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MODELLING, DESIGN AND STABILITY ANALYSIS OF
MULTI-INPUT MULTI-OUTPUT DC-DC CONVERTERS
TO INTEGRATE RENEWABLE ENERGY SOURCES

ABSTRACT
Multiple-input multiple-output (MIMO) converters are emerging as a cost-effective
and efficient solution for energy harvesting and distribution in hybrid power systems,
including applications such as smart homes and DC microgrids. Unlike traditional
single-input single-output (SISO) converters, which often require complex setups
involving multiple units interconnected at a common DC bus, MIMO converters
simplify the system architecture by integrating multiple energy sources and loads
within a single converter. This results in several advantages, including reduced
component count, increased power density, and the ability to implement centralized

control, making MIMO converters an attractive choice for modern energy systems.

This thesis explores various aspects of MIMO converter development, addressing both
theoretical and practical challenges. It introduces both non-isolated and isolated
MIMO converter topologies designed to handle the diverse demands of hybrid power
systems. The non-isolated MIMO converters, such as isolated converters, like flyback
topologies, multiport boost converter and high gain z-source converter topologies, are
thoroughly analyzed. Steady-state performance and dynamic behavior are examined
in detail, providing insights into their operational efficiency and reliability. One of the
key contributions of this research is the development of innovative switching strategies
and control algorithms tailored to MIMO converters. These strategies enable precise
power distribution among multiple energy sources and loads while maintaining stable
output voltages. The ability to dynamically allocate power based on load requirements
and source availability ensures optimal utilization of resources, enhancing system
efficiency. A novel method for designing non-isolated MIMO converters featuring
Single inductors (SI) is proposed. By applying a simple set of synthesis rules, this
method facilitates the systematic derivation of MIMO converter topologies. The
design approach leverages the concept of time-sharing, wherein multiple energy
sources supply power during one phase of operation, and multiple loads consume
power during the subsequent phase. This time-sharing mechanism allows for effective

power management while minimizing interference between sources and loads.



The thesis also provides general guidelines for transforming conventional SISO
converters into MIMO configurations. This is achieved by replacing specific
components in SISO topologies with multiport structures, enabling seamless
integration of multiple inputs and outputs. The proposed framework not only extends
the functionality of existing converter designs but also opens new avenues for
customization and optimization in various applications. This thesis demonstrates the
potential of MIMO converters to revolutionize power management in hybrid systems.
By addressing critical design, modeling, and control aspects, it lays the foundation for
the widespread adoption of MIMO converters in future DC distribution systems. The
proposed topologies and methodologies are expected to find applications in emerging
technologies such as renewable energy systems, electric vehicles, and smart grids. As
the demand for efficient and sustainable energy solutions grows, the integration of
MIMO converters into industrial and residential energy systems offers a promising
pathway toward achieving energy efficiency and sustainability. This thesis provides
valuable contributions to the field, bridging the gap between theoretical advancements

and practical implementations of MIMO converters in modern energy systems.
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CHAPTER 1
INTRODUCTION
1.1. OVERVIEW

Agriculture is fundamental to human survival and economic stability,
providing essential resources such as food, fiber, and raw materials. It sustains
livelihoods for millions, especially in rural areas, and is critical to national economies,
contributing significantly to GDP and employment. Beyond its economic impact,
agriculture shapes cultural practices and social structures, influencing community
dynamics and traditional lifestyles. As the global population grows and urbanization
accelerates, the demand for agricultural produce increases, necessitating innovations
that boost productivity, enhance efficiency, and ensure sustainability. Modern
challenges, including climate change, resource scarcity, and environmental
degradation, compel the agricultural sector to adopt advanced technologies and
sustainable practices. Integrating renewable energy sources and innovative power
management systems into agriculture is essential for meeting these challenges and

advancing towards a resilient and sustainable agricultural future.

==

Figure 1.1. Rural Power Distribution System



1.2. INTRODUCTION: Transforming Agricultural Practices

Agriculture is a vital sector that feeds billions, and it has evolved significantly
over the centuries. Yet, modern challenges such as climate change, energy
sustainability, and increasing demand for food have necessitated the integration of
advanced technologies into agricultural practices. One such transformative technology
is power electronics, with power electronics converters at the forefront. Power
electronics converters are integral to modernizing agricultural energy systems, offering
unprecedented efficiency and sustainability through their ability to manage and
optimize power flows from diverse energy sources. Traditionally, agriculture has relied
heavily on fossil fuels for machinery operation, irrigation, and other critical processes.
This dependence not only increases operational costs but also contributes to
environmental degradation. Power electronics converters, particularly Multi-Input
Multi-Output (MIMO) converters, address these challenges by facilitating the
integration of renewable energy sources (RES) such as solar panels, wind turbines, and
energy storage systems. Unlike conventional Single-Input Single-Output (SISO)
converters that handle only one source and one load, MIMO converters can
simultaneously manage multiple energy inputs and distribute power to various outputs,

thereby enhancing the flexibility and reliability of agricultural energy systems.
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Figure 1.2. Conventional distribution system with multiple SISO converters



The fundamental components of MIMO converters include:

1. Multiple Inputs: Capable of receiving power from diverse sources, improving
energy flexibility and reliability.

2. Multiple Outputs: Providing different voltage levels to cater to various
agricultural applications.

3. Integrated Control: Advanced control algorithms to manage power flow,

optimize energy use, and maintain system stability.

This multi-port functionality enables seamless integration and management of
renewable energy sources, enhancing the sustainability and efficiency of agricultural
practices. In agricultural applications, MIMO converters enable the seamless
integration of RES, thereby reducing reliance on non-renewable energy sources and
lowering greenhouse gas emissions. These converters can dynamically balance the
power contributions from solar, wind, and battery systems, ensuring a stable energy
supply even when individual sources are intermittent. For instance, during cloudy or
calm days when solar or wind energy production is low, MIMO converters can switch
to stored energy, maintaining continuous operation of essential agricultural equipment.
This capability is crucial for irrigation systems, grain dryers, and climate control
systems in greenhouses, where a consistent power supply is necessary to maintain

optimal conditions and productivity.

Moreover, MIMO converters are pivotal in powering electric agricultural machinery,
which is increasingly replacing traditional diesel-powered equipment. Electric
tractors, harvesters, and irrigation motors powered through MIMO converters benefit
from reduced operational costs, lower emissions, and decreased maintenance
requirements. The converters provide the precise voltage levels needed for different
equipment, adapting to varying power demands and operational modes. This transition
not only supports more sustainable farming practices but also aligns with global efforts

to reduce carbon footprints in agriculture.
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Figure 1.3. Proposed distribution system with MIMO converter
In addition to managing energy sources, MIMO converters enhance energy distribution
and load management. They can provide multiple output voltages, catering to a wide
range of agricultural loads, from high-power equipment to low-power sensors. This
capability allows for efficient energy allocation, minimizing waste and optimizing the
use of available resources. For example, in a microgrid setting, MIMO converters can
prioritize power distribution to critical loads during peak demand periods, ensuring

essential operations are not disrupted.

Furthermore, MIMO converters support the integration of smart agriculture
technologies and automation. They enable the connection of various IoT devices and
sensors that monitor soil moisture, weather conditions, and crop health, providing real-
time data for automated decision-making processes. This integration facilitates
precision agriculture, where resources are used more efficiently, and farming practices
are optimized based on accurate data. The converters' ability to handle diverse power
requirements and provide stable voltage levels is essential for the reliable operation of
these advanced systems. Power electronics converters modify electrical energy from
one form to another, facilitating efficient energy conversion, control, and distribution

from various sources to agricultural loads.



1.3. RENEWABLE ENERGY INTEGRATION AND MANAGEMENT

Agriculture increasingly relies on renewable energy sources to reduce
dependence on fossil fuels and mitigate environmental impacts. MIMO converters

play a crucial role in integrating and managing these diverse energy inputs.

1. Solar and Wind Energy Integration: MIMO converters can simultaneously
manage power from solar panels and wind turbines, adjusting the energy mix
based on availability and demand. This capability ensures a consistent energy
supply for agricultural operations, even when individual sources are
intermittent.

2. Hybrid Energy Systems: In agricultural settings, hybrid systems combining
solar, wind, and possibly hydro or biomass energy can provide a reliable and
diversified energy supply. MIMO converters effectively integrate these
sources, optimizing their combined output to match agricultural energy needs.

3. Energy Storage and Dispatch: MIMO converters facilitate the integration of
energy storage systems, such as batteries, to store excess energy generated
during peak production periods. This stored energy can be dispatched during
low-generation periods or high-demand scenarios, ensuring a steady power

supply for critical agricultural processes.

The electrification of agricultural machinery and tools is transforming modern farming
practices. MIMO converters support this transition by providing versatile and efficient

power solutions for various applications.

1. Irrigation Systems: Advanced irrigation systems require precise control over
water pumps to optimize water usage and energy consumption. MIMO
converters can manage power delivery to these loads, ensuring they operate
efficiently and adapt to changing water demands and energy availability.

2. Electric Tractors and Harvesters: MIMO converters can power electric
motors in tractors and harvesters, providing the necessary voltage levels for
different operational modes. This flexibility enhances the performance of

electric agricultural machinery, reducing emissions and fuel costs.



3. Portable Agricultural Tools: Handheld and portable tools, such as electric
pruners and chainsaws, benefit from the power management capabilities of
MIMO converters. They ensure reliable and efficient power delivery,
improving the tools’ functionality and reducing the need for frequent

recharging.
1.4. POWER DISTRIBUTION AND LOAD MANAGEMENT

Efficient energy distribution and load management are critical for optimizing
agricultural operations and reducing energy waste. MIMO converters excel in this

domain by providing multiple output voltages tailored to specific loads.

1. Load Matching and Prioritization: MIMO converters can match power
delivery to the specific requirements of various agricultural loads, such as
lighting systems, ventilation fans, and processing equipment. They can
prioritize critical loads and ensure optimal energy distribution based on real-
time demand.

2. Microgrid Integration: In remote agricultural areas, microgrids provide a
reliable and self-sufficient energy supply. MIMO converters play a key role in
integrating various energy sources into the microgrid, managing power flow,
and ensuring stable operation.

3. Dynamic Load Control: MIMO converters enable dynamic control of loads,
allowing for adjustments based on energy availability, demand fluctuations,
and operational priorities. This capability enhances overall system efficiency

and responsiveness.
1.5. MIMO CONVERTERS IN AGRICULTURAL APPLICATIONS

1.5.1. Enhanced Renewable Energy Integration:

MIMO converters facilitate the seamless incorporation of various RES into
agricultural systems. By managing multiple energy inputs, they ensure a reliable power
supply for farm operations, even as individual renewable sources vary in output. This

capability reduces reliance on fossil fuels and mitigates environmental impact.



1.5.2. Electrification of Agricultural Machinery and Tools:

Traditional agricultural machinery, often powered by diesel engines, is being replaced
by electric alternatives. MIMO converters power electric tractors, harvesters, and
irrigation systems by providing precise voltage levels required for different equipment.

This shift reduces greenhouse gas emissions, operational costs, and noise pollution.
1.5.3. Optimized Energy Distribution and Load Management:

MIMO converters dynamically distribute energy to various agricultural loads to
processing machinery. Their ability to deliver multiple output voltages allows for
efficient energy use tailored to specific needs, enhancing productivity, and reducing

energy waste.
1.5.4. Support for Automation and Smart Agriculture:

As agriculture embraces automation and smart farming technologies, MIMO
converters provide the necessary power management to support these advancements.
They enable real-time control and monitoring, integrating with loT devices to optimize

operations, from soil moisture monitoring to automated feeding systems.
1.5.5. Flexibility and Scalability:

MIMO converters offer flexibility in handling diverse energy inputs and outputs,
adapting to the varying energy requirements of modern farms. This scalability supports
both small-scale operations and large agricultural enterprises, making them suitable

for a wide range of applications.
1.5.6. Energy Storage Integration:

Effective integration of energy storage systems with MIMO converters allows for
efficient management of energy generated by RES. This stored energy can be used
during periods of low renewable output or peak demand, ensuring continuous

operation of critical agricultural processes.
1.6. CONCLUSIONS

Multi-Input  Multi-Output (MIMO) power electronics converters hold

transformative potential for modernizing agriculture, offering a path towards greater



efficiency, sustainability, and productivity. By seamlessly integrating diverse
renewable energy sources such as solar, wind, and battery storage, MIMO converters
provide a reliable and stable power supply essential for continuous agricultural
operations. Their ability to dynamically manage and distribute power across various
agricultural loads ensures optimized energy use, reducing dependence on fossil fuels

and minimizing environmental impact.

The electrification of agricultural machinery through MIMO converters brings
significant benefits, including lower operational costs, reduced emissions, and
decreased maintenance needs. This shift supports global sustainability goals and
promotes more eco-friendly farming practices. Additionally, MIMO converters enable
the effective implementation of smart agriculture technologies, facilitating precision

farming through real-time data monitoring and automated decision-making.

While challenges such as initial costs and technical complexity exist, the long-term
advantages of MIMO converters in agriculture far outweigh these barriers. Financial
incentives, technological advancements, and increased awareness will drive their
wider adoption, ensure the agricultural sector benefits from the latest innovations in

power electronics.

In summary, MIMO power electronics converters are pivotal in the evolution of
sustainable and efficient agricultural systems. Their integration into farming practices
will not only enhance productivity and energy efficiency but also contribute to a more
resilient and environmentally responsible agricultural sector. By embracing these
advanced technologies, agriculture can meet the demands of a growing population

while safeguarding natural resources for future generations.



CHAPTER 2
LITERATURE REVIEW
2.1. OVERVIEW

A literature review forms the cornerstone of any research study. It should aim

to achieve the following objectives:

e Conduct a comprehensive examination of literature pertinent to the study topic
e Summarize the insights derived from the existing research
e Analyze the identified research gaps

e Organize and reshape the gathered data to inform future research

By reviewing prior research, this chapter establishes the authenticity of the Ph.D. work.
It highlights what has been learned from previous studies and demonstrates how the
current research serves as a foundation for new ideas. Additionally, it offers a
systematic analysis of research publications, providing clarity on the objectives to be

pursued.
2.2. LITERATURE SURVEY

As the global population continues to grow, the need for clean and sustainable
energy solutions is becoming increasingly urgent. Societies can no longer rely on fossil
fuels due to rising oil and natural gas prices, environmental damage, and the depletion
of these resources. In response, distributed renewable energy sources such as
photovoltaics (PV) and fuel cells are gaining significant traction. Wind energy is also
playing a crucial role in the transition to renewable energy. The capacity of installed
PV systems has expanded dramatically, from kilowatts (kW) to megawatts (MW), and
now to gigawatts (GW), with projections indicating that global PV capacity will soon
reach 1 terawatt (TW). Transitioning to clean and green energy is essential for ensuring
a sustainable future [1]-[5]. Exhausting conventional resources and their adverse
environmental impact creates the need for energy systems to utilize Renewable Energy
Sources (RESs) to fulfil the present energy demand. The renewable energy sector in

India has emerged as a significant player in the grid connected power generation



system. Solar Photovoltaic has turned up as an integral part of the solutions to meet

the country energy needs and become an essential requirement for energy access.

