(SwIISAS pue SIMUOIIIIF J9M0J) YIIL TN

Aelnesn) Jeuwny

144114

MODELLING AND CONTROL OF HALF BRIDGE AND
NOVEL SIDO BOOST/BUCK DC-DC CONVERTER
SYSTEMS

A DISSERTATION
SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE AWARD OF THE DEGREE
OF

MASTER OF TECHNOLOGY
IN

POWER ELECTRONICS AND SYSTEMS

Submitted by:
KUMAR GAURAV
2K22/PES/08
Under the supervision of
PROF. DHEERAJ JOSHI
(Professor, EED, DTU)

MR. SHREYANSH UPADHYAYA
(Assistant Professor, EED, DTU)

AT
~(DELTECH ¥

7 e s &
'&\\ =" /&
v 'y
e _,,—_.»///0\\‘&

DEPARTMENT OF ELECTRICAL ENGINEERING

DELHI TECHNOLOGICAL UNIVERSITY
(Formerly Delhi College of Engineering)
Bawana Road, Delhi-110042

JUNE, 2024



DEPARTMENT OF ELECTRICAL ENGINEERING

DELHI TECHNOLOGICAL UNIVERSITY

(Formerly Delhi College of Engineering)
Bawana Road Delhi-110042

DECLARATION

I, KUMAR GAURAYV, Roll No. 2K22/PES/08 student of M.Tech (Power
Electronics and Systems), hereby declare that the project Dissertation titled
“Modelling and Control of Half-Bridge and Novel SIDO Boost/Buck DC-
DC Converter Systems” which is submitted by me to the Department of
Electrical Engineering Department, Delhi Technological University, Delhi in
partial fulfilment of the requirement for the award of the degree of Master of
Technology, is original work and not previously used for the award of any

Degree.

Place: Delhi

KUMAR GAURAV
Date: 7" June 2024



DEPARTMENT OF ELECTRICAL ENGINEERING

DELHI TECHNOLOGICAL UNIVERSITY

(Formerly Delhi College of Engineering)
Bawana Road, Delhi-110042

CERTIFICATE

This is to certify that the dissertation “Modelling and Control of Half-Bridge
and Novel SIDO Boost/Buck DC-DC Converter Systems” being submitted
by KUMAR GAURAV (2K22/PES/08) in partial fulfillment of the
requirements for the award of Master of Technology degree in “ELECTRICAL
ENGINEERING” with specialization of “POWER ELECTRONICS &
SYSTEMS?” at the Delhi Technological University is an authentic work carried
out by him under my supervision and guidance. To the best of my knowledge,
the matter embodied in the thesis has not been submitted to any other

University/ Institute for the award of any degree or diploma.

Prof. DHEERAJ JOSHI Mr. SHREYANSH UPADHYAYA
SUPERVISOR CO-SUPERVISOR
Electrical Engineering Department Electrical Engineering Department

Delhi Technological University Delhi Technological University



ACKNOWLEDGEMENT

It is a matter of great pleasure for me to present my dissertation report on “Modelling
and Control of Half-Bridge and Novel SIDO Boost/Buck DC-DC Converter
Systems.” First and foremost, I am profoundly grateful to my supervisors, Prof.
Dheeraj Joshi and Mr. Shreyansh Upadhyaya, from the Department of Electrical
Engineering, for their expert guidance and continuous encouragement throughout all
stages of my thesis. Their valuable information and timely provision of research papers
brought this thesis to life. | feel fortunate to have had the opportunity to work with
them. Understanding the subject deeply and interpreting the results from the graphs
was a thought-provoking experience, and their kindness and generosity helped me

morally complete the project even before starting it.

I would also like to extend my heartfelt thanks to Ph.D. scholar Mr. Ashutosh Gupta
for his unwavering support during both the best and worst moments of this journey.

His presence and assistance have been invaluable.

A special thank you goes to my parents for their constant support, encouragement,

and prayers throughout this duration. I dedicate my work to them.

Lastly, 1 would like to thank my peers for their camaraderie and support. Their
assistance and encouragement have been crucial in successfully completing this

project.

Thank you all.

Date: 71" june 2024

Place: DELHI KUMAR GAURAV



ABSTRACT

The rapid advancement in power electronics has driven a significant demand for
efficient, reliable, and precise regulation methods in DC-DC converters. This thesis
addresses this demand by focusing on two distinct yet complementary areas of DC-
DC converter technology: the half-bridge DC-DC buck converter and the single input
dual output (SIDO) step-up and step-down voltage converter. The first part of this
study explores the closed-loop voltage mode regulation of a half-bridge DC-DC buck
converter. This converter is renowned for its exceptional load regulation abilities,
achieved through a comprehensive control strategy that ensures precise and reliable
voltage regulation at the output. The approach involves deriving a mathematical
model, employing state-space averaging and linearization methods, and assessing the
open-loop bode plot with various input voltage dividing capacitors. This detailed
analysis highlights the superiority of closed-loop voltage mode control in maintaining
target output voltage amidst load changes and disturbances. Notably, the proposed
controller demonstrates stable output voltage with improved transient response and
decreased steady-state error compared to open-loop control. The second part of this
thesis delves into the SIDO step-up and step-down voltage converter, emphasizing
optimal voltage gain and the challenges posed by load and line variations. A detailed
mathematical model of the SIDO converter is developed to elucidate its behavior under
diverse operating conditions. The study places particular importance on voltage gain
characteristics and the converter's performance in varying load and line scenarios. To
enhance control and stability, a Proportional-Integral (PI) controller is designed and
optimized using MATLAB, ensuring efficient regulation of output voltages.
Experimental validation underscores the control strategy's effectiveness, showcasing
enhanced voltage regulation, reduced output voltage ripples, and improved transient
response. By integrating small signal modelling, voltage mode control, and the Pl
controller methodology, this research offers significant contributions to the fields of
half-bridge buck converters and SIDO converters. The findings presented herein
advance the understanding and application of these converters in power electronics,

providing valuable insights for efficient power conversion in various system.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Within the broad field of power electronics, the growing need for advanced,
dependable, and exact voltage control techniques emphasizes the important part DC-
DC converters perform in many different contemporary technological environments.
From portable electronics to renewable energy systems, where they must satisfy strict
performance criteria defined by modern technology, these converters are essential in
many different applications. With an emphasis on two major types of converters—the
half-bridge DC-DC buck converter, which is adept at step-down voltage applications,
and the single input dual output (SIDO) voltage converter, capable of both stepping up
and stepping down voltages depending on system requirements—the thrust of this

thesis is to investigate advanced control strategies for voltage control.

1.1.1 HALF-BRIDGE DC-DC BUCK CONVERTER

The discussion starts with the half-bridge DC-DC buck converter, well-known for its
high efficiency and simple design. Accurate voltage regulation in such converters is
crucial for consistently maintaining the desired output voltage, even when there are
fluctuations in load and input voltage. This requirement demands advanced control
strategies. This thesis takes a thorough approach, beginning with the development of
a mathematical model using state-space averaging and linearization techniques. These
methods are essential for simplifying the complex dynamics encountered in these
converters, making the analysis and design of control strategies more manageable.
Examining the open loop bode plot with different input voltage dividing capacitors
provides important insights into the frequency response and stability of converters.
This is crucial for developing effective control mechanisms. The focus is on closed-
loop voltage mode control, which is well-known for its ability to effectively regulate
load. This method guarantees the attainment of consistent and dependable operation
by effectively maintaining the desired output voltage, even in the face of disruptions
and fluctuations in load. In practical scenarios, closed-loop systems exhibit superior



transient response and reduced steady-state error when compared to open-loop control,

highlighting their effectiveness.

1.1.2 SINGLE INPUT DUAL OUTPUT (SIDO) VOLTAGE

CONVERTER
The versatility of the Single Input multiple Outlet (SIDO) converter in offering

multiple voltage conversion possibilities from a single input source is explained. This
adaptability is especially advantageous in applications that necessitate the use of
numerous output voltages. Nevertheless, the task of effectively handling the inherent
complexities of attaining the most favourable voltage amplification while
simultaneously dealing with fluctuations in load and line conditions poses substantial
difficulties. A comprehensive mathematical model of the SIDO converter is created to
examine its behaviour under different operating conditions. This model offers a
comprehensive understanding of the voltage gain properties and the converter's
response to dynamic variations in load and input voltage. The study focuses on the
installation of a Proportional-Integral (P1) controller and highlights its design and
optimization using MATLAB. The goal is to improve the stability and response of the
converter. The PI controller's ability to effectively manage steady-state faults and
improve system dynamics is emphasized. The adjustment of the controller's
parameters is thorough, with the goal of efficiently regulating the output voltages to
provide stable operations under various conditions. The experimental validation of the
proposed control strategy demonstrates substantial enhancements in voltage
regulation, decreased output voltage ripples, and improved transient response. This
highlights the practical advantages and operating efficiency that may be achieved
using the recommended control method.

This thesis aims to make a valuable contribution to the field of power electronics by
presenting detailed analyses and enhancement strategies for both the half-bridge DC-
DC buck converter and the SIDO voltage converter. This research demonstrates the
significant impact that well-planned and executed control strategies can have on
enhancing the efficiency and dependability of crucial components in contemporary

electronic and electrical systems.



