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ABSTRACT

The project based on a closed loop PI controlled boost converter using the following two
nonlinear operating points: saturation nonlinearity and dead-zone nonlinearity. Boost
converter is much applied in power electronic applications to increase the voltage of low
DC source to a higher voltage which is much regulated. While the theory is applicable,
practical converter systems are subject to nonlinear behaviors and limitations in control
which can act differently in overall performances and stability. This work, therefore, is
based on the study of the effect such nonlinearities have on the dynamic response of a
boost converter with a Pl controller. The proposed system is based upon the use of a
Proportional—Integral (PI) controller in a closed-loop system to control output voltage of
the boost converter. The error between the reference voltage and the actual voltage output
is continuously monitored by the controller and fed to the switching device to adjust the
duty cycle to reduce the error to a minimum. The proportional portion of the feedback
circuit provides better transient response and the integral portion removes steady-state
error and enhances voltage regulation. In idealized systems, the duty cycle may be
controlled between preselected limits, but, in practical systems, two upper and lower
limits must be established because of the limitations of switching devices and of
hardware. If the controller output exceeds these bounds, saturation occurs that can
influence converter response and stability. Another nonlinear effect that is necessary to
consider is the phenomenon of dead-zone nonlinearity, in which small control signals are
not enough to give any response from the system. The Pl controller shows a stable
operating condition of the converter even in the presence of nonlinearities as shown by
the simulation results. The voltage regulation of the controller is satisfactory and the
dynamic response is quick while the steady-state error is negligible under different
operating conditions. Saturation and dead-zone nonlinearities of the converter are then
compared and their effects on converter performance are understood. The study points to
the fact that nonlinear effects need to be taken into account when designing a controller;
and that the design's ability to deal with nonlinear effects in a power electronic system

can be improved by using PI control techniques.

Keywords: Boost Converter, Pl Controller, Closed-Loop Control, Saturation
Nonlinearity, Dead-Zone Nonlinearity, MATLAB/Simulink.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Power converters, which aim to provide a dc output voltage, have rapidly
advanced during the past few decades. As a result, it is widely utilized in numerous
industrial applications, including processing renewable energy, charging batteries, and
personal computers, etc[1]. The dc-dc converter output voltage is regulated by
continuously varying the quantity of energy injected into the load and absorbed from the
source, which is determined by the relative lengths of the injection and absorption
intervals[2]. Energy Storage (Switch ON) When the main switch (usually a MOSFET) is
turned ON, it creates a path for current through the inductor, allowing the inductor to store
energy in the form of magnetic field. Energy Release (Switch OFF) When the switch is
turned OFF, the inductor releases store energy by reversing its voltage polarity,
redirecting current through a diode & charging the output capacitor, resulting in a higher
output voltage than the input. By modifying the proportional gain (Kp) and integral gain
(Ki) values appropriately, the PI controller controls the output voltage of the Boost
converter to provide a quick transient response[3]. For reliable asymptotic tracking &
disturbance rejection of constant external signals, proportional integral (PI) control is
widely utilized. If the control gains are small enough and the plant satisfies certain
stability requirements, closed-loop stability can be attained when the plant is an
Nonlinear system. Global findings for Pl control have been obtained by extending the
theory to nonlinear systems[4]. This approach was accomplished using a combination of
saturation functions & advanced PI controller[5]. When using just proportional control
action, Ziegler & Nichols proposed methods for adjusting the PI controller (mean to set
the values of Kp & K|) based on the experimental step response or based on the value of
Kp that results in marginal stability. The following is a quick presentation of Ziegler-
Nichols rules, which are helpful when mathematical models of plans are unknown[6].
The proportional term (Kp) accelerates the response & shortens the system rise time by
producing an output proportionate to the instantaneous mistake. By accumulating the
error over time, the integral term (KI) eliminates steady-state error & guarantees that,

despite variations in load or input, the output voltage settles precisely at the correct
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reference. Two types of nonlinearities can also be implemented saturation & dead
zone[7]. Both non linearity have different nature & different regions of operation, while
saturation non linearity can be use to limit the duty cycle like wise lower limit of
saturation is our minimum duty limit & upper limit of saturation is our maximum duty
limit of converter. In case of dead zone non linearity the same rule applies: in this tiny
difference, dead zone may start at minimum duty limit & dead zone may end at the
maximum duty limit[8]. Both Nonlinearity & Further explanation can be done by using

simulation & results of simulation for these.

Because of their efficient conversion and regulation of electrical energy for the
application, DC-DC conversion units are one of the most indispensable components in
modern electrical and electronic applications. The performance, energy efficiency and
reliability of converters have been greatly enhanced in last decade due to the tremendous
improvements in semiconductor devices, switching technologies, digital control systems
and power electronic circuits.In recent years, significant advancement in semiconductor
devices, switching technologies, digital control systems, and power electronic circuits has
greatly enhanced the energy efficiency, performance, and reliability of the DC-DC
converter [9,10]. These converters are thus used extensively in many industrial,
commercial and domestic applications where stable operating DC power is needed. DC-
DC converter is crucial in DC power supply systems to meet applications like renewable
energy systems, electric vehicles, battery charging circuits, telecommunication systems,
portable electronic devices, aerospace systems, industrial automation, computer power
supplies and medical equipment, where energy management and voltage regulation are

vital functions.

Distinctive voltage converter topologies include boost, buck and boost with CCD.There
are various topologies of voltage converters and the type of boost converter is one of the
most widely used voltage converter configurations that is able to increase or boost a low
input DC voltage to a higher output DC voltage. Simple circuit configuration, low
components[11], high efficiency, and compactness, continuous input current and ease to
implementation are advantages of the boost converter. This enhances the use of boost
converters in applications which demand the power supply voltage is lower than the input

power supply voltage.Because of these benefits, boost converters are widely employed in
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power supply systems in which the power supply requirement exceeds the available

power supply voltage.

In renewable energy applications like a PV system and a fuel cell system, the output
voltage could often be small, and fluctuating with the environmental process[12].
Therefore, boost converters are used to increase the voltage level to the required value for
battery charging, grid integration, or load operation. Similarly, in electric vehicles and
portable electronic systems, boost converters play a major role in regulating voltage and
improving energy utilization efficiency. Because of the increasing demand for efficient
power conversion systems, research on boost converter modelling, control, and nonlinear

analysis has become highly important in the field of power electronics.

The operation of a converter regulates the output voltage by continuously controlling the
amount of energy absorbed from the source and delivered to the load during each
switching cycle[13]. This energy transfer process is achieved through the high-frequency
switching operation of a semiconductor device, generally a MOSFET, which periodically

changes the circuit operating condition states.

During the switch ON interval, MOSFET provides a closed conducting path[14]. As
current flows through the inductor, Since the inductor opposes sudden changes in current,
the inductor current increases gradually during this interval. At the same time, the diode
becomes reverse biased, which prevents side of the converter[15]. Therefore, during the
ON state, the capacitor connected across the load supplies the required energy to maintain
output voltage continuity. This interval is commonly referred to as the energy storage
mode because energy is accumulated inside the inductor.

During the switch OFF interval, the MOSFET and the conducting path through the switch
is interrupted. However, the inductor opposes sudden reduction in current and starts
releasing the stored magnetic energy by reversing its polarity[16]. As a result,
Consequently, the output voltage becomes greater than the input voltage. The capacitor
also gets recharged during this interval and helps maintain a smooth and stable output
voltage with reduced ripple content. Thus, by continuously repeating the ON and OFF
switching process, the boost converter achieves voltage boosting operation[17].

Page | 3
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A higher duty cycle generally results in greater energy transfer and higher output voltage.
However, the boost converter is a non-linear switching system and its dynamic behavior
is complex under the different operating conditions[18]. For this reason, it is critical to
design the controller correctly to ensure the stability of the converter, good transient
response, low ripple content and good voltage regulation under various load conditions
and disturbances. Closed-loop control is extensively applied in real boost converter
systems for better converter performance. A closed-loop converter system is a system in
which the output voltage is continually monitored and compared to a reference voltage.A
closed-loop converter system is a converter system in which output voltage is constantly
measured and compared to a desired reference voltage[19]. The voltage drop produces an
error signal that is fed to the controller that changes the switching duty cycle to stabilize
the output voltage regulation. In a closed loop system, the capability against disturbances
becomes better, the steady state error is less, the transient response is better, and the
overall reliabilities of the system is higher. For the power electronic converter,
Proportional-Integral (PI) is one of the most commonly used and practically accepted
control methods due to its simple structure, low computation burden, ease of
implementation and good dynamic performance [20,21]. The proportional part of the PI
controller acts on the instantaneous error, helping to make the system respond faster. It
aids to lower the rise time and enhance the transient response when subject to any sudden
interference or load changes. But there still remains a possibility of error with only
proportional control. So the integral part was built into the controller such that the error
builds up continuously with time and will remove the steady state error. The integral
action guarantees that, no matter the operating condition, the voltage will be precisely the
desired reference voltage[22]. Proper gains for the PI controller are needed for proper
operation. If the controller parameters are not properly tuned, there may be too much
overshoot, oscillations, slow transient response, higher settling time or instability[23].
Thus, one must look for controller tuning methods to find out the proper gains for the PI
controllers. The Ziegler — Nichols method is a practical tuning method that is more useful
in the absence of exact mathematical models of the system, and can be used in this
research work. This approach offers a simple scheme for ensuring stable operation of the
converter, with better transient response and minimal steady-state error[24]. In spite of
the good voltage regulation that can be achieved with a P1 controller, in reality, all power
electronic converters are always subjected to nonlinear operating conditions that affect
the performance of the system. Switching devices, sensors, actuators and control circuits
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have physical constraints in real systems leading to nonlinearities in the converter's
operation. The nonlinear effects can have a significant impact on the transient response,
stability, disturbance rejection and voltage regulation performance. In real systems,
converters, ideal linear assumptions are not always adequate to account for the actual
converter behavior. Hence, the study of nonlinear dynamics involved in the converter
analysis becomes significant to obtain realistic results of simulation & performance
evaluation[25]. In this research, two significant nonlinearities are taken into account for
analysis and simulation of the boost converter system, which are saturation and dead-
zone nonlinearities. To ensure the controller output and duty cycle stays within reasonable
limits, saturation nonlinearity is applied. In actual converters the switching duty ratio
should not be allowed to go beyond the minimum and maximum values due to the fact
that the semiconductor devices can operate only within a limited range. [26] Thus the
saturation block will prevent too many switching instructions and prevent the converter
components from getting unstable, overdriven, and into unsafe operating conditions.
Saturation nonlinearity is arguably a realistic model of practical duty cycle and switching
limitations [27]. A region where small control signals do not produce effective response
of the system due to dead-zone nonlinearity[28] is given below. This behavior is seen
very often in practical systems in the presence of switching thresholds, hardware
insensitivity and actuator limitations[29]. If the signal value is below a steady state
threshold in the dead-zone region, the value of the controller output is disregarded.
Consequently, the converter response could be slow in small disturbances or transient
operating condition[30]. Saturation and dead-zone nonlinearities have different operating
characteristics and operate the converter in different ways. Effect of their effects on
transient response, voltage ripple, settling time, disturbance rejection and system stability
can be studied and examined by simulation studies. Therefore, if these nonlinearities are
included in the modelling of the converters, a more realistic insight into real converter
operation is obtained. The DC-DC boost converter is a closed-loop Pl controlled
converter studied in this research work, where matrix is used for modelling and analysis.
In the developed simulation model, the boost converter, Pl controller, PWM switching
mechanism, feedback control loop, saturation nonlinearity, and the dead-zone
nonlinearity are incorporated into the model. The effect of nonlinear dynamics on the
stability of the converter, output voltage regulation, the inductor current, steady state
response, ripple, and disturbance rejection is investigated through simulation analysis.
o The main goal of this research is to develop and study the closed loop performance of a
Page | 5
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@ PI controlled DC-DC boost converter operating in a nonlinear regime and to explore the
effect of the DC-DC boost converter saturation and dead-zone dynamics on the overall
converter performance. The proposed system will provide a regulated output voltage of
400 V with minimal ripple content and operation stability under varying load condition.
The result of the simulation in this work will give a significance suggestion about the
action of the converter in a practical application and it will show the efficiency and

stability of the PI controller under non-linear operating conditions[31].