Renewable energy has a great potential to usher in universal energy access. In a
decentralized or standalone mode, renewable energy is an appropriate, scalable and
viable solution for providing power to un-electrified or power deficient villages and
hamlets. Figure 2.1 shows the source wise power installed capacity in India as of 11-
2-2022 and estimated renewable energy potential from commercially exploitable
sources, viz. Solar power 50.30 GW, Wind —40.1 GW; Hydro —46.51 GW; bioenergy—
83 GW [1].
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Figure 2.1. Source wise Power Installed Capacity in India [Source: Central
Electricity Authority, GOI]
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Figure 2.2. Renewable Energy Sources in India [Source: Central Electricity
Authority, GOI]

RESs can be implemented in many locations, including remotely located communities
and farms. Wind and solar energy make it possible for going off-grid, especially for

farms, as they have adequate terrain for installation of solar PV and wind turbines
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(WT) [2]. RESs can provide significant reduction in monthly electricity bill. Due to
various advantages, research for hybrid wind and solar energy systems for numerous
applications is growing day to day. WT’s are considered as energy source in RESs.
WTs can generate large amounts of power so they are promising sources to meet the
load demand in remote areas [3]. Due to this number of systems with the use of solar
energy, are coming up. Furthermore, new design of previously existing system is also
imperative. Therefore, integration of solar energy to an existing system is studied and

a new design is proposed.
Certain gaps are identified in research area of RESs.

1. Little attention has been paid to investigate off-grid renewable systems for
farming. Recent literature study shows that developed RESs for farms still
relies on utility grid while wind turbine and solar Photovoltaic system are used
as supplementary sources [4].

2. Even this hybrid model of solar and wind has no greenhouse gas Emission [5].

3. The reduced maintenance and cost declination of solar panels over past few
years, have made such systems inexpensive against the diesel and other energy

sources. It is inexpensive, trustworthy and eco-friendly [5].

These factors motivate this study to develop an oft-grid RESs for supplying power to
farms often located in remote areas where access to utility grid may not be available.
However, because these renewable energy sources are unpredictable and intermittent,
they are not reliable when used on their own. To address this challenge, renewable
resources are often combined with other energy sources, such as fuel cells,
supercapacitors, and energy storage systems (ESS). Recently, multi-input converters
(MICs) have emerged as a solution for connecting multiple renewable energy sources.
These converters offer simplified circuit designs, lower manufacturing costs,
centralized control, and compact size [2]-[7]. The increasing adoption of renewable
energy, electric vehicles (EVs), consumer electronics, and other sustainable
technologies has driven the development of new power electronic converter
topologies. There is a growing need for converters with multiple ports and various
voltage levels to meet the diverse demands of these applications [1]-[2]. While

multiple independent single-input single-output (SISO) converters can be used to
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regulate voltage and control power across different ports, this approach leads to an
excessive number of components, which increases overall cost and system size [3]-
[4]. To overcome this issue, a family of multi-input multi-output (MIMO) DC-DC

converters has been developed.

These converters offer significant advantages, including fewer conversion stages,
improved system efficiency, higher power density, reduced size and cost, and
centralized power management across multiple ports. This makes them more efficient
than using multiple single-input DC-DC converters in renewable energy systems.
Various multiport DC-DC converters have been designed, encompassing both isolated

and non-isolated topologies.

In [8], a novel isolated multi-input dc-dc converter based on the concept of flux
additivity, uses phase-shifted pulse width modulation (PWM) control on two input
current-fed full-bridge dc-dc converters. This approach offers several advantages,
including the ability to deliver power separately and simultaneously from multiple dc
sources, soft switching technology, and electric isolation via a transformer. In [9], a
modular non-isolated multi-input step-up high gain converter topology with
continuous current conduction provides high gain using the same number of devices
and has the least number of device counts. The switches and diodes' peak inverse

voltage (PIV) are controlled within acceptable limits to maintain high voltage gain.

In [10], a new bidirectional dc-dc converter is presented for grid-connected renewable
energy systems and hybrid electric vehicles. It eliminates the need for an additional
transformer, combining two parallel buck converters with series switches for input
sources to avoid short circuits, reducing the need for inductors and capacitors,
enhancing cost-efficiency. However, it faces power flow control challenges. In many
applications, integrating power electronics into multiple output converters (MOCs) is
crucial for reducing size, weight, maintenance needs, and costs, as explained in
references [14]-[15]. A comprehensive classification of fuel cell-based hybrid electric
vehicles (FCHEVs). A key component in these FCHEVs is the DC-DC power
converter. A multi-input DC-DC power converter is employed to connect multiple

energy sources, simplifying the system and enhancing its overall efficiency [16].
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Voltage regulation for each dc output in converters is crucial. Post-regulation is used
to ensure robustness against line or load variations. Multiple loads require different
low voltages, so efficiently supplying multiple-and-low output voltages is essential
[17]. It [18] presents an accurately regulated multiple outputs (MO) ZVS dc-dc
converter with operation and control analysis. Isolated multiport DC-DC converters
are heavy and expensive and utilize transformers for electrical isolation. Non-isolated
multi-input DC-DC converters provide a practical and cost-effective solution without
the need for transformers or high-frequency components, resulting in improved

efficiency [19].

Multi-Input Multi-Output (MIMO) converters provide a medium of interaction
between different renewable resources, energy-storing elements, and advanced electric
loads with a centralized control system. A generalised form of MIMO converter is
shown in Fig 1. Integrating MIMO systems with sources and loads provides compact
packaging, relatively easier control, simultaneous power management, and voltage
regulation. In [20] and [21], presented a topology that can interface between diversified
renewable energy sources and diode-clamped multilevel inverters for ac loads. As the
sources are intermittent, ESE is a must, and the impossibility of energy transfer
between sources is a drawback of this converter. In [22]-[29] discusses a non-isolated
MIMO converter with individual inductors for each source but lacks power transfer
between inputs. The individual inductors make the converter larger, and a cascading

approach increases device count and complexity.

A novel MIMO converter is introduced in [30], capable of distributing power among
sources and the load. Dynamic analysis is conducted on a 2-in-2-out system with two
inputs (35V and 48V), two outputs (40V and 80V), and 236 W output power using ideal
parameters. The chapter explores n-input and m-output configurations, but increasing
the number of sources leads to switching stress and duty cycle issues with the in-line
switches. The study proposes a lead-lag compensator to regulate the system by
adjusting poles and zeros, but this approach may be unreliable when faced with
uncertainties in load power variations. In [31], discusses the design, implementation,
and control of a scalable DC microgrid that uses a hybrid of renewable energy sources.

It employs a multi-input, multi-output dual active half-bridge (DAHB) converter.
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The primary advantages of such converters include the fewer conversion stages,
increased system efficiency, higher power density, size, cost, and centralized power
management across multiple ports compared to using multiple single-input DC-DC
converters in renewable energy systems. Various multiport DC-DC converters have
been developed encompassing both isolated and non-isolated topologies. Isolated
topologies [5]-[8] and non-isolated topologies [9]-[12] represent two main
subdivisions within these multiport converter designs. A single inductor MIMO boost
converter is proposed for electric vehicle (EV) application [13]. Despite having
multiple outputs with varying voltage levels, the converter's gain is low. In [14], a new
multiport DC-DC converter is introduced for DC Microgrid applications. While the
proposed configuration offers numerous advantages such as minimizing multiple
power conversions, decreasing the number of components, and providing voltage
boosting capability, it also presents drawbacks including high switch count and

controller complexity, coupled with low voltage gain.

To achieve a high voltage conversion ratio, traditional DC-DC converters operate with
duty cycles below 0.1 for step-down and above 0.9 for step-up modes. However, such
extreme duty cycle operation can compromise converter efficiency and transient
performance [15][16]. To tackle this issue, a family of high-gain integrated multiport
DC-DC converters has been introduced. High-gain multiple ports DC-DC converters
(HGMPC) have gained significant attention for scenarios demanding multiple
independent supply voltage levels. In a recent study, a novel collection of five non-
isolated multiport DC-DC converter designs characterized by bipolar symmetric
outputs with high gain. The feasibility of integrating these converters with a multilevel
inverter to generate high-quality AC voltages is demonstrated [17]. A new non-isolated
high step-up multiport DC-DC converter, integrated with PV modules and a Battery
Storage System (BSS), is proposed for high-voltage DC bus-based hybrid renewable
energy systems. It offers high voltage gain, low semiconductor stress, ZCS diodes,
MPPT for PV inputs, and flexible port extension [18]. A double input high gain DC-
DC boost topology with six switching states is introduced and subsequently expanded
to an n-input version [19]. A high step-up DC-DC boost converter [20] with a single

input and three outputs was introduced, featuring an expandable structure achieved by
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increasing the voltage multiplier modules, and capable of delivering high voltage gains
at its output terminals without the need for higher duty cycles or the inclusion of
transformers or coupled inductors in its design. A newly developed multiport DC-DC
converter with high gain [21], designed to incorporate low-voltage energy storage
devices into a DC microgrid, presents a three-port interface employing just a single
two-winding transformer, thereby substantially simplifying control complexities.
Studies [17]-[21] highlight the importance of high-gain converters in multiport
configurations, emphasizing their benefits in terms of efficiency, size, cost, and control

complexities.
2.2.1. Topology and Modelling Studies:

Hongfei Wu, Kai Sun, et. al., [6] presented a non-isolated three port converter (TPC)
topologies based on dual-input converters (DIC) and dual-output converters (DOC),
which serves as an interface for a renewable source, a storage battery, and a load
simultaneously. The power flow in a TPC is analysed and compared with that in a DIC
or a DOC, respectively. The power flow in a TPC is analysed and compared with that
in a DIC or a DOC, respectively. Beginning with building the power flow paths of a
TPC from a DIC or a DOC, the general principles and detailed procedures for the
generation and optimization of TPC topologies are presented. Based on these works, a
family of non-isolated TPC topologies is developed. The derived TPCs feature single-
stage power conversion between any two of the three ports, and result in high

integration and high efficiency.

Jianwu Zeng, Wei Qiao, et. al., [7] presented a new i1solated multiport dc-dc converter
for simultaneous power management of multiple renewable energy sources, which can
be of different types and capacities. The proposed dc-dc converter only uses one
controllable switch in each port to which a source is connected. It has the advantages
of simple topology and minimum number of power switches. The proposed converter
is applied for simultaneous maximum power point tracking (MPPT) control of a
wind/solar hybrid generation system consisting of one wind turbine generator (WTQG)

and two different photovoltaic (PV) panels.
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H. Behjati and A. Davoudi, [8] presented topology that can interface between
diversified energy sources and diode-clamped multilevel inverter. Regulating series
output voltages for the dc-link of the diode-clamped multilevel inverter, diversifying
energy sources, improving availability of the energy source, employing a single

inductor, and cost effectiveness are the advantages of the proposed MIMO converter.

B. G. Dobbs and P. L. Chapman, [9] presents a topology for multiple energy source
conversion. The topology is capable of interfacing sources of different voltage-current
characteristics to a common load, while achieving a low part count. A fixed frequency

switching strategy is investigated and the resulting operating modes are analysed.

A. Nami, F. Zare, A. Ghosh, et. al., [10] presents a new DC—DC multi-output boost
(MOB) converter which can share its total output between different series of output
voltages for low- and high-power applications. This configuration can be utilised
instead of several single output power supplies. This is a compatible topology for a
diode-clamed inverter in the grid connection systems, where boosting low rectified

output-voltage and series DC link capacitors is required.
2.2.2. Analysis and Control Algorithms for DC-DC converter:

P. Thounthong, S. Pierfederici, et. al., [16] presents an innovative control law for
distributed dc generation supplied by a fuel cell (FC) (main source) and supercapacitor
(auxiliary source). This kind of system is a multi-converter structure and exhibits
nonlinear behaviour. The operation of a multi-converter structure can lead to
interactions between the controls of the converters if they are designed separately.
Interactions between converters are studied using impedance criteria to investigate the
stability of cascaded systems. In this paper, a nonlinear control algorithm based on the
flatness properties of the system is proposed. Flatness provides a convenient
framework for meeting a number of performance specifications for the hybrid power
source. Using the flatness property, we propose simple solutions to hybrid energy
management and stabilization problems. The design controller parameters are
autonomous of the operating point; moreover, interactions between converters are
taken into account by the controllers, and high dynamics in disturbance rejection is

achieved.

16



L. Wang, E. G. Collins, et. al., [17] presented an optimization problem to minimize
power consumption. To implement this optimized power sharing in real time, a novel
energy management strategy is proposed, which includes battery power reference
generation, UC state-of-charge regulation, and forecast control based on the driver
commands. Finally, simulations and experiments in which the flywheel + generator +
controlled load is used to emulate the vehicle drivetrain are provided to verify the
reduced stress on the battery current and the improved fuel economy achieved by the

proposed method.

A. Payman, S. Pierfederici, et. al., [18] presents a flatness-based control method that
is used to control the dc/dc converters of an electrical hybrid system. This system is
composed of an ultracapacitor, which is connected in parallel to a fuel cell through a
bidirectional converter. This association supplies a load through another dc/dc
converter. To control these converters, the mathematical model of the studied system
is first presented, and then, it is proven that the system is flat. Considering the
electrostatic energy stored in the dc-bus capacitors as the system output, the state
variables and control variables are extracted as functions of the system output and its
derivative. The system is controlled by planning the desired reference trajectories on
the flat output components, and forcing them to follow their own references. The fuel-

cell-dynamics control is also studied to observe the criterion of (di/dt) max.

J. D. Dasika, B. Bahrani, et. al., [20] presents a multivariable digital controller to
suppress the cross regulation of a single-inductor dual-output (SIDO) buck converter
in continuous conduction mode (CCM) operation. The controller design methodology
originates from the open-loop shaping of the multi-input multi-output (MIMO)
systems. The control design procedure includes: 1) determination of a family of
nonparametric models of the SIDO converter at operating points of interest, 2)
determination of the class of the controller, and 3) system open-loop shaping by the
convex minimization of the summation of the square second norm of the errors
between the system open-loop transfer function matrices and a desired open-loop

transfer function matrix.
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2.2.3. Topologies, Analysis and Control Algorithms for Inverter:

G. A. Covic, G. L. Peters, et.al., [24] presented a low cost four quadrant single phase
to three phase converter for AC drives. The technique uses a single-phase reversible
rectifier operating at unity power factor to produce a balanced DC supply at a
controlled high voltage using two IGBT power transistors. Four additional IGBT
power switches operate on this high voltage to produce two pulse width modulated
(PWM) waveforms using a novel space vector modulation (SVM) strategy. A three-
phase motor load is then connected to the centre of the DC supply, and the two PWM
voltages, to give a four-quadrant reversing AC drive. The unique feature of this system
is the modulation strategy, which achieves higher motor voltages than any previous
published method while achieving excellent harmonic suppression at high efficiency

in motor sizes restricted to the rating of the single-phase supply (typically 2 kW).

Albert Alexander S, et. al., [25] designed and developed a solar Photovoltaic inverter
suitable for the Indian sub-continent is proposed and reviewed in terms of survey,
simulation and experimental results. The proposed multi-stage inverter provides the
advantage of reduced harmonic distortions and suitable for standalone and grid
connected systems. The reduction of harmonics is governed by proper switching

sequences required for the inverter switches.

I. Abdalla, J. Corda, et. al., [26] presented the “PV permutation algorithm,” as a new
method, for the control of the inverter so as to extract the maximum power form each
PV source under partial shading and to deliver all that power to the load. The algorithm
is based on combination of the direct pulse width modulation, the sequential
permutation PV sources, and the output generation to control the multilevel dc-link
inverter. The algorithm is applied successfully to a seven-level inverter with separate
maximum power point tracking algorithm for each PV source and under non-uniform

irradiance.

Jibanesh Roy, Phanikumar Chamarthi, et. al., [27] proposed a new hybrid 9-level
inverter topology for single phase grid connected PV systems. Inverter has combined
the features of neutral point clamped (NPC), flying capacitor (FC) multilevel inverters

(MLI) and coupled inductor phenomenon. It produces 9-level output voltage with
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minimum number of power components, which improves the efficiency of the system
and reduces the cost as well. Another advantage of this topology is that there is no need
of additional balancing circuit to regulate the input DC capacitors and auxiliary

capacitor.