1.2 LITERATURE REVIEW
Half-bridge DC-DC buck converters and single-input double-output (SIDO) boost

converters play a crucial role in power electronics, serving current energy-efficient
systems that require small size, great reliability, and outstanding performance. As a
result, there has been a significant increase in research efforts in the literature to
improve the design, control, and application strategies of these converters.
Half-bridge DC-DC buck converters are commonly employed in applications that
demand effective step-down voltage regulation and high-power density. The half-
bridge topology divides the input voltage, hence decreasing the voltage strain on the
switching components. By optimizing this process, it has become possible to utilize
MOSFETSs with lower voltage ratings and lower on-resistance, resulting in enhanced
efficiency. Recent developments have mostly concentrated on minimizing the losses
that occur during switching, frequently utilizing Zero Voltage Switching (ZVS)
methods. Studies [30] have further developed the incorporation of innovative soft-
switching approaches that decrease the complexity of circuits, resulting in improved
efficiency and reduced electromagnetic interference (EMI) emissions across a wide
range of loads. Another main focus has been adaptive control techniques [29]-[31].an
intelligent controller dynamically changing the switching frequency and duty cycle in
response to load fluctuations. This adjusts the converter's reaction for best efficiency
over several running settings. Furthermore, the discussion is efficiency enhancement
by means of material advances. Researchers like yan Deng (2009) have argued for the
use of Gallium Nitride (GaN) since it provides better switching frequencies and less
losses than conventional Silicon-based equivalents.

On the other hand, SIDO boost converters play a crucial role in systems that require
multiple output voltages while still being compact in size. This topology is particularly
important in battery-powered applications where maximizing runtime without
sacrificing performance is essential. The SIDO boost converter's ability to provide two
different output voltages from a single input has sparked interest in the development
of multi-loop control systems that can maintain the stability and regulation of both

outputs separately [32]-[35]



On the other hand, SIDO boost converters play a crucial role in systems that require
multiple output voltages while still being compact in size. This topology is particularly
important in battery-powered applications where maximizing runtime without
sacrificing performance is essential. The SIDO boost converter's ability to provide two
different output voltages from a single input has sparked interest in the development
of multi-loop control systems that can maintain the stability and regulation of both
outputs separately [22]-[23]

The trajectory of both converter types indicates a move towards more advanced and
interconnected systems. Research conducted by Koritala et al. (2022) highlighted the
importance of integrating digital control systems that are programmable, flexible, and
equipped with advanced algorithms like artificial intelligence and machine learning.
These systems can automatically predict and adjust to meet the demands of the system.
The incorporation of both converters in renewable energy systems, especially solar
and wind, has been a hub of innovation. Here, the focus is on optimizing energy
extraction, improving conversion efficiency, and providing reliable power to the grid
or loads.p. patra (2013) research showcase the growing trend of combining buck and
boost functionalities in hybrid converter systems, which effectively address complex
energy scenarios [36]-[38].

To summarize, the ever-changing field of study regarding half-bridge DC-DC buck
converters and SIDO boost converters indicates a continuous effort to improve
efficiency in line with the changing energy industry. The constant progress in switch
technologies, control techniques, and integration approaches highlights the crucial
importance of these converters in various applications, including consumer
electronics, industrial power systems, and renewable energy platforms. It is crucial to
keep up with the expanding literature in order to properly comprehend and apply
cutting-edge converter technologies.

1.3 THESIS ORGANIZATION AND CONTRIBUTION

This thesis is organized into several chapters, each focusing on different aspects of the
study on half-bridge DC-DC buck converters and single input dual output (SIDO)
boost/buck DC-DC converters. The structure is designed to provide a comprehensive

understanding of the methodologies, analysis, and findings of the research. The thesis



organization is as follows:

Chapter-1 Provides an overview of the importance of efficient, reliable, and precise
regulation methods in DC-DC converters. It outlines the growing demand in the field
of power electronics and introduces the primary objectives of the study, focusing on
half-bridge DC-DC buck converters and SIDO converters. A detailed literature review
is presented, summarizing existing research on DC-DC converters. The review covers
control strategies, mathematical modelling techniques, and the challenges faced in
maintaining voltage stability and gain. It highlights the gaps in current knowledge that
this thesis aims to address.

Chapter-2 Details the derivation of a mathematical model for the half-bridge buck
converter. It explains the use of state-space averaging and linearization methods to
simplify the model. The chapter also includes an assessment of the open-loop Bode
plot for various input voltages and capacitors, providing insights into the frequency
response and stability of the system.

Chapter-3 Details the implementation of control methodologies for the half-bridge
buck a, presenting MATLAB simulation results. It discusses the effectiveness of the
closed-loop and P1 control strategies, highlighting improvements in voltage regulation,
transient response, and output stability under various conditions.

Chapter-4 Presents the design and mathematical modeling of the novel SIDO
boost/buck DC-DC converter. It explores the converter's dual output capabilities,
behavior under varying conditions, and optimization of voltage gain, setting the
foundation for enhanced control and stability strategies.

Chapter-5 Details the implementation of control methodologies for The IDO
converter, presenting MATLAB simulation results. It discusses the effectiveness of
the closed-loop and PI control strategies, highlighting improvements in voltage gain,
transient response, and output stability under various conditions.

Chapter-6 Concludes with a summary of the key findings and contributions of the
research. It outlines the advancements made in voltage stability and gain enhancement
for DC-DC converters. The chapter also proposes directions for future work to further

improve and innovate in this field.



1.4 CONCLUSIONS

This thesis has thoroughly addressed the fundamental elements of design, analysis,
and control in the context of half-bridge DC-DC buck converters and single input dual
output (SIDO) boost/buck converters. Through a systematic arrangement of research
material in its chapters, this work has highlighted the crucial importance of
effectiveness, reliability, and accuracy in the field of DC-DC conversion. This
represents a significant advancement in the area of power electronics.

The investigation of developments in control techniques for DC-DC converters,
especially within the scopes of half-bridge buck and SIDO converters, forms the
central focus of this work. These advances in power electronics mark a turning point
by bringing in and verifying strong control systems. Such improvements satisfy the
growing needs of many different applications in addition to guaranteeing effective,
consistent, and exact voltage control. This opens the path for further studies aiming at
exploring innovative control strategies and improving current models, so enhancing
the performance and adaptability of these fundamental components in power
electronics systems.

The consequences of this study go well beyond its present conclusions. This thesis
offers a strong basis for next developments by clarifying the intricate behaviors of
converters and their control by use of advanced control strategies. It is a great tool for
next developments in the subject since it fills in a major gap in the current knowledge
base. The insights and techniques presented in this work are likely to be very important
in determining the design and deployment of more dependable, efficient power
converters as the terrain of power electronics keeps changing and growing. This
guarantees that the contributions of this thesis will be relevant far into the future,

guiding next power electronics development.



CHAPTER 2
DESIGIN AND MODELLING OF ISOLATED
HALF BRIDGE DC-DC CONVERTER.

This chapter provides a comprehensive introduction to the design and modelling of
isolated half-bridge DC-DC converters. It covers the fundamental principles of
operation, highlights the key components involved, and outlines the essential steps in
the design process. Additionally, it introduces the mathematical modelling techniques

necessary for analyzing and optimizing the converter performance.
2.1 INTRODUCTION

In today's technology-driven society, there is a crucial need to design power
conversion systems that are efficient. This is because the demand for power sources
that are both safe and reliable is of utmost importance. Isolated DC-DC converters are
increasingly sought after in numerous applications, particularly those involving
sensitive electronic equipment and requiring electrical separation for safety purposes.
Isolated converters provide the additional benefit of electrical isolation between the
input and output, which is essential for preventing ground loops, guaranteeing user
safety, and maintaining compatibility with various power sources.

There are many topologies for isolated converters, each with special advantages
catered for particular uses. Flyback converters, forward converters, push-pull
converters, full-bridge and half-bridge isolated converters all show on the roster.
Among these, the isolated half-bridge DC-DC converter has become somewhat well-
known. Its simplicity of circuit design—which results in manufacturing and
operational cost savings while preserving good power density and efficiency—helps
to explain its dominance in the scene of power electronics.

Part of the advantage of the isolated half-bridge converter is its topology, which calls
for less components than the full-bridge equivalent, therefore lowering complexity and
possible sites of error. Because of the fewer switches, which in turn lowers the
switching losses — a major factor for any power conversion system — the architecture
also offers improved efficiency. Moreover, the use of a transformer in this topology

offers galvanic isolation, a necessary property in many medical and industrial uses.



Effective handling of high input voltages is another important feature of the half-
bridge converter that makes it appealing. In sectors where devices must run
consistently over a wide spectrum of input conditions, this is an absolutely vital trait.
Furthermore, the half-bridge topology's intrinsic redundancy gives another degree of
defense against system failures, hence strengthening the design [1]-[2].

But exact modelling of the operating behaviour of the isolated half-bridge DC-DC
converter is very essential to fully utilize its possibilities. Achieving best performance
depends on a thorough knowledge of the converter dynamics, which is made possible
by accurate modeling. It is the basis upon which performance improvements, design
concerns, and converter dependability and efficacy stand [3]-[4].

