions changed, so a control system
to achieve stable output voltage was necessary. Thus, a PI controller was designed and
implemented in closed loop system. Proper tuning of proportional and integral gains was
done to enhance transient response and voltage regulation capability. The simulation
results under closed loop control indicated that output voltage was kept near to the
reference voltage (48V) even in the presence of load variation when the PI controller was
used. The output voltage ripple was significantly decreased, and the converter showed
improved stability and robustness than the open-loop systems. The output current was also
correctly modulated in response to the voltage and the current variation was within the
limits. In addition, with the use of the PI controller, the voltage stress across the switch
was further reduced, further demonstrating the effectiveness of the proposed control
method. The simulation results showed that the ZVS boost converter with the proposed PI
control approach could work properly under different load configurations, and that the
output voltage was kept stable and the switching stress was reduced. The proposed
converter also has benefits like less on switching losses, less EMI, more efficient, less
junction temperature, and more reliable semiconductor devices. From the comparative
study of earlier works, it was observed that most of them were studied in an open loop
condition while in the proposed work, the closed loop operation of the ZVS converter was
successfully demonstrated using PI controller. Therefore, the present work aims at
achieving the better voltage regulation and stable operation of ZVS boost converter in
real-time applications. Based on the study, the proposed PI controlled ZVS boost converter
is found to be the efficient, reliable and effective solution for modern power electronic
applications with particular reference to renewable energy and electric vehicle and high
frequency DC-DC conversion system. For further enhancement of the converter

performance, future work can be done on efficiency optimization, advanced control
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techniques, current loop control and intelligent controllers under practical operating

conditions in hardware implementation.

9.2 Future scope

Future work can involve experimental testing and validation of the proposed PI controlled
Z VS Boost Converter under practical operating conditions with hardware implementation.
Advanced control laws like PID, fuzzy logic, sliding mode, adaptive and neural network
controllers can be used to enhance dynamic response and stability. A current control loop
can also be included to ensure more accurate control and protection. Resonant components
can be further optimized to further reduce the voltage and current ripple. The converter
extends to renewable energy systems, PV applications, battery charging systems, DC
microgrids and electric vehicle applications. SiC and GaN devices can also be utilized for
high-frequency operation to enhance the efficiency and power density of the devices.
Industrial Applications: Thermal analysis, EMI reduction and reliability studies are
possible. In the future, comparative analysis with other soft-switching converters such as

ZCS can be conducted.

For finding K, and K; one assumption has taken that resonant inductor and
resonant capacitor were absent i.e converter be like 2" order, that is why K,

and K; value were not accurate.
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    V  s w =   ∫    t 2    w  s t    v  c r d  (   w  s t ) +   v  c r   t 2


    t 2 = 2 𝜋 D ;


    V  s w =   ∫  2 𝜋 D    w  s t    v  c r d  (   w  s t ) +   v  c r ( 2 𝜋 D ) ;


      I  i n    w  s   C  r  (   w  s t − 2 𝜋 D ) .


      I  i N    w  r   C  r =     M  V D C   V 0  A Q


    I 0 =     V 0    R  L


      v  s w    V 0 =     M  V D C  A Q (   w  r t − 2 𝜋 D )


      v  D    V 0 =     M  V D C  A Q  (   w  r t − 2 𝜋 D ) − 1 ;


    v  D  ( w   t 3 ) = 0 .


    w  s   t 3 = 2 𝜋 D +   A Q    M  V D C


    𝒕  𝟑 < 𝒕 <   𝒕  𝟒


        t 3 < t ≤ T   ;  


      i  s w = 0   a n d     v  D = 0 .     I n i t i a l  


    i  L  (   w  s t ) =   I  i n   a n d     v  s w  (   w  s   t 3 ) =   V  i n


    i    L  r  ( s ) =   S    S 2 +   w 0 2     I  i n   e  − s   t 3


      i    L  r    I  i n =     i  c r    I  i n =  cos ⁡      w  s t −   w  s   t 3  A


      i  D    I  i n = 1 −  cos ⁡      w  s t −   w  s   t 3  A


    I  o =     V 0    R  L   a n d       w  s   L  r   I  i n  A =


      V 0   M  V D C  Q   ;