Asha Gaikwad, et. al., [28] presented cascaded H-Bridge multilevel inverter with
SPWM technique is presented. Multilevel inverter has high power application & low
harmonics due to these applications it is used widely in the area of control and energy
distribution. It includes performance of 3-Level,5-Level & 7-Level cascaded H-Bridge
multilevel inverter with respect to number of switches, total harmonic distortion,
waveform pattern, harmonic spectrum, output voltage, voltage stress across the switch
& input DC voltage with the help of simulation by using MATLAB/SIMULINK and

implementation of Five level cascaded H-bridge multilevel inverter.

Ebrahim Babaei, Concettina Buccella, et. al., [29] presented most recent advances in
inverter control with topics such as the following: 1) new multilevel inverter
topologies; 2) new modulation and control strategies for multilevel inverters; 3)
industrial applications of multilevel inverters; 4) multilevel inverters for renewable
energy applications; 5) common-mode voltage reduction methods in multilevel

inverters; 6) fault-tolerant design of multilevel inverters.
2.2.4. Modelling, Stability and Performance Studies:

F. H. Aghdam and M. Abapour, [34] intends to the determine the number of the stages
in an interleaved boost converter interfacing PV panels for achieving a reliable and
costly optimized structure. A comparative study has been done on different modes of
operation. including redundant operation or parallel operation in a two-stage
interleaved converter. The comparison indicates that working in simultaneous mode
would be more reliable. Contemplating this fact, reliability equation of a three-stage

interleaved converter is calculated for simultaneous mode of operation.

A. Khosroshahi, M. Abapour et. al., [35] presents interleaved boost converters having
several stages, which can be used to increase the reliability. A reliability comparison is
done between the conventional boost converter and the interleaved structure. Two

different operation modes are defined for the interleaved boost converter: half-power
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and full-power operation modes. The reliability calculation is based on the Markov
model of the converters. The power loss effect of converter components on their failure

rates, and therefore, on the reliability of converter has been assessed.

M. J. Sathik, J. D. Navamani, et. al., [36] presents a generalized restructured topology
for boost, buck-boost and its derived dc/dc converters with rearranging branches to
enhance the reliability of the converter. This paper instigates the derivation of state-of-
the-art topologies with reduced capacitor voltage stress. Mainly in the restructured
topology, the capacitor branch is rearranged in the converter and this redesign venture
results in profuse advantages like a better choice of the capacitor with low voltage
rating, low equivalent series resistance and reduced voltage stress of the converter. The
investigation of the capacitor voltage stress and reliability test is carried out. No extra
components are required in this method, the same component count as the

conventional converter is maintained.

H. Tarzamni et. al., [37] presents the reliability analysis of conventional isolated pulse
width modulation DC-DC (IDC-DC) converters. The IDC-DC converters are
categorized into isolated single-switch DC-DC (ISSDC-DC) or multiple-switch DC-
DC (IMSDC-DC) converters [38]-[41]. The proposed framework encompasses
analysing the impacts of duty cycle, input voltage, output power, transformer turns
ratio, components characteristics and time duration on the overall reliability
performance of the IDC-DC converters. The suggested reliability assessment is
centred on Markov models characterized by taking into consideration all open and
short circuit faults on the components in both continuous and discontinuous

conduction modes.
2.3. MAJOR FINDINGS AFTER LITERATURE REVIEW

Based on the literature review, several critical research gaps have been identified that
highlight the need for focused exploration and innovation in the field of power
electronics, particularly in agricultural applications. Despite agriculture being a
cornerstone of livelithoods globally, much of the recent advancement in power
electronics has been concentrated on electric vehicles (EVs). However, the application

of these advancements in rural areas, specifically through the development of multiport
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converters, has the potential to significantly enhance the quality of life and
productivity in agriculture. The current research on DC-DC converters is still
emerging, particularly in the context of multiport converters, which are underexplored

and lack comprehensive design and analysis.

Moreover, control algorithms for converters predominantly rely on PI controllers,
which face challenges related to convergence speed, complexity, and performance
under varying conditions. Given the nonlinear nature of converters, linear controllers
often fall short under uncertain parameters. Therefore, the development of robust

nonlinear controllers is crucial for improving system reliability and performance.

Additionally, transient stability, particularly in relation to energy storage elements like
capacitors and inductors, has not received adequate attention. The design and study of
these components are essential for efficient energy flow and stability in power
conversion systems. Furthermore, the integration of Renewable Energy Sources (RES)
with energy storage systems in multiport converters offers a promising area for
research, especially in designing multilevel inverters for driving AC machines in

agriculture.

Finally, while multilevel inverters are commonly used in AC applications, they
introduce more switches, leading to increased switching losses that impact
performance. Research into improved modulation techniques to mitigate these losses
is necessary. Addressing these gaps through targeted research will not only advance
the field of power electronics but also provide significant benefits to agricultural

productivity and sustainability.
24. AUTHOR’s CONTRIBUTION

In this thesis, the author has made several significant contributions to the field of power
electronics converters, particularly in the context of agricultural applications. These

contributions are detailed below:
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2.4.1.

2.4.2.

2.4.3.

Modeling and Analysis of DC/DC Converters for Renewable Energy Systems
(RES) Integration:

The author has developed comprehensive models for DC/DC converters
designed to integrate various renewable energy sources (RES), such as solar,
wind, and fuel cells, with energy storage systems (ESS).

The work involved selecting appropriate topologies that optimize the
efficiency and performance of these converters in agricultural settings.
Additionally, the author has focused on inverter integration, ensuring that the
converted power is suitable for driving AC machines commonly used in

agriculture, thereby enhancing overall system performance.
Development of Robust Control Algorithms:

Recognizing the limitations of existing control strategies, the author has
developed advanced control algorithms tailored for the proposed DC/DC
converters.

These algorithms are designed to optimize the performance of the converters
under varying conditions, including changes in input from different RESs and
fluctuating load demands.

The algorithms also address issues related to speed of convergence, static error,
and response during steady-state and dynamic conditions, which are critical for

the reliability and efficiency of agricultural power systems.
Stability Study for Simulation and Hardware Prototyping:

The author has conducted an in-depth stability analysis of the proposed
converter system, both in simulation and through the development of a
hardware prototype.

This study is crucial for ensuring that the system remains stable under different
operating conditions, particularly in isolated agricultural applications where
reliability is paramount.

The stability analysis also includes examining the impact of energy storage
components such as capacitors and inductors, which are integral to the overall

system performance.

22



2.4.4.

Performance Tracking with Different RES Inputs and Variable Load

Conditions:

The author has implemented a detailed tracking mechanism to monitor the
performance of the converter when subjected to various RES inputs and load
variations, such as those seen in induction motors and other agricultural
utilities.

This contribution is essential for understanding how the system performs in
real-world scenarios, where input and load conditions can be highly variable.
The insights gained from this tracking have been used to further refine the
design and control algorithms, ensuring that the converter system is both

efficient and adaptable to the dynamic needs of agricultural applications.

Through these contributions, the author has addressed key research gaps identified in

the literature and advanced the field of power electronics converters with a specific

focus on enhancing agricultural productivity and sustainability.
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CHAPTER 3

OVERVIEW OF CONVERTERS AND IDEOLOGY TO
MULTIPORT CONFIGURATION

3.1. OVERVIEW

This chapter presents a systematic and straightforward approach to deriving
multiple-input multiple-output (MIMO) converter topologies, aiming to explore a
wide range of possibilities. The proposed topology derivation method involves three
simple yet effective steps. First, three fundamental cells are introduced, each consisting
of a single inductor paired with multiple sets of unidirectional switches and
input/output ports. These cells serve as the foundational building blocks for developing

MIMO topologies.

Next, the fundamental cells are integrated with the inductor branch of conventional
single-input single-output (SISO) converters. This integration bridges the gap between
existing SISO designs and their MIMO counterparts, providing a versatile framework
for generating various configurations. Finally, unnecessary components, such as
redundant switches and diodes, are removed to simplify the topology while

maintaining functionality and efficiency.

Using this principle, a significant number of single-inductor MIMO (SI-MIMO)
topologies are derived, spanning second-order, third-order, and fourth-order
converters. These designs offer enhanced performance characteristics, making them
suitable for a wide range of engineering applications. The proposed method
demonstrates a scalable and efficient approach to developing advanced MIMO

converters tailored to modern power management needs.
3.2. INTRODUCTION

Conventionally, multiple power sources are connected to a shared DC voltage
bus through independent DC-DC converters, while various loads are supplied via
separate converters, as illustrated in Fig. 3.1. These standalone converters manage the
input sources and regulate the output power for different loads. To improve the
efficiency and performance of such multisource, multiload systems, multi-input multi-

output (MIMO) converters have been introduced as an alternative solution, as shown
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Figure 3.1. Conventional de—dc converter architecture for integrating various input
sources and output loads based on dc—dc converters.
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Figure 3.2. MIMO converter.
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in Fig. 3.2 [42]- [47]. Compared to traditional architectures with independent

converters, MIMO DC-DC converters provide significant advantages, including a
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reduction in the number of components, increased power density, and fewer power
conversion stages [47]. Among these, single-inductor MIMO converters are
particularly attractive due to their compact size, reduced electromagnetic interference,
and cost-effectiveness. These advantages become even more pronounced in systems

involving a large number of sources and loads.

In many single-inductor MIMO converters, input cells are often connected in parallel
on the input side, while output cells are arranged either in parallel or in series [48]—
[63]. However, parallel-connected input cells face a significant limitation: due to
voltage-programmed control, input sources cannot operate simultaneously without
violating Kirchhoff's laws. To address this issue, time-multiplexing control is typically
employed, which ensures that only one source delivers power to the loads at any given
moment. This method, however, restricts the practical number of input sources.
Similarly, parallel-connected output cells suffer from cross-regulation issues caused
by the shared inductor. Managing the coupling effect between parallel-connected
output cells requires complex control mechanisms, increasing system design

complexity.

Various control strategies have been proposed to address these challenges, particularly
in energy harvesting systems [52]-[56]. For example, a single-inductor two-input-two-
output converter for solar energy harvesting [56] employs a specific control scheme to
manage fluctuating PV cell voltages and battery charging. However, such
configurations are highly specialized and lack the flexibility to accommodate an
arbitrary number of input sources or loads. Resonant MIMO DC-DC converters [57]
have also been introduced, achieving zero-voltage switching during turn-on and turn-
off operations. However, these systems rely on specific switching patterns and are not
easily adaptable to general configurations. A more versatile configuration, as shown in
Fig. 3.3, has been explored in previous studies [58], [59]. Control approaches, such as
model predictive control [62] and deadbeat-based regulation [63], have been proposed
to improve performance by addressing cross-regulation issues and ensuring precise

control of input currents and output voltages.
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Figure 3.3. MIMO converter with parallel-connected input cells and output cells.
All power cells are voltage-source-mode converter cells.
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Figure 3.4. MIMO converter with series connected input cells and output cells.
Here, all output cells are current-source mode converter cells.

Another MIMO converter with series-connected input cells and series-connected

output cells are depicted in Fig. 3.4. In this configuration, input sources are connected
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in series through series-connected input cells, enabling simultaneous power delivery
to the loads. The output cells are also connected in series but are electrically
independent, eliminating cross-regulation problems. This design significantly
simplifies the control scheme, as it does not rely on time-multiplexing, and allows for
flexible addition or removal of inputs and outputs without requiring modifications to
the control structure. The configuration thus offers high generality for extension,

simple control, and enhanced flexibility while avoiding cross-regulation issues.
3.3. BRIEF REVIEW OF BASIC PWM CONVERTER TOPOLOGIES

To combine more than one energy source, such as the solar array, wind turbine,
fuel cell, and commercial ac line, to get the regulated output voltage, different circuit
topologies of multi-port converters (MPCs) have been proposed in recent years. The
six fundamental PWM converters—buck, boost, buck-boost, Cuk, zeta, and single-
ended primary inductance converter (SEPIC)—are widely employed in various power
electronics applications [64]-[66]. Structurally, these converters can be categorized
into two or three key portions: the input port (IP), the energy buffer port (EBP), and
the output port (OP) as shown in Fig. 3.5. Among these, the buck and boost converters
lack an energy buffer port. The topological structures of these six converters are

defined with distinct identification of the input, energy buffer, and output portions.

Input Port Energy Buffer Output Port
(IP) Port (EBP) (OP)

J \

Figure 3.5. Three ports of a basic PWM converter.
In the energy buffer portion, inductors, and capacitors function as energy storage
elements. Within each switching cycle, the inductor or capacitor alternately stores
energy from the input portion and releases it to the output portion without any energy
loss. Inductors operate as current buffers by maintaining a non-zero DC current, while
capacitors act as voltage buffers by sustaining a nonzero DC voltage. For simplified
representation of PWM converter topologies, the rectangular components are used to

denote either current or voltage buffers.
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In the input portion, a voltage or current source is chopped into a high-frequency pulse-
train waveform using a switching device. This pulse-train voltage or current is then
transferred to the output portion, where it is filtered to produce a stable DC voltage or
current. When the pulse-train voltage waveform interacts with a current buffer, it
passes through the buffer. Similarly, the pulse-train current waveform is transformed
into a pulse-train voltage waveform via the voltage buffer. The high-frequency
waveform—whether voltage or current—is eventually filtered by the output portion to
achieve a DC output, ensuring efficient energy conversion and delivery. Topological
structures of the six basic PWM converters are shown in Fig. 3.6 with input portions,

energy buffer portions, and output portions marked.

The content of this chapter builds upon the foundational work presented in [67], which
introduced a comprehensive set of DC-DC converter topologies without intermediate
AC transformations. The discussion begins by outlining the assumptions, restrictions,
and conditions underpinning the analysis. These parameters serve as the basis for
deriving feasible input and output cells that enable the realization of multiple-input
converters (MICs) and multiple-output converters (MOCs) from their single-input and
single-output counterparts. Four basic rules guide the identification of these cells,
while unfeasible cells are also analyzed, highlighting configurations that fail to meet
essential multiport topology requirements, such as independent power flow control in

each leg.

The rules for identifying feasible input and output cells not only support manual
derivation but also provide a framework for developing computational methods to
automatically detect valid configurations. However, given the analysis shows that
feasible topologies represent a small subset of all possible configurations, the
computational approach is deemed unnecessary for achieving the objectives of this
chapter. Instead, the rules are applied systematically to explore potential MICs and

MOC:s.

The chapter further identifies specific single-input topologies from [67] that are
suitable for expansion into MICs. These findings present an alternative to the multiple-
input configurations suggested in [68], as the topologies derived from [69] are more

diverse and do not require simultaneous power delivery from all sources. Additionally,
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the approach presented here simplifies and enhances the work in [67], making it more

flexible and practical for a wider range of applications [70].
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Figure 3.6. Topological structures of the six basic PWM converters. (a) Buck
converter. (b) Buck—boost converter. (¢) Boost converter. (d) *~ Cuk converter. (e)
SEPIC converter. (f) Zeta converter.

Finally, this chapter introduces novel MIC and MOC topologies derived from the
study. These new configurations expand the design possibilities for multiport DC-DC
converters, offering practical solutions with improved adaptability for applications
requiring independent power flow control and flexible integration of multiple sources
or loads. The findings contribute to advancing the development of innovative,

efficient, and versatile converter systems.
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3.4. FEASIBLE TOPOLOGIES FOR MULTIPORT DC-DC
CONVERTERS

The analysis of MIC topologies is based on several key assumptions and
restrictions aimed at simplifying the design and operation of the converters. First,
power flow is assumed to be unidirectional, from source to load, in all converter inputs.
This eliminates reverse power flow scenarios for simplification. Second,
configurations with trivial connections between input legs, such as directly paralleling
inputs at the output capacitor or using an alternating flux in a transformer core, are

excluded.