Modeling is essential for a variety of reasons. It helps predict how a system will
respond to different inputs and loads, aids in selecting the right components to avoid
saturation and other non-linear behaviors, and is vital for developing effective control
strategies for the converter system. Without a strong and comprehensive model, it is
difficult to determine the necessary criteria for stability, responsiveness, and
efficiency, which are crucial standards for any power converter.[5]-[7].

In this particular situation, the thesis acknowledges that a widely accepted and well-
established method for modeling such converters is by utilizing state-space averaging
approaches. This approach is notable for its capacity to depict the dynamics of the
system in a more controllable manner, taking into consideration the impacts of
changing operating circumstances and non-linear behaviors [7]-[9]. State-space
averaging simplifies the intricate time-domain behaviors of the converter into an
average model, enabling a more comprehensible analysis of both steady-state and
transient situations. This is crucial in the development of dependable converters.

The thesis utilizes the state space averaging technique to describe the isolated half-
bridge converter and generates a transfer function that reflects the system's
performance. The transfer function represents the fundamental dynamics and hence,
acts as a preliminary step in designing an efficient controller. The design of the
controller is essential as it ensures that the converter maintains its target voltage output

accurately, independent of variations in load or input conditions [9]-[10].



An advanced controller, based on a robust mathematical model, guarantees the
stability of the system and improves its transient response. This is crucial for ensuring
consistent operation of the converter. By originating from a legitimate model, the
controller may promptly reduce disturbances, maintain voltages within specified
limits, and enhance the overall resilience of the power system

To summarize, the isolated half-bridge DC-DC converter offers several appealing
benefits, such as high efficiency, simplicity, and reliability, which make it a
compelling choice for widespread use. Precisely simulating this converter is an
essential stage in order to effectively utilize and enhance its functionalities. This thesis
aims to analyze the complexities of the isolated half-bridge converter using state-space
averaging. It seeks to develop a robust model that will serve as the foundation for
enhanced controller design and, ultimately, a more dependable power conversion
solution [11]-[12].

2.2 CIRCUIT DESCRIPTION

== Swi la}

Co= Sw, JE&

Fig 2.1 Half Bridge DC-DC Buck Converter Circuit Description

There are two main types of half-bridge isolated DC-DC converters: symmetric and
asymmetric. The classification is primarily determined by the arrangement and
functioning of the switches and transformer in the converter circuit. In a symmetric
half-bridge converter, the two switches have equal duty cycles, which means they are
activated and deactivated for the same duration during each switching cycle. The
symmetry of the transformer guarantees that the average voltage across its primary
side is zero for one complete cycle of switching, which helps maintain balanced



functioning. Conversely, the asymmetric half-bridge converter employs switches with
varying duty cycles. This modification enables a wider spectrum of output voltage
regulation, but it also brings intricacy in control and a possibility of unbalanced
transformer operation.

A third-order isolated half-bridge DC-DC buck converter is composed of two
switches, Swi and Swy, two input capacitors, Ca and Cp, 0ne output capacitor Co and a
transformer and inductor for energy transfer as shown in Fig.1.

The analysis of the converter modelling is based on the following assumptions. In
steady state condition output voltage and current are constant. The transformer's
leakage inductance L and the parasitic capacitance Co of switches can be considered
insignificant. The duration of the inactive period between the two switch transitions is
significantly smaller in comparison to the switching time period and can be neglected.
The components Lm, L, and C, does not have any series resistance. All components
within the circuit show no losses, meaning that there is no voltage drop across

MOSFETS, diodes, inductors, or capacitors.

2.3 MODES OF OPERATION

2.3.1 MODE 1 OF OPERATION:

C, == SWl.JE}

Fig2.2 Circuit Diagram when Switch (Swi) is close and Switch (Swy) is open

During the positive half cycle, the upper switch (Swi) is turned on, the lower switch
(Swy) is off, allowing current to flow through the positive half of the input DC source,

charging the load inductor and delivering power to the output as shown in fig.2.2
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2.3.2 MODE 2 OF OPERATION

Swy

) v LuAN ENS C== R S

G Sw, JE}

Fig 2.3 Circuit Diagram when Switch (Swx) is open and Switch (Swy) is close

Conversely, during the negative half cycle, the lower switch (Sw>) turns on, and
the upper switch (Swi) turns off, transferring the power stored in the inductor to

the load and ensuring continuous power flow to the output.

2.3 SMALL SIGNAL ANALYSIS

Small signal analysis is a technique in electrical engineering utilized to evaluate the
performance of nonlinear circuits when subjected to minor perturbations around a
defined operating point. By assuming the perturbations are small enough, the
nonlinear elements of the circuit can be approximated by linear models, simplifying
the analysis. This involves identifying a steady-state operating point and then
linearizing the circuit's components around this point. The resulting linearized
circuit allows for the application of linear circuit analysis methods to determine the
circuit's response to small signals, providing insights into parameters such as gain,
input and output impedance, and frequency response. This method is particularly
valuable for the design and analysis of DC-DC converters, analog circuits, including

amplifiers and oscillators.
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2.4 STEPS FOR SMALL SIGNAL MODELLING

Step 1: Identify the operating point.

To begin, it is essential to determine the state variables of the converter. Typically,
the variables to consider for a DC-DC converter are the current flowing through the
inductor(s) and the voltage across the capacitor(s). The selection of state variables

is essential in effectively depicting the dynamics of the system.

Step 2: Model the Converter in Each Switching State

Due to the alternating on and off states of the switches in the converter, the converter
can be in two distinct states during a single switching cycle. It is necessary to create
a circuit model for each state.

ON State Model: In the on state, the switch allows current to flow via the inductor,
transformer, and load. Additionally, voltage is applied across the capacitors.

OFF State Model: This model represents the state of the switch when it is turned off
and not conducting electricity. It illustrates the flow of current through diodes or
other freewheeling routes, as well as the voltage across different components.

Step 3: Formulate state equations for each state

Obtain the differential equations that describe the behavior of the state variables in
both the ON and OFF states. The equations are derived from Kirchhoff's Voltage
Law (KVL) and Kirchhoff's Current Law (KCL).

Step 4: Utilize the Averaging Principle

Utilize the duty cycle (D) of the switch to calculate the average of the state
equations. The duty cycle denotes the ratio of the time during which the switch is
in the ON state to the total switching duration. The averaged state equations are a
combination of the state equations from both the ON and OFF states, with weights

determined by the duty cycle and its complement (1-D), respectively.
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Step 5: Obtain the Averaged State-Space Model

Formulate the averaged state-space model by consolidating the averaged state
equations into a matrix representation. This model comprises a collection of linear
differential equations that depict the converter's behavior across a single switching

period, thereby mitigating the abrupt changes induced by switching.

Step 6: Convert the State-Space Model into a Linear Form
Linearize the averaged state-space model around an operating point if it is
nonlinear. This phase is essential for simplifying the analysis and generating a
transfer function that accurately captures how the system responds to tiny changes
in the input signal around the operating point.

Step 7: Calculate the Transfer Function

Obtain the transfer function from the linearized averaged state-space model by
applying the Laplace transform to the state equations, if needed, and solving for the
ratio between the output variable and the input variable of interest. The transfer
function characterizes the relationship between the input and output of the

converter, providing insights into the system's dynamics and stability.
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' Identification on
Operation Point

Derivation of
state space model

-

Averaging

v

Perturbation and
Linearization

Derivation of
Transfer Function

Fig 2.4 Flow chat of ac small signal modelling
A small -signal model is derived from the circuit equation to analyse circuit

dynamics. The transformer magnetizing inductor current (im), output inductor
current (iL), input capacitor voltage (V) and output capacitor voltage (V) are
state variables. Input voltage, output voltage are controlled input variable and output
variable respectively of the HBBC

= [Vca iy i Ve, ] o ou=[Wl, y=1[V] 2.1
The state space representation of the system is described by the generalized set of
equations:
x=AX+ BU
y =CX+EU 2.2

the state matrix is denoted by A, the input matrix is denoted by B, the output matrix is
denoted by C, and the input output coupling matrix is denoted by D.
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2.4 STATE SPACE EQUATION

State space equations are a mathematical representation used in control theory and
systems engineering to model and analyse the dynamic behaviour of systems. This
representation employs a set of first-order differential equations to describe the
evolution of the system's state variables over time. The differential equations of the
HBBC converter in Mode 1 are as follows:

Weg _ _m b 2.3)
dt 2C, 2N,C,
diy _Veq (2.4)
dt Ly
din _ Ve Ve, (2.5)
dt ~ N,L L
LA Ve, (2.6)
°o” €, RC,
[VCa im iy VCo ]
= [0 ! ! 0 ! 000 ! 00
- 2C,  2N.C, Ly N,L (2.7)
1 1 1 o
—700 . _E] Ve, imiLVe,] +[00001V;
The differential equations of the HBBC converter in mode Il are as follows:
dVCa _ _ lM _ iL (28)
dt 2C, 2N,C,
diy _Veq Vs 2.9)

dt Ly Ly

di, _ _Yeg Veo | W (2.10)

dt  N,L L @ N,L

yooo Voo 2.11)
o™ ¢, RC,

[VCa Ev UL VCo ]