1.2 RESEARCH BACKGROUND

Today's fast-growing power electronic applications require efficient, compact and
reliable DC-DC power converter solutions to be available in the market. These type of
converter are very significant in the electrical and electronic applications where voltage
conversion and regulation are necessary[32]. Boost converter is one of the most widely
employed topologies among the different types of DC-DC converters that can provide a

@ high output voltage and yet operate from a low input voltage with a high efficiency. Boost
converters are popularly used in various applications, including renewable energy,
electric vehicles, battery charging stations, industrial automation, portable electronics,
aerospace electronics, and distributed power generation, for these benefits. These days

@ boost converters are even more important with the incorporation of renewable energy
resources such as PV systems, fuel cells and battery energy storage systems. The
conversion of most of the renewable energy sources produce comparatively low and
intermittent DC voltages that are not sufficient for practical uses or integration in
electricity grid [33]. Therefore, it is necessary to increase and regulate the voltage to the
required value, which can be done by combining a boost converter. A stable output
voltage under the different operating conditions such as load variation, source fluctuation,
switching disturbances and parameter uncertainties is a big challenge in power electronic
systems. These challenges are overcome by the advanced control techniques in boost
converter system[34]. The concept of energy storage and transfer with inductive
component is the basis for the operation of the boost converter. In the switching mode,
the switching device (usually a MOSFET) is closed, and the energy from the input source

@ can be stored in the coil as a magnetic field. When the switch is turned off, the stored
energy is discharged through the diode and capacitor producing a higher output than input
voltage. The output voltage can be efficiently controlled by using PWM to continually
control the switching operation. The converter is typically operated in CCM where the
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inductor current does not go to zero, to help achieve smooth current characteristics and
greater system stability. [35]. Although the boost converter is a simple structure, it can be
considered basically nonlinear dynamic. The mathematical analysis and controller design
become more complicated when switching operation is performed at all times, as the
circuit configuration will constantly change. In addition, there are many nonlinear effects
in practical systems, such as switching limitation, actuator limitation, dead zone regions,
saturation effect and nonidealities of the components[36]. Proportional-Integral (PI)
controller is utilized in DC-DC converter to control the converter, which is one of the
most recommended control method due to its simplicity, easy to implement and good
performance in industrial applications. The proportional portion responds to the
difference between the reference voltage and the output voltage at the instant of
measurement, helping to improve the transient response. These properties make Pl
controllers very popular for voltage regulation applications of boost converters[37].
However the operating characteristics of a Pl controlled boost converter are very sensitive
to the values of the Pl controller parameters. Excessive overshoot, oscillations, slow
response, instability and/or poor disturbance rejection can result if these are not the
correct tuning. In the literature, several tuning methods have been proposed, including
the Ziegler-Nichols tuning method which is widely used as a practical, yet effective
tuning method. The algorithm used by Ziegler-Nichols, which is used in this work, relates
the gains of the controller to the ultimate gain and the ultimate oscillation period of the
system[38]. This will provide a systematic procedure to specify the proportional gain, and
integral gain to obtain a satisfactory transient and steady state response. In practical
converter systems, the nonlinear constraints like saturation and dead zone effects are not
negligible. Saturation nonlinearity is when the controller output (or duty cycle) reaches
the physical extremes of the switching device. The duty cycle of a boost converter is not
allowed to exceed a certain value and this value is known as the saturation.The duty cycle
of boost converter cannot practically exceed a certain value and hence the notion of
saturation is introduced, that is, saturation is a value that ensures that the switching signal
stays within safe operating limits[39]. This will prevent over drive of switching devices
and will prevent converter instability or destruction of switching circuit hardware.
Saturation, however, introduces nonlinearities in the system as well, and can have an
impact on the systems response to large transients or sudden load changes. Likewise, for
the case of dead-zone nonlinearity there is a region of small output control signals that

results in no output response. It isa common occurrence in practice for actuators, sensors,
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switching devices and electronic control systems to be insensitive, have a threshold effect,
or to suffer from hardware constraints. The dead-zone region has the potential to affect
duty cycle generation in boost converters, and may cause slow duty cycle response,
delayed duty cycle response to error, or poor duty cycle sensitivity to error. Hence, it is
beneficial to include the dead-zone phenomena in the model of the converter, to obtain a
realistic model of the real behavior of the system. Previous work on the control of boost
converter has been based on idealized linear models, whereas very few of those have
considered the impact of practical nonlinearities. Some nonlinear controllers such as
sliding mode, fuzzy logic, adaptive control, MPC are proposed, but the above controllers
are in general more complex and expensive to implement than the linear controllers. Pl
control is, however, still attractive for industrial application, because of its simplicity and
reliability. Thus, the study of how well these boost converters with Pl control operate in
realistic, nonlinear situations is an important subject to investigate. In the present work,
the performance analysis of a closed-loop Pl controlled boost converter in the two
important nonlinear cases, namely the saturation nonlinearity case and the dead-zone
nonlinearity case are carried out. State space averaging and small-signal analysis
techniques are used to mathematically model converter in continuous conduction mode
@ operation[40].The PI controller is designed by Ziegler-Nichols tuning method and some
nonlinear constraints are also added to the control loop to analyse the effect of the
nonlinear constraint on the system dynamics. A performance comparison of the converter
for various loads is carried out by simulation using Matrix lab software. Inductor current,
output capacitor voltage, are among the important state variables studied, whose influence
of nonlinearities is investigated. The simulation results demonstrate that under nonlinear
constraints and load disturbances, the proposed PI controlled system is able to maintain a
good range of voltage regulation close to the reference value. The comparison of
saturation nonlinearity with dead-zone nonlinearity is also done with respect to transient

response, aspects of ripple, disturbance rejection, and the overall converter stability.

The research gives a contribution to design more practical and realistic control strategies
for boost convertor. The adoption of nonlinear dynamics in the analysis enables the
converter's behavior in the real operating environment to be better understood. The
findings from this research may be useful for renewable energy systems, the powers
electronics systems of electric vehicles, powers electronics systems in industries, and

others in which stable voltage and efficiency are important[41]. In addition, the work
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provides a basis for subsequent studies on the utilization of such advanced intelligent
controllers, adaptive control methods and hardware implementation of the nonlinear

converter control systems.

1.3 THESIS MOTIVATION

The converter is a very important component in the era of electrical/electronic
devices which require reliable and efficient power systems with power conversion.One
of the most commonly used converter topologies is the boost converter as it can increase
the input voltage(s) to a regulated output voltage(s) by a more effective method. Stable
operation of the boost converter is crucial to a wide range of applications such as charging
systems for batteries[42], electric vehicles, renewable energy, portable electronics,
aerospace electronics, and industrial automation. But it is a significant challenge to
maintain the accuracy of voltage regulation in practical power electronic systems in cases
that operating condition vary. Most practical applications involve nonlinearities like
switching devices saturation, actuator constraints, and control constraints which affect
boost converters. Such nonlinearities may become a major factor in the transient response,
stability, ripple and disturbance rejection of the converter. In conventional studies, these
practical nonlinear effects are ignored and studies are conducted under ideal assumptions,
leading to a discrepancy with actual operation. Hence, it is imperative to study the
converter's operation under real practical nonlinear operating conditions to enhance
reliability and controller performance [43]. This research is focused towards
understanding the nonlinear saturation and dead zone dynamics of the performance of a
closed loop PI1 boost converter. Use of a Pl controller is because of the simplicity, ease of
implementation and industry acceptance. The goal of this work is to consider the
robustness and efficiency of the PI control in realistic operating condition and then to
exploit a nonlinear constraint in the control loop as well as to analyse the converter when
a load disturbance occurs. With the requirement of an effective voltage regulation of a
renewable energy source system in the field of power electronics, the requirement for fast
transient response and pure steady-state performance and system stability encourages this
research. The findings of this study can be applied to the improved design methodology
of the converters and used as a starting point for future advanced practical power
electronic control which are nonlinear and intelligent[44].
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1.4 THESIS OBJECTIVES

This research aims to analyze and assess the performances of closed loop Pl
controlled boost converter under practical nonlinear operating conditions. The study is
intended to show the converter dynamic behavior, stability and voltage regulation
performance and explore the effects of the nonlinear phenomena such as saturation and
dead-zone characteristics.The aim of the study is to gain insight into the dynamic
performance, stability and voltage regulation performance of the converter and the
influence of nonlinear components, including saturation and dead-zone, on these aspects.
The other aim of the work is to include the nonlinear saturation and dead-zone dynamics
into the converter control loop and investigate the influence of these dynamics on critical
converter state variables such as the inductor current and output voltage. A simulation
under different loading condition conducted using Matlab/Simulink tool on the proposed
system and checked with it. Furthermore, by this work, a real-time working of this
converter is practically analysed and the basis is laid for the future work using any
advanced nonlinear adaptive and intelligent control technique for any power electronic

converter.

1.5 THESIS ORGANIZATION

The thesis is organized into multiple chapters to provide a systematic presentation
of the research work carried out on the performance analysis of a Pl-controlled boost

converter under nonlinear scenarios.

Chapter 1: Introduction

This chapter provides an introduction to DC-DC converters and highlights the importance
of boost converters in modern power electronic applications. It discusses the need for
voltage regulation, challenges associated with nonlinear dynamics, and the significance
of PI control in converter systems. The chapter also includes the research motivation,

objectives, scope of work, and overall problem statement addressed in this thesis.
Chapter 2: Design and Analysis of Boost Converter

This chapter reviews previous research related to boost converters, nonlinear control

systems, PI controller applications, saturation dynamics, and dead-zone nonlinearities.
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Different control strategies proposed in earlier studies are discussed along with their
advantages and limitations. The chapter identifies the research gap that motivates the

present work.
Chapter 3: Mathematical Modelling of Boost Converter

This chapter presents the detailed mathematical modeling of the boost converter operating
in Continuous Conduction Mode (CCM). State-space averaging techniques and small-
signal analysis are used to derive the converter equations and transfer function. The
operating principles during switch ON and switch OFF conditions are also explained in
detail.

Chapter 4: Design of Pl Controller

This chapter presents the design & use of the PI controller for the closed-loop boost
converter. The chapter also explains the role of the PI controller in improving transient
response, reducing steady-state error, and maintaining stable converter operation. The
working principle of proportional and integral control actions is discussed along with

voltage regulation and controller tuning using the Ziegler—Nichols method.
Chapter 5: Nonlinear Dynamcis

This chapter presents the analysis of nonlinear dynamics in the closed-loop boost
converter system. The chapter mainly focuses on saturation and dead-zone nonlinearities
and explains their practical significance and influence on converter performance. The
effect of these nonlinearities on transient response, voltage regulation, and system

stability is also discussed under practical operating conditions.
Chapter 6: Simulation and Performance Analysis

This chapter presents the matrix lab implementation of the proposed closed-loop boost
converter system. Simulation results under saturation and dead-zone nonlinear conditions
are analyzed in terms of output voltage response, inductor current behavior, ripple
content, transient response, and load variation performance. Comparative analysis

between both nonlinear cases is also included.
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© Chapter 7: Conclusion and Future Scope

This chapter summarize the major findings and conclusions obtained from the research
work. It highlights the effectiveness of the PI-controlled boost converter under nonlinear
o operating conditions and discusses possible future research directions such as adaptive
control, fuzzy logic control, sliding mode control, and hardware implementation for real-

time validation.
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CHAPTER 2

DESIGN & ANALYSIS OF BOOST CONVERTER

2.1 INTRODUCTION

These power electronic converters are responsible for efficient electrical energy
conversion and regulation in today's electrical and electronic systems. Boost converter is
one of the common topologies used among various topologies by most of the converter
because of its ability to boost down lower DC voltage to up higher regulated output DC
voltage. The boost converter's circuit configuration and ability to generate high voltage
very efficiently and compactly combined with the ease of control has contributed to its

importance in various industrial, commercial, and renewable energy applications.

High-performance power conversion systems are increasingly needed in recent years in
battery charging systems, aerospace systems, portable electronic devices, communication
equipment, and industrial automation systems. Photovoltaic systems, fuel cells and
battery storage systems produce relatively low DC voltages[45,46] for most renewable
energy sources. These low voltage levels are not practical to use and must be boosted to
the load's useable voltage and/or the grid voltage before they can be used. In such
applications, the boost converter plays a crucial role, delivering high efficiency and stable

performance despite rising the voltage.

The boost converter circuit seems straightforward, but with the switching operation of
semiconductors, the characteristics of the circuit are nonlinear. Thus, mathematical
analysis and appropriate converter design are of importance when achieving an
acceptable performance. The working modes of the converter have a significant impact
on the performance of the system, its efficiency and the quality of the output voltage.
However, before we discuss more complicated control strategies and the nonlinear

analysis of systems in later chapters, it is important to appreciate these operating modes.

This chapter presents the detailed design and analysis of the boost converter used in this
research work. The chapter explains the operating principle of the converter, switching
modes of operation, converter design equations, component selection procedure, and

performance considerations[47]. Theoretical analysis presented in this chapter forms the
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foundation for the controller design, nonlinear analysis, and simulation studies discussed

in later chapters.

2.2 BASIC CIRCUIT DIAGRAM OF BOOST CONVERTER

The basic boost converter consists of:

e Input DC voltage source

e Inductor (L)

e Semiconductor switch (MOSFET)
e Diode (D)

e Capacitor (C)

e Load resistance (R)

2.3 WORKING PRINCIPLE OF BOOST CONVERTER

Periodically turning the semiconductor device on and off at a high frequency is
how the boost converter works. The inductor stores energy during one interval and
transfers it to the output load and input supply during the other. Consequently, the output

voltage rises above the input voltage[48].

The voltage conversion ratio of an ideal boost converter is given by:

where:
V, = Output voltage
Vin = Input voltage

D = Duty cycle

The equation shows that the output voltage increases with an increase in duty cycle.

2.4 MODES OF OPERATION OF BOOST CONVERTER

The boost converter operates in two major switching modes:
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1. Mode I — Switch ON Condition
2. Mode Il — Switch OFF Condition

These two modes continuously repeat according to the switching frequency.

2.4.1 Mode 1 — Switch ON Condition

In this mode of operation, the diode becomes reverse biased and the MOSFET
switch is activated. The inductor is directly energized by the input voltage source,

resulting in a linear increase in the inductor's current over time.

During this interval:

The inductor stores energy in the form of a magnetic field.

The diode blocks current flow toward the source.

The capacitor supplies energy to the load.

Output voltage slightly decreases depending on load demand.
Applying Kirchhoff Voltage Law (KVL):

dij,
Lge = Vin
The slope of inductor current becomes positive, resulting in increasing current.

Important Features of ON State

e Inductor charging occurs

e Diode remains OFF

e Capacitor discharges through load
e Energy is stored in magnetic form

e Output voltage support is provided by capacitor

2.4.2 Mode 2 — Switch OFF Condition

In this operating mode, the MOSFET switch is turned OFF. The inductor opposes
sudden reduction in current and reverses its polarity. Due to this reversed polarity, the

diode becomes forward biased[49].
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During this interval:

e The inductor releases stored energy.

e Input source and inductor together supply power to the load.
e Capacitor charges again.

e Output voltage becomes greater than input voltage.