The study prioritizes minimizing the total number of components by maximizing the
use of shared components across inputs, thereby reducing the number of elements in
individual input cells. As a result, only the simplest topologies within a family of
similar converters are analyzed. For example, flyback converters are excluded since
they are considered derivatives of buck-boost converters. While this approach can
lower costs in standard designs, it may reduce reliability, as shared components can
act as single points of failure. Nonetheless, MIC systems with modular designs and
diverse input sources can enhance overall system availability compared to traditional

architectures.

The analysis assumes continuous conduction mode operation using ideal components,
with the goal of regulating a specified output voltage. Another important assumption
is that all input cell switches are forward-conducting and bidirectional-blocking
(FCBB). This assumption differentiates the study from prior works, such as [67], and
allows for maximizing shared components. However, FCBB switches introduce a
restriction on simultaneous power transfer from all sources to the load, as required in
[67]. Additionally, implementing FCBB functionality with certain devices, like
MOSFETs, may require adding components such as diodes, which seems to contradict
the goal of component minimization. Furthermore, the reverse-blocking diode added
with certain switches is often a built-in feature when bidirectional power flow

capability is required—a common aspect of MIC designs.
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These assumptions and restrictions lead to several operational conditions. The study
focuses solely on direct DC-DC conversion topologies, excluding converters like
forward converters. MICs are expected to handle inputs with varying nominal voltages
while maintaining the ability to control power flow in each input leg independently.
Even if some inputs are limited in the power they can draw from their respective
sources, it must still be possible to independently control power flow within a certain
range in each leg. The inclusion of FCBB switches imposes additional constraints, as
the total input power must equal the output power, and sources may not always be able
to deliver power simultaneously. These considerations ensure that the proposed MIC
designs meet operational requirements while balancing simplicity, cost, and

performance.

All multiple-input converter (MIC) topologies are derived from their single-input
counterparts by multiplying the number of input stages (input cells) and connecting
them to a shared output stage. The process of creating an MIC from a single-input
version must adhere to several fundamental rules to satisfy the assumptions,
restrictions, and conditions discussed earlier. These rules ensure the practical and

functional realization of MICs.
Rule 1:Required Input Cell Components:

Each input cell must include at least one independently controlled forward-conducting
bidirectional-blocking (FCBB) switch. This ensures a degree of control over the power
delivered by each source, meeting the condition of independent input control.
Additionally, since every input cell incorporates at least one FCBB switch, the
common stage must include at least one dependent switch, such as a shared diode.
While this rule does not limit the number of passive components in the MIC, the goal
of minimizing the total number of components necessitates reducing passive
components in each input cell. Passive elements should only be added to input cells if
they cannot be incorporated into the common stage, as is the case with the input

inductor in current-source converters.
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Rule 2: Independent Switch Redundancy:

To maintain independent control of each input, the connection between input cells and
the common stage must avoid redundancy in switches, specifically parallel
independent switches. This rule requires that both terminals of an independent switch
should not serve as connection points for the input cell. Ensuring non-redundant

configurations allows for efficient and reliable power control in each input.
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Figure 3.7 Unfeasible SEPIC converter with centre capacitor in the common
output stage.

Rule 3: Common-Stage Capacitor Voltage:

In MICs derived from single-input topologies with center capacitors—such as the
single-ended primary inductance converter (SEPIC) and the Cuk converter—the
average voltage of the common-stage center capacitor must not depend on the input
voltage. For instance, in a multiple-input SEPIC topology, the center capacitor's
average voltage would simultaneously equal all input voltages (as shown in Fig 3.7),
making such a configuration unfeasible unless the assumption of minimizing

components is relaxed. If the assumption is relaxed, the center capacitor can be divided
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among the input cells. However, certain topologies may still be unfeasible if the
capacitor's terminals are shared with the common stage, and their average voltage

depends on their respective source voltages.
Rule 4: Source Terminals:

Both terminals of the input source must not serve as connection points for the input
cell. Otherwise, when input cells are connected to sources with different voltages, a
short circuit could occur. This rule ensures the safe and stable operation of MICs under

varying input conditions.

By adhering to these rules, MIC topologies can be systematically developed while
balancing the trade-offs between component minimization, functionality, and
operational reliability. These guidelines form the foundation for the design and

realization of MICs that meet the desired performance and efficiency criteria.

I*:f °

Figure 3.8. Feasible input cell. Connection terminals are marked with the black
dots.

3.4.1. Basic Input Cells for Multiport Configurations

The application of the four rules outlined in Section 3.4 results in three categories of
input cells: always feasible input cells, always unfeasible input cells, and alternative
input cells. The latter category can lead to feasible MIC topologies if the assumption
of minimizing the total number of components is relaxed, and the center capacitor in

the common stage is distributed across the individual input cells.
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Figure 3.9. Current-source conditioning filter for the feasible input cell in Fig. 3.4.
The input cell that consistently produces feasible MIC topologies is depicted in Fig.
3.8. This input cell is commonly associated with voltage source converters, such as the
buck converter. However, its primary limitation is that it generates a switched input
current, which is unsuitable for certain sources, such as fuel cells. This drawback can
be mitigated by incorporating an input current-source conditioning filter, as illustrated

in Fig. 3.9.

On the other hand, unfeasible input cells are more prevalent, as shown in Fig. 3.10.
These cells fail to comply with at least Rule 2, which prohibits configurations where
the terminals of an input cell overlap with both terminals of the same switch.
Additionally, most unfeasible cells for converters featuring four switches, as
referenced in [46], are excluded from Fig. 3.10. This is primarily because these cells
involve an independently controlled switch separated from the other components of
the input cell, with both terminals of the switch acting as connection points to the

common stage.

In practice, many of the unfeasible input cells depicted in Fig. 3.6. also violate Rule 3.
This is because the average voltage of any common-stage center capacitor connected
to the input-source terminal—either directly or via an inductor—depends on the input
voltage. This issue highlights a potential solution: to make unfeasible input cells
feasible, the center capacitor in the common stage can be distributed across each input
cell. The resulting modified input cells are illustrated in Fig 3.11., corresponding to the
input cells with the same names in Fig 3.10. When diverse input sources are used,

redistributing the center capacitor to each input cell also provides an additional benefit.
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Figure 3.10. Unfeasible cells. Connection terminals are marked with black dots.
It enhances the converter’s availability by eliminating the center capacitor as a single
point of failure, especially since capacitors are often considered one of the less reliable

components in the system.
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Figure 3.11. Additional feasible cells if the assumption of common components
maximization is relaxed in the corresponding unfeasible input cells in Fig. 3.6.
Connection terminals are marked with black dots.

3.4.2. Ideology for Multiport Configurations

This section outlines the principle and process for deriving MIMO converter
topologies from the standard boost SISO converters shown in Fig. 3.6(c). The method
involves just three straightforward steps, making it simple to implement. Additionally,
under certain operating conditions, some of the derived topologies can be further

optimized to reduce the number of semiconductor components.

This chapter presents the principle and methodology for deriving MIMO converter
topologies from typical SISO converters, as shown in Fig. 3.6. The process involves
three primary steps, ensuring simplicity and ease of implementation. Additionally,
under suitable conditions, the resulting topologies can be optimized by reducing

unnecessary semiconductor components.
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Figure 3.12. Three MIMO cells with connection to different ports of the inductor:
(a) outflow, (b) inflow, and (c) both.

Step 1: Proposal of Basic MIMO Cells

Three fundamental MIMO cells, referred to as MIMO,, MIMO,, and MIM O3, each
with p outputs and q inputs, are proposed in Fig. 3.12. These cells are developed based
on the operational principles and structural features of existing MIMO converters. The
cells multiplex the inductor current i; by connecting multiple inputs/outputs and
unidirectional switches to the outflow, inflow, or both ports of the inductor, as

illustrated in Fig. 3.12(a)—(c).
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Figure 3.13 Three types of MIMO topologies deriving from the four typical SISO
converter. (a) SISO. (b) MIMO;. (c) MIMO,. (d) MIMO5.
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e MIMO, Cell: Integrated at the inductor’s outflow port, with additional
unidirectional switches included in each original branch B,; — B,,, ensuring
that i; flows through only one path at a time.

e MIMO, Cell: Integrated in a similar manner to MIMO,, as shown in Fig.
3.13(c).

e MIMO; Cell: Requires only a single additional unidirectional switch since it

is connected in parallel with the inductor, as shown in Fig. 3.13(d).

Multiple MIMO cells can also be combined and integrated into SISO converters, as
demonstrated in Fig. 3.14. The extra unidirectional switch in MIM O3, shown in Fig.
3.14(d), can be removed when combined with MIM O,, MIM O,, or both, as depicted
in Figs. 3.14(b)—(d), due to the presence of unidirectional switches in branches B;; —

Bim or B,1 — Byy,.

(c) (d)

Figure 3.14. MIMO topologies with the combination of three MIMO cells. (a)
MIMO,; + MIMO,. (b) MIMO,; + MIMO;3. (c) MIMO, + MIMO5. (d)
MIMO, + MIMO, + MIMOs;.

Step 2: Integration with SISO Converters

The MIMO cells are then integrated with the inductor branches of typical SISO
converters, including buck, boost, buck-boost, and non-inverting buck—boost
converters. The inductor branches of these converters are generalized, as shown in Fig.

3.13(a), with the parameters m and n set to 1 or 2, depending on the converter type.
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Integration Example: The process of integrating a single MIMO cell with the
inductor branch is detailed in Figs. 3.13(b)—(d) for MIMO,, MIMO,,and MIM O,

respectively.

For MIMO topologies shown in Figs. 3.13(b), 3.13(c), and 3.14(a)—(d), employing
MIM O, or MIM O, cells results in one port of each output V,; — V,,, or input V;; — V;

being left unconnected. These suspended ports can theoretically be connected to any
node in the SISO converters, other than the inductor’s nodes, leading to the
development of multiple MIMO topologies. For example, integrating
MIMO; or MIM O, cells with a boost converter can yield two SIDO/DISO topologies.

Step 3: Simplification of Derived Topologies

The final step involves simplifying the derived MIMO topologies by removing
redundant or unnecessary switches. Many added unidirectional switches are either

duplicated or serve no purpose.

—8— | v>0
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i
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Figure 3.15. Simplification of switches.
e Redundant Switches: As shown in Fig. 3.15, redundant MOSFETs/diodes in
series can be removed by deleting one of the duplicates.
e Voltage Analysis: If the voltage v, across a unidirectional switch is always
greater than or equal to zero, the diode remains forward-biased and can be
removed. Conversely, if vg is always less than or equal to zero, the parallel

diode of the MOSFET conducts continuously, allowing for its removal as well.

By following these steps, the methodology provides a structured approach to derive

efficient and optimized MIMO converter topologies from their SISO counterparts.
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3.5. MIMO TOPOLOGY DERIVATION FOR BOOST CONVERTER

By applying the previously discussed principles, various multi-input multi-output
converters can be derived with relative ease. To illustrate this process, the combination
of a boost converter and the MIM O cell with one output branch (p = 1,q = 0) is
taken as an example, with its topology derivation detailed in Fig. 6. Initially, the
MIMO; cell is integrated with the boost converter, as depicted in Fig. 3.16(a). The
extra unidirectional switches are then repositioned to connect in series with switch S;
and diode D,, resulting in the configuration shown in Fig. 3.16(b). Simplification, as
explained in Fig. 3.15, is applied next, where redundant MOSFETs and diodes are

eliminated, as shown in Fig. 3.16(c).

+
Vol # Va'g

+
= Volh Vi

Fig. 3.16. Topology derivation process of the SIDO converter with combination of
boost converter and MIM O5 cell with one output branch.

Subsequently, during a switching period, the inductor current i; is directed through
different paths by sequentially turning S; , S,, and S35 ON. When S; is OFF, the voltage
across Ds; and S equals V,, or V;; + V,, during the intervals in which S, and S3
are ON, respectively. As this voltage is consistently greater than zero, diode Dg; can
be removed. The final topology, shown in Fig. 3.16(d), represents a viable single-input

dual-output converter.
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TABLE 3.1. FAMILY OF SIDO AND DISO CONVERTERS DERIVED FROM
BOOST CONVERTER
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V}1<KJI+V()2) I(J]>[(33

Vi<V, In>1;

(a)

(a)

YYynm

>
>
-4

AAA

+
T VcJE
VYiI<I/oI or I}iI<V02

— 1YY Y\

>t

ol

T

Vie<Vor, In>1

(b)

(b)

Vi

Via

T

Vir<Vo1 or Vo<V,

42




Additionally, Tables 3.1 present a family of SIDO and DISO converters derived from
standard boost converters using the proposed topology derivation method. Each
topology exhibits unique performance characteristics, allowing researchers to select
the most appropriate configuration for specific applications. For instance, in the
topology shown in Table 3.1(i)-(a), the inductor voltage alternates between V4, Vi —
Vo1,and Vy; — V,1 — V,, during different switching intervals. This behavior requires
Vi1 to remain smaller than V,; + V,,,; otherwise, the inductor’s average voltage over a
switching period would not be zero. Furthermore, based on the ampere-second balance
for capacitors, the average output current I,; must equal the sum of the second output
current /,, and the current through the unidirectional switch, resulting in I,; > I,,.
Consequently, V,; must be prioritized to ensure the proper operation of V,,. These
requirements can be further refined with more detailed parameter specifications. As
the number of input and output ports increases, more viable MIMO topologies can be
developed. For example, a boost converter-based DIDO topology has 25 viable
configurations, which can be grouped into six categories based on the different MIMO
cells used. Representative topologies from each category are illustrated in Fig. 3.17.
In Figs. 3.17(a)—(c), two identical MIMO cells are simultaneously integrated into the
boost converter, while in Figs. 3.17(d)—(f), two of the three cells are combined.
Compared to conventional MIMO converters with additional parallel-connected
inputs/outputs [26]-[31], the new topologies feature diverse additional port
characteristics, making them more suitable for applications requiring varying inputs

and outputs.

43



— —Re—F
i 1
JFVUE' YYyyn i2
YY"\ § =
| 1 x
. J 1 l + +
V.r‘li_'= =::: ol 4 T Vf_)l
i Vil l-l_ T%Kfﬁ
(b)
YYm
R Rty
o
+
10— K V Vi _ VosT— +
ST S O I T3
—'| () (d)
2 -
VEZ Vr'2 "
FYYYA Pl mn >—
o
o < * ! ¥ +
Pvfli_-r =::E ol M| —_— V('}l
+ - % -
VakE IV
T30 T
(e) ()

Figure 3.17. DIDO topologies based on boost converter with different MIMO
cells. (a) MIMO; + MIMO,. (b) MIMO, + MIMO,. (c) MIMO; + MIMOs. (d)
MIMO, + MIMO,. (e) MIMO; + MIMO;. (f) MIMO, + MIMO;.

To facilitate this selection, Tables 3.1 summarize the basic voltage and current
requirements for these topologies based on the principles of voltage-second balance

and ampere-second balance, respectively.
3.6. CONCLUSIONS

In this chapter, a systematic approach for deriving multi-input multi-output
(MIMO) converter topologies from typical boost converters was presented. The
proposed method, requiring only three straightforward steps, was demonstrated in
detail using a range of derived single-input dual-output (SIDO), dual-input single-
output (DISO), and dual-input dual-output (DIDO) topologies. By applying this

methodology, engineers gain access to a broader spectrum of MIMO configurations,
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enabling the selection of an optimal topology tailored to specific engineering

applications.