= [0 ! ! 0 ! 000 ! 00
B 2C, 2N,C, Ly N,L
1 1 1 o (2.12)
_ZOOC_O_RCO] [VCalMlLVCO]
+ [0 L 0] |4
Ly N,L s

The switching waveform of the circuit in both the mode of operation is shown below:
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Fig.2.5 Switching waveform for switches, diodes, and inductor

Table 2.1 Design parameter of half bridge DC-DC buck converter

Parameters
Input Voltage
Output Voltage
Switching Frequency
Duty Cycle
Magnetizing Inductance
Filter Inductor
Filter Capacitor
Load Resistance
Secondary Winding 1
Secondary Winding 2
Current Ripple
Voltage Ripple

Symbols
Vs

AN

Values

220V
48 V
100 kHz
0.218
500uH
800uH
300uF
24Q
1
1
20% I,
1%V,
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The switching waveforms of the diode, inductor, and switches are illustrated in Fig.
2.4 for two distinct modes, Mode 1 and Mode 2. In Mode 1, Switch 1 is in the on state
while Switch 2 is in the off state. During this mode, Diode 1 is conducting, and Diode
2 is not conducting, resulting in the inductor being charged. Conversely, in Mode 2,
Switch 2 transitions to the on state and Switch 1 to the off state. In this mode, the

inductor discharges through Diode 2, which is now conducting, while Diode 1 is off.

To mitigate the impact of the switching ripple component on the circuit equations, a
technique of averaging across a single switching period is employed. The averaged
switching model is obtained by calculating the average of the aforementioned

equations over a single switching period according to Fig.3.

A=A d+A,(1-d) (2.13)
B = B;d+B,(1—4d) (2.14)
C= Cd+C,(1-4d) (2.15)
D =Dyd+ D,(1-4d) (2.16)

In order to obtain the small signal model of the isolated half bridge DC-DC buck
converter, it is essential to linearize the nonlinear averaged state-space model in
relation to a specified operating point. The introduction of perturbations is employed

to modify the state variables (i, i, V¢, Vc,), input variables (Vs), output variables

(Vo), and duty cycle (D).

d=D+d
x=X+%x (2.17)
u=U+1
y=Y+y

The linearized small signal model is obtained by incorporating the perturbed variables

into the averaged state-space model Eg. while disregarding the higher order terms.

s2(s) = A%(s) + Bi(s) + (A4, — A)X(s) + (B, — BHU(s)d(s)  (2:18)

9(s) = C2(s) + Da(s) + ((4; — A)X(s) + (D1 - D2)U(s))d(s) ~ (¢19)
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% = (sI — A)7H((4y — A)X(s) + (B, — B)U(s)) (2.20)

Using Equation, the output-to-control transfer function can be obtained by substituting

the values of the parameters from Table .

7,(s) _ 125% + @118 + ayg (2.21)
d(s) s*+ P33+ B2+ Bis+ B

The control to output transfer function is given by:

A~

, 4.7 x 108s? + 4.273 x 10'%s + 9.4 x 10%°

4 s*+1578x 107s3 + 1.514 x 10%s + 3.788 x 1013
This specific transfer function encapsulates the relationship between the converter's

(2.22)

output voltage and the duty cycle. The transfer function of the output voltage to
duty cycle is crucial for achieving accurate control over the output voltage. Ensuring
a consistent and precise output voltage is crucial in real-world scenarios,
irrespective of fluctuations in input voltage or alterations in the load. The transfer
function facilitates the adjustment of the duty cycle to counter disturbances,
allowing real-time control techniques like as Pulse Width Modulation (PWM) to
effectively maintain desired voltage levels.

Furthermore, from a design standpoint, this transfer function provides engineers
with crucial insights. Through the analysis of this function, it is possible to
anticipate the impact of alterations in the converter's settings or operating conditions
on its performance. By adjusting the duty cycle, it becomes feasible to predict the
consequences, which helps in choosing suitable components and determining the
best operating points that align with required performance standards.
Moreover, the transfer function is of utmost importance in stability analysis.
Through the analysis of the properties of this function, specifically its poles and
zeros, engineers may evaluate how the system will react to disturbances and detect
any possible stability problems. Conducting this proactive analysis is essential
because it provides the information needed to make the necessary compensations
or tweaks to the control strategy. This ensures that the converter functions reliably

in all anticipated circumstances
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CHAPTER 3
CONTROL METHODOLOGY

3.1 INTRODUCTION

For the isolated half bridge DC-DC buck converter to achieve the desired voltage
regulation, improve dynamic response, and increased system stability, closed-loop
control must be used. In this study, the proportional integral (PI) controller utilized in
closed-loop half bridge DC-DC converter with voltage mode control is thoroughly

studied, and its effects on the converter's overall performance is evaluated.

The closed-loop regulation of a half-bridge DC-DC buck converter is crucial for
achieving accuracy in output voltages that are used in important applications. The
necessity for closed-loop control arises from the fact that real-world situations often
cause disruptions, such as variations in input voltage, alterations in load, and
imperfections in components. If not monitored, these factors can cause substantial
variations from the intended output voltage. Closed-loop control systems continuously
monitor the output, compare it to the desired setpoint, and dynamically alter the control
input to correct any deviations, ensuring a steady and consistent output despite external
disturbances or internal variations.

In order to provide closed-loop voltage mode control in these converters, we have
utilized a closed-loop Proportional-Integral (PI) controller. This controller effectively
handles the system's dynamics to ensure that the desired voltage is maintained by
consistently correcting any discrepancies found in the output voltage. The PI controller
combines the immediate error proportionality with the integral of past errors to provide
the system with both reactive and anticipatory control actions. The proportional term
generates a response that is directly proportionate to the current error, whereas the
integral term aims to eliminate any remaining steady-state error by integrating the error

over time.

3.2 CLOSED LOOP VOLTAGE MODE CONTROL

Voltage mode control operates by directly adjusting the duty cycle of the converter in
response to output voltage readings. Put simply, the control variable is the voltage, and

modifications are made to the switching element in the converter to ensure that this
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voltage remains at a predetermined level. The P1 controller in the voltage mode control
scheme perceives every deviation between the actual output voltage and the desired
voltage as an error, which it methodically reduces by altering the duty cycle

correspondingly as shown in the below figure:

Voref Ver Pl Controller PWM Vo
Y L |  PLANT >
Ge(s) Gpwm(s)

Fig. 3.1 Closed loop voltage mode control diagram

The HBBC converter, a non-linear system, is susceptible to variations in the input
voltage, load current, and various external factors. Hence, the implementation of a
closed-loop control system becomes imperative in order to effectively regulate the
output voltage of the HBBC converter. In the absence of a closed-loop control system,
it is observed that the output voltage exhibits fluctuations, thereby posing a potential
risk of detrimental consequences to both the load and the converter.

The closed-loop voltage mode control technique is employed to effectively regulate
the output voltage of the HBBC converter. This control method operates by
dynamically adjusting the duty cycle of the converter in response to the error signal,
which represents the discrepancy between the desired output voltage and the actual
output voltage. By continuously monitoring and adapting the duty cycle, the closed-
loop voltage mode control ensures that the HBBC converter maintains a stable and
accurate output voltage as shown in fig (3.1). The closed-loop control system is widely
recognized for its ability to deliver exceptional output voltage regulation and rapid
transient response, rendering it highly suitable for a diverse range of applications

necessitating power flow.

The transfer function of PI controller is given as:

K.
Ge(S) = Kprop + %t (3.1)
0.56521
G.(s) =1.8344x 1072 + —— (3.2)
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where K,,,, Kin; denote the proportional, integral, derivative gains which are
selected as K, = 1.8344 X 1072, K;;,, = 0.56521, which is calculated with

the help of ziegler-Nichols Method.

C, — Sr";’l.J“} i
- N_N__}f'YW\
<> VS LaaN ‘ El\lsl D; + L C:J_ .
I iy Mo P2 'T
v

Cb=|= SW;‘JEI} Sensor gain H(s)

Hy
Error signal
1\ Pulse — width Ve < Ve %
Gels
Transistor gate modulator C( ) +
driver Compensator

Reference input | of

Fig 3.2 Voltage mode control loop for HBBC Converter

The small signal model for the closed loop voltage mode control system is shown in the
figure.