Applying Kirchhoff VVoltage Law:

di,
2c ~ Vm Vo

The inductor current decreases gradually during this interval.
Important Features of OFF State

e Inductor discharges energy

e Diode conducts current

e Capacitor charges

e Output voltage increases

e Energy transfer to load occurs

2.5 CONTINUOUS CONDUCTION MODE (CCM)

By analysing the waveform of the inductor current we can judge the boost
converter mode or function is like it is in CCM or DCM. The inductor current in CCM

operation never drops to zero throughout the switching cycle.
CCM operation offers several advantages:

e Reduced current ripple

e Improved voltage regulation
e Better efficiency

e Smooth converter operation

e Reduced stress on switching devices
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2.6 DESIGN OF BOOST CONVERTER

The design of a boost converter mainly depends on:

e Input voltage
e Desired output voltage
e Load resistance

e Switching frequency

The parameters selected for this research work are shown below.

Table 2.1 Boost Converter Parameters

Parameter values
Vin 48V
Vo 400V
R 106.67()
L 292uH
C 20uF
fow 50kHz

2.6.1 Duty Cycle Calculation

The duty cycle determines the voltage boosting capability of the converter.

The duty ratio equation is:

D=1- Yin
Vo
Substituting the design values:
D1 48
© 7400
D =0.88

Thus, approximately 88% duty cycle is required to obtain 400V output from a 48V input
source.
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2.6.2 Inductor Design

The inductor is a key component of the converter since it stores and transfers

energy.
Inductor value is calculated using:

_ VD
AILf:sw

The selection of proper inductance:

e Reduces ripple current
e Maintains CCM operation
e Improves converter stability

e Enhances efficiency

Very small inductance increases ripple current, while excessively large inductance

increases converter size and cost.

2.6.3 Capacitor Design

The output capacitor reduces voltage ripple and maintains smooth DC output

voltage.
Capacitor design equation:

I,D
C =
AV fsw

A properly selected capacitor:

e Minimizes voltage ripple
e Improves transient response

e Maintains output voltage stability

Larger capacitance improves filtering but increases system size and cost.
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2.6.4 Switching Frequency Selection

Switching frequency strongly affects converter performance and component size.
Higher switching frequency:

e Reduces passive component size
o Improves transient response

e Reduces ripple content
However:

e Switching losses increase
e Thermal stress increases

e Converter efficiency may reduce
In this work, switching frequency is selected as:
fsw = 50kHz

This provides a good balance between efficiency and converter size.

2.7 ADVANTAGES &LIMITATIONS OF BOOST CONVERTER

The major advantages of the boost converter are:

e Simple circuit structure

e High efficiency

e Compact design

e Continuous input current

e Easy control implementation

e Suitable for renewable energy applications

e Low component count
Despite several advantages, the boost converter also has some limitations:

e High duty cycle requirement at large voltage gain

e Increased switching losses
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e Output voltage ripple
e Electromagnetic interference (EMI)
e Sensitivity to parameter variation

e Nonlinear dynamic behavior

These limitations motivate the use of advanced control strategies and nonlinear analysis

discussed in later chapters.

2.8 PRACTICAL APPLICATIONS OF BOOST CONVERTER

Boost converters are widely used in:

e Solar photovoltaic systems
e Electric vehicles

e Battery charging circuits

e Fuel cell applications

e UPS systems

e LEDdrivers

e DC motor drives

e Aerospace power systems

e Industrial automation systems

2.9 CHAPTER SUMMARY

In this chapter present the detailed design & operational analysis of the boost
converter. The basic converter structure and working principle were explained in detail.
The two switching modes of operation, mainly name as switch ON & OFF mode, were

discussed along with energy storage and energy transfer mechanisms.

The chapter further explained Continuous Conduction Mode operation and highlighted
its importance in improving converter performance and reducing ripple content. Design
procedures for important converter parameters such as D, L, C & switching frequency

were also presented using standard design equations.

In addition, the advantages, limitations, and practical applications of the boost converter

were discussed. The theoretical concepts and design methodology explained in this
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chapter provide the necessary foundation for mathematical modeling, controller design,
nonlinear analysis, and simulation studies presented in subsequent chapters of this thesis.
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[ 4] CHAPTER 3

MATHEMATICAL MODELLING OF BOOST
CONVERTER

3.1 INTRODUCTION

The mathematical modeling of a boost converter is an important ingredient when

@ understanding, analyzing and predicting the dynamic behaviour of the converter as a
function of operating conditions. Because the boost converter is a nonlinear switching
system, mathematical modelling is an approach that can be used to represent the converter
using mathematical equations and dynamic relationships between voltage, current,
switching action and energy storage components. The successful design of a controller,
stability analysis, transient analysis, evaluation of controller performance and computer
studies require accurate mathematical modelling. For a boost converter, the switching
occurs continuously, and the switching from various operating states of the
semiconductor devices happens in periodic manner. Because of this switching action, the
converter has a nonlinear behavior, hence the analysis of this behavior is not easy. Hence,
mathematical models are designed to ease the representation of the system with
acceptable accuracy for modeling, analysis and controller design. These models help in
understanding the relationship between IV, OV, inductor current, capacitor voltage, duty
ratio & load variations[50]. In typical mathematical modelling, circuit equations for the
various switching modes are developed from basic electrical circuit laws which are
known as KVL & KCL. A converter is analyzed separately in switch ON and switch OFF
conditions and the resulting equations are averaged to get an overall dynamic model. We
choose the used method, since it will give the converter dynamics properly in practice
0 analysis. The state space model of the boost converter is built using the variables of
voltage in the capacitors and current in the inductor. The state variables indicate the
energy storage characteristics of the converter and enable a dynamic analysis of the
circuit. State space modelling offers a number of benefits such as: simple controller
design, transient analysis, small-signal analysis, stability analysis, and a derivation of the
transfer function. It also forms the basis for implementing advanced control[51,52].
However, state-space modelling is not the only method of modelling a converter that is

@ important, another important method is the small-signal modelling of the converter
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around a desired steady-state operating point. Small signal analysis makes the converter
equations linear by adding small perturbations to the steady state values. Using this
method one can derive transfer functions that can be utilized for frequency-domain
analysis and controller tuning. The small-signal model is used to analyze the stability of
the system, transient response, bandwidth and disturbance rejection capability. The
effectiveness of the mathematical modelling directly influences the performance of the
overall converter and control system. Hence, correctly modeling the converter parameters
that include load resistance, duty ratio, switching frequency, inductance and capacitance
Is essential. Mathematical models are also used to forecast the converter's behavior in the
other operating conditions, with different load, under input disturbances and under
nonlinear operating conditions. In the Boost Converter operating in Continuous
Conduction Mode[53] detailed mathematical modelling is presented. Modelling
procedure includes deriving the circuit equations for various switching states, formulation

of averaged state space equations and formulation of small signal model.

3.2 MATHEMATICAL MODELLING

The circuit represented in Figure 3.1 illustrates the operation of the boost
converter under two different switching conditions. Since the boost converter operates
through high-frequency switching of the MOSFET, the converter behavior changes
continuously depending upon whether the switch is in ON state or OFF state. Therefore,
for proper mathematical analysis and understanding of converter dynamics.

Figure 3.2 represents the first way of operation is to turn on the MOSFET switch and
reverse bias the diode. Through the closed switch circuit, the inductor receive direct
energy from the input voltage source during this time[54]. The inductor current steadily
increases over time as a result of energy being stored in the form of a magnetic field as
current passes through the inductor. The output side of the diode gets electrically isolated
from the input side because the diode is reverse biased in this situation. As a result, during
this time, the capacitor provides the load with the necessary energy. Because the capacitor
alone can supply the load current in this mode, the capacitor voltage somewhat drops in

response to the load demand.
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Fig 3.1 Boost Converter

During the first way of operation, the semiconductor switch (MOSFET) is turned ON
while the diode becomes reverse biased and remains OFF. This operating interval is
commonly referred to as the ON-state or energy storage mode of the boost converter. In
this condition, the switch provides a closed conducting path between the input source and
the inductor[54],
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Fig 3.2 First Mode of Operation (Switch ON, Diode OFF)
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When the switch of the boost converter is turned ON, a closed path is created between
the input voltage source, inductor, and semiconductor switch. Because of this closed path,
current starts flowing from the input source through the inductor & the switch. As current
flows through the inductor, start storing energy in the form of a magnetic field. The stored
energy gradually increases throughout the ON duration of the switch. Since an inductor
opposes sudden changes in current, the inductor current rises gradually instead of

increasing instantly.

During this interval, the diode becomes reverse biased due to the polarity developed
across the circuit. As a result, the diode blocks current flow toward the output side and
electrically separates the input section from the output section of the converter. Therefore,
the energy from the source and inductor cannot directly reach the load during this

operating condition.

At the same time, the capacitor connected across the load starts supplying its previously
stored energy to maintain the output voltage. In this condition, the capacitor acts as a
temporary energy source for the load because the output side is isolated from the input
side by the reverse-biased diode. As the capacitor delivers energy to the load, its stored
charge slowly decreases. However, if the capacitance value is sufficiently large, the

output voltage remains nearly constant with very small ripple.

Thus, during the switch ON condition, two important processes occur simultaneously.
First, the inductor absorbs and stores energy from the input supply. Second, the capacitor
releases its stored energy to continuously support the load. This operating interval is
commonly known as the energy storage mode of the boost converter because energy is
accumulated in the inductor for transfer to the output during the next switching interval

when the switch turns OFF.

Taking the state variables:-

X1 = lL(t) (1)
x; = ve(t) (2)

Writing KVL in first loop,
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The voltage on the inductor of the boost converter circuit, from the equation it is known
as the switch current (Is) is equal to the inductor current (1.) [8].

d_y, 3)
dt mn
Putting (1) in (3),
dx1 _ Vi
&L )

Writing KCL in the second loop,

Where the value of the capacitor voltage (Vc) is equal to the value of the output voltage
(Vo) [8].

dv. Ve
‘@R (>)
Putting (2) in (5)
dx, X,
@ - RC ()

During the second mode of operation, the semiconductor switch (MOSFET) is turned
OFF while the diode becomes forward biased and starts conducting. This operating
condition is commonly known as the OFF-state or energy transfer mode of the boost
converter. When the switch is turned OFF, the direct conducting path between the input
source and the switch is interrupted. However, the current flowing through the inductor

cannot stop suddenly because an inductor always opposes abrupt changes in current.

During the previous ON interval, the inductor stored energy in the form of a magnetic
field. As soon as the switch turns OFF, the magnetic field around the inductor begins to
collapse. To maintain continuous current flow, the inductor reverses its polarity and starts
releasing the stored energy toward the output side of the converter. This reversed polarity
forward biases the diode, allowing current to flow through the diode, capacitor, and load

resistance.
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In this interval, both the input voltage source & the energy released from the inductor
simultaneously supply power to the load. Because the inductor voltage adds to the input
source voltage, the output voltage becomes higher than the input voltage. This is the basic

principle behind the voltage boosting capability of the boost converter[55].

At the same time, the capacitor connected across the load also starts charging again using
the energy supplied by the source and inductor. The capacitor stores energy and helps
maintain a smooth and stable output voltage with reduced ripple content. Since the
capacitor continuously supports the load during both switching intervals, uninterrupted
power delivery to the load is achieved.

During this operating mode, the inductor current gradually decreases because the stored
magnetic energy is continuously transferred to the output side. However, the current

decreases smoothly rather than abruptly due to the inductive property of the inductor.

Thus, during the switch OFF condition, the boost converter performs the important
function of transferring the energy previously stored in the inductor to the output side.
This interval is therefore known as the energy transfer mode of operation. The continuous
switching between ON and OFF states allows the converter to maintain a boosted and

regulated output voltage according to the desired operating conditions.

I
> + 0L by
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4
Fig 3.3 Second Mode of Operation (Switch OFF, Diode ON)
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When the switch of the boost converter is turned OFF, the direct conducting path between
the input source and the switch is interrupted. However, the current flowing through the
inductor cannot stop instantaneously because an inductor naturally opposes sudden
changes in current. During the previous ON interval, the inductor stored energy in the
form of a magnetic field. As soon as the switch turns OFF, the magnetic field around the
inductor begins to collapse, and the inductor starts releasing its stored energy in order to

maintain current continuity in the circuit.

At this moment, the polarity across the inductor reverses automatically, which causes the
diode to become forward biased and conduct current. Once the diode conducts, a new
current path is formed through the diode, capacitor, and load resistance. In this operating
condition, the energy released by the inductor combines with the energy supplied by the

input voltage source and both together transfer power to the output side of the converter.

During this same interval, the capacitor connected across the output side also gets
recharged. Consequently, when the switch turns OFF, a larger amount of stored energy is
transferred to the output side, resulting in a higher output voltage. Therefore, by
controlling the duty cycle of the switching signal[56], the boost converter can regulate

the output voltage according to system requirements.