Furthermore, the development of multiple-input converters (MICs) from their
corresponding single-input counterparts was explored. Through the application of
defined assumptions, constraints, and conditions, the analysis identified both feasible
and unfeasible input cells for MIC design. Four fundamental rules were used to
determine which single-input topologies could be extended into multiple-input
circuits. These contributions provide a practical framework for the design and

implementation of advanced MIC systems in diverse engineering contexts.
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CHAPTER 4

LYAPUNOYV FUNCTION APPROACH TO STABILIZE
MULTIPORT FLYBACK CONVERTER TO INTEGRATE
RESs

4.1. INTRODUCTION

Over the past two decades, renewable energy sources such as photovoltaic (PV)
and wind energy have become increasingly important due to their clean, pollution-free
nature and abundance. Researchers and scientists are actively investigating PV energy
generation systems, focusing on improving inverter designs and control strategies to
boost efficiency [71][72]. However, despite these technological advancements, the
high costs have limited their widespread use, mainly residential applications. Flyback
topology-based DC/DC converters, known for their simplicity, low cost, ease of
isolation, and ability to provide multiple outputs, have found broad acceptance in
automotive systems, telecommunications equipment, and electronic devices. These
converters can function in both continuous conduction mode (CCM) and
discontinuous conduction mode (DCM). In [73], a grid-connected system for

renewable energy source (RES) applications, comprising a modified switched-

———— — —

Auxiliary Power
Supply

]

Renewable Energy
Sources

Figure 4.1. Multiport Flyback Converter Topology
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capacitor (SC) based multilevel inverter paired with a DC-DC flyback converter, is

presented.

When operating in the continuous conduction mode (CCM), the non-ideal flyback
DC/DC converter exhibits higher efficiency, lower voltage and current stress, and a
more straightforward filter design than the DCM mode. As a result, there is
considerable interest in utilizing the flyback CCM converter for industrial applications

[74]-[77].

However, the flyback CCM converter faces a challenge due to its nonminimum phase
behaviour, which is attributed to its transfer function from the control duty to the output
voltage having a right-half-plane zero [78]. Consequently, achieving precise output
voltage control for the flyback converter with equivalent series resistances poses a
challenging issue. The MFC architecture of the Renewable Energy based system is

shown in Fig. 4.1, having an isolated flyback converter.

Control designs for these converters are usually implemented using small signal
analysis around the operating point to enable the application of linear control strategies
[79]-[80]. Linear control design techniques are popular for the flyback CCM converter
around a fixed operating point, but their use requires a linearized model that does not
capture the entire dynamic behaviour, making it difficult to ensure stability under large
perturbations. Researchers have proposed nonlinear control strategies derived directly
from the converter's model, avoiding the need for linearization. Based on Lyapunov
functions, backstepping control stabilizes the inductor current and output voltage, but
it is sensitive to parameter variations and exhibits slow transient responses due to
inherent singularities [81]-[83]. On the other hand, sliding-mode control (SMC)
ensures robustness against variations and disturbances with faster transient
performance. However, SMC generates a bang-bang-type control input, leading to
chattering and significant switching frequency variation with varying input voltage
and output load [84]. In [85], it employs a control strategy grounded in Lyapunov

functions to ensure the stability of a cascaded DC-DC converter.

Meanwhile, [86] introduced a technique for calculating the switching control signals

for the Cuk DC-DC converter utilizing the Lyapunov theory. It is important to note
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that the concepts outlined in [87] have not yet been implemented in a practical
experimental setup. A notable challenge with the Lyapunov controller is achieving fast
convergence of the Lyapunov function while maintaining robustness against variations
in the controller coefficients, as mentioned in [88]. Therefore, developing a practical
approach for selecting these coefficients is essential to ensure rapid response and

stability across a wide range of operating conditions.

In [89], a SISO flyback converter employing Lyapunov function control is introduced.
The study accounts for parasitic elements in the diode, inductor, and switch but
overlooks the inclusion of capacitor equivalent series resistances ESR. The chapter
digs into the design of the converter's controller but does not discuss the aspects of
converter stability and the stress placed on the switches. In [89], the authors introduce
anew seven-level inverter based on switched capacitors that operates with a single DC
power supply. The design can produce a seven-level output voltage waveform while
also boosting the voltage. Remarkably, the inverter achieves a voltage gain factor of 3

without the need for an additional DC-DC boost converter.

This chapter proposes a CCM flyback converter considering ESR of all components,
including the capacitor, having two outputs. This converter's nonminimum phase
behaviour, caused by a right-half-plane zero in its transfer function, leads to poor
transient response under large signal perturbations [90]-[92]. The converter stability is
analyzed by deriving the transfer function for one of the outputs. However, the
Lyapunov-function-based feedback controller makes the system's response globally
exponentially stable during the transient response compared to the linear PID
controller and the integral mode sliding mode controller. We strengthen it by adding a
duty-ratio feedforward controller to lessen its load. By considering parasitic elements,
we create a dynamic model for the flyback CCM converter, allowing precise control
of the desired output voltage. Numerical simulations demonstrate better performance
and stability, while practical tests confirm the effectiveness of our proposed control
method in different applications. In [93], the authors propose a five-level boost inverter
with a single DC source, featuring a DC-DC boost converter for voltage transfer, PCC

method for switching pattern, component design, power loss analysis, performance
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comparison, and a laboratory prototype tested with the local grid for active and reactive

power control.

4.2. DYNAMIC MODELLING OF FLYBACK CONVERTER WITH
PARASITIC COMPONENTS

The flyback CCM converter's modelling and controller design process can be
challenging and complex, leading to the omission of parasitic components. This results
in an ideal/lossless model that simplifies the development and aids in understanding
the converter's main features. However, accounting for parasitic elements becomes
crucial for enhancing model accuracy and studying dynamic performance. Including
these components can lead to improved steady-state and transient performance.
Therefore, we consider the parasitic components in our approach to construct a more

comprehensive dynamic model of the flyback CCM converter.
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Figure 4.2. Electrical model of Flyback converter with parasitics components.

Figure 4.2 describes the circuit diagram of the non-ideal flyback converter with ESRs.
This electrical model presents the transformer as an equivalent inductor Lp. Within
Np

this model, the parameters V,, S, Ry, Ly, Ly, D, C, Ry, n = in, Vi, Ry,
S

Ry, R, V., and vy symbolize the input voltage, MOSFET switch, switch resistance,
transformer inductance, leakage inductance, diode, output filter capacitor, load

resistor, transformer turns ratio, inductor current, diode forward drop, inductor
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resistance, parasitic diode resistance, ESR of the capacitor, output capacitor voltage

and output voltage of the non-ideal Flyback converter, respectively.

In any converter, two primary states of a switch are employed to formulate the voltage
gain equation. The voltage and current waveforms for PWM switching of the Flyback
converter are illustrated in Fig. 4.3 to depict this relationship. The working of the

flyback converter is expressed as:

Switch S (0 < t < DT) is turned ON, as shown in Fig. 4.4(a), the primary side of
transformer T experiences an increasing current flow as the input DC voltage supplies
power to it. Consequently, energy is stored in the transformer's magnetizing inductance
Ly. Due to the polarity of the transformer's dot, diode D becomes reverse-biased,
causing the secondary side to be disconnected and not conduct electricity. In this state,

the load is powered by the current supplied from the output capacitor C.

Figure. 4.3. Steady-state waveform of Voltage and Current during switching of
Flyback converter.

When switch S (DT <t <T) is toggled OFF, as shown in Fig. 4.4(b), by the
transformer's dot polarity, the inductor L,, Undergoes a transfer of energy to capacitor
C in a unidirectional manner. This causes diode D on the secondary side to become

forward-biased and initiate conduction based on Faraday's Law of Electromagnetic
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Induction. This cyclic process concludes, resulting in the load resistance receiving a

direct current (DC) voltage.
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Figure. 4.4. Operation Mode of Flyback Converter with parasitics: (a) State 1 (0 <
t < DT) and (b) State 2 (DT <t <T).

Assuming minimal resistance in the windings and leakage inductance and

acknowledging the presence of a nonzero core reluctance, the transformer can be
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simplified as two inductors with the magnetizing inductance L,, along with inductor
resistor Ry and leakage inductance Lj, on the primary side of an ideal transformer. This

system involves two crucial variables: the current i; , and the voltage vr.

By utilizing Kirchhoff's voltage and current principles, we can deduce the state-space
equations for both the cases when the switch is in the on and off positions, expressed

as follows, respectively.

Switch turned-ON (1 < t < DT):

[din'l _ (RL + st) 0
[de | _ (Lp + Ly) [ ] [ ]
ldch - 0 1 (Lp + L) + Lk) v (41)
dt C(R, +R,)
Rol
Vol] _ |(R01 + R.1) |[LLp] 0 [VEJ]
Vol | _Ron o oV, +2)
[(Roz + Rez)
Switch turned-OFF (DT <t < T):
di (o + 2Ry + "ZRCRf))
le B L n"ng RO + RC B nRo ;
dt |- L, L,(R, + R,) [Lp]
dv, v,
nR, 1
dt —_— S — (4.3)
C(R, +R.) C(Ry, +R.)
n
0 —|[V
+ L, [ g ]
%4
0 d
nRy,1 R Roy1
Vol _ (Roz + RCZ) (Rol +Rc1) [le] 0 [Vq]
Voz] ~ | nRy2R: V4 (44)

(Roz + RCZ) (Roz + RCZ)

In these equations i;, represents the current flowing through the leakage

k
inductor, i , is the current flowing through the magnetizing inductor, V; stands for the
input AC voltage, V; represents the DC voltage after passing through the filter Cr, and

vy is the output voltage.
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The basis of an optimized controller design lies in the small-signal model. Particularly
in a flyback converter, a well-constructed model proves precious for achieving closed-
loop control, fine-tuning, and optimizing the converter's dynamics. Equations (4.1) -
(4.4) can be represented in the single switched model of the Flyback converter

considering both averaged and small signal disturbances as

2
_ 2 n“R,R
diy, nV, nR, v, ~ ("Ra + R+ 1
== (d - 1) + + le
dt L,  L,(R, +R.) L, (4.5)
' { o R+ st)}
(Lk + Lp) p (Lk + Lp)
dr, |74 R, + R
Ly _ g _TL ( L sw) (4.5)
dt (Lp+ L) P (Ly +Ly)
@= B ﬁC B nROpr 4 dROnTLp (47)
dt (R, +R.)C (R, +R.)C (R, +R.)C

where d is the duty (0 <d < 1) and 7}, L and v represent the average values of

i;p, iz, and vr over each switching cycle, respectively. The dynamic model will be

subjected to averaging, followed by circuit averaging, during which small
perturbations in variables will be introduced, finally resulting in the linearization of

the model.

sk(s) = Ax(s) + Bii(s) + ((A1 —A)X(s)+ (B, — BZ)U(S))&(S)
9(s) = C&(s) + Du(s) + ((C1 = C)X(s) + (D1 — D)U(s)) d(s)
where,

A =A1d+A2(1_d) = (A1 _Az)d +A2

(4.9)
B = Bld+B2(1_d) = (Bl _Bz)d+B2

From equation (4.8), the transfer function corresponding outputs to the duty cycle can

be expressed as

53



Vor(s)  —4.9448 (s + 7.779e04) (s — 2.848e04)
d(s) (s + 7.692e04) (s + 2.963e04)

(4.10)

I,  3.8112e05(s + 2653) (4.11)
d  (s+7.692e04)(s + 2.963e04) )

Utilizing MATLAB software, we constructed open-loop Bode diagrams to illustrate
the relationship between the system's output and control input, employing the
simulation parameters drawn in Table 4.1. Upon analysis of these Bode plots, the
inductor current to duty shown in Fig. 4.5(a) is comparably stable, while output voltage
to duty as shown in Fig. 4.5(b), has become evident that the system exhibits an
inadequate gain margin of -13.9 dB and instability in the open-loop configuration.
Consequently, to improve the gain margin and enhance system stability, developing a
dedicated controller is considered necessary. A closed-loop controller is designed with
different linear and nonlinear controllers for stability and performance analysis of the
converter. PID controller is applied on the linearized and perturbated transfer function
(4.10), whereas SMC and Lyapunov stability function is directly implemented on the
differential equation as obtained in (4.1)-(4.4).

Table 4.1. SPECIFICATION FOR FLYBACK CONVERTER

Description Parameter Value
Power P, 140 W
Input Voltage Vs 220V (RM.S)
Output Voltages Vor/ Vr 180V / 5V (DC.)
Frequency fs 100 kHz
Inductance Ly 1.5 mH
Leakage Inductance Ly 1.3 uH
Capacitance C 220 puF
Parasitic Capacitor Resistance Rc 0.01 Q
Parasitic Inductor Resistance R 21Q
Parasitic Diode Resistance Ra 0.1 Q
Forward Voltage Drop Vg4 0.7V
Switch Resistance Rqw 0.8Q
Load Resistance R 2.5Q
Turn Ratio n 320/6

54



Bode Diagram
13.9

13.8

13.7 [

Magnitude (dB)

107 10% 10% 108
Frequency (rad/s)

(2)

Bode Diagram

10 F I
0_’/

10 F

Magnitude {dB)

20 F

-30 1 1 1
90 T T T

Phase (deg)
o

-45 | H

-0 L
107 10° 10 10° 108 107
Frequency (rad/s)

(b)
Figure 4.5. Open Loop Bode Plot for Flyback Converter (a) Output voltage to duty,
(b) Inductor Current to duty

4.3. CONTROL METHODOLOGY AND STABILITY
INVESTIGATION

Controller designing is a critical aspect of system control, aimed at developing
control strategies that ensure desired system behaviour and performance [85]. The

main objective of the non-ideal flyback converter controller is to keep the DC link
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voltage as close as possible to the reference value. This voltage regulation is necessary
for both operating modes, resulting in the same steady-state duty cycle for both modes.
Traditionally, a proportional-integral control scheme based on a linearized model has
been commonly employed to stabilize the converter. However, when subjected to
significant disturbances, this technique produces a poor transient response because the
accuracy of the small-signal model at each operational point is limited. To address
these limitations, we propose a Lyapunov-function-based controller that achieves
quick dynamic response and global exponential stability even in the presence of
notable disturbances. This controller consists of two units. The proposed control unit,
the first, enables fast dynamic responses for the flyback converter and assures global
exponential stability despite significant disturbances. The second component, referred
to as the duty-ratio feedforward controller, reduces the burden for the feedback

controller.
4.4. DUTY RATIO FEEDFORWARD CONTROLLER

The duty-ratio feedforward control element, which is essential for analyzing
the error dynamics, is introduced in this section. The suggested feedback controller is
designed using the findings from the dynamic error model. For further progress, we

will establish the reference magnetizing inductor current as ILp and the reference

output voltage as V. The flyback converter is assumed to function under stable,

steady-state conditions. By substituting I Lp and V. into the expressions for TLp and vy

We proceed with the analysis, equating (3) to (5) with zero.

dr* Vg (des = 1) {an 4 nVcRo}

o= Ly + L, L, R+R, 12
p n%R R :
2 — 0o c —
(Rd" + R+ Rc) * (dry — 1) _dpr(Ry + Rw)
L, Ly + L,
V.=n(1- dff)ILpRo (4.13)

Substituting (4.12) in (4.13), we then obtain the following expression, which can be

arranged as
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oy dfp +0¢; dpp +0c3=0 (4.14)

where,

o= (= L,R2Vyn — L, R2V,n? — L,R2V,n? — L, R2V,n? — L,R2Vn?

4.15
— LyRoR.Vyn — LyRyR . Vyn? — L,R,R Vyn?) (415)

o= LyR2V,n + 2L R2V,;n? + 2L,R2V,n? + 2L, RV n?
+ 2L, R2Vyn? + L RoyR V. — LyRo Ry Ve + LR R,V
— LyRRg Vi + LyR,RVn + LyRoR V,n?
+ LyR,RVin? + 2L R, R Vyn?
+ LgRoRqVen? 2L, R,RVyn? + L,RoR4Vin?
+ LgR.RqVin? + LR R4Vin?