Disturbances
I"&» Zou(s)
Vs(s) > Gyg(s)
v v Ve(s) 1 d(s)
ref eriyl  T(s) o — » Gua(s)
Vm
Controller Pulse Width Plant
Modulator
H(s)V,(s)
H(s) [¢

Feedback

Fig 3.3 Close loop voltage mode control loop for HBBC Converter
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The reference to the output closed-loop transfer function is given by:

~

Vier (y3S> + A8% + @pyS + gy 3.3)
V, 5%+ Bas* + P3s3+ 52 + 15+ Py
Where the constant values are given as follows

~

Vier 8.622 x 10°s3 + 1.049 x 10%s2 + 1.725 x 10*s + 5.313 x 105
A © s5+126.35% +2.44 x 107 53 +2.563 X 10952 + 2.103 X 1014s + 5.313 x 1015

Fig 3.4 displays the bode plot of the open loop plant, illustrating the variations
resulting from different input capacitor values, Ca. Three different capacitance values
were used for C, are 100pF, 200uF, and 330uF. The presented figure illustrates that
alterations in the values of capacitors result in variations in the phase margin of the
open loop system. The phase margin for a 100uF capacitor is -0.773 degrees,
indicating a high level of instability in the open loop system. However, when using a
200pF capacitor, there is a slight improvement in the phase margin, which increases
to 5.96 degrees. The phase margin for a capacitor with a capacitance of 330 pF is
measured to be 6.54 degrees. An increase in the value of capacitor C, leads to an
enhancement in the phase margin of the open loop system. This study helps in selection

of Ca capacitor value
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Fig. 3.4 Open loop frequency response with variation in C, of Half bridge DC-DC

buck converter

While it is true that the stability of a system increases with an increase in phase margin,
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this improvement is accompanied by a trade-off in the form of a slower response time.
In order to achieve optimal response time and system stability, the value of Cais
selected as 200 pF for the design of the closed-loop system.

Fig 3.5 illustrates the frequency response of the closed loop system. The closed loop
system exhibits a phase margin of 78 degrees, indicating a significantly higher level

of stability in comparison to its open loop counterpart.

Bode Diagram
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Fig 3.5 Bode plot of closed loop system of half bridge DC-DC buck converter

3.3 RESULTS AND DISCUSSION

The design and modeling of the Half bridge DC-DC buck converter in conducted using
MATLAB/Simulink. Additionally, the PI controller was developed and calibrated
using the Phase Margin test methodology

3.3.1 Open Loop Vs Closed Loop Voltage Comparison

Fig 3.6. depicts the output voltage characteristics of the half bridge buck converter in
both open and closed loop configurations. The open loop system exhibits a maximum
peak overshoot of 51%, from 48V to 72.24V whereas the closed loop system
demonstrates a maximum peak overshoot of 9.85% from 48V to 53.72 V. This
observation suggests a clear correlation between the phase margin and the maximum
peak overshoot. Increasing the phase margin of the system results in a reduction in the

peak overshoot.
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Fig 3.6 Open loop vs closed loop Half bridge DC-DC buck converter output voltage

3.3.2 Load Regulation
The evaluation of the steady load regulation performance involves a step variation of

the resistive load within the range of 26€2 to 48Q. This process is accompanied by
continuous monitoring of the output voltage, as illustrated in Fig. 8. Due to load
change output voltage maintain the constant voltage 48 V with load current reduced
from 1.8Ato 1A. The simulation findings illustrate the converter's capacity to sustain
a consistent output voltage within a desired load, thereby regulating output voltage

precisely.

1 I ] | 1 I | I l

Vo
30k — o x 10 ]

1 [ | | 1 I | 1 1
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 l
Time(s)

Fig.3.7 Load Regulation response of Half bridge DC-DC buck converter
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3.4 CONCLUSIONS

In conclusion, this research underscores the substantial merits of employing closed-
loop voltage mode control in half-bridge DC converters. Through a thorough
investigation, including a small-signal analysis, we have assessed the system's
stability, transient step response, and bandwidth characteristics. In the course of the
investigation, the system's response to different input capacitor values is examined.
This in-depth analysis proved instrumental in identifying the most suitable input
capacitor with a capacitance of 200 pF, thereby enhancing the overall stability of the
system, resulting a phase margin of 78 degrees. These findings both inform and propel
the design, optimization, and effective application of this control strategy in numerous
power electronic contexts.

Dependable output voltage of 48V is maintained via voltage mode control, even when
faced with sudden load variations from 262 to 48Q. It's critical to recognize, however,
that achieving superior performance is fundamentally contingent upon appropriate
selection of controller parameters. Additionally, the efficiency of this control approach
may be modulated by different power levels or applications.

To effectively address the impact of load and line voltage variations, it is advisable to
encourage further research in this domain. Subsequent investigations could center their
attention on optimizing controller parameters to suit diverse operating conditions, as
well as engaging in comparative analyses of alternative control strategies. Moreover,
future research endeavors may delve into the exploration of non-linear controllers,
such as sliding mode or model predictive controllers, to tackle the inherent non-
linearities within the system. This avenue of research holds the promise of deepening
our understanding and uncovering the most efficient controller strategies tailored for
half-bridge DC-DC buck converters.
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CHAPTER 4
DESIGIN AND MODELLING OF NOVEL SIDO
BOOST/BUCK DC-DC CONVERTER

4.1 INTRODUCTION
POWER CONVERTER Single-input—-multiple-output (SIMO) dc—dc converter stages

have been utilized in variety of applications, architectures having multiple dc
ports.[14] Typical examples include electric vehicles Charger. And auxiliary supplies
like LED drivers, MOSFET Gate driver, controlling IC driver as well as stand-by
power supplies To ensure the effective functioning of systems employing multiple
outputs, it is imperative to establish seamless coordination of control among each
converter, facilitating optimal power flow management The approach of employing N
distinct single-input-single-output (SISO) DC-DC converters to generate N outputs
results in enlarged dimensions, increased volume, and elevated expenses. Hence, in
pursuit of cost reduction, size minimization, and the attainment of high-power density,
the proposition of single-input multiple-output DC-DC converters (SIMO) has
emerged [13]-[18]. These converters aim to reduce costs, decrease size, and achieve
high power density This study introduces a non-isolated Single-Input-Dual-Output
(SIDO) DC-DC converter capable of delivering both step-up and multiple step-down
outputs from a singular DC input. The design achieves this by substituting the control
switch of a boost converter topology with series-connected switches, leveraging the
resultant switch nodes to optimize supplementary outputs through low-pass filter
networks The step-up and step-down gains obtained are equivalent to those of
individual boost and buck converters, respectively. However, in contrast to separate
converters, the proposed configuration employs a smaller number of switching
elements [19]-[24]. Additionally, the converter maintains continuous currents at both
the input and the step-down output. Consequently, the demand for input filtering is
reduced compared to a conventional buck or buck-boost converter. Moreover, the
complementary switching operation does not necessitate dead-time protection, thanks
to the built-in safeguarding provided by the circuit topology. A further point to
consider is that the control system of the SIDO converter is comparable to that of
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traditional buck and boost converters. In light of the fact that these two items are
equivalent, it is not difficult to expand control procedures in order to accomplish
accurate regulation of each output. When it comes to applications like as solar-battery
chargers, DC nano grids, and bias supplies, where several outputs at different voltage
levels are needed, this versatility is crucial. A small signal analysis is conducted for
the single-input, dual-output (SIDO) step-up and step-down converter, taking into
account variations in both the input voltage and the load.

In order to function properly, modern electronic systems require the supply of multiple
direct current (dc) outputs that are different in voltage. Additionally, additional
circuits, which are referred to as auxiliary circuits, are typically located next to the
primary power stage. The operation of these circuits is dependent on low voltages, as
is the case in fuel cell systems. It is possible for the converter that has been suggested
to deliver a greater output voltage, which functions as the major power stage, in
addition to a secondary output that has a lower voltage. Numerous applications,
including solar-battery chargers, DC nano grids, bias supplies, and others, could

potentially benefit from the converter [25]-[28].
4.2 MODELLING OF SIDO CONVERTER

A sixth-order non-isolated SIDO converter is composed of two switches, Swi and Swo.
The schematic diagram of the SIDO, having dual dc outputs as shown in Fig.1.,
focuses on continuous conduction mode (CCM) of operation, all the subsequent
analysis in this work would consider this assumption. The SIDO converter is
implemented with two bidirectional switches, Swi and Swo. These switches create four
operating modes, with three being distinct, thus results in three different switching

mode of the converter. These modes are discussed in the following sections:

-G §R1

Fig 4.1 SIDO Converter Circuit Diagram
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4.2.1 MODE 1 OF OPERATION
When Both Swi and Sw» are on as shown in Fig.4.2 this interval. The inductor L

charged up, while the inductor L» discharge through switch Sw» and inductor Ls
discharge through source. the waveforms of the inductor current with respect to
switching intervals Do.