Thus, during the switch OFF condition, the converter performs the important task of
transferring the stored energy from the inductor to the output side while simultaneously
recharging the capacitor and supplying power to the load. This interval is commonly

referred to as the energy transfer mode of the boost converter operation.
Writing KVL in the first loop,

dij,
L E =Vin — v, 7
Putting (1) in (7), the average model of an idealized boost converter in the continuous

conduction mode with state variables is given, [10]

dat L (8)

Writing KCL in the second loop,
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dve . V¢

“a&ThTR ®

Putting (2) in (9), the average model of an idealized boost DC-DC converter in the

continuous conduction mode with state variables is given, [10]

dx, x; X,

@ ¢ RC (10)
Averaged state space model (CCM):-
dx =Ax +B 11
X = [x1x;] (12)
u="Vin (13)
Case 1: When S is ON
Using (4) & (6), Putting (13) in (4),
dx; _u 14
at L (14)
Using (14), (6) & (11) to represent the state space matrix,
Aoy =000 ! Bon = ! 0 15
on =[000 ~zg| Bon = [7 0] s
Case 2: When S is OFF
Put (13) in (8), so we get
dx, _Uu—x (16)

dt L

Using (16) & (10), In equations (11), (12) & (13) with the state, input & output variables

mentioned before, can be put in matrix form as follows[9],

11 1 1
Aopr = |0 — = = — ] BOFF=[Z0] (17)
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Using (15) & (17) so we get A & B,

A ES DAON + (1 - D)AOFF

A=[o_“‘D)“‘D)

L C

B = DBON + (1 - D)BOFF

opo

Submission ID trn:0id:::30110:141261161

(18)

(19)

3.3 DERIVE A SMALL SIGNAL MODEL OF A BOOST

CONVERTER (CCM OPERATION)

During S-ON, D-OFF (0<t<dT)

di,
Lge = Vin
v, v,
dt R
During S-OFF, D-ON (dT<t<T)
dij,
E =Vin — 1,
dv, . U
at _ “TR

(20)

(21)

(22)

(23)

Generalizing the average State equation, using the inductor current equation with respect

to time & capacitor voltage equation with respect to time,

di,
LE =d. Vin + (1 - D) (Vin - Uo)

:Vi —(1—D)UO

dt R

Page 54 of 108 - Integrity Submission
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(24)

(25)
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Using (24) & (25), so we get steady state operating point,

@ =0L+®
v, (8) =V, + 75(0)
d(t) =D +d(t)

Writing an equation for inductor current with respect to time, in which the input current

is equal to the inductor current,

LSl = —(1- D)% + Vpd (26)

Writing an equation for the output voltage as a capacitor voltage with respect to time,

dvo ~ i_ %
—2=(1-D)@)~I,d—2 (27)

Using (26) & (27), so we get a small signal state space representation,

A-0)A-D) ). e L)y g

d
a 2Pl =10 ————F— ~%¢

Using (26) & (27), applying the Laplace transformation in null initial conditions, one

obtains the following transfer functions,[9]

SLG(s) = —(1 = D)T,(s) + Vpd(s) (29)
SCT,(s) = (1= DIG(S) ~ 5 7(s) — ,d(S) (30)
Vo(s)
Now, solve for O
Using (29),
A € D)fosis) +V,d(s) 31

By rearranging the above equation, we get the generalized transfer function of the small

signal model of the boost converter in continuous conduction mode,
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LI
(1= DYW(1 = s =57
1-D)V,
Gvd(s) = I > (32)

LCS? +§S + (1 - D)?

Using table 3 values & put in (32), so we get

L 48 — 0.009124715s
Y4 7 5,84 x 10952 + 2.7374 x 1065 + 0.0144

(33)

3.4 CHAPTER SUMMARY

In this chapter presented the mathematical modelling of the boost converter
operating in CCM. The modelling process was carried out by analyzing the converter
under two different switching conditions: switch ON & OFF state. The operational
behavior of the converter during both intervals was discussed in detail to understand the

flow of energy, current variation, and voltage boosting mechanism.

The chapter explained how the inductor stores energy during the ON state and releases
the stored energy during the OFF state to achieve output voltage greater than the input
voltage. Using fundamental electrical laws, the dynamic equations governing the
converter operation were derived for each switching interval. These equations were then
combined using the state-space averaging technique to obtain an averaged mathematical
model of the converter.

The state variables such as inductor current and capacitor voltage were selected to
represent the dynamic behavior of the system. The averaged state-space model developed
in this chapter provides an effective method for analyzing converter stability, transient
response, and control system performance. In addition, the small-signal model of the
boost converter was also discussed to linearize the nonlinear switching behavior. The
small-signal analysis helped in deriving the transfer function, which is useful for

controller design and frequency-domain analysis.

Overall, the mathematical modelling presented in this chapter establishes the theoretical
foundation required for the design of the PI controller, implementation of nonlinear

dynamics, and simulation analysis discussed in the subsequent chapters.
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CHAPTER 4

DESIGN OF PI CONTROLLER

4.1 INTRODUCTION

The performance and stability of a boost converter is strongly influenced by the
effectiveness of its control. The boost converter is high-frequency switching in nature and
the behavior of its dynamics is nonlinear, therefore it is crucial to use a suitable controller
to achieve a stable and regulated output voltage under different operating conditions. In
real-world scenarios, converters face constant perturbations including variations in load
currents, input voltage, parameter uncertainties, switching effects, and nonlinear
operating points. Hence a suitable control system is required for reliable operation, quick
transient response, less ripple content and 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. The PI controller constantly compares the value of the reference
voltage to the measured output voltage and produces a control voltage to reduce the
difference between the two. This integral part of the controller reduces steady-state error
and the proportional part increases the speed of the system response by reacting to
changes in error instantaneously, thus reducing rise times. The above features make the
Pl controller very stable and error-free in many industrial and commercial applications.
In boosting systems with power electronics e.g. boost converter, the tuning of the
parameters of the controller is of the most important as the performance of the overall
system depends greatly on the proportional and integral gains selected. 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 objective in this research is to design the PI controller to give a regulated
output voltage while enhancing the dynamic response and minimizing the steady state
error under various operating conditions[55]. Conventional PI type controllers are
sufficient to ensure a good voltage regulation in practice, however, some nonlinear
characteristics must not be overlooked when analysing and designing a boost converter

system. Nonlinearities are found in real power electronic systems as a result of the
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limitations of switching devices, duty cycle constraints, actuator saturation, dead-zone
effects, nonidealities of components, and limitations of sensors. The nonlinear effects
have a substantial effect on the converter dynamics, and can even affect the stability of
the system, the transient response, the ripple characteristics, and overall converter
performance. Saturation nonlinearity is one of the important nonlinear effects that are
being considered in this work. However, in practical converters, the duty cycle can never
exceed certain physical limits due to the limitation that switching devices can only operate
within a limited 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.
Switching thresholds, sensitivity of actuators, and limitations on sensors and/or hardware
are common causes for this behavior in practical systems. If ignored when analysing the
system, dead-zone effects on the controller sensitivity in boost converters can result in
sluggish transient response. The study of nonlinear dynamics in the analysis of a converter
can give a better description of the practical operating conditions. Real-world converters
always have nonlinear constraints, but most conventional analyses are based on ideal
linear behavior. Hence, the knowledge of the influence of saturation and dead-zone
nonlinearities becomes useful when considering real-world constraints on converter
systems and assessing the performance of the PI controller in real-world scenarios. In the
following chapter it is presented in detail how to design the Pl controller of boost
converter and the implementation of nonlinear dynamics inside the control loop is
discussed. The chapter covers the action of proportional and integral actions in voltage
regulation and the significance of the correct tuning of the controller to ensure stable
converter operation. 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. Concepts discussed in this chapter provide the basis
for closed loop boost converter simulation analysis and performance evaluation under the
nonlinear operating conditions. The nonlinear implementation and the controller design

presented here will be further used in later chapters for detailed MATLAB/Simulink
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simulations, transient analysis, ripple analysis and comparison between converter

performance in various nonlinear scenarios.

4.2 DESIGN OF PI CONTROLLER FOR BOOST CONVERTER

Boost converter systems typically employ a Pl 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 Pl controller is utilized to make sure the output voltage is regulated
constantly so as to optimize the converter performance for various operating
conditions[55].

In a closed-loop boost converter system, the Pl 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.

4.3 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
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voltage deviates from the reference voltage. This step will reduce the converter's rise time
and improve its transient response to an extent. [56].

The major functions of proportional control are:

e Improves system response speed

e Reduces rise time

e Enhances transient response

e Quickly reacts to load disturbances
e Improves dynamic performance

e 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:

e Oscillations

e Overshoot

e Instability

e Increased ripple content

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

operation.

4.4 INTEGRAL ACTION (Ky)

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[56].
The major functions of integral control are:

e Eliminates steady-state error
e Improves voltage regulation accuracy
e Maintains output voltage stability
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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.

4.5 COMBINED 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, Pl controllers are extensively used in:

e DC-DC converters
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e Renewable energy systems
e Battery charging circuits

e Electric vehicle applications
e Motor drive systems

e Industrial power supplies

e \oltage regulation systems

Another important advantage of the PI controller is that it can be easily implemented
using analog circuits, microcontrollers, or digital signal processors. Due to its simplicity
and effective performance, the PI controller remains one of the most preferred control

methods in power electronic converter applications.

Proper tuning of PI controller parameters is extremely important because incorrect

parameter selection may result in:

e Excessive overshoot

e Poor transient response
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:
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t

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

where e(t) is the error signal (Vrer — Vour)

4.6 CALCULATING PI VALUES USING THE ZIEGLER-NICHOLS
METHOD

Among the most popular and effective ways to tune PI controllers in control
systems and power electronics, the Ziegler—Nichols method is one of them. This method
gives a systematic approach which allows the selection of appropriate controller
parameters to gain stable operation, reasonable transient response and better voltage
regulation. The Ziegler—Nichols tuning method is widely used in the industrial process
control, motor drive, and converter industry owing to its simplicity and effectiveness. For
a boost converter system, the proportion and integral gains play an important role in the
overall performance of the converter, hence the gains of the controller must be tuned
properly. If the controller is set incorrectly, then there will be an excessive amount of
overshoot, oscillations, slow transient response, large settling time, poor disturbance
rejection capability, or even instability. Hence, the Ziegler—Nichols method is employed
to obtain appropriate controller parameters for the PI controller which would yield a
balanced performance. The fundamentals of the Ziegler—Nichols method are based upon
examining the dynamics of the system and calculating two meaningful parameters—the
ultimate gain and the ultimate period. The ultimate gain is the maximum proportional
gain at which continuous sustained oscillations begin and the ultimate period is the time
at which these are sustained[56]. In this tuning strategy, the integral action and derivative
action are first switched off leaving the system only the proportional portion of the control
feedback in effect. This is followed by a slow and steady increase in the proportional gain
value to a higher value with continued monitoring of the system response. A proportional
gain larger than 1 produces a faster system response, which, in turn, results in more
oscillations. Eventually, there is a point at which the output waveform has constant
amplitude steady oscillations. This mode of operation is called marginal stability

condition.
The Ziegler—Nichols method offers several advantages:

e Simple and easy tuning procedure
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e No need for complex mathematical calculations
e Suitable for practical systems

e Provides quick estimation of controller gains

o Improves transient response

e Reduces steady-state error

e Enhances overall converter stability

The method is particularly useful in boost converter systems because converter dynamics
may vary with operating conditions and load changes. By experimentally determining the
system response, the controller gains can be adjusted more effectively for practical

operation.

However, the Ziegler—Nichols method also has some limitations. Since the method is
primarily designed to achieve fast response, the resulting controller parameters may
sometimes produce higher overshoot or oscillatory behavior. Therefore, in practical
applications, further fine-tuning of the obtained gains may be required to achieve the

desired balance between stability, transient response & voltage regulation accuracy.

In this research work, the Ziegler—Nichols method is used to determine the proportional
& integral gains of the PI controller for the boost converter system. The obtained
controller parameters are selected to provide stable operation, fast response, reduced
settling time, and accurate output voltage regulation under varying operating conditions

and nonlinear scenarios.

1-D

W, = —— = 1570rad/s 34

W, =2 x 1570 = 2220.7 rad/s (35)

GGw)| = Gd, = —= = 3333.33 (36)

K, = L = 0.00030 37

Y lGGw)|  3333.33 (37)

Using (35) for calculating ultimate period,
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p = 27r_ 21
YW, 22207

= 0.00282937

Taking formulas from ziegler nichlos table for calculating P1 values,

P, K,
Kp = 045Ku Ti = E Ki = ?
' i

Using (37) to calculate gain,
K, = 0.45 x 0.00030 = 0.0001350

Using (38) to calculate the integral time constant,

- P, _0.00282937 _ 000235780
L7127 1.2 o

Using (39) & (40) to calculate integral gain

i _Kp_ 00001350
ETT, T 0.00235

K:
Gees) = Kp + ?‘ = 0.0001350 +
Using Duty limit (0 — 0.88) for calculating saturated values,

Scale = — = 1.1363
0.88

Ky sae = K, X Scale = 0.0003409

Ky sar = 0.45 X Ky, sqr = 0.0001534

T; = Does not change

K
Kisar = zjrs.at = 0.05064s71

L

Final values of P&I to put in controller,

P =0.0001534

Z"j turn|t|n Page 65 of 108 - Integrity Submission

0.0572565

Submission ID trn:0id:::30110:141261161

(38)

(39)

(40)

(41)
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I =0.06506
4.7 CHAPTER SUMMARY

The design and implementation of the PI controller for the boost converter was
shown in this chapter, and the analysis of the nonlinear dynamics which can influence the
converter performance was shown. Closed loop control of the output voltage for keeping
the output voltage as stable and regulated as possible under the changing operating
conditions like load disturbance, input voltage variations and parameter variations was
discussed. The contribution of P1 controller to the stabilization of a converter, the transient
response, and its capability to better regulate the voltage was fully explained. The working
principles of proportional and integral control actions were discussed to get an idea of
how the PI controller minimizes the error between the reference voltage and the actual
output voltage. The proportional action has been demonstrated to increase responsiveness
and decrease rise time, whilst the integral action has been found to minimise steady state
errors and provide an enhanced accuracy of long-term voltage regulation. The importance
of tuning the parameters of the P1 controller to ensure stability of the converter operation
and good dynamic performance was also emphasized. In addition the Ziegler—Nichols
tuning technique for determining appropriate proportional and integral gains of the
controller was explained. It was provided a systematic and practical method to determine
the controller parameters based on the dynamics of the system. Tuned to achieve stable
operation of the converter, setting up the PI parameters assisted in reducing settling time
and output voltage tracking errors. The chapter also had an introduction to nonlinear
dynamics including saturation and dead-zone characteristics, as well as PI controller
design. The linearity properties of those nonlinearities have been explained in practical
converter systems and the effect on the operation, transient response and voltage
regulation of the converter. Saturation nonlinearity has been used to give a limited duty
cycle within realistic operating ranges of the machine and dead-zone nonlinearity has
been added to show "no control” regions within the range of small control signals for the
machine. In general, the chapter provided theoretical and practical background of
implementing closed-loop control for the boost converter in a nonlinear operating
condition. The concepts presented in this chapter are further applied in the subsequent
chapter to perform MATLAB/Simulink simulation, transient response and performance

evaluation of the PI controlled boost converter system.
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CHAPTER 5