(4.16)

o¢3= — LRZV.n? — L,R2V,n? — L RZVyn® — LyRZVyn® — L RoR,V,
— LyR,R, V. — LkR.R.V, — LR RV, — LiR,R.V,n?
— LyRoRVin? — Ly RoRVqn?® — LRy RyV.n? (4.17)
— LyR,RVn? — LyR,RaVin? — Li R RqVin?
— L,R.R4V,n?

dsf can be calculated from equation (4.14) as

A +./A,

1-/42

A3

A : : o :
where,d¢; = is considered since its value is less than one. The output voltage

of the flyback CCM converter is not directly influenced by dy itself. Instead, dys

serves as a feedforward input to closely track the reference output voltage. This
approach improves the feedback controller's workload, allowing it to operate with

lower gain since it no longer needs to regulate the output voltage precisely.

4.5. FEEDBACK CONTROL SYSTEM UTILIZING LYAPUNOV
FUNCTIONS

Apply the feedforward duty dy to extract the error dynamics to generate the

proposed feedback controller for the converter. The error dynamics ein =Ty, — ILp,

eve =7V, —V, , and feedback control input asdg, =d —dsr. Substituting

ei; €V and djj, into Equations (4.3) to (4.5) results to
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RochZ)

. . P 2
dele _ (Vg - (RL+ RSW)(le + ele) n (ILp + ele)(RL+Rdn + Ro+Rc n nvy

+
dt Li+Lp Lp Ly

nR,(Vo+eve)

Lp(Ro+Rc) )dfb + (dff o 1)

Ron(Vc+ch)> dff<Vg—(RL+ st)(ILp + ein))

1, +eiy (R +Rgn?+RoRen”
( Lp LP)< LTd R0+Rc) + Van + (4.19)
Ly Ly

Lp(Ro+Rc) LitLp
dev, R,n (ILp + ein) .
dt CR,+R) |7*
(4.20)
Vet ev—Ron (1, + eir,) +Rodspn (I, + eiy,))
C(R, +R,)
The error dynamics (4.19) and (4.20) can be summarized as
é = Ge+ (He + h)dy (4.21)
where,
T
e = leiy, ev.| (4.22)
G
R,R.n?
(RL + st) (Rdnz + RL + ﬁ)(l - dff) TlRo(l — dff)
= Le+Ll, 7 Ly LR, R | (#2%)
C(Ro + R.) C(Ro +Rc)
R,R.n?
2
R, +Ry, Ra+RFRTE) g

H=| Lig+L, L, Ly(R, + R.) (4.24)

nR,

-9 0
C(R, + R.)
Ran?+R; + BB
_ RL+Rsw + ( d L Ro+Rc) IL + Vg + nRo VC + n d

h L P ety lpRotRa Ly | g o)

nR,
C(Ro+R.) Lp

The Lyapunov stability theorem states that a system attains exponential stability when

the specified condition is satisfied: The function V(x) satisfies ¢,||x||* < V(x) <
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c,llx]|%and V (x) < —cs||x||* criteria, where 0 < ¢; < ¢, < c3, and « is a positive
constant. The potential Lyapunov function represents the energy held in inductors and

capacitors.

Using the Lyapunov function, we can depict the energy stored in the inductor and

output capacitor:
1 L, 1 1. £.26)
V(e) —ELpeLLp+ECevC =5e Pe (4
where P = diag[L, C], then it holds that

1 . 1
2 min(Lp, €) llell3 = > Anim(P)llell3 < V(e)
) - , (4.27)
< Dimax(Pllell3 = 2max(Ly, €) llell3

Taking the derivative of equation (4.27) with respect to time, we obtain the following

result:
V(e) = %éTPe + %eTPé
(4.28)
= —e"Qe + dspe"Ke + d,h" Pe
where,
1
Q= —E(GTP +PG) =
R R n?
— 2 4 foltclt
dry (R + Rew) (der—1) (RL tRm™+ 5 Rc) .
P\ LetLy L, (4.29)
. 1
R, + R_]
>0
K= %(HTP + PH)
R R n?
2 o-'c
(R AR RTR RoARw | (4.30)
=" L, Ly + Ly
0 0

59



By choosing feedback controller as

dep = —a(e"Ke + h'Pe) (4.31)
where a > 0, substituting (4.31) in (4.28)
V(e) = —eTQe — a(eTKe + hT Pe)?

1
< Elmin(P)”e“%

RoRcn?
(Lp dff(RL+st) _ (dff_l)(RL+Rdn2+ Roof:c) 0 \ (432)
= —min LictLp v llell3
1
0 Ro+R
<0

From (4.27) and (4.32), the stability theorem eiL, - 0 & evy = 0

Exponentially fast as t — 0. Relating (4.27) and (4.32), we obtain

. ZAmin(Q)
Vie) < — TP V(e) (4.33)
and solving (4.33) gives
2Amin
V(e(®)) < V(e(t,))exp {— /1—((PQ)) (t — to)} (4.34)

Forall t > t,, then the error trajectory[24] is bounded as

2v(e(®)) Amax(PllellZexp {—?L”((P%) (t — to)}
lell, < { } - nax
2 Amin(P) Amin(P ) (4'35)

Amax(P) % Amin(Q)
{m} lle(t,)llzexp {— FRND) (t— to)}

N[~

As a result, the error trajectories converge rapidly to zero with an exponential rate of

_ Amin (Q)
Amax(P)’
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The complete control input is subsequently determined using equations (4.18) and

(4.31) as follows:

Ay =4,

1 —a(e"Ke + h"Pe) (4.36)
3

Following equation (4.36), the complete control strategy for the flyback converter

considering ESRs is shown in Fig. 4.6. This average value of inductor current I, » and

capacitor voltage V. is sensed and compared with their references, thereby generating
errors. These errors are minimized using the proposed controller, whose derivation is

discussed earlier, and a control law (4.36) is developed.
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Figure 4.6. Proposed Lyapunov-based flyback CCM converter control system with
parasitics.

4.6. CONTROLLER IMPLEMENTATION ON CONVERTER

To confirm the validity of the theoretical analysis, we establish the following
design specifications. V;, = 220VAC,V,; =180V,V; =5V,P, = 10 W, and
switching frequency fs = 100 kHz and the remaining parameters are shown in Table
4.1. The closed-loop system was simulated to evaluate how it reacts to changes in the
reference output voltage, input voltage, and output load. These tests help us understand

the system's transient behavior under various conditions.
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4.6.1. Linear PI controller

The chapter presents the development of a simulation model for a Flyback Converter
using PI control, where essential parameters are considered, and the calculated values

of K,and K; are implemented.

u(t) = Kpe(t) + K, f e(t)dt (437)

where

e(t) = Vref — V¢ (4.38)

Through successive trial and error, the values of K,and K; are determined as 10 and
3.2, respectively. Fig. 4.7 illustrates the flyback Converter's output performance under
PI control for its voltage and current control loops, respectively. The Flyback
Converter, operating with the PI controller, achieves a peak output voltage of 5.042V,
with a rise time of 49.438 us to reach the desired output voltage of 5V. However, when
subjected to PI control, the voltage and current output exhibit some ripple.

Furthermore, the Flyback Converter demonstrates a steady-state error of 5.16%.
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Figure 4.7. Input and Output profile of PI-controlled Flyback Converter.
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4.6.2. Sliding mode controller

The flyback converter undergoes simulation using a developed model based on the
proposed design. The results of this simulation model are precisely analyzed. To ensure
a regulated 5V output voltage, a Simulink model for the flyback converter is
established, including a Sliding Mode Controller (SMC) for closed-loop control.
Initially, a sliding surface is formulated to minimize voltage and current errors,
adhering to the principles of sliding mode control, where the sliding surface s(x) is

set to 0. These are the SMC state variables:

X1 = iref - in
X2 = Uper — V¢ (439)

X3 = f(xl + xz)dt

The suggested controller sliding surface S is specified as follows:

S = alxl + azxz + a3x3 (440)

Fig. 4.9 shows the output voltage waveforms observed while utilizing the sliding-mode

controller, the schematic diagram of which is depicted in Fig. 4.8.

u Flyback ——>

0 converter — |

b K |e

_g= |/, 4—/—\ % Ty iy
)

Figure 4.8. Control schematic for ISMC for nonlinear flyback converter with
voltage and current loop.

Before obtaining stability at the desired reference output voltage, the actual output
voltage exhibits significant overshooting and minor oscillations. However, the settling

time for this waveform is smaller than that depicted in Fig. 4.7.
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Figure 4.9. Performance profile of ISMC-controlled Flyback Converter for (a) 5V
output voltage (b) 180V output profile.

The peak output voltage achieved by the flyback converter with the SMC controller is
measured at 4.997V. The rise time required to attain the desired state for the 5V output
voltage is determined to be 470.15 ns. Additionally, the steady-state error for the
flyback converter under closed-loop control using sliding mode is calculated to be
0.4%.

4.6.3. Lyapunov function-based controller

Fig. 4.6 illustrates the control scheme employed for the multiport flyback
Converter (MFC) system. Lyapunov function-based controllers use mathematical
functions to analyze and ensure the stability of dynamic systems. Simulation results
are used to calculate the controller's efficiency and the converter's performance. The
converter's responses are examined when both the input voltage and the load change.

The parameter o within the designated controller is increased to evaluate the
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controller's response. Employing a parameter tuning approach, a gain of 0.0004 is

achieved in the simulation.
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Figure 4.10. Performance profile of Lyapunov Based-controlled Flyback Converter
for 5V output voltage.

Fig. 4.10 shows the waveforms of both the actual and reference output voltages,
considering variations in the output load. Lyapunov controller offers a rise time of
517.4 ns and a settling time of 0.4 ms. Notably, the Lyapunov controller outperforms
the SMC in this scenario. This superiority can be attributed to the closed-loop system's
output impedance, which is smaller under SMC than under PI control. The output
voltage demonstrates reduced peak behavior when the sliding-mode controller is used
(Fig. 4.9). However, the proposed controller performs even better, maintains its output

voltage under load variations (as shown in Fig. 4.10)

The proposed converter stability analysis is performed for a closed loop for output
voltage and inductor current to duty. The parasitic resistances of the inductors and the
capacitors are included while predicting the magnitude and phase margin. The gain
margin is improved to 89 dB for output voltage when the controller is applied, which
can be observed from the bode plot, as shown in Fig. 4.11. The gain margin is positive,
and the phase margin is sufficiently large, suggesting that the converter is stable under
the specified operating conditions. The load is adjusted between 0.25A and 4A within
a duration of 1 second, while the output voltage remains constant at 5V when the
controller is implemented as shown in Fig. 4.12. In Fig. 4.13, the input voltage is
depicted varying between 290V to 350V, while the output voltage remains fixed at 5V

due to the Lyapunov controller. The graph demonstrates the controller's effective
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Figure 4.11. Closed Loop Bode Plot for Flyback Converter considering circuit
parasitics (a) Output voltage to duty, (b) Inductor Current to duty.

regulation, ensuring a constant output voltage despite changes in the input voltage
range, highlighting its reliability and stability. The load is adjusted between 0.25A and
4A within a duration of 1 second, while the output voltage remains constant at 5V
when the controller is implemented. The graph demonstrates the controller's effective
regulation, ensuring a constant output voltage despite changes in the input voltage

range, highlighting its reliability and stability.
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Figure 4.12. Simulation output voltage waveforms of Lyapunov controlled flyback
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Figure 4.13. (a) Simulation graphs demonstrate the behaviour of the non-ideal
flyback converter when the proposed controller is applied in response to changes
in input voltage. (b) Comparative analysis of different controller applied on the

converter.
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Figure 4.12 showcases the simulation output voltage waveforms of the Lyapunov-
controlled flyback converter when subjected to load variations. This provides a visual
representation of how the converter responds to changes in the load. In Fig 4.13(a),
simulation graphs demonstrate the behavior of the non-ideal flyback converter when
the proposed controller is applied in response to fluctuations in input voltage. This
allows for an examination of how the converter behaves under varying input conditions
with the proposed control strategy. Additionally, Figure 4.13(b) presents a comparative
analysis of the converter's performance with different controllers applied. This
comparison offers insights into the effectiveness of the proposed controller in

comparison to other control strategies in regulating the flyback converter.

In assessing the effectiveness of the proposed controller, we examined various
parameters. These parameters included the rise time and settling time of transient
responses when subjected to changes in the reference output voltage and the
percentage of overshoot and settling time in response to variations in the input voltage
and output load (refer to Tables 4.2). Notably, when compared to other controllers, the

proposed controller has the fastest and most reliable step response.

TABLE 4.2. TIME DOMAIN SPECIFICATIONS

Controller Rise time %Peak undershoot Settling time
PI 49.43 ps 5% 32 ms
SMC 0.47 us 2.6% 20 ms
Lyapunov 517.4 ns 1.3% 0.4 ms
Controller

The comparison reveals that the proposed controller exhibits a significant reduction in
settling time and oscillations compared to both PI and SMC controllers. Although there
is a slight increase in undershooting, the substantial improvement in settling time
outweighs this drawback. Consequently, the overall performance of the proposed
controller surpasses that of the PI and SMC controllers. Fig. 4.15 and 4.16 shows the

variation of V(e) and V(e) respectively with respect to eir, and e(vy) when the

proposed controller is applied for various disturbances, the surface shows the
convergence of error to zero as the system reaches the steady state at fixed loading

conditions without affecting the system stability, even with circuit parasitics.
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4.7. VERIFICATION AND RESULTS

The converter was designed with four subsections, namely the rectifier circuit,
snubber circuit, feedback circuit, and switch controller circuit. A full bridge rectifier,
comprised of four diodes, was used to generate an unregulated DC supply, followed
by a pi filter consisting of two capacitors and an inductor. The snubber circuit was
designed to prevent voltage surges on the primary side of the transformer during
transient conditions, thereby protecting the transformer from spikes. An auxiliary bias
winding on the high-frequency Flyback transformer also provided overvoltage
protection in case of open feedback loop faults in the circuit. An LED indicates the
output state. The subsequent section will delve further into the design and
implementation of the Flyback converter using a customized flyback transformer.
Parameters for the flyback converter are calculated in steps and initially analyzed on
the Simulink model before designing. A flyback transformer is designed using the

parameter given in Table 4.3.
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Figure 4.14. Multi-output flyback converter circuit with the controller.
The crucial part was designing the air gap inductance for which an air gap of 0.12 mm
was provided using chapter. The complete representation of the converter design can
be explained by considering the converter's subparts, as shown in Fig. 4.14. The
IN4007 diode was selected for bridge rectification of AC input, ensuring that the

maximum voltage across diodes must not exceed 700V. The snubber circuit prevents
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voltage surge represented on the transformer's primary side throughout transient
conditions, thus protecting the transformer from spikes. The use of parallel RC
optimizes both energy efficiency and EMI. Further, additional bias winding on the
flyback transformer offers overvoltage protection in the event of open feedback loop
faults in the circuit; LED, which is used as an indicator, specifies the output state. A
Flyback converter is a coupled inductor with a gapped core. During each cycle, energy
is stored in the core's gap when primary winding is induced with input voltage. It is
then transferred to the secondary winding to provide power to the load. Now, we can
emphasize the transformer design as the necessary constraints for the converter design
have been calculated. One of the prevalent methods in the design of high-frequency Is
circuit isolation and voltage transformation in a flyback converter. The Flyback

Transformer parameter is shown in Table 4.3.
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Figure 4.15. Surface graph of the flyback converter for variations in V(e) with
respect to e; and e, when the proposed controller is applied for (a) Line

Variation, (b) Load Variation, (c) Both Line and Load Variation
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TABLE 4.3. SPECIFICATION FOR FLYBACK TRANSFORMER

Description Parameter Value
Value of primary current I; 0.777 A (R.M.S.)
Value of secondary current I, 6.24A (R.M.S))
Value of tertiary current I3 1 ARM.S))
Packing factor K, 0.5
Frequency fs 100 kHz
Inductance Ly, 1.5 mH
Leakage inductance Ly 1.3 uH
Current density Ji 3 A/mm?
Core window area A, 10.937mm?
Parasitic inductor resistance R; 2.1Q
Length of Air gap lg 0.12 mm
Gauge of a; Winding aq SWG = 34
Gauge of a, Winding a, SWG =15
Gauge of a; Winding as SWG =31

By finding all the parameters for the Flyback transformer, the next step is to design
converter schematics. The core used here was a high-frequency ferrite EE core. Fig.
4.17 shows the PCB layout of hardware model of a multi-output flyback converter
with an output of 5V and 180V DC with 2A and 0.002A current, respectively. The

hardware is designed to provide power to charge batteries and power the

microcontroller.
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Figure 4.17. PCB layout of Hardware Model for Flyback Converter with two
outputs.
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The size of the developed prototype is 2.5 x4 x1.5 . Its power density is 0.67 W/inch.
This flyback converter module can be incorporated into (Modular Multilevel
Converter) MMC to supply three-phase supplies. This design features a snubber circuit
to prevent transient spikes. The transformer is designed to provide features such as
protection against overvoltage and Undervoltage. It can provide power to instruments
with high sensitivity to spikes and transients. The PCB layout is designed using Fusion

360 software. The calculation for the design has been explained in an earlier section.