Ly

::Cl §R1

Fig 4.2: Mode 1 Circuit Diagram of SIDO Converter
Considering the DC loads R1 and R: at the step-up and step-down terminals,
respectively, the differential equation for the different inductor currents and the

capacitor voltages are:

diy, Vi Ve,

_ Ves 4.1)
it L, L

di, _ _Veu 4.2)

dt L,
ding _ Ve (4.3)

dt Iy
dVC1 VC1 (44)
AVep iy _ Ve, (4.5)
dVes Uy iy (4.6)

4.2.2 MODE 2 OF OPERATION:

During this mode the inductor L1 charge is distributed in components: one is flowing

through diode D, and another one is through the buck inductor L.
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C: §R1

Fig 4.3 Mode 2 Circuit Diagram of SIDO Converter

The step-up and step-down converter draws energy from the source during this mode.

the differential equation for the different inductor currents and the capacitor voltages

are:

di, _ V% _Veu

dt L, L
iy _ Ver Ve Voo
dt L, L, L,

dig _ Vey
dt L,

dVC1_1L1 i, s Vg

at ¢, C, C R,

dVep Uy _ Voo
dt C, C,R,

Veg _ iy
at  Cs

4.2.3 MODE 3 OF OPERATION:
In this mode, the inductor L> discharge through antiparallel diode D> of switch So.

the waveforms of the inductor

shown in Fig.4.4.
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Fig 4.4 Mode 3 Circuit Diagram of SIDO Converter

The differential equation for the different inductor currents and the capacitor voltages

are.
duy _ Ve Ve (4.13)
at L, L
di, _ Ve (4.14)
dt L,
dig __Vey (4.15)
dt L,
Ve, by, Ve (4.16)
it ¢, R,
Ve, iy, Vo (4.17)
dVey _ Uy 4.18)
dt  C

The analysis of the switching waveform of the Single-Inductor Dual-Output (SIDO)
Boost converter elucidates three distinct operational modes, each delineating specific
configurations and behaviors of the converter's key components. Mode 1,
characterized by the concurrent activation of both switches, initiates a charging phase
where the inductor begins accumulating energy, while inductors L2 and L3 discharge
energy to their respective output loads. Notably, during this mode, the diode remains
inactive, ensuring controlled energy flow dynamics. Transitioning to Mode 2, which
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occurs when switch 1 is activated while switch 2 is deactivated, all three inductors
undergo a charging cycle simultaneously, with the diode assuming a conductive state,
facilitating directed current flow. Finally, Mode 3, marked by the deactivation of both
switches, signifies a phase where all three inductors discharge stored energy, while the
diode maintains a conductive state, ensuring continuous current flow. This detailed
analysis provides valuable insights into the operational modes of the SIDO Boost
converter, essential for understanding its energy conversion mechanisms and
optimizing performance across varying load conditions. The switching waveform of

the SIDO Boost converter can be seen in Fig.3:
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Fig.4.5 Switching Waveform with respect to mode of operations.

4.3 SMALL SIGNAL MODELING

Small signal modelling of SIDO converter is carried out using the state space
averaging technique. The converter modelling is analyzed with the following
presumptions. Both output voltage and current are constant in a steady state condition.

Switch parasitic capacitance C, can be ignored. The components inductor and
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capacitor does not have any series resistance. An analysis of circuit dynamics is
conducted by deriving a small-signal model from the circuit equation. All the inductor
current and all capacitor voltage are state variables. Input voltage, output voltage are
controlled input variable and output variable respectively of the SIDO converter as
shown in Eq. (19).

x=iny iy iy Vey Ve Ves |, u=1[l y=1[V] (4.19)

The subsequent equation presents the state space representation of a converter system:
X = Ax + Bu
y=Cx+Du (4.20)
where A is the state transition matrix, B is the input matrix, C is the output matrix and

D is the direct transmission matrix.

One method to reduce the effect of the switching ripple on the circuit equations is to
average across one switching interval. The averaged switching model is obtained by
calculating the average of the aforementioned equations over a single switching period
according to Eq. (4.19) — Eq. (4.20)

A =Aydy + Ay(dy —dy) + A3(1 — dy) (4.21)
B = Byd, + By(d; — d3) + B3(1—d,) 4.22)
C = Cidy + Co(dy —dy) + C3(1—dy) (4.23)
D = Dldz + D2 (dl - dz) + D3(1 - dl) (424)
d=D+dx=X+Ru=U+0y=Y+9 (4.25)

Small signal model is linearized by introducing the perturbed variables into the
averaged state-space model Eq. (4.21) — Eq. (4.25) while disregarding the higher order

terms.
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2(s) = AR(s) + B(s) + ((4rdy — Az(dy — dy) — Azdy) X(s) +

A A A A (4.26)
(B1d2 — By(d, — dz) — Azdy) U(S))

The control to output transfer function can be derived using Eq. (4.26) as shown
below:

Vi(s) Va(s)

— = when d, =0,1=0 (4.27)
di(s) dqi(s)
X(s) .
a6 - (sl — A)™* ((A, — 43) X(s) + (B, — B3) U(s)) (4.28)
I’/\1 _ alSSS - a14s4 - (X13S3 - a12$2 — 1S + ay
4, PeSC+ PssS + Bas® + Bas® + P52 + Pis + Bo (4.29)

The constant values are provided as follows:

a5 = 3.957 x 10* @y, = 3.62 x 108 a3 = 1.925 x 1012
@, = 2.686 x 1015 a;; = 1.562 x 10%° a0 = 9.271 x 1022
fs = 1108 By = 4.161 x 107 fs = 2.884 x 101°
B, = 4.87 x 1014 f1 = 1.317 x 107 Bo = 1.129 x 10%1
Similarly,
%16 can be calculated when d, = 0 and @i = 0
d5(s) (4.30)
29 can be calculated when d, =0andi =0
dy(s)
X(s) - 431
== (sl —A)™* ((4; — 43) X(s) + (B, — B,) U(s)) (4.31)
d(s)
& _ A48t — 0‘2353 - azzs2 — Q15 — Uy
d,  BeS® + BsS5 + Bust + Pas3 + Bos2 + s + By (4.32)
The constant values are specified as follows:
@y, = 1.489 x 10° a3 = 3.708 x 101 @y, = 3.655 x 1016
@y, = 7.34 x 1018 @y = 9.481 x 1022 Bs =1
Bs = 1108 Bs = 4.161 x 107 Bs; = 2.884 x 10'°
B, = 4.87 x 10 By = 1.317 x 10Y7 Bo = 1.129 x 1021

In the analysis of a single-inductor dual-output (SIDO) boost converter, the transfer

functions show notable characteristics. The self-regulation metrics (V1/D1) reveal
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gain margin of 32.04 dB with a phase margin of -120degrees, while VV2/D2 boasts an
infinite gain margin and a30-degree phase margin, indicating robust stability. Cross-
regulation effects, quantified by off-diagonal components, exhibit a gain margin of
26.02 dB and -20 degrees phase for V1/D2, and 27.95 dB with -140 degrees phase for
the counterpart, highlighting the intricate balance of performance across outputs as
shown in Fig.4.6 and Fig.4.7
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Fig 4.6. Open loop frequency response of the system diagonal elements.
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Fig 4.7 Open loop frequency response of the system off diagonal elements.
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Table I Design parameter of SIDO converter

Parameters
Input Voltage
Output Voltage
Output Voltage
Switching Frequency
Inductors
Capacitors
Load Resistance

Load Resistance

Symbols

Vs

fSW

Ly, Lo L3
Cy, Co, Cs
R1

R2

Values
48 'V
96 V
12V

20 kHz

1.2uH
ATuF
96Q

12Q
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CHAPTER 5

CONTROL METHODOLOGY IN SIDO
CONVERTER

5.1 INTRODUCTION

For the SIDO converter to achieve the desired voltage regulation, improve dynamic
response, voltage gain and increase system stability, closed-loop control must be used.
The study employed a proportional integral (P1) controller in closed-loop SIDO
converters with voltage mode control is thoroughly studied, and its effects on the

converter's overall performance are evaluated
5.2 CLOSED LOOP CONTROL

Closed-loop control is essential for maintaining stable and accurate voltage outputs in
a Single Input Double Output (SIDO) boost converter. This is critical for the efficient
operation of voltage-sensitive electronic equipment.

Any electrical system, especially those involving power conversion like a SIDO boost
converter, fluctuations in input voltage or changes in load demand can cause
unwelcome changes in output voltage. Such variations may compromise the operation
of converter-powered devices or potentially destroy delicate components. By always
tracking the output voltage and matching it with a target setpoint voltage, closed-loop
control systems help to solve this problem. Should a disagreement be found, the system
automatically modulates its operation to offset the variation, therefore guaranteeing
the stability and within range of output voltage. Maintaining constant performance
under changing running conditions depends critically on this dynamic, real-time
adjusting capability.

Using a Proportional-Integral (PI) controller inside a closed-loop control system
provides a sophisticated method for SIDO boost converter output voltage
management. Reacting to the instantaneous difference (error) between the actual
output voltage and the desired setpoint, the proportional section of the PI controller It
guarantees fast response to any changes by matching the operation of the converter to
this error. But the proportional control by itself may produce a residual steady-state

error, in which case the integral component becomes rather important. Consistent long-
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term accuracy depends on the integral portion accumulating the error over time
applying a correction to eliminate the steady-state error. For voltage control in boost
converters, this dual-action approach results in quite effective PI controller.

5.3 VOLTAGE MODE CONTROL OF SIDO BOOST
CONVERTER

Specifically, voltage mode control is the technique whereby the control system
employs the output voltage as the main feedback to control the running of the
converter. Since the control loop of this straightforward and effective approach
concentrates only on reducing the voltage error, it guarantees the intended voltage
output. Voltage mode control guarantees that each output of a SIDO boost converter
under the control of a P1 controller maintains its set voltage level independent of input
fluctuations or load changes. It is especially helpful since it can be immediately applied

with a PI controller to give fast and accurate voltage change and simplifies the control

approach.
Voret Ver | by Controller PWM Vo
> —p| PLANT
G:6) Geun() >
Fig. 5.1Closed loop voltage mode control of SIDO converter
The transfer function of the PI controller is given by:
K:
Gl(s) = Kprop + %t (5.1)
1.2224
G,(s) = 0.0015 + (5.2)
K:
G, (s) = Kprop + %t (5.3)
1.9406 (5.4)

G,(s) = 0.0017 +

Where,
G, (s) = Pl Transfer function for controlling the boost output voltage

G, (s) =PI Transfer function for controlling the buck output voltage
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5.4 SIMULATION RESULTS
The SIDO converter was analyzed using MATLAB/Simulink modelling and

simulation techniques as shown in the fig. Different inputs and load conditions were

applied to examine the behaviors of these systems in both open and closed loop

configurations.