NONLINEAR DYNAMICS

5.1 INTRODUCTION

Taking into account switching actions, component constraints, and physical
restrictions of semiconductor devices and control systems, the response of a practical
power electronic system is not always exactly linear in boost converter operation. Ideal
mathematical models are very helpful for simple analysis and controller design, but real
converter system can always be affected by nonlinearities that will cause problems in
system stability, transient response, ripple content, and overall performance. Hence,
under practical operating conditions, the analysis of nonlinear dynamics becomes
important in the understanding of realistic behavior of boost converter. Switching device
limitations, duty cycle limits, dead-zone regions, actuator saturation, sensor
nonlinearities, and parameter variations are the major causes of nonlinear dynamics in a
boost converter. These non-linear effects can have a large impact, particularly when load
rapidly changes, on start up, or when the input to the control signals changes significantly.
Inaccuracies caused by ignoring the nonlinearities while analyzing the system are likely
to cause the converter behavior to deviate from the expected theoretical behavior, leading
to an inaccurate controller behavior and reduced system reliability. Saturation
nonlinearity is one of the important nonlinear effects taken into consideration in this
study. For practical converters, the duty cycle of the switching signal can not be expanded
or reduced beyond any physical limits since the semiconductor switches can only handle
a certain range of duty cycle. The saturation nonlinearity is added to limit duty cycle into
safe operating limits and avoid overly large control action[56]. This restriction will reduce
the risk of over-driving switching devices and help to assure operational safety. Saturation
however, also brings in nonlinear behavior of the system which can impact transient
response and converter stability when faced with large disturbances. Dead-zone
nonlinearity is another important nonlinear characteristic studied in this work. A dead
zone is a zone of control signals that has no measurable impact on the output control
signals. In real systems, this phenomenon is frequently seen when switching thresholds,
actuator non-linearity, device limitation or hardware restrictions are involved. Dead-zone

nonlinearity can cause a loss of sensitivity in the controller and cause slow response of
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the controller to small changes in the input signal in boost converter. This means that dead
zones should include in the analysis of a converter to represent real converter operation
more accurately. The study of nonlinear dynamics is important because in many modern
systems of power electronics, operating loads are variable and the environment is
uncertain, and the assumption of ideal linear systems is not adequate. The model for the
converter is nonlinear, so that the practical limits and the dynamics of the system could

be examined more realistically.

5.2 NONLINEARITIES OF BOOST CONVERTER

The actual form of the boost converter is not a true voltage gain function, however,
due to such things as switching devices, physical component size restrictions and
limitations in the control system. ldeal mathematical models can be used for basic
analysis and controller design, however real converter systems are always subject to some
nonlinear characteristics which will influence the steady state and dynamic performance
of the converter. Under load variations, switching transitions, start and large disturbances
these nonlinear effects play a more important role. The essential source of the nonlinear
operation of a boost converter is the switching action of the semiconductors devices and
hardware constraints. Due to these dis-linearities, the converter response may not be as
theoretical as it was expected to be. Nonlinear effects can affect significant performance
characteristics like output voltage regulation, transient response, settling time, ripple
content, and system stability. In this research work, nonlinear dynamics are injected to
the converter model to enable the analysis of the boost converter in a more realistic
manner. To gain insight into operating conditions and control system limitations,
including nonlinear features in the simulation would be beneficial. The nonlinear model
can also more effectively show the robustness and effectiveness of the PI controller with
different operating conditions. Saturation nonlinearity and dead-zone nonlinearity are two
significant nonlinearities that are taken into account for the simulation and performance
analysis of the closed-loop boost converter system in this work. The operating
characteristics and effect on the converter response are different for both nonlinearities.
The detailed explanation, functioning and effects on converter performance are presented

in the subsequent sections.
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5.3 SATURATION DYNAMICS

Nonlinear saturation behaviour is the behaviour of control systems in which the
controller output is bounded by fixed maximum and minimum values. In real systems,
electronic devices and actuators are not able to create an infinite amount of output since
all physical elements have an operating range. Hence, if the control signal produced by
the controller is trying to go out of these limits the saturation block will only allow the
output to go to the maximum or minimum allowed value. This brings the overall system
response to a nonlinear response. Saturation dynamics is normally related to duty cycle
limitation of the switching device in boost converters. Semiconductor switches are limited
to a range of switching and the duty cycle has a maximum and minimum value which
can't be exceeded or negative. During large disturbances or transient periods the controller
will try to produce a control signal outside of these limits and the duty ratio will not be
increased or decreased beyond these limits by virtue of the saturation mechanism. The
converter will thus operate within safe limits preventing unstable conditions. It is
necessary to consider the saturation effects when analysing a converter since in a practical
converter system there are always switch, actuator and amplifier saturation limitations
and control circuit limitations. The lack of the following is considered to cause unrealistic
simulation results and inaccurate prediction of converter performance. Thus, saturation
modelling makes it possible to model the actual converter behaviour more realistically
under real operating conditions. One of the main benefits of saturation nonlinearity is that
the converter components are not subject to over actuating. The PI controller will try to
produce very large control signals when there is a sudden load change or a large voltage
error, thus quickly returning the output voltage to the desired value. Such excessive
control action can result in switching stress, overheating, instability or even failure of
semiconductor devices if there is no saturation limitation. These problems are eliminated
by the use of saturation dynamics, which keep the output of the controller within limits.
Saturation also has an impact on the dynamic characteristics of the converter, however.
The controller output is limited under some modes of operation so the converter might
respond slower and the transient response may be nonlinear. Saturation could cause
extended settling times, overshoot or influence the performance of voltage regulation in
large disturbances. So appropriate tuning of the controller is critical in order to reduce the
impact of saturation and to reduce the impact on converter stability. In this research effort
the saturation nonlinearity of the boost converter is modeled in closed loop with PI control
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and is studied on its impact on the converter performance. The saturation block restricts
the duty cycle to practical operating limits, and investigates the converter response in
realistic nonlinear operating conditions. When saturation dynamics are considered in the
converter system, the simulation analysis can be used to evaluate the stability, transient

response and voltage regulation capability of the system.

e Saturation Nonlinearity: When the control signal reaches a predefined threshold,
the output is limited, resulting in a nonlinear effect rather than a linear

proportional response.

e Purpose in Control: Saturation protects actuators from damage due to over-driving
and helps stabilize the system by preventing excessive control commands,
especially when a Pl controller produces large outputs under large error

conditions.

e Mathematical Representation: The nonlinear saturation can be described as:

0.88,  if D(t) > 0.88
Deo:(6) ={D(t), if 0<D(t) <0.88
0, ifD(t)<0

where D(t) is the calculated duty cycle from the controller, and D, (t) is the saturated

output applied to the power switch.

5.4 DEAD-ZONE DYNAMICS

A type of nonlinear behavior in which the system only responds to certain ranges
of small inputs near zero is called a dead-zone nonlinearity. That is, when this input signal
is within a specified range of values called the dead-zone region, then the system is not
responding to these small values. With the input signal below the dead-zone limit, the
system does not start to provide an effective response. It is a nonlinearity frequently seen
in many practical control systems and power electronic devices because of physical
constraints of the devices and hardware components. Dead-zone behavior can be induced
by any of the following reasons in boost converter systems: switching thresholds,
semiconductor device characteristics, sensor insensitivity, actuator limitations and

control hardware constraints. The low power levels of switching device activation and/or
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noticeable changes in the converter operation may require small control signals from the
controller. For this reason, if the input control signal is slightly lower than the dead-zone
limit, the system will not react to the signal until its value reaches the dead-zone limit.
The converter system has a large dead-zone nonlinearity, which has a significant impact
on the dynamic performance. The converter is unable to respond to small input signals
for the region between the dead-zone region, which could cause delayed response,
sluggish behavior or less sensitivity to small disturbances. This may be detrimental in
some way to the controller's ability to regulate voltage precisely, particularly at light loads
or small signal changes. In practical systems where the use of dead-zones is of concern,
actual electronic devices seldom exhibit a linear operation. Ideal systems: Small changes
in the control signal result in proportional changes to the output. But practical converters
are characterized by certain physical and electrical restrictions which mean that the
change in the response of the converter is not immediate when very small control inputs
are applied to the converter. By adopting the dead-zone, the dead-zone condition will be
included into the model of converter and hence the operation condition of the converter

will be better simulated.

Among the practical benefits of dead-zone, is the ability to avoid unwanted switching due
to noise or very small changes in the control signal. The dead-zone region can suppress
unnecessary switching and enhance noise immunity of a system by oversimplifying the
variations in input. If the dead-zone width is too large, however, the width can negatively
affect the performance of the converter by decreasing the accuracy of the voltage control

and increasing the converter's response time.

The impact of the dead zone nonlinearity is more pronounced in transient operation, when
the unit starts up and under sudden load changes. In these cases, the controller could
produce a small signal to control the system, but this signal would not be enough to
actually change the output until it is beyond the dead-zone. This makes the response of

the converter slower than a linear ideal system.

The model of closed loop Pl-controlled boost converter with the inclusion of dead zone
nonlinearity is given in this research work to study its effect on the system performance.
The use of dead-zone dynamics enables real-life non-linear operating conditions to be
faithfully simulated, such as providing an evaluation of the converter stability, transient
characteristics, voltage regulation performance and controller effectiveness. This
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simulation analysis assists in the comprehension of the impact of dead-zone properties on
the converter operation, and the overall system performance of the converter in a real-life

application.

e The dead zone represents a range of inputs [D,,in, Dmax] Where the output is inactive.
e Only when the input exceeds this range does the system respond proportionally.

e Common in real systems due to mechanical play, actuator limits, or sensor

insensitivity.

Purpose in control: In a control system, a dead-zone nonlinearity models the range of
input signals that produce no output response due to physical limitations of actuators,
sensors, or switches. It prevents the system from reacting to very small inputs or noise,

improving stability and avoiding unnecessary control actions.

Mathematical Representation: The nonlinear dead zone can be described as

0.88, if u(t) = 0.88
D(t) =<D(t), if 0 <u(t) <0.88
0, ifu(t)<0

Where the controller output (P1 output) be u(t), and the duty ratio be D(t).

5.5 CHAPTER SUMMARY

This chapter discussed in detail the study and analysis of nonlinear dynamics of
the boost converter system. Even though the converter system is a nominally linear
system, practical versions exhibit nonidealities associated with switching devices,
actuator limits, semiconductor constraints and hardware nonidealities. Hence, the need to
take into account the nonlinear effects to get the accurate performance of the converter
and behavior of the system under practical operating conditions. The chapter noted that
in order to model the actual dynamic response of a boost converter system, non-ideal
linear models are necessary. The principal emphasis of the chapter was on two major
nonlinearities included in the converter model; specifically on saturation nonlinearity and
dead-zone nonlinearity. The phenomenon of saturation dynamics was talked about as a

nonlinear phenomenon, where the output of the controller, or its duty cycle is limited to
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predetermined upper and lower operating bounds. As switching devices in practical boost
converters are subject to physical limits, duty ratio limits must be imposed within these
limits and as such must involve saturation. The chapter described the application of
saturation to prevent excessive, damaging control action, switching stress and instability
during large disturbances or sudden load variations in converter components.
Concurrently, the effects of saturation on transient response, settling time and system
performance was also emphasized. The chapter also examined the dead zone nonlinearity,
which is an area in which small control signals do not produce any output response. The
above behavior is nonlinear because of the presence of switching thresholds,

insensitivities to the actuators and hardware constraints in actual systems.

The impact of the dynamic behaviour of the dead zone on the sensitivity, response speed
and the ability to adjust the voltage of the converter has been described. When operating
under small signal variations, it was observed that this dead zone adversely impacted
delay in corrective action and slow response in the system. Besides, chapter highlighted
the need for analysing and simulating converters based on nonlinear dynamics. A model
has been built that includes nonlinearities, which allows a better idea of how the converter

operates than provided by ideal models.