Fig. 4.18 shows the experimental configuration to employ flyback converter hardware
with a standalone PV-connected system. The ac power supply through an
autotransformer, a LV25-P voltage sensor and an ACS712 current sensor are used to
detect voltage and current, respectively. A TMS320F28379D microcontroller is used
for PWM pulse generation. A DSO of type KEYSIGHT DSO-X2024A is used to

record the obtained results.

v

ey
=
=

] \‘\\W!k\

Figure 4.18. Experimental setup for hardware implementation A. Multiport flyback
converter prototype, B. Input Source, C. TMS320F28379D Microcontroller, D.
Rheostat, E. Current Sensor, F. Voltage Sensor, G. DSO, H. Voltage and Current

Probe and I. Computer.

The control algorithm, which generates an adjustable duty cycle gate pulse through a
controller, is presented and implemented. Throughout the period when power

MOSFET is turned on, drain current keeps rising in the IC and MOSFET is switched
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off shortly as the drain-source current limit is reached by the current. Furthermore, a
second switch attached to the load helps to highlight load variations and is controlled
by its own gate pulse. The complete flyback converter model and all necessary
calculations and circuitry are integrated onto a PCB and thoroughly tested in the
laboratory. The hardware is subjected to various resistive loads to analyze its regulation
characteristics throughout the testing process. A usability test is conducted to improve
the hardware design. Furthermore, critical component tests are performed to evaluate
their performance before finalizing the prototype. Each section of the setup is labelled

with its respective name to facilitate clear identification and comprehension.

Fig. 4.19 to 4.22 show the Flyback converter's DSO output. An input supply is taken
from a regular 230V single-phase supply to power the flyback converter to test its
performance. This section examines how the proposed control strategy performs on
the MFC when there are changes in the reference values of input and output voltages.
Before that, it provides the steady-state response with a resistive load of R = 1042, as

illustrated in Fig. 4.19.

Vout (C-1: L V/div)|
AN WY VAN N NN SN NN S SSY SN SV SN SN DN SN VN UY N VN S Y Y S

arlLopd (C-2: 500mA/div)

e
rJ

Magnitude

Y g (C-3: 200mA/div)
N ] ) Al A | j
3;»3.” N ‘Jhl Vo
(C-4: 500V/div)
AMRTATAY A A A A A,

L N L L L R L .
\-/ \/ \\‘"/ \\-/ \\-/ \‘-/ \/{ \(i{imf\:\fgmf/\&ivf)f

Time(s) ———»

Figure 4.19. Hardware steady-state waveforms of the flyback converter.
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Figure 4.20. Experimental waveforms of the flyback converter under input voltage
variation with the steady-state error of 3%.

Similarly, AC input varies from 100V to 260V using a variable in Fig. 4.20 on a close
loop-controlled flyback converter, which shows strong reluctance in output voltage to
input variation. An error of less than 3% is observed while varying the source. The
non-ideal flyback converter has a practical efficiency of 86.4% when it is loaded on
rated conditions. The variation in efficiency can be seen in Fig. 4.24. The drop in

efficiency is observed due to the ESRs of the components.
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Figure 4.21. Experimental waveforms of the flyback converter when utilizing the
proposed controller while undergoing variations in the output load.
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Fig. 4.21 also shows the MFC's transient responses when subjected to load
fluctuations. As shown in this Fig. 4.21, the output voltage maintains stability with an
excellent transient response time, allowing for a proportionate reduction in a portion
of the output voltage as needed. A less than 2% percentage error is observed within

acceptable limits for resistive load variation from 12 to 1042.
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Figure 4.22. Voltage stress on the Switch and Diode of the flyback converter.

Fig. 4.22 typically shows two separate curves representing the stress on the MOSFET
and diode, respectively. The x-axis represents time, while the y-axis will show the

magnitude of the stress.
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Figure 4.23. Variation of output voltage with input voltage under no load
condition.
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Figure 4.24. Efficiency for non-ideal flyback converter for load variation.

The different plot for input voltage sweeps over output voltage for changed
load is shown in Fig. 4.23. The plot shows output voltage regulation concerning the
input voltage. The input voltage is varied from 0 — 230V using a variac, and the load
is changed from 2A to very low values, showing no load condition. A percentage error
of less than 2% is observed within acceptable limits for the application in gate drivers
such as IGBT, MOSFET, etc. Figure 4.24 depicts the efficiency of the non-ideal
flyback converter under load variation from below rated condition to above rated

condition.
4.8. CONCLUSIONS

This chapter presents a non-ideal flyback converter with dual outputs,
controlled by a Lyapunov-function-based approach, highlighting its simplicity, cost-
effectiveness, and isolation. Extensive investigations were conducted to enhance the
robustness and precision of the control method against load and voltage reference
variations. The proposed system ensures global exponential stability, rapid transient
response, and good gain and phase margins, even considering the effects of equivalent
series resistances (ESRs). The inclusion of the duty ratio in the feedforward loop helps
alleviates its burden. The average model, which accounts for parasitic components,
improves control accuracy. Both numerical simulations and experimental tests confirm
the superior performance of the converter in precisely regulating the reference output

voltage. Additionally, this chapter compares the effectiveness of the Lyapunov-based
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controller with that of a linear PI controller and a nonlinear Integral Sliding Mode
Controller (ISMC) in managing an MFC for DC/DC conversion. Experimental results
for closed-loop controlled flyback converters demonstrate the Lyapunov-based
controller's advantages in handling various perturbations, reducing steady-state error
to under 1%, and achieving quicker settling times. Notable stress on the switch and

diode, within an acceptable range, will be addressed in future research.
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CHAPTER 5
DYNAMIC MODELING AND EFFICIENCY ANALYSIS

OF MIMO BOOST CONVERTERS WITH RENEWABLE

SOURCES FOR AGRICULTURE LOADS
OVERVIEW

This chapter introduces a modified Multiport Boost Converter (MPBC) that

forms the backbone in hybrid renewable energy systems. The novelty of this chapter

is as follows:

1.

5.2.

The proposed non-isolated converter utilizes a single inductor (SI) to reduce
electromagnetic interference, size, and cost.

ESRs are considered which are neglected in previous MIMO papers. Rigorous
analysis has been implemented as it may affect the stability of the proposed
converter.

Improved switching strategies using TMS320F28379D DSP with faster
response.

It enables seamless addition or removal of input sources with least switching
stress. The MPBC configuration includes two input sources, an Energy Storage
Elements (ESE) and two DC outputs—one integrated with an inverter for AC
loads and the other for auxiliary DC loads.

The input powers delivered by different dc sources can be individually
regulated; thus, power budgeting between input energy sources can be
accommodated.

The output voltages can be individually higher than the maximum input voltage

or lower than the minimum input voltage.
INTRODUCTION

Distributed renewable energy sources such as photovoltaics (PV) and fuel cells

are rapidly gaining momentum as a solution to these issues. Wind energy is also

making significant contributions to the energy transition. The installation of PV

capacity has risen from kW to MW to GW in less than two decades, and it is expected

toreach 1 TW of installed global capacity soon. A shift towards clean and green energy
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is essential to ensure a sustainable future [96]-[100]. Because these energy sources are
uncertain and intermittent, pose reliability challenges in standalone use. To address
this, renewable resources are often combined with each other or with fuel cells,
supercapacitors, and energy storage elements (ESEs). Recently, multi-input converters
(MICs) have been used to connect multiple renewable energy sources. These
converters offer simple circuit designs, low manufacturing costs, centralized control,

and compact size [97]-[102].

In [103], a novel isolated multi-input dc-dc converter based on the concept of flux
additivity, uses phase-shifted pulse width modulation (PWM) control on two input
current-fed full-bridge dc-dc converters. This approach offers several advantages,
including the ability to deliver power separately and simultaneously from multiple dc
sources, soft switching technology, and electric isolation via a transformer. In [104], a
modular non-isolated multi-input step-up high gain converter topology with
continuous current conduction is explored (or proposed) that provides high gain using
the same number of devices and has the least number of device counts. The switches
and diodes' peak inverse voltage (PIV) are controlled within acceptable limits to

maintain high voltage gain.

In [105], anew bidirectional dc-dc converter is presented for grid-connected renewable
energy systems and hybrid electric vehicles. It eliminates the need for an additional
transformer, combining two parallel buck converters with series switches for input
sources to avoid short circuits, reducing the need for inductors and capacitors,
enhancing cost-efficiency. However, it faces power flow control challenges. In many
applications, integrating power electronics into multiple output converters (MOCs) is
crucial for reducing size, weight, maintenance needs, and costs, as explained in
references [109]-[110]. A comprehensive classification of fuel cell-based hybrid
electric vehicles (FCHEVs). A key component in these FCHEVs is the DC-DC power
converter. A multi-input DC-DC power converter is employed to connect multiple

energy sources, simplifying the system and enhancing its overall efficiency [111].

Voltage regulation for each dc output in converters is crucial. Post-regulation is used
to ensure robustness against line or load variations. Multiple loads require different

low voltages, so efficiently supplying multiple-and-low output voltages is essential
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[112]. It [113] presents an accurately regulated multiple outputs (MO) ZVS dc-dc
converter with operation and control analysis. Isolated multiport DC-DC converters
are heavy and expensive and utilize transformers for electrical isolation. Non-isolated
multi-input DC-DC converters provide a practical and cost-effective solution without
the need for transformers or high-frequency components, resulting in improved

efficiency [114].

Multi-Input Multi-Output (MIMO) converters provide a medium of interaction
between different renewable resources, energy-storing elements, and advanced electric
loads with a centralized control system. A generalised form of MIMO converter is
shown in Fig 1. Integrating MIMO systems with sources and loads provides compact
packaging, relatively easier control, simultaneous power management, and voltage
regulation. In [115] and [116], presented a topology that can interface between
diversified renewable energy sources and diode-clamped multilevel inverters for ac
loads. As the sources are intermittent, ESE is a must, and the impossibility of energy
transfer between sources is a drawback of this converter. [117]-[124] discusses a non-
isolated MIMO converter with individual inductors for each source but lacks power
transfer between inputs. The individual inductors make the converter larger, and a

cascading approach increases device count and complexity.

’

Yul L .
Source | 3| Vo
Source 2= o .
:J' 02
: — ik
Source m —= 3 Von

Muti-Input Mult-Cutpat (MIMO) Converter
Figure 5.1. Generalized MIMO Converters
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A novel MIMO converter is introduced in [125], capable of distributing power among
sources and the load. Dynamic analysis is conducted on a 2-in-2-out system with two
inputs (35V and 48V), two outputs (40V and 80V), and 236 output power using
ideal parameters. The paper explores n-input and m-output configurations, but
increasing the number of sources leads to switching stress and duty cycle issues with
the in-line switches. The study proposes a lead-lag compensator to regulate the system
by adjusting poles and zeros, but this approach may be unreliable when faced with
uncertainties in load power variations. In [126], discusses the design, implementation,
and control of a scalable DC microgrid that uses a hybrid of renewable energy sources.

It employs a multi-input, multi-output dual active half-bridge (DAHB) converter.
5.3.  TOPOLOGY DERIVATION AND COMPARISON STUDY

The researchers [100], [114], [116], [117], [122], [124], and [125] have
proposed numerous non-isolated multiport converters, emphasizing the need for more
efficient and cost-effective solutions for hybrid renewable energy systems as shown in
Table 1. Specific parasitic effects can influence the converter's characteristics,
including its components' equivalent series resistances (ESRs). The crucial question to
address 1s whether and how these ESRs impact the converter's input resistance. Some
of these converters have redundant switching components, and most of the converters
are shown ideally without parasitic effects, so the topology should be optimized by
analyzing the voltages across the switch components, including practical behaviour
with parasitics. Two topologies from the family of non-isolated multiple-port
converters in Section 5.4 have been selected to create the proposed converter having
three inputs including ESEs, which can store energy in the event of low power demand
at the load side, and two outputs with their parasitics. Fig 5.2 to Fig 5.4, shows the
three topologies selected from Table 5.1 of non-isolated dc-dc converters for three
input and two output non-isolated dc-dc converters with their parasitic elements. These
three topologies use 5 MOSFETs Sy, S5, S3, 54, and S5 to perform the circuit operation
and their parasitics are 7yqq, Vas2, Tas3, Yasa ANd 7455 respectively. ESR of switches,
inductors and capacitors are included in all the topologies showing the practical
behaviour of the circuit. The averaged and dynamic mathematical derived symbols

along with specifications are listed in Table 5.4.
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Table 5.1. COMPARISION ANALY SIS OF DIFFERENT CONVERTER

TOPOLOGIES
MPBC
Converter 100 114 116 117 122 124 125
[100] [114] [116] [117] [122] [124] [125] Converter
w | Inputs M M M M M M M M
S | Output N N N N N N N N
2 Switch M+N M+N M+N M M+N M+N M+N M+N
£ | Diodes M+N M+N M+N N M+N+1 M+N+1 M+N M+N
Z | Inductor 1 1 1 M 1 1 1 1
Capacitor 1 1 1 N 1 1 N N
Input Current Disconti Discontinu Discontinu Continuo Discontinu Discontinu Discontin Discontinuous
pu u 2 nuous ous ous us ous ous uous :
Frequency 40kHz 100kHz 40kHz 20kHz  20~100kHz 100kHz 10kHz 40kHz
20V, 159.3V,
Input Voltage | 25V20v  9V~40V, 30V,20V 150y 24V, 20V 18,22V 35V,48V 12V, 24V, 60V
20V
5.25V,
Output VIV 3V-I5V, 21V8V 155V 12v, 12V,8V 80V, 40V 60V, 60V
Voltage 3V 8~10V
Output Power 29.5W 30.4W 35.4W - 35W 33W 236W 240W
Output Low Low Low High Low Low Medium Medium
Voltage Level
Max. Voltage |\ o Medum  Medium Low Medium  Medium High Low
across Switch
Efficiency - 88% 90% - 92.1% - 80% 91.6%
Extension Medium High Medium  Medium  Medium  Medium  Medium High
Capability
Cost Medium Low Medium High Medium Medium Medium Low

To evaluate the advantages of the proposed converter, a comparison was conducted
between the proposed converter and various MIMO converters from previous studies,
as outlined in Table 5.1. The comparison primarily focused on factors such as the

number of switches, capacitors, inductors, voltage stress, control complexity and

expandability.
D5 IL DZ
> > b
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3
rLi
Ll Fas2 D3
Ay
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é : +
V. Energy Storage
Vi ) 2 ( System ) L
Slust fa -

Figure 5.2. Topology 1: Non-isolated dc-dc converter with multiple inductor on
source with parasitics[117]
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Figure 5.4. Topology 3: Proposed three input two output converter with parasitics

The Converters found in references [100],[114],[116],[122],[124] were deemed
unsuitable for connecting renewable energy sources to the power grid due to their low
voltage outputs except [125]. On the other hand, the proposed converter offers several
advantages. Its control system is straightforward, and its design is cost-effective.
Additionally, it allows for seamless addition or removal of input sources, and its output
terminals function independently. Notably, the converter operates without the need to
worry about switch transition times, which enhances its expandability and reduces

design complexity. A comparative analysis between the proposed converter and

in circuit.
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existing single- inductor MIMO converters as shown in Table 5.1 and in Fig 2-4 clearly

highlights the benefits of the proposed design.
5.4. CONVERTER STRUCTURE AND OPERATION MODES

This chapter introduces a highly efficient non-isolated single inductor
multiport dc-dc converter that combines state-of-the-art research from [102], [114],
and [125]. Fig. 5.5.(a) illustrates the multiport extension of the proposed converter for
interfacing multiple inputs and outputs. As shown in Fig. 5.5(b), the proposed MPBC
structure facilitates the seamless integration of three input power sources
V1, Vy, and V3, where V; < V, < V3. The converter achieves superior performance with
just one inductor, two output capacitors, and five switches. The load resistances R and
R> represent the power feeding to a DC load or single-phase motor as AC loads. Proper
switching of the MOSFETs enables precise control of power flow between input
sources and voltage boosting. The converter can produce output voltages suitable for
connection to a single-phase inverter, with each output having varying or equal voltage
levels. The five controllable switches Si, S5, S3,S4 and S5 are the primary elements
that regulate the converter's power flow and output voltages. ESRs are added for

MOSFETs, inductors, and capacitors to understand the circuit practically.