                                                                v  L =   w  s L   d   i  L  d (   w  s t ) =     M  V D C  Q  sin ⁡      w  s t −   w  s   t 3  A ;


      V  s w    V  i n =     M  V D C  Q  sin ⁡      w  s t −   w  s   t 3  A + 1 ;


    V  S W  ( 2 𝜋 ) =   V  S W  ( 0 ) = 0 ; a n d


    i  L r  ( 2 𝜋 ) =   i  L r  ( 0 ) =   I 0


      M  V D C


    cos [ ⁡    2 𝜋 ( 1 − D )  A −   Q    M  V D C ]


    Q    M  V D C = −   sin ⁡ [ ⁡    2 𝜋  ( 1 − D )  A −   Q    M  V D C ]


   1 −   (   Q    M  V D C ) 2


  −  1  2 𝜋  (     f  s    f 0 ) [ 2 𝜋 n − a r c  cos ⁡  h +  1 −  h 2 ]


  = 1 −   3 𝜋 + 2  4 𝜋  (     f  s    f 0 )


    1 − 0 . 9092  (     f  s    f 0 ) ;


  =   I  i n   [ 1 − D +   1 −  h 2  4 𝜋  1 −  h 2   ]


        I 0   V 0 =   I  i n   V  i n .


    M  V D C =     V 0    V  i n =     I  i n    I 0 =  1  1 − D +   A ( 1 −  h  2 )  4 𝜋  1 −  h 2 =   2 𝜋  A [ 2 𝜋 n − a r c  cos ⁡ h +  1 −  h 2 +   ( 1 −  h 2 )  2  1 −  h 2


  ≤ 0 ;


    M  V D C =   2 𝜋   (     f  s    f 0 ) {  ( 2 n − 1 ) 𝜋 +   Q    M  V D C + a r c  cos ⁡   1 −    (   Q    M  V D C ) 2 +     M  V D C  2 Q   [ 1 +  1 −    (   Q    M  V D C ) 2 ] }


  ≥ 0 ;


    M  V D C =   2 𝜋      f  s    f 0   { 2 n 𝜋   +   Q    M  V D C − a r c  cos ⁡   1 −    (   Q    M  V D C ) 2   +     M  V D C  2 Q  [ 1 −  1 −    (   Q    M  V D C ) 2 ]   }


    M  V D C =  1  1 − D =   4 𝜋  ( 3 𝜋 + 2 ) (     f  s    f 0 ) =   1 . 1  (     f  s    f 0 )


    𝑳  𝒄 𝒓 )


  (   f  s w )


    R  L =     V 0    I 0 = 7 . 05 Ω                 M  V D C = Q =     V 0    V  i n = 2 . 22      


    L  c r =     R  L    w 0 Q =


  ×  10  − 6 H


    𝑪  𝒄 𝒓 )


    C  c r =   Q    w 0   R  L = 5 ×  10  − 7 F


    𝑪  𝒄 )


  D = 1 − 0 . 9092  (     f  s w    f 0 ) =


  = 55


    C    c  m i n =   D  2   f  s R = 7 . 80 ×  10  − 7 F


    C  c >   C  c   m i n


    C  c = 8 ×  10  − 6 F


    𝑳  𝒄


    L    C  m i n =   R   ( 1 − D ) 2 D  2   f  s = 7 . 85 ×  10  − 6 H


    L  c >   L    C  m i n ;


    L  C = 180 ×  10  − 6 H


    𝑽  𝒊 𝒏


    𝑽  𝟎 ( 𝑽 )


    𝒇  𝒔 𝒘   ( 𝒌 𝑯 𝒛 )


    𝒇  𝟎 ( 𝒌 𝑯 𝒛 )