These aspects can be taken into account to capture the practical constraints on converter,
the dead zone phenomenon and the dynamics of the control system for various operating
conditions with good accuracy. The theory for this nonlinear closed loop boost converter
PI controlled system has been set in this chapter with the main following conclusions: The
nonlinear models developed in this chapter are also applied to simulation studies on the
converter stability, transient responses, voltage regulation capability, ripple
characteristics and overall system performance under realistic nonlinear operating
conditions. The concepts discussed in this chapter also provide a basis for future
development of advanced nonlinear and intelligent control strategies for power electronic

converters.
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CHAPTER 6
SIMULATION & PERFORMANCE ANALYSIS

6.1 INTRODUCTION

The process of power electronic system design needs to be supported by
simulation and a performance analysis, as simulation can validate the theoretical model,
modelling of a controller, and/or performance under different operating conditions.
Mathematical modelling and controller design give the theoretical basis to the operation
of the system in boost converter system, but the simulation analysis is required to
investigate the validity that the proposed controller design is effective in practice or not.
The dynamic response, stability, voltage regulating ability and non-linearity
characteristics of the converter can be studied in detail using the simulation technique
without any immediate implementation of the hardware. So, simulation can give a
platform which is safe, flexible, accurate and cost-effective to evaluate the converter
performance before its practical realization. With practical converter systems, various
factors like load disturbances, switching effects, non-linearity and parameter variations
affect the operation of the converter. The actual system response will be different due to
these factors from the ideal theoretical response. Thus, simulation analysis is important
to investigate the converter's operation under realistic conditions and to ensure that the
designed controller can ensure stable and efficient operation. The matrix lab is selected
as the simulation platform in this research work to implement and analyse the closed-loop
boost converter system controlled by PI controller. Matrix lab is very popular in power
electronics and control system applications because the environment can be used
efficiently to model dynamic systems, implement control algorithms, analyse transient
behaviour and observe the behaviour of the system as it operates under a range of different
conditions. All the required circuits for boost converter, Pl controller, nonlinear blocks,
PWM switching and load conditions for system analysis are incorporated in the
simulation model developed in this work. The main aim of the simulation study is to
assess the performance of the proposed PI controlled boost converter under the non-linear
operating conditions. The effect of saturation and dead-zone nonlinearities on converter
stability, transient response and voltage regulation capability are explored and understood

through simulation analysis. There are always physical constraints and nonlinear
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constraints operating in a practical converter system making it more realistic to
incorporate nonlinear dynamics into the simulation models of the converter system. The
key performance parameters of the simulation analysis are the output voltage response,
rise time, settling time, overshoot, steady state error, voltage ripple, inductor current
response, and disturbance rejection ability. The performance indicators are used to
evaluate the PI controller's performance and its capability of stable operation for different
load conditions and nonlinear operating conditions. Converter dynamical behavior is
extensively analyzed to observe the swiftness and error response in the output voltage to
the reference input voltage[56]. Saturation dynamics is also studied by simulation to
explain its effect on the converter operation. This saturation nonlinearity will result in the
controller output being limited to practical operating range limits, and consequently very
little variation of duty cycle and placing no undue stress on the converter components.
Similarly, dead-zone nonlinearity is dealt with for the analysis of the system response and
converter sensitivity from small dead zone input signals. Because of these nonlinearities,
the robustness and effect of the converter and also the controller performance can be
evaluated in realistic practical scenarios. Another important objective of the simulation
analysis is testing out the performance of the converter under different non-linearity
conditions. The performance of the converter under influence of these nonlinearities is
gained using transient response, ripple and voltage regulation analysis under saturation
and dead zone condition. This analysis can be conducted to gather insights about the
deficiency of the PI controller while operating in a nonlinear environment and, most
importantly, their location. Also, simulation analysis provides extra detailed
understanding of the controller / converter dynamics. It also can be used to check the
correctness of the mathematical model and controller design developed in the previous
chapters. The simulation results can be used in validating the theoretical concepts, and

predicting the performance of the converter in its practical implementation.

6.2 WITH SATURATION NONLINEAR DYNAMICS

The observation of the closed loop PI controlled boost converter is simulated and
analyzed by using the matrix lab software in this study in saturating nonlinear condition.
Using matrix lab, you can develop a powerful and flexible simulation environment to
model power electronic converters, and to employ control algorithms and to observe the

operation of the power electronic system under various operating conditions. The
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software you're using can accurately analyze the converter dynamics, controller response,
switching behavior, and nonlinear effects—before you need to do it in hardware. The
simulation model used here is obtained by implementing the boost converter with Pl
controller, PWM switching mechanism, feedback control loop and saturation nonlinear
block.

The saturation nonlinear block is added in the control loop to take into account practical
operating limits of the switching device and controller output. However, in a real
converter system the duty cycle should not be allowed to cross a certain minimum and
maximum limit since the semiconductor switches have a limited operating range. Thus,
the saturation block restricts the output of the controller to within a specified range that
will allow safe and realistic operation of a converter.

If the controller tries to send a signal outside of the boundaries at transient state or due to
sudden disturbance the signal level is clamped using the saturation block within the limit.
This reduces unnecessary switching instruction, keeps the converter elements from being
overdriven and makes the operation of the system safer. Saturation dynamics can also
help to simulate the more realistic converter characteristics than ideal linear models.

The developed simulation model in matrix lab provides a very detailed view of the
important converter parameters like the output voltage, inductor current, transient
response, settling time, overshoot, ripple content, system stability, etc. When the
converter system has been made nonlinear by using saturation nonlinearity, then the effect

of practical control limitations on the overall converter performance can be analyzed.

Ve / V,
Pl Controller ——H J,/ — Boost Converter )
Saturation
Fig. 6.1 Block diagram representation
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Assuming the saturation nonlinear dynamics, a circuit diagram and detailed block
diagram of the proposed closed loop system are shown in Fig.6.2. All of the system is
designed and implemented in matrix lab to see the performance of the PI controlled boost
converter in practical conditions with the presence of nonlinearity. The developed model
primarily comprises of a reference voltage source, a summing junction, a Pl controller, a
saturation nonlinear block, a PWM switching mechanism, a boost converter, and a
feedback path. The selected value of the reference voltage Vres will be used in this research
work is 400 V which is the desired output voltage of the boost converter. The aim of the
closed loop control system is to keep the output voltage of the converter constant even if
the load changes, or if the operating conditions change, or if there are non-linear effects
or disturbances. The output voltage of the boost converter is sent to the input side via a
feedback loop, and this voltage is always measured. This feedback signal is combined
with the reference voltage at the summing junction, thus forming the error signal. The
error signal is the difference between the output voltage of the converter & reference
voltage that is set. This error signal is then passed onto the PI controller. Once the error
has been processed, the Pl controller generates the correct control signal necessary to
control the output voltage of the converter. The integral part eliminates steady-state error
and ensures that the steady-state voltage will be measured at the reference value, and the
proportional part of the controller improves the transient response and speed of the
system. A nonlinear saturation block is added to the control loop after the PI controller.
This saturation block is used to ensure that the controller output can occur within an
appropriate upper and lower operating range. Semiconductor switches can only function
in a limited range and therefore the duty cycle of the switching device in the actual system
of a boost converter must not exceed certain physical limits. Hence, the saturation
nonlinear block reduces the duty cycle variation to a low level and keeps the converter
from entering into unsafe operating conditions. The output of the saturation block is fed
to the PWM generation unit, which generates the desired amount of gate pulses to control
the MOSFET switch of the boost converter. The boost converter controls the output
voltage according to the duty ratio applied by the controller, and works to transfer energy
from the source to the load. The output voltage of the converter is continually measured
and feedback to the control system, to make the operation a complete closed-loop.
Saturation nonlinearities can be incorporated directly into the control loop to enable
realistic analysis of the converter under practical operating conditions. An important

aspect of the developed matrix lab model is its ability to analyse important performance
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characteristics like output voltage response, transient behaviour, settling time, overshoot,
ripple content and system stability. The simulation result acquired from this model offers
insight into the efficiency of the controller voltage regulation under nonlinear saturation
effects (NSE) even in the case of PI controller. A practical model for the boost converter
with injection of PI control and saturation nonlinear dynamics is thus proposed, which
enables the study of the converter's performance and the evaluation of the robustness of

the control system under realistic nonlinear operating conditions.

i lio R=0.2 Krzo_a
+ +
i — —— V
Ve c Vo
AN R <R
Driver Sensor
circuit
u
a e + Veet
/[ Controller
Ve Saturation

Fig. 6.2 Circuit/Block representation of closed-loop PI control of a Boost converter with Nonlinear
saturation dynamics
Figure 6.3 represent the output waveform of the closed-loop Pl-controlled DC-DC boost
converter operating under saturation nonlinear dynamics. In this simulation model, the
saturation block is incorporated within the control loop to limit the duty ratio of the
converter within practical operating boundaries. For simulation purposes, the lower
saturation limit is selected as 0, while the upper saturation limit is selected as 0.88. The
limits are selected based on the practical operating range of the boost converter, and on

the desired duty cycle for a 400 V output voltage given the source 4.5 V.

An important point about the lower limit is that it is set to 0 so that the duty cycle cannot
be negative since negative duty ratios are a physical impossibility in the practical
switching converter. In a similar fashion, upper limit of 0.88 ensures prevent overly large

switching commands from being sent by the controller which can cause instability,
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excessive switching stress or unsafe operating conditions. The duty cycle within this
range ensures low voltage conversion power loss without compromising the switching

characteristics.

In addition, the saturation nonlinear block is a useful representation of the actual
nonlinearity in semiconductor switching devices encountered in actual converter systems.
In transient conditions or sudden load changes, the PI controller might try to produce the
duty ratio outside the range, to try to quickly regulate the output voltage. However,
because of this saturation phenomenon, the control signal will be limited to within a

certain specification causing the converter response to be nonlinear.

To investigate the converter's dynamic behaviour and robustness changes with different
load conditions, the parallel connection of additional resistive loads is provided during a
specific time interval. The first variation in the load occurs at t=0.2 seconds by adding an
additional resistance to the load, while the second one occurs at t=0.3 seconds by adding
another resistance to the load. The equivalent resistance to be considered is thus reduced

and the actual load demand on the converter is increased by providing parallel resistance.

These load variations are intentional to enable the observation of the behavior of the PI-
controlled boost converter with sudden load change under saturation nonlinear dynamics.
The P1 controller then processes this voltage error, and determines the duty cycle within
the allowed values of saturation, to bring back the output voltage towards the desired

value.

The capabilities of the proposed control system to keep the converter reasonably stable
with nonlinear constraints and load disturbance are illustrated through the simulation
waveform. Small transient deviations and settling effects occur in the transient response
period while loads are switched, but the output voltage is regulated with the minimum
possible steady state error with the use of a PI controller. The answer also suggests that
the saturation nonlinearities do not destabilize the converter system, but instead result in

reasonable operative limitations for the control action.

Thus, the simulation results shown in Figure 4 verify the effectiveness of the closed-loop
Pl-controlled boost converter under saturation nonlinear conditions and varying load

environments. The analysis also demonstrates the robustness of the controller in
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maintaining voltage regulation and stable system performance despite practical duty cycle
limitations and dynamic load changes.

Fig. 6.3 Ouput of Saturation Dynamics

Figure 6.4 shows the IC waveform, which is also the inductor current waveform, of the
closed-loop PI-controlled boost converter operating under saturation nonlinear dynamics.
The waveform illustrates the behavior of the inductor current during normal operating
conditions as well as under sudden load variations introduced at specific time intervals.
Since the inductor is the main energy storage element of the boost converter, analysis of
the inductor current is important for understanding converter stability, dynamic response,

and energy transfer characteristics.

In this research work, load variations are introduced at t=0.2seconds and t=0.3seconds by
connecting additional resistances in parallel with the primary load resistance. The
addition of parallel loads decreases the equivalent load resistance and increases the
overall power demand on the converter. As the load demand increases, the converter
requires additional energy transfer from the source to maintain the desired output voltage

level.

The waveform shows that during steady-state operation, the inductor current remains
continuous and stable, indicating proper operation of the boost converter in CCM. Based
on the continuity of the current, the value of the inductance selected and the switching
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frequency is enough to ensure a smooth operation of the converter while keeping the

current ripple low.

The converter is a saturated nonlinear dynamics operation, which helps to keep duty
cycles within the set operating range. The controller is still able to accurately control the
converter impact response and stable current response under transient conditions under
these nonlinear constraints. Following the load change, which is disturbed by a sudden
change, small transient oscillations, or ripple, The waveform further illustrates that the
converter is successfully able to manage the dynamic load variations in an stable manner

without getting un-stable.

Therefore, it can be claimed that the proposed Pl-controlled boost converter system is
robust and effective under the saturation nonlinear dynamics as shown in figure 6.4. To
verify stable operation, energy transfer capability, and the stability under various-load-
demand conditions of the converter’s performance, the inductor current response is

shown.

Fig. 6.4 Input Current (Input Inductor current)

Figure 6.5 shows the output voltage waveform of the closed-loop Pl-controlled DC-DC
boost converter working in saturation nonlinear regime. As the figure indicates, the
converter can keep the output voltage near the set requirement of 400V in the above
simulation period under the nonlinear operating constraints such as variable loads. The
@ results obtained confirm the ability of the PI controller to control the output voltage of

Page | 57

z'l-.l turnitin‘“ Page 81 of 108 - Integrity Submission Submission ID  trn:0id:::30110:141261161



z'l_.l turnitin Page 82 of 108 - Integrity submission Submission ID _ trn:0id::30110:141261161

the converter, even when the output load changes suddenly, while keeping the converter

operating in a stable manner.

The waved form shows that the voltage ripple at the output is close to 1% - it could be
deemed as operating within acceptable limits for practical boost converter applications.
The output capacitor acts as a medium-frequency filter of the output voltage fluctuations
resulting from high-frequency switching operation and helps keep the output voltage
smooth and regulated. In the same way, Figure 5 and Figure 6 show at the same time both
the voltage ripple and current ripple are within specifications, verifying that the converter
is operating successfully in CCM.

Initially, (at t = 0s) only the main load resistance (RL1) is connected across the converter
output. In this mode the converter is in steady state and maintains very low ripple content
in the output voltage and very close to 400 V. The output voltage maintains steady value,
which proves to be the closed-loop P1 controlled system well operates. In this time period,
the converter is only providing the base load, and the controller will ensure that the duty

cycle is kept within the allowed saturation range in order to regulate the desired voltage.

Then at t=0.2 seconds a 106.67 Q load resistance (RL1) is added in parallel to the original
load resistance. This added parallel resistance causes a decrease in the equivalent load
resistance of the circuit and hence the entire load current requirements of the converter
builds up. When the load demand suddenly rises, the output voltage has a transient
response as a result of the sudden increase in the output current demand placed on the

converter. This is seen as a small voltage dip and transient on the waveform.

The PI controller automatically detects the gap between output voltage & reference
voltage using the feedback loop as soon as the load variation happens. Because of the
error the controller changes the duty cycle of the switches to deliver extra power to the
load and push the output voltage towards the reference of about 400V. As a result, the
load current simultaneously increases, as more energy from the source is now required in
order to provide the higher load demand. The converter can quickly and speedily return
to steady state operation when subjected to a sudden disturbance, the transient response
is acceptable and the ability to reject the disturbance is good.
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Another parallel resistance (RL2) of 280, is then added across the load path at
t=0.3seconds. This further reduces the equivalent load resistance and hence the overall
converter system power demand. Again, there is a temporary variation in the output
voltage because of the sudden increase in the load's current. The response time is however
short for the PI controller which changes the duty cycle within the saturation boundaries

to assure output voltage regulation.