Sip3p,

<
D

Fig 5.2 Block diagram for closed loop of SIDO converter

1.1.1
Table Il Performance parameters for SIDO Converter

AVERAGE PEAK

VOLTAGE OVERSHOOT SETTLING TIME
DUTY

V1 V2 V1 V2 V1 V2
[D)i z 82 105.0V  13.42V  60.1% 162% 13 ms 13.3 ms
D1 =0.5 0 0
D,=0.4 854V 940V  65.9% 190% 12.5 ms 9.28ms
D1f0'6 105.9V  14.22V  50.8% 142% 13.08 13.1 ms
D2=0.3 ms
D:=0.5
D,= 0.3 83.7v. 10.95V 61.9% 145% 12.2 ms 13.2 ms
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5.4.1 OPEN LOOP OUTPUT VOLTAGE RESPONSE:

Optimizing the performance of a Single Input Double Output (SIDO) boost converter
depends critically on an awareness of the output voltage response with respect to
changes in the duty cycle. The output voltage and efficiency of converters depend
much on the duty cycle—that is, the percentage of one period in which a signal or
system is active.

In the experiment described, the SIDO boost/buck converter was tested with various
duty cycles to analyze the resulting output voltages. Applying different duty cycles to
Switch 1 and Switch 2 in an open-loop system resulted in noticeable differences in
both the transient and steady-state responses. More precisely, the converter's boost
section exhibited a transient response with a peak overshoot of 168 V when subjected
to a duty cycle of 0.6. Eventually, it settled at a steady-state output voltage of 107 V.
On the other hand, the buck section, with a duty cycle of 0.4, had a relatively smaller

peak overshoot of 35 V and eventually stabilized at a steady-state value of 13.5 V.
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Fig. 5.3 Open loop output voltage at d1 = 0.6 & d> = 0.4
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Fig 5.6 Open loop output voltage at d1 =0.5 & d> = 0.3

40



These observations highlight the importance of carefully adjusting the duty cycle
settings of the SIDO boost converter. It is evident that even slight changes in the duty
cycle can significantly impact the converter's voltage and current dynamics. The peak
overshoot during the transient phase highlights the importance of meticulous duty
cycle selection to avoid possible overvoltage stress on connected devices and to

guarantee the converter's efficiency and longevity

T T T T T T T T
1

0.8
0.6
0.4
0.2

0

GATE
PULSE 1

E i
0.8 -
0.6
0.4
0.2
0

GATE
PULSE 2

iL1 (A)

iL2 (A)

—~ 14
<

0.44445 0.4445 0.44455 0.4446 0.44465 0.4447 0.44475 0.4448 0.44485

Time (s)
Fig. 5.7 Inductor current waveform with respect to gate pulse

Moreover, when assessing the performance of each inductor current and capacitor
voltage, unique profiles become apparent. Every component in the converter responds
uniquely to changes in duty cycle, which reflects their function in stabilizing voltage
and current fluctuations. Inductors and capacitors play a crucial role in stabilizing the
output after the initial transient overshoot. Inductors resist changes in current, while

capacitors store and release charge, collectively contributing to the stabilization
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process. More precisely, the current profile of the inductor shows a clear connection
to variations in duty cycle. When the duty cycle is increased, it usually leads to a higher
current in the inductor, which in turn contributes to the observed peak overshoot in
output voltage. Meanwhile, the voltage profile of the capacitor has a direct impact on
the phase of smoothing out, which helps the system reach a steady state.

T T T T T T T T T T

GATE
PULSE 1

o
¥

1 1 1 1 1

16 1 1 I I | | 1 1 I
0.549 0.54905 0.5491 0.54915 0.5492 0.54925 0.5493 0.54935 0.5494 0.54945

Offset=0 .
= Time (s)

Fig. 5.8 Capacitor voltage waveform with respect to gate pulse

5.4.2 SELF AND CROSS-REGULATION:

In DC-DC converters, regulation refers to the ability to maintain a constant output
voltage despite variations in input voltage or load conditions. This regulation can be

classified into self-regulation and cross-regulation:

1. Self-Regulation: This pertains to the converter's capacity to stabilize its own

output voltage in response to changes in its input voltage or load. In a well-designed
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DC-DC converter, feedback control mechanisms are employed to adjust the duty cycle
of the switching elements, thereby ensuring that the output voltage remains within
specified limits. The feedback loop continuously monitors the output and makes real-
time adjustments to counteract any deviations caused by fluctuations in the input
supply or changes in the load demand.

2. Cross-Regulation: This occurs in multi-output DC-DC converters and refers
to the impact that changes in one output have on the other outputs. Ideally, each output
should remain stable regardless of variations in the other outputs; however, due to
interactions within the shared components of the converter, such as the transformer or
the control circuitry, changes in one output can influence the stability and regulation
of the other outputs. Effective cross-regulation minimizes this interaction, ensuring
that each output maintains its intended voltage independently of the conditions
affecting the other outputs. This is typically achieved through careful design and
placement of feedback loops for each output, as well as through the use of isolated
regulation techniques and improved circuit topologies.

The impact of self- and cross-regulation on the SIDO converter is seen in Fig 5.8. At
0.25 seconds, a sudden change in Ry results in a self-regulation of 1.2 V in the boost
output voltage V1. The cross-regulation of the buck output voltage is measured to be
500 mV.
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Fig 5.9. Regulation effect on the open loop output voltage
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The effect on the SIDO converter of self- and cross-regulation is seen in Fig. 5.9. At
0.25 seconds, a significant shift in Rz results in a self-regulation of 600 mV in the buck

output voltage V2 and a cross-regulation of 400mV in the boost output voltage.
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Fig 5.10 Regulation effect on the open loop output voltage
This shows that in SIDO converter with a change in load R1 and R there is effect on

both transient and steady state.

54.3 OUTPUT VOLTAGE PERFORMANCE UNDER CLOSED

LOOP.
After implementing closed-loop control in the converter, the output voltages become

stable, with the boost voltage maintaining a steady 96 V and the buck voltage
stabilizing at 12 V. The peak overshoot observed in the output voltages is significantly
reduced compared to the open-loop mode, as illustrated in Figure 5.11. This
improvement demonstrates the effectiveness of the closed-loop control in enhancing

the system's transient response and stability seen in Fig 5.11
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Fig.5.11 Closed Loop Output Voltage
5.44 LOAD REGULATION:

Load regulation in a DC-DC converter refers to the ability of the converter to maintain
a stable output voltage as the load varies. It is a measure of the converter's performance
in providing a constant voltage to the load despite changes in the current drawn by the
load. Mathematically, load regulation is often expressed as a percentage and is defined
as the difference in output voltage from no load to full load, relative to the nominal
output voltage In practical terms, good load regulation means that the output voltage
varies minimally as the load current changes from its minimum to maximum value.
This is achieved through the use of feedback control mechanisms within the DC-DC
converter. The feedback system continuously monitors the output voltage and adjusts
the converter’s operation, such as the duty cycle of the switching elements, to correct
any deviations from the desired output voltage. Effective load regulation is crucial for
applications where a stable voltage is required despite varying power demands, such
as in sensitive electronic devices, communication systems, and precision
instrumentation. It ensures the reliable operation of the load and protects it from

voltage fluctuations that could cause malfunction or damage.
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In a Single Input Double Output (SIDO) boost converter experiment focusing on load
regulation, a notable observation was made when the boost resistance was adjusted
from 96 ohms to 72 ohms at (t = 0.5) seconds. Following this adjustment, the output
voltage swiftly stabilized with minimal oscillations, settling within a mere 13 ms.
Remarkably, the overshoot was limited to just 3%, underscoring the system's robust
response to changes in load. Conversely, under the same load variation, the buck
output demonstrated a slightly longer settling time of 19 ms, accompanied by a higher
overshoot of 10%. This disparity highlights the differing dynamic responses of the
boost and buck outputs to load variations within the converter, reflecting the intricacies
of managing multiple outputs in a SIDO configuration.

100 h_.u -
80 -
60 -

ol -

20 .