    𝑴  𝑽 𝑫 𝑪 )


    𝑹  𝑳


    𝑪  𝒄 𝒓


  ×  10  − 7


    𝑳  𝒄 𝒓


  ×  10  − 6


    𝑳  𝒄


  180 ×  10  − 6


    𝑪  𝒄 ( 𝑭 )


  ×  10  − 6


    𝑲  𝑷


    𝑲  𝒊 )


    ∫ 0  t  e ( t )


  0 < t <   t  o n   ,


  −   V  i n +   v  L = 0


        v  L =   V  i n


    d   i  L  d t =     V  i n  L  


    i  C +   i 0 = 0


    d   V  c  d t = −     V  c  R C


    t  o n


  −   V  i n +   v  L +   V  c = 0   ;


    d   i  L  d t = −     V  c  L +     V  i n  L  


    i  L =   i  C +   i  0       ;


    d   V  c  d t =     i  L  C −     V  c  R C


    A 1 ] =  [    0  0   0  −  1  R C ]


    B 1 ] =  [     1  L   0 ]


    A 2 ] =  [    0  −  1  L    1  C  −  1  R C ]


    B 2


   [     1  L   0 ]


  A =   A 1 × D +   A 2 ×  ( 1 − D ) ;


   [    0    − ( 1 − D )  L     ( 1 − D )  C    − 1  R C ]


  B =     B 1 × D +   B 2 ×  ( 1 − D ) ;


   [     1  L   0 ]


   [      d   i  L  d t     d   v  C  d t ] =  [    0    − ( 1 − D )  L     ( 1 − D )  C    − 1  R C ]    [      i  L     v  c ] +  [     1  L   0 ]   V  i n


    X ^ = A   x ^ + B   u ^ +  { (   A 1 −   A 2 ) X +  (   B 1 −   B 2 ) U }   d ^


   [   A 1 ] − [   A 2 ] =  [    0  1   − 1  0 ]


            [ B 1 ] − [   B 2 ] = 0  


   ⌈    L   d     i  L ^  d t   C   d     v  C ^  d t ⌉ =  [    0  − ( 1 − D )   ( 1 − D )  −  1  R ]  ⌈        i  L ( t ) ^       v  C ( t ) ^ ⌉ +  ⌈    1   0 ⌉  [        V  i n ^   0 ]  [    V   − I ]   d ^


      V  i n ( s ) ^


        v  S ^ ( s )    d ^ ( s )


        V  i n  L C −     I  L  C s    s 2 +  1  R C s +     ( 1 − D ) 2  L C


    𝑲  𝒑  


    𝑲  𝒊


        V  i n  L C −     I  L  C s    s 2 +  1  R C s +     ( 1 − D ) 2  L C


      G  C ( s )


    G ∞ ( 1 −     w  L  s   )


            w  c =     w  s w 20 = 2 . 5 k H z


              w  L =     w  c 10 = 250 H z


              w  L =     w  c 10 = 250 H z


    G ∞ =       (     ( 1 − D ) 2  L C −     w  c 2 ) 2 +    (  1  R C ) 2      (     V  i n  L C ) 2 +    (     I  L   w  c  c ) 2      1 +    (     w  L    w  c ) 2


    K  p =


    G ∞


    K  i =


    G ∞ ×


    w  L


    i  L r


    V  C r


  t =   t 1


    I  i n


    V  C r


    V 0


    D 1


    i  L r  ( t ) =   I  i n  cos ⁡    w 0  (   t − t 2 ) .  


    V  C r ( t ) =   V 0 +   I  i n   Z 0  sin ⁡    w 0 ( t −   t 1 )


    t  m a x


    i  L r  ( t ) = 0  


    V  C r ( t


    ( V 0 +   I  i n   Z 0


  t =   t 2


    V  C r ( t


    D 2 .


    t 2


    t 3


    D 1


    V 0


    V 0


    T  s


    K  p


    K  i


    K  p


    K  i