With multiple load variations the converter still is able to provide output voltage close to
400 V with very small steady-state error throughout the simulation. Some small
oscillations and ripples are noticed right after the system picks up or drops load but it is
stabilized rapidly without excessive overshoot or instability. This is the indication that a
good P1 controller tuning and the system is well controlled under dynamic load operation

condition.

This behaviour is also borne out by the current in the inductor, displayed in figure 6.4.
The more the loads are connected, the higher the current in the inductor will be, providing
just as much as needed current to meet the added load. The current is maintained constant
during the simulation process and it means that the converter is operating in a stable CCM
mode during the simulation process. The proportion of ripple in current through the
inductor stays in an acceptable range as well, which also shows that the inductor and

switching frequency setting have been properly designed.

The important fact observed in the simulation is how the saturation nonlinearity affects
converter dynamics. When executing transient operation, the 'duty cycle' requirement
goes between some set 'low duty cycle' and 'high duty cycle' limits therefore, the

controller can't allow unlimited control action during transients.

Overall, Figures 6.4 and 6.5 verify that the proposed closed-loop boost converter system
performs effectively under saturation nonlinear dynamics and varying load conditions.
The converter maintains stable output voltage, acceptable ripple content, continuous
inductor current, and fast transient recovery even when subjected to sudden load
disturbances. The simulation results confirm the effectiveness of the Pl controller in
regulating the converter output and demonstrate the practical applicability of the proposed

system for stable and reliable power conversion applications.
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\

Fig. 6.5 Output Voltage (Volts)
6.3 WITH DEAD-ZONE NONLINEAR DYNAMICS

The block diagram of the closed-loop PI-controlled boost converter with dead-
zone nonlinear dynamics is implemented in matrix lab to analyze the practical behavior
of the converter under nonlinear operating conditions. In this model, the dead-zone
nonlinear block is incorporated within the control loop along with the PI controller, PWM
switching mechanism, feedback path, and boost converter system. The purpose of
including the dead-zone nonlinearity is to represent practical situations where small
control signals do not produce any effective response in the converter system.The
controller output is then passed through the dead-zone nonlinear block before being
applied to the PWM switching circuit.

The dead-zone block introduces a region in which small control signals are ignored by
the system. As a result, very small variations in the controller output do not affect the
switching operation of the converter until the signal exceeds the predefined dead-zone
limit. This behavior represents practical limitations of switching devices, actuators, and

control hardware used in real converter systems.

By having dead zone nonlinear dynamics, realistic analysis of converter response,
transient operation, voltage regulation capability, and controller sensitivity under realistic
operating conditions are possible. The simulation of this model is executed in latter stages
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to investigate the effects of the characteristics of dead zone on output voltage response,
current in the inductor, ripple content, and the overall system stability. The synthesized
simulation results are useful for assessing the robustness and performance of the PI-

controlled boost converter under the condition of the dead zone nonlinear operation.

l

~

Pl Controller Boost Converter

Dead Zone

Fig. 6.6 Block diagram representation

Proposed the system with dead zone nonlinear dynamics circuit and detailed block
diagram representation is shown in Figure 6.7. The entire system is realized in matrix lab
which is used for analysing system performance under realistic nonlinear operation of the
Pl-controlled boost converter. The reference voltage source, summing junction, PI

controller, dead zone nonlinear block, PWM switching circuit.

For this project, the reference voltage Vrer is assumed to be 400 V, the desired value of
output voltage to be maintained by the boost converter. The initial goal of the closed loop
control system is to keep this converter output voltage at this reference value despite the
change of load.The first aim of the closed loop control system is to maintain the output
voltage of the converter at this reference value for all dissimilar loads. The converter
output voltage is fed back to the input side via the feedback loop, and is continuously
checked.

The PI controller will adjust the set point of the switching device continuously based on

the size of the error, so as to regulate the duty cycle of the switching device. A nonlinear
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dead-zone block is added to the control loop in front of the PWM switching block
following the PI controller. The inclusion of the dead zone nonlinearity is done in a
realistic scenario in which small control signals do not give a precise response from the
system. Due to these limitations switching devices and control hardware may fail to
respond to very small input signals in real converter systems, with switching thresholds,
insensitivity and actuator dead bands of the device being responsible. In the dead-zone
region, therefore, if the output of the controller does not change significantly, the output

will be said to be inside the dead-zone and will be ignored.

Dead zone nonlinear dynamics can be used to successfully treat the behavior of a
converter under realistic operating conditions. The dead-zone effect produces a non-linear
behavior of the converter, particularly in the presence of small-signal perturbations and
load transients. This can impact slightly the response speed and voltage regulating

performance of the converter.

Matrix lab model produced in this project can be used to investigate important
performance parameters like output voltage response, transient characteristics, inductor
current behavior, settling time and ripple content under dead-zone nonlinear conditions

as well as stability of a system despite practical nonlinear limitations.
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Fig. 6.7 Circuit/Block representation of closed-loop PI control of a DC-DC Boost converter with
Nonlinear Dead Zone dynamics
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Since the input voltage and input current conditions used for the dead-zone nonlinear
model are identical to those used in the previous saturation nonlinear model, the
corresponding input waveforms are not shown again. The same converter parameters,
switching frequency, load conditions, and operating environment are maintained in order
to provide a fair comparison between saturation and dead-zone nonlinear dynamics.
Therefore, the analysis in this section mainly focuses on the output voltage response of

the boost converter under dead-zone nonlinear conditions.

Figure 6.8 represents the output voltage waveform of the closed-loop Pl-controlled boost
converter operating with dead-zone nonlinear dynamics. In this simulation model, the
dead-zone nonlinear block is incorporated within the control loop to represent practical
situations where small control signals do not produce any effective response in the
converter system. The dead-zone limits are selected according to the designed operating

duty cycle range of the boost converter.

For this research work, the dead-zone lower limit or dead-zone starting point is selected
as 0, while the dead-zone upper limit or dead-zone ending point is selected as 0.88. These
limits are chosen based on the practical duty cycle operating range required to regulate
the output voltage around the desired reference value of 400 V. The lower limit ensures
that the duty ratio does not become negative, while the upper limit corresponds to the

maximum allowable duty ratio for safe and stable converter operation.

Inside the dead-zone region, a slight change in the converter switching action cannot be
achieved with a small change in the controller output. Switching thresholds and other
practical system characteristics such as hardware insensitivity and device limit where
very small control signals are not enough to be used for the switching device are a
reflection of this behaviour. Because of this, small error signals produced by the PI

controller may not cause it to respond instantaneously.

This output waveform (Fig 9) provides a representation of the action of the boost
converter under these nonlinear dead zone conditions. Due to the dead-zone region,
however, it may be noted that a slight delay or sluggishness may appear upon transient
operation as compared to ideal linear operation. By this, the converter response to small

disturbances becomes relatively slow when the disturbances are within the dead-zone
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limits, which is signalled by the corrective signals being small. Overall voltage regulation
Is satisfactory and stable operation is successfully realized for this nonlinear constraint.

The simulation results have also shown that the dead-zone nonlinearity does not cause
instability of the converter system. Rather, it offers a more realistic representation of
realistic converter behaviour within hardware constraints and switching thresholds. The
PI controller successfully overcomes the nonlinear effect and maintains the output voltage

in acceptable operating regions.

Therefore, the effectiveness of the proposed closed-loop Pl-controlled boost converter
has been verified by Figure 6.8, which is a nonlinear dynamics characterized by dead
zone. The result of simulation is the converter has a stable output voltage and satisfactory
performance even when the practical dead-zone characteristics exist in the control system.

Fig. 6.8 Output of Dead Zone Dynamics

The closed loop PI controlled boost converter input current with dead zone nonlinear
operation is shown in figure 6.9, which is also the inductor current waveform of the boost
converter. The chart displays how the current changes in the inductor when it is operating
in a steady state, and how the inductor current changes for various loads at varying times.
The primary energy storage device in a boost converter, the inductor is therefore
significant from an analysis viewpoint to gain insight into the converter stability, energy

transfer capabilities and dynamic response to nonlinear operation.
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In this research work load variations are introduced at time t=0.2 seconds and t=0.3
seconds by inserting load resistances in parallel with the load resistance. The parallel load
adds to the combined resistance of the converter and the load it is connected to, thus
increasing the power consumption of the load. A larger voltage output is required by the
converter when the load demand goes up, thus introducing extra energy to keep the
converter at 400 V output voltage.

The converter works at the initial operating condition that is the steady state with the
stable and continuous inductor current. This is a continuous current behavior, showing

the correct values for the inductance, frequency and controller parameters.

The converter has a sudden increase of current demand at t=0.2s when the first additional
parallel load is connected. Therefore, to convey more energy from the source to the load,
the inductor current increases. In the Pl control, feedback is used to detect the output
voltage disturbance, and changing the switching duty cycle automatically adjusts to

compensate for increased load demand.

In a similar manner, at the end of t=0.3seconds another parallel resistance is added across
the load that adds to the load's power demand to the converter. Thus, after the additional
load current is added, the current flow through the inductor rises again to satisfy the extra
load to get stable output voltage regulation. From the waveform of the conversion, it can
be seen that the converter is able to follow these load changes without losing stability or

discontinuous conduction mode.

Because the converter operates under dead-zone nonlinear dynamics, small control
signals generated by the PI controller may initially remain ineffective within the dead-
zone region. This may cause slight delay in the converter response during transient
conditions. However, once the controller output exceeds the dead-zone threshold, the
converter responds effectively and restores stable operating conditions. Despite this

nonlinear behavior, the overall current response remains stable and controlled.

The waveform also indicates that the current ripple remains within acceptable limits
throughout the simulation period. Small transient oscillations may appear immediately
after the load variation due to sudden changes in power demand, but the system quickly

stabilizes and settles to a new steady-state operating condition. This confirms proper
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tuning of the PI controller and satisfactory performance of the boost converter under dead-

zone nonlinear conditions.

Thus, Figure 6.9 verifies the effectiveness and robustness of the proposed closed-loop PI-
controlled boost converter under dead-zone nonlinear dynamics and varying load
conditions. The inductor current response demonstrates stable CCM operation, proper
energy transfer capability, and successful adaptation of the converter to dynamic load

variations while maintaining overall system stability and satisfactory performance.

Fig. 6.9 Input Current (Input Inductor current)

The output voltage of the closed loop PI controlled boost converter is shown in Figure
6.10 when the converter is working in the dead zone nonlinear dynamics. The simulation
results proved that the converter system proposed can properly control the output voltage
close to the 400 V nominal value and with a ripple content of almost around 1%. The
small ripple was seen in the wave form, which verify the efficiency of whole design of
the converter, selection of passive circuit, switching frequency and suitable choice of
parameter for PI controller. The output voltage is a constant during the simulation time,
which reveals that the proposed system is able to maintain a satisfactory voltage

regulation under the nonlinear operating condition during simulation.

The boost converter system is designed in this research work specifically for a regulated
output voltage of 400 V with minimum voltage ripple through the system and stable
transient performance. The simulation obtained proves that the proposed Pl-controlled
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converter is able to fulfill the design goals. The results show the output voltage waveform
with the converter operating with dead zone non linearity in the control loop, maintaining
proper voltage regulation and continuous operation whenever the load changes.However,
when compared with the saturation nonlinear model discussed previously, the output
waveform under dead-zone nonlinear dynamics exhibits relatively sluggish transient
response. This behavior occurs because, within the dead-zone region, small control
signals generated by the Pl controller do not produce any effective response from the
converter system. As a result, the controller cannot immediately correct small voltage
deviations until the error signal exceeds the predefined dead-zone threshold.
Consequently, the converter response becomes slightly slower during transient conditions

and load disturbances compared to the saturation nonlinear model.

At the initial operating condition, that is at t=0seconds, only the primary load resistance
of 106.67Q is connected across the converter output. Under this condition, the converter
operates in steady state and maintains the output voltage close to 400 V with small ripple
content. The inductor current and output voltage remain stable, indicating proper
operation of the closed-loop Pl-controlled system under dead-zone nonlinear conditions.
During this interval, the converter supplies only the base load demand, and the PI

controller maintains stable voltage regulation through continuous feedback control.

At t=0.2seconds, an additional parallel resistance of 106.67Q (Rr1) is connected across
the existing load resistance. The addition of this parallel resistance reduces the equivalent
load resistance and significantly increases the total load current demand on the converter.
As the load suddenly increases, the output voltage initially experiences a transient dip due

to the increased power requirement of the load.

The PI controller detects this change in the output voltage in the feedback path and tries
to work around the disturbance by making the control action larger and changing the duty
ratio of the switching. Due to the dead-zone nonlinearity of the control system, however,
small signals of correction did not work until they became large enough to overcome the
dead zone. In this case, the change of the converter is slower, compared with the
saturation nonlinear model, during the transient time. The output voltage experiences a

slight delay in recovery from this behavior in the waveform.
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@ But, even with this slow response, the converter is able to bring the output voltage near
its desired reference value within a short transient interval. The waveform shows that
even under the dead-zone nonlinear condition, Pl controller can still ensure the stable

operation of the converter and provide the voltage regulation performance.

At t=0.3seconds, another parallel resistance of 106.67CQ2 (RL2) is connected across the
load. This in turn reduces the equivalent load resistance to further increase the converter
system’s overall power requirement. Consequently the converter once again suffers from
e a temporary disturbance in output voltage again as a result of the sudden rise in load
current demand. The output voltage flattens out briefly and then the PI-controler sends a

signal back to ensure that the voltage is brought back towards the set level.