1.5 T T T T T T T T T =

0.5 -1

(@)

46



14F T T T T T T T T T 7]
12 {rtusess
—~ 10 7
2 o -
S
8 .
>
4 -
P .
D_ —
1 1 1 1 1 1 1 1 1
0.6F T T T T I I T I T —
0.5 s
—~ 04 -
vos -
[=]
— 02 —
01F -
0_ -
1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

(b)
Fig 5.12 Load regulation effect when R1 changes from 96€2 to 72Q on: (a)

Boost Voltage (b) Buck Voltage

Now when the boost resistance was changed from 96 ohms to 48 ohms at 0.5 seconds,
the output voltage showed quick stability with few oscillations, settling within 15 ms
and displaying a minimal overshoot of just 0.9%. Under the same load variation, the
buck converter stabilized somewhat later—about 19 ms—and experienced a far higher

overshoot of 10%.
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Fig 5.13 Load Regulation effect when Richange 96Q to 48Q on: (a) Boost Voltage
(b) Buck Voltage

Upon varying the buck resistance from 24 ohms to 18 ohms at 0.5 seconds within a
single-input, double-output boost converter setup, remarkable load regulation was
observed. The boost output voltage proved to be resilient, showing negligible impact
and virtually no overshoot, indicative of exceptional load handling and stability.
Simultaneously, the buck voltage adapted to the same resistance change, settling in 19
ms with an impressively low overshoot of just 0.6%. These findings underscore the
converter's robust performance and highlight its potential for applications requiring
precise voltage regulation under dynamic load conditions.
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5.45 LINE REGULATION:
Line regulation in a DC-DC converter refers to the ability of the converter to maintain
a stable output voltage despite variations in the input voltage. It is a critical
performance metric that indicates how well the converter can reject fluctuations in the
supply voltage and deliver a consistent output. Line regulation is typically expressed
as a percentage and is defined as the change in output voltage as a function of the
change in input voltage. In practical terms, good line regulation means that the output

voltage remains nearly constant even when there are significant variations in the input
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voltage. This stability is achieved through feedback control mechanisms that
continuously adjust the operation of the converter, such as the duty cycle of the
switching elements, to compensate for changes in the input voltage. Effective line
regulation is essential for ensuring the reliable performance of electronic devices,
particularly in environments where the input voltage can fluctuate due to variations in
the power supply or other external factors. A DC-DC converter with good line
regulation ensures that the load receives a consistent voltage, which is crucial for the
proper functioning of sensitive electronic components and systems.

An investigation of the line regulation features of a boost converter with a single input
and double outputs demonstrates its response to changes in input voltage. Despite a
decrease in the input voltage from 48V to 45V, the converter's performance remained
consistent. The boost output exhibited a minor oscillation, but quickly stabilized at a
steady 96V within a mere 19 ms, with a modest deviation of 3% above the desired
level. Simultaneously, the converter's buck output swiftly adjusted, reaching a stable
voltage of 12V in just 15 ms, despite encountering a larger than expected overshoot of
10%. The difference in overshoot between the boost and buck outputs offers
significant information about the converter's ability to regulate efficiently as the input
conditions change.
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Fig 5.15 Line Regulation effect on boost output voltage when input voltage changes
48V to 45V
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Fig 5.16 Line variation effect on buck output voltage when input voltage change
48V to 45V

Examining a single-input, double-output boost converter, special attention was paid to
its line control features when input voltage from 48V to 55V changed. After this
change, the boost output voltage showed only some ringing but remarkably achieved
stability at 96V within 15 milliseconds, resulting in an overshoot of 9%. Though with
an 8% overshoot, the buck output voltage showed endurance by correcting to a stable
12V in an accelerated 10 milliseconds at simultaneously. These results highlight the
converter's dependability and efficiency in practical uses as they show how well it

maintains output stability among different input voltages.

54 -

52 1

Vs (V)

50 -1

48 1
1 1 1 1 1 1 1 1 1

o} 0.1 0.2 0.3 04

_0.5 0.6 0.7 0.8 0.9 1
Offset=0 Time (s)

Fig 5.17 Line variation effect on boost output voltage when input voltage changes
48V to 55V
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Fig 5.18 Line variation effect on buck output voltage when input voltage change

48V to 55V
5.3 CONCLUSIONS
This study demonstrated the efficacy of employing mathematical modelling and
proportional integral (PI) control to enhance voltage regulation in Single Input Dual
Output (SIDO) Step-Up and Step-Down converter. The closed loop control system's
behavior has been confirmed in terms of both cross-regulation and voltage regulation
of the converter. By utilizing these techniques, we have effectively addressed
challenges arising from load variations and line fluctuations, ensuring consistent
output voltages. The results indicate that the suggested converter exhibits excellent
cross-regulation in response to both step load changes and dynamic reference changes
in the output. Moreover, the implementation of PI control has enabled us to achieve
significant improvements in voltage gain, contributing to the overall stability and
performance of the converters. This research underscores the importance of advanced
control strategies and modelling techniques in optimizing converter operation for

diverse applications.
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CHAPTER 6
CONCLUSIONS AND FUTURE SCOPE

6.1 CONCLUSIONS

1. Exploring closed-loop voltage mode control in half-bridge DC converters

reveals substantial advantages in the field of power electronics. By conducting a
thorough analysis using small-signal models, this study sheds light on the system's
stability, responsiveness to transient steps, and bandwidth properties.

After a thorough analysis, the ideal input capacitor value was determined to be 200
MF. This choice is crucial for enhancing the system's stability, as demonstrated by a
phase margin of 78 degrees that has been successfully attained. This choice
demonstrates the system's ability to consistently maintain a 48V output even when
there are sudden changes in the load.

2. Achieving reliable output under variable loads (from 26Q to 48Q) highlights
the significance of precise control parameter selection. Ensuring optimal system
performance in various operational conditions and application environments is of
utmost importance. The control strategy's versatility, which can be adjusted to various
power levels and specific application needs, enhances its usefulness. Nevertheless, the
effectiveness of this approach relies heavily on the accurate adjustment of controller
parameters. It is crucial to emphasize the importance of conducting additional research
in order to fully grasp and improve this control strategy.

3. The analysis of the single-input, double-output boost converter highlights its
capacity to dynamically regulate power in response to varying load and input
conditions. The analysis emphasized the converter's adeptness in managing variances,
hence guaranteeing stability and efficiency in power conversion. The system's ability
to quickly adjust is shown in how both the boost and buck outputs respond to changes
in load resistance. Particularly noteworthy is the system's capacity to maintain output
stability with minimum overshoot, which serves as evidence of its well-designed and
operationally reliable nature.

4. By analysing the system under various input voltage circumstances, we can
gain a deeper understanding of the converter's resilience. The capacity to rapidly reach

stabilization while maintaining manageable overrun percentages demonstrates its
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durability and efficiency.

5. Analysed the reactions of boost and buck outputs to gain a comprehensive
grasp of the system's adaptable performance in different scenarios. Both outputs
exhibited effective stabilization and control over overshoots. However, slight
differences in their responses highlight the intricate design factors that influence the
converter's overall reliability and performance efficiency. The findings of this study
have important ramifications for the progress of power electronics. The SIDO boost
converter demonstrates its reliability by consistently delivering a stable output under
various settings. This establishes a standard for regulatory efficiency, which is crucial
for a wide range of applications that demand accurate voltage regulation.

6. The thorough examinations performed on both the half-bridge buck converter
and the single-input, double-output boost converter provide valuable insights into the
possibility of improving DC-DC converter designs for better efficiency, stability, and
reaction in different situations. The identification of optimal settings, whether through
the selection of components or the tuning of control parameters, is a common and
critical aspect for both systems. This highlights the significance of precision in design

and configuration in order to achieve higher performance.

6.2 FUTURE SCOPE OF STUDY

Expanding on the existing groundwork of this research, there are extensive and diverse
opportunities for furthering the study of DC-DC converters. Various applications
could greatly benefit from further study in crucial areas, which would expand the
knowledge and effectiveness of these systems. The following items are included:

a. Optimization of Controller Parameters: Constant research on the
optimization of controller parameters is much needed. This entails adjusting these
settings to certain operational situations with different power levels and application
needs. More resilient and flexible converter systems follow from much enhanced
flexibility and efficiency of control techniques by means of better parameters.

b. Comparative Analysis of Control Strategies: Future research ought to also
investigate several control approaches in comparison. This would entail looking for

the most successful solutions by assessing several strategies under several operational
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scenarios. These kinds of research not only help to clarify the relative merits and
shortcomings of every approach but also direct the choice of certain uses so
guaranteeing best performance.

C. Investigating non-linear controllers—such as sliding mode and model
predictive controllers—would help the field much as it would assist you. In controlling
the inherent non-linearities of converter systems, these kinds of controllers could
provide exceptional performance. Research in this field could produce more strong
and effective answers, therefore offering a significant advance in control technology.
d. Integration of Smart Components: Including smart components such as
microcontrollers and sophisticated sensors will transform the operation of DC-DC
converters. Integration of these technologies should be the main focus of next studies
to allow adaptive changes and real-time system monitoring. This integration will
greatly improve the operating efficiency and responsiveness of the system, therefore
opening the path for more intelligent, flexible power electronic systems.

e. Development of High-Frequency Converters: High-frequency DC-DC
converters have a strong case to be developed. Smaller component sizes and increased
efficiency could come from research meant to challenge operating frequency limits.
Applications where space and energy consumption are key issues depend especially
on this. Investigating this path might produce innovations in small, high-performance
converter designs.

By tackling these possible research avenues, future work can expand on the present
knowledge base, filling inefficiencies and creating fresh directions in the design and
application of DC-DC converters. These initiatives will not only improve theoretical
knowledge but also propel pragmatic technological developments in line with

changing requirements for power electronics uses.
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