In this case the dead-zone nonlinearity again affects the transients response of the
converter. The switching operation is comparatively slower in the small controller output
case with respect to the saturation nonlinear case since the small output does not directly
influence the switching operation. Beyond that, when the control signal is outside the
dead zone the converter performs a duty cycle adjustment and re-establishes stable

operation.

Even with various load changes, the converter output voltage is kept close to 400 V with
a tolerable amount of load ripple and a minimum steady-state error, showing a very stable
performance from the converter. Slightly more obvious transient oscillations and delayed
recovery occur under dead-zone dynamics, but the overall dynamics remain stable during
the simulation time. The converter has no instability and the overshoot in the response to
the dynamic load changes is not large.

The low ripple as seen on the waveform is further evidence of proper operation of the
output capacitor and good filtering of switching ripple. Even with the nonlinear limits
imposed by the dead-zone block, the PI controller is able to remain in stable operation

and continuously regulate.

The results in Figure 6.10 confirm that the proposed closed-loop Pl-controlled boost
converter system operates satisfactorily under the two conditions namely under nonlinear
e dynamics due to dead-zone characteristics and under different load conditions. From the

simulation results, it is shown that the small ripple content of the designed system is also
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successfully producing the desired output voltage of 400V while keeping the converter
stable with loads changes. It is also interesting to compare the behavior to saturation to
emphasize the role of dead zone effects on converter transient response and voltage

regulation.

Fig. 6.10 Output Voltage (Volts)
6.4 CHAPTER SUMMARY

In this chapter, the simulation and performance analysis of the closed-loop PI-
controlled boost converter was introduced under nonlinear active (PWM) and passive
(d(current) modes of operation in matrix lab. The simulation study was conducted to
verify the mathematical modelling, controller design and nonlinear dynamics of last
chapters. The simulation model was developed and consists of the following elements:
boost converter, Pl controller, PWM switching mechanism, the feedback loop, and
nonlinear blocks (saturation, dead-zone dynamics). The success of the simulation results
was used to provide valuable insight into the operating characteristics of the converter in

various nonlinear operating conditions and different operating loads.

The chapter mainly addressed the dynamic response & voltage regulation capability of
the proposed converter system for two different nonlinear situations, namely the
saturation nonlinearity and the dead-zone nonlinearity. In both cases, the converter should
operate at an output voltage of about 400 V, have a minimum ripple and stable operation.
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During the saturation nonlinear, the duty cycle limits of the controller were limited to
practically between 0 and 0.88. The simulation results indicated that the converter was
able to hold the operating state as well as DC output voltage when a sudden load varying
condition has been applied to the converter at different time periods. The acceptable
output voltage ripple and acceptable inductor current ripple were achieved, thus the
control converter design and tuning were done correctly. The capability to resist the
disturbance was also satisfactory, and the transient response showed good results in the

saturation nonlinear model.

In the same way, performance of the converter was analyzed with dead zone nonlinear
dynamics. The dead-zone block caused a dead zone in this case small control signals
failed to drive the converter system. The simulation results were presented for output
voltage which was close to 400V with a low values of ripple content that was almost 1%.
In comparison with saturation dynamics, the dead-zone dynamics have a relatively slow
time response for reach-able setpoints, with a time lag when the controller moves into the
dead zone. The converter operated quite stable and had fairly good voltage regulation,

even with this effect.

The effect of load variations on the performance of converter has been also investigated.
The dynamics of this converter system were investigated by adding additional resistive
loads in parallel at various time intervals. The simulation waveforms showed the PI
controller was able to compensate for sudden load disturbances by varying the duty cycle
of the switching device, and bringing the output voltage back to the desired reference
value. The result of the Inductor current waveforms showed Continous Conduction Mode

(CCM) stable operation during the simulation time.

The simulation results overall validated the effectiveness and robustness of the proposed
Pl-controlled boost converter for practical nonlinear operating conditions. The designed
system has been analyzed confirming stable control of the voltage, low ripple content,
acceptable transient response and reliable operation characteristics under both the
saturation and dead-zone nonlinear dynamics. These observations in the chapter give
useful information about working performance of boost converter and justify the

proposed theories in the whole project.
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® CHAPTER 7

CONCLUSION & FUTURE SCOPE

7.1 CONCLUSION

In this research work, detailed analysis, modelling, design of controller for closed-
loop PI-controlled boost converter under nonlinear dynamic conditions and simulation
have been presented. The study was primarily directed towards achieving better voltage
regulation performance of the boost converter with the inclusion of practical
nonlinearities such as saturation and dead zone effects in the designed control system.
Because practical power electronic converters are always subject to switching
restrictions, actuator limitations and nonlinear operating behavior, incorporation of these
nonlinearities offered a more realistic picture of the actual power converter operation than

ideal linear models.

The research began with the design and analysis of boost converter, which involved
detailed discussion of the design process of the component, switching modes and working
@ principle of boost converter. The main focus of the converter was to boost the input
voltage to a regulated output voltage of 400 V without significant voltage ripple and
without any operating instability. Appropriate converter parameters such as load
resistance, capacitance, inductance and switching frequency were considered and the
Continuous Conduction Mode (CCM) operation was obtained, allowing the converter to

perform well.

Then, the boost converter was mathematically modeled to understand the dynamics of the
system in different switching conditions. The operation of the converter has been studied
for switch ON conditions and switch OFF conditions and with the fundamental electrical
@ rules, the dynamic equations have been derived. Averaging technique was used to develop
the mathematical model of the converter, which was the base for the design of the
controller and simulation analysis. The model established a theory to pursue the research

on converter stability, transient response and control system performance.

The integral action eliminated steady state inaccuracy and ensured voltage tracking, while
the proportional action improved transient response and fast response. The controller
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parameters were calculated using the Ziegler—Nichols tuning approach that yielded the
correct proportional and integral values for the steady operation of the converter. Based
on the results of the simulation, the P1 controller was found to maintain the output voltage

near the desired reference value under different operating conditions.

In this research effort, one of the significant things has been the introduction of nonlinear
dynamics in the converter control. Two key nonlinearities, saturation and dead-zone
dynamics, were added and studied in detail. Saturation nonlinearity was added to keep
the controller output and duty cycle within reasonable bounds. This minimized switching
activity and kept the converter safe to operate during transient loading and disturbance
conditions. A nonlinearity was applied in the form of a "dead zone" to account for areas
in which small control signals do not give an effective output signal from the system

reflecting acceptable practical hardware limitations and switching thresholds.

The practical effect of these nonlinearities on the behaviour of the converters was
illustrated by simulation analysis using the two programs of MATLAB/Simulink. The
converter operated in a saturation nonlinear dynamics and had good saturated operating
mode stability and acceptable transient response with a small amount of ripple in the
output. A duty cycle of <0.88 within the designed operating range of 0-0.88 was achieved
in the saturation block with good regulation of the output voltage around 400V. The PI
controller was able to overcome load disturbance and re-stablish the output voltage is
quick after the transient disturbance.

The same was done in the case of dead-zone nonlinear dynamics. From the simulation
results it is seen that the dead zone phenomenon caused relatively low speed of the
transient response as a small output of the controller in the dead zone did not immediately
act on the converter. This is a nonlinear operation but despite this, the output voltage of
the converter was stable and it was able to keep the voltage around 400 V with almost
below 1% ripple under all conditions. The PI controller was able to eliminate the dead-

zone effect and achieve good voltage regulation performance in different load conditions.

An extra load variance analysis was done by adding more resistive loads in parallel, at
different times in the simulation. The results showed that the closed-loop converter
system proposed in this paper had excellent disturbance rejection ability and could stably

work when the load parameters changed dynamically. The current through the inductor
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was also shown as a continuous current during the simulation period, which is the
indication of the stable CCM operation state of converter. satisfactory converter design
and controller performance were ensured by not exceeding the voltage and current ripple

contents within acceptable limits.

As comparison of the two types of nonlinear dynamic, saturation and dead-zone, provided
important insight into the practical behavior of nonlinear converter systems, they are also
analyzed in this section. The saturation model had a comparatively better transient
response and control action, whereas the dead-zone model had slightly delayed transient
response with reduced response to small control signal. However, for both nonlinear
cases, the PI controller was able to stabilize the converter and keep the output voltage

error within the required tolerance.

The overall findings of this research work confirm that a Pl-based closed-loop control
strategy along with the incorporation of nonlinear dynamics can yield significant and
reliable performance of the boost converter applications. The desired output voltage
regulation has been successfully obtained without any appreciable steady-state error with
minimum transient response and minimum ripple content for minimum number of
nonlinear constraints and stable operation under various load and nonlinear constraints.
The study also confirmed the effect of practical non-linear kvp effects in converter

analysis is more realistic and accurate in the evaluation of systems.

The proposed methodology presented in this thesis offers a complete methodology for
implementing practical controller design and nonlinear analysis of a boost converter. The
ideas and methodology presented in this work can be successfully implemented into some
of the modern power electronic applications, which demand the power converter to be
efficient, stable, have accurate voltage control, and to perform effectively with critical
requirements of efficiency, stability, accurate voltage control, and reliable performance,
including the renewable energy power electronics systems, solar photovoltaic systems,
battery charging circuits, electric vehicle power electronics systems, power electronic
systems of portable electronic devices, power electronics systems for industrial

automation, and advanced power electronics systems for voltage control.
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Finally, this study provides a good foundation for the future development of advanced
control techniques for converters, which are nonlinear and intelligent. In the extremely
nonlinear and uncertainty operating situation, future studies can use the adaptive control,
fuzzy logic control, sliding mode control, neural network based control and model

predictive control technique, etc., to improve the performance of the converter.

7.2 FUTURE SCOPE

The purpose of the research undertaken as part of the contents of this thesis was
to analyse and implement a closed-loop Pl-controlled boost converter under the following
nonlinear operating conditions: saturation and dead-zone dynamics. The simulation
results showed that the proposed control strategy was able to successfully track the output
voltage under steady state and provide satisfactory transient response over a range of load
conditions without any control performance degradation observed, demonstrating stable
output voltage regulation, minimal steady state error, and good transient response.
Though developed system is performing well yet still some efforts are needed for further
improvement and extension of research to enhance the robustness, efficiency of the
developed system, quick dynamic response and robust adaptability under realistic

working conditions.

The advanced adaptive and intelligent control techniques are alternatives to the
considered Pl controller and are the important future scope of this research. The PI
controller is easy to implement and can achieve satisfactory performance, but its
performance could drop in conditions of high nonlinearity, parameter uncertainties and
fast changing load disturbances.

It is noted that fuzzy logic control is an important and useful extension of this work,
because: Fuzzy controllers produce results without the need of a proper mathematical
model of the converter system; Fuzzy controllers can manage the non-linear behavior and
parameter variations of the converter system. The fuzzy logic controllers offer better
adaptability in uncertain operating condition, faster transient response and better

disturbance rejection property, than conventional PI controllers.

In the same way, the sliding mode control will be applied for the future work to enhance

the converter's robustness for nonlinear effects and external disturbance. Because of their
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excellent stability properties, quick dynamic response and low sensitivity to parameter
changes, sliding mode controllers are very efficient for nonlinear systems. Unknown
constraints, such as sudden load changes, are of potential interest for the application of
sliding mode control, where a significant improvement in converter stability can be

obtained.

Another promising future direction is to include model predictive control (MPC)
techniques in the boost converter system. Model predictive control (MPC) involves
predictive algorithms and optimization techniques to decide on most appropriate control
action over the prediction horizon under consideration. MPC can achieve improved
transient response, a reduced overshoot, and better handling of the nonlinearities, like
saturation and dead-zone effects. Predictive control strategies can also be used to enhance

switching performance, and to decrease the ripple content in the converter system.

Future research could also include Avrtificial Intelligence/Machine Learning based control
approaches. Under varying operating conditions, neural network controllers and
intelligent optimization algorithms can be applied in automatic tuning of controller
parameters. This intelligent control can enhance the adaptability, self-learning ability and

the optimization of real-time performance of the converter.

Mainly based on a matrix lab simulation analysis, the present research work is conducted.
While simulation is an effective way of understanding how a converter will behave, it is
important for this behaviour to be verified with practical hardware implementation under
actual operating conditions in order to simulate the results. For future work, a prototype
of the laboratory can be developed by using power electronic devices like MOSFET,
IGBT, DSI (digital signal processor)/microcontroller or FPGA (field programmable gate

arrays) based control platform.

Experimental validation can provide deeper understanding of practical issues such as
switching losses, thermal effects, electromagnetic interference (EMI), sensor noise, gate
driver limitations, and component nonidealities that may not be fully represented in
simulation models. Real-time testing can also help analyze converter reliability,

efficiency, and controller effectiveness under practical operating environments.
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Future research may additionally focus on efficiency optimization of the converter
system. Different soft-switching techniques, optimized PWM strategies, and high-
efficiency semiconductor devices such as SiC and GaN-based switches can be
investigated to reduce switching losses and improve overall converter efficiency. Thermal
management techniques and heat sink optimization may also be explored for high-power

applications.

Since renewable energy sources generally produce variable DC voltage, advanced boost
converter systems with robust nonlinear control strategies can play an important role in

maintaining stable voltage regulation and improving energy conversion efficiency.

Further studies may also include analysis of additional nonlinear effects such as
hysteresis, switching delays, parasitic components, quantization effects, and time-delay
dynamics to achieve even more realistic converter modelling. Stability analysis using
bifurcation theory, chaos analysis, and nonlinear state-space techniques may provide

deeper insight into complex converter behavior under extreme operating conditions.

Overall, this research work provides a strong foundation for future development of
advanced nonlinear control strategies and practical implementation of boost converter
systems. The concepts developed in this thesis can be further extended to achieve
improved efficiency, enhanced robustness, intelligent control capability, and reliable
performance for modern power electronic applications operating under highly dynamic

and nonlinear environments.
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