This enhancement significantly improves the system's practical applicability. Notably,
the converter's unique design allows V; and V, to supply power to V3, creating a perfect
fit for electric vehicle (EV) applications. The configuration optimizes the layout,
placing Solar PV in the V; position, fuel cell (FC) at V,, and energy storage elements
(ESEs) like batteries or supercapacitors (SC), which can be recharged, in the V5 slot.
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Figure 5.5. (a) Multiport extension for the proposed converter to interface multiple
inputs and outputs, (b) Circuit diagram of proposed MPBC with DC load,
integrated single phase inverter with AC load and control unit.
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In this chapter, Solar PV and FCs serve as robust power sources, while the battery
operates as an efficient energy storage system (ESS). The proposed converter
introduces two distinct power operation modes based on the battery's usage status,
ensuring optimal system performance. During periods of high load demand, all input
sources contribute to the load power, with S, remaining inactive while
S1,53, 5,4, and S5 are engaged. In scenarios of low load power and a need to charge
V3, Viand V, provide power for both the loads and V3, with S;, S,, S4, and S5 active,

and S in a standby state.

To maintain system stability, it is essential to minimize the input current fluctuations
in both PV and FCs. The output voltage's dependency on input current necessitates
precise power balance between input sources and the load. Due to which, this study
thoroughly investigates the converter's steady state and dynamic behavior in
Continuous Conduction Mode (CCM). It is important to note that each input source
can function independently, allowing the converter to operate as a single-input dc-dc

converter, including a standalone mode.

Fig 5.2 and 5.3 provide a comprehensive overview of the topologies for each converter,
including their inherent parasitic elements which is neglected in [120] and [125]. It
will give better insight for the performance comparison. It is evident that Topology 1,
with inductors in each source for energy accumulation, results in a bulky and lossy
converter. This setup introduces significant two outputs to hybridize power sources.
During the discharging mode, switching state 1 of this converter reveals that three
switches are ON at a time, which can increase up to n switches with the addition of n
sources. As a result, ON time of inner source will be very limited and the duty cycle
range for higher-order sources is limited. This will also create stresses on higher order
source switches which is also verified experimentally as shown in section 5. Cascading
of switches will increase losses due to the internal resistance of switches, as can be
observed from the inductor differential equation in switching state 1 of topology 2

during the discharging mode.

d.
Ld—ltL = V3 — i (Tgs3 + Tgsa + Tgs1 +71) (5.1)
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Controlling of these switches will affect the output response as the recovery rate of
each switch in switching state 1 of discharging mode is dependent on each other.
Cascading of switches will also delay the applied control technique. From (1), it can
be concluded that for n number of sources, differential equation will have (n — 1)

ESR of switches.

To address the drawbacks of these converters, the proposed solution connects sources
in parallel with their switches, eliminating the possibility of multiple switches being
activated simultaneously. The proposed MPBC is shown in Fig 5.4, whose parameters
are depicted in Table 5.2. Further its switching states for discharging and charging are
listed under topology 3 of Fig 5.6 and Fig 5.8, respectively. The proposed MPBC
includes two renewable sources integrated with ESEs as a third source and two outputs,
where a higher voltage output that is connected to a single-phase inverter for AC loads
and a lower DC voltage output that can be used for DC loads or vice versa depending
upon the practical requirements as shown in Fig 5.5. The switch for source V5, which
corresponds to the ESEs, is isolated and connected in parallel with sources V; and V,

in the circuit.

Table 5.2. HARDWARE COMPONENT AND SIMULATION PARAMETERS
OF PROPOSED SYSTEM

Simulation & Prototype

Parameters Symbols Specification(s)
Output Power P,1, Py, 120w, 120w
Switching Frequency fs 40kHz
Output Voltage Vr Vo1, Voo 120V, 60V, 60V
DC Source 1 and 2 Vi, Vs 12V,24V
DC Source 3 (Battery) Vs 60V of 12V,7Ah (5)
Inductor L 2mH
Inductor ESR 153 0.33 10
. C; 1000uF (150V),
Capacitors c, 10004F (150V)
Capacitor ESR Tc1, Tc2 100m 2 each
. R, 0—50010,
Load Resistances R, 0—5000
MOSFET SPW20N60C3 650V,20.7A
On-State Resistance Tas1 Yas2» Tds3» Tdsar Tdss 0.190
Diode STTH3012 1200V,30 A
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Instead of considering ideal switches and elements, switching states are analyzed
considering the effect of the parasitics. This design not only offers improved

performance and reliability but also enhances the overall safety of the system.

The proposed converter is expected to significantly impact the development of future
renewable energy systems by addressing some of the significant challenges associated
with existing converter designs. Converter structure, averaged and small signal
modelling, voltage and current stress analysis, stability and control structure are
explained in detail in the subsequent section. Table 5.3 shows the three operating
modes: standalone, discharging and charging mode respectively. Here, the converter
has been studied in two primary operational modes, battery discharging and charging

mode.
5.4.1. First Operation Mode (Discharging Mode)

In this configuration, source V3, the battery, is along with two input sources,
Vi and V,, is solely responsible for delivering power to the loads. The switches S, is
completely OFF, while Sy, S5, S4, and S5 are actively engaged. Switches S5 and S, are
responsible for actively regulating the source currents to a desired value. Ensuring the
total output voltage Vi, the sum of V,; and V), attains the selected value is controlled
by switch S;. Switch S5 regulates the output voltage V. By effectively regulating Vr

and V4, the output voltage V,, is also controlled to the desired value.
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Table 5.3. OPERATING MODES WITH SWITCHING PATTERNS OF PROPOSED MULTIPORT CONVERTER.

V3

OPERATIONMODES | Vi Vy ot o Vor Voo 5 S, S3 S, S5 SS
Active Active  Active (1-Dy)T X X (1-Dy)T X 2
STANDALONE MODE | Active Active  Active (1-D)T X X (1-Dy)T X 3
(MODE-1) Active Active  Active X X X X (1-Ds)T 4
Active Active  Active X X X X X 5
Active Active  Active (1-Dy)T X (1-D3)T X X 1
BATTERY Active Active Active ( 1-Dy )T X X ( 1 -D4)T X 2
Active Active  Active (1-D)T X X (1-Dy)T X 3
DI TG FE0T G v dae X% X we
Active Active  Active X X X X X 5
Active Active  Active (1-D))T X X (1-Dy)T X 1
BATTERY Active Active  Active (1-D))T X X X X 2
Active Active  Active X (1-Dy)T X X X 3
CHAg?(I)lI\I)(E};/;ODE Active Active  Active X X X X (1-Ds)T 4
Active Active  Active X X X X X 5

WHERE X= INACTIVE, T=TIME PERIOD AND SS= SWITCHING STATE
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Figure 5.6. Equivalent circuit of battery discharging mode considering ESRs, (a)
switching state-1, (b) switching state-2, (c) switching state-3, (d) switching state-4,.and
(e) switching state-5 of proposed MPBC.

During State 1 (0 < t < D3T), switches S; and S5 are turned ON. Because S; is
ON, diodes D; and D, are reversely biased, so switch S is turned OFF. Furthermore,
since V; < V, < V3 and S3 is ON and S, is OFF, diode D5 becomes reversely biased.
The equivalent circuit of the proposed converter in this state is shown in Fig 5.6(a)
where, source V3 charges inductor L, increasing inductor current [;. Additionally,
capacitors C; and C, discharge their stored energy to the load resistances R, and R,
respectively. In this mode, the inductor current and capacitor voltages considering

ESRs are expressed as follows:
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iL

=v3 — i (Tgs3 + Tgs1 +71) (5.2)

dt
dvol vol
C = — 5.3
Lode (R, +1¢1) (53)
dvy, Vo2
C =— 5.4
2 dt (R, + 1) (>4)

Steady states waveform are shown in Fig 5.8.

During State 2 (D3T < t < D,T), switch S, is turned ON, §; remains ON, and S5 is
turned OFF. Since S; is ON, diodes D, and D, are reverse-biased, so switch S,
remains OFF. The equivalent circuit of the proposed converter during this state is
illustrated in Fig 5.6(b). During this state, source V, charges inductor L, leading to an
increase in inductor current. Additionally, capacitors C; and C, are discharged,
releasing their stored energy to load resistances R, and R,, respectively. The equations
governing the inductor's and capacitors' behaviour considering ESRs during this state

are provided below.

d:
Ld_l; = vy — i, (Tgsa + Tgs1 +11) (5-5)
dvyq Vo1
C = _ 56
Lodt (R, +7¢1) (360)
dvoz Vo2
Z dt (R, + 1) 7

During State 3 (D,T < t < D;T), switch §; is still ON, S, and S5 are turned OFF.
Because S; is ON, diodes D; and D, are reversely biased, so switch S5 is still OFF.
The equivalent circuit of the proposed converter in this state is shown in Fig 5.6(c). V;
charges inductor L, so the inductor current increases. In addition, capacitors C; and C,
are discharged and deliver their stored energy to load resistances R; and R,
respectively. The inductor current and capacitor voltages considering ESRs in this

mode are as follows:

d;, .
LE =V — lL(Td51 + TL) (58)
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C = — 5.9
Lode (R, +1¢1) 2
dv,, Vo2
= — 5.10
C2 dt (R, + 1) -10)

During State 4 (D;T < t < DsT), the proposed converter operates as follows:
switch S; is turned OFF, while switches S; and S, remain OFF. Additionally, switch
Ss is turned ON, causing diode D, to be reversely biased. The equivalent circuit of the
converter during this state is depicted in Fig 5.6(d). In this mode, inductor L discharges
and transfers its stored energy to C; and R,, decreasing the inductor current.
Meanwhile, capacitor C; is charged, and capacitor C, is discharged, delivering its
stored energy to the load resistance R,. The expression governing the energy storage

elements L, Cy, and C, considering ESRs in this mode are as follows:

d.
d—ltL =v; — i (rgss + 1) — Vo1 (511
dvy,, . Vo1 (5.12)
Cl — =l /¢
dt (Ry +1¢1)
d
. Vo2 - _ Vo2 (5.13)
dt (Ry +1¢3)

None of the switches is active during state 5 (DsT < t < T), causing diode D, to be
forward-biased. During this phase, inductor L is discharged, transferring its stored
energy to capacitors C;, C,, and load resistances R; and R,. Additionally, capacitors
C; and C, are charged. Fig 5.6(e) shows the equivalent circuit of the proposed
converter in this state. Expressions governing the inductor current and capacitor

voltages considering parasitics during this mode are as follows:

d;

Ld_l; =v; — i1, — (Vo1 + Vo2) 14

dvol Vo1
—_— i, - — 5.15
Tt TRy + 1oy (-15)

dvoz Vo2
C,—=i ——— 5.16
Zdt Tt Ry 41 (316)
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Fig 5.7 shows the steady state voltage and current waveforms of the inductor as well
as different output voltages obtained during battery discharging modes. It also shows

the switching strategies of the proposed MPBC.
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Figure 5.7. Battery Discharging Mode steady state waveform of proposed
converter

These five states will combine to form the average model and will be further analyzed
for stability and stress determination of proposed MPBC. Slope of the inductor current
in equations (5.2), (5.5), (5.8), (5.11) and (5.14) shows that parasitics plays major role

causing transfer of energy in the circuit components.
5.4.2. Second Operation Mode (Battery Charging)

In this operational mode, sources V; and V, supply loads and provide power to V3
(battery). This occurs when the load power is low, and the battery requires immediate
charging. To accomplish this, switches S;, S,, S,, and S5 are activated, while

switch S5 is deactivated. Like the previous operational mode of the converter, each
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switch also has a specific duty to perform in this mode. Switch S; regulates the overall
output voltage Vi = V1 + Vj, to the desired level, while switch S, regulates the

charging current [j,.

L ro I
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Figure 5.8. Equivalent circuit of battery charging mode considering ESRs, (a)
switching state-1, (b) switching state-2, (c) switching state-3, (d) switching state-4,.and
(e) switching state-5 of proposed MPBC.

Additionally, switch Ss controls the output voltage V. It is evident that the output
voltage V5 is also controlled while regulating V- and V,,. Depending on the various
switch states, five different operational modes are discussed throughout one switching

period considering the parasitics.

During State 1 (0 < t < D,T), switch S; is turned ON, while S, and S5 are reverse-

biased and cannot be activated. Diode D, is also reversely biased and does not conduct.
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The equivalent circuit of the proposed converter in this state is shown in Fig 5.8(a). In
this mode, V, charges inductor L, causing an increase in inductor current. Capacitors
C; and C, are discharged, delivering their stored energy to load resistances R, and R,,

respectively. Inductor current and capacitor voltages during this mode are as follows:

d:
d—ltL =V, — i (Tgsa + Tgs1 +71) (5:17)
dvy, Vo1
C =— 518
Lode (R, +1¢1) (>18)
dvoz Uoz
C = — 519
Z dt (R, + 1) (5-19)

During State 2 (D4T< t < DiT), again switch S; is turned ON, while
S, and S5 are reverse-biased and cannot be turned ON. Diode D, is also reversely
biased and does not conduct. The equivalent circuit of the proposed converter in this
state is shown in Fig 5.8(b). In this mode, V; charges inductor L, increasing inductor
current. Capacitors C; and C, are discharged, delivering their stored energy to load
resistances Ry and R,, respectively. Expressions governing the inductor current and

capacitor voltages during this mode are as follows:

d;
Ld_ltL =v; — i (rgs1 +11) (5.20)
dvol Vo1
C = - 521
Lodt (Ry +1¢1) (521)
dvoz Vo2
C = - 522
Z dt (R, + 1¢) (522)

During State 3 (D;T < t < D,T), switch S is turned OFF while switch S, is turned
ON. Diodes D; and D, are reversely biased, and as a result, S5 remains OFF. The
equivalent circuit of the proposed converter in this state is shown in Fig 5.8(c). Since
V, <V, < V3, the inductor current decreases during this period, and the inductor
delivers its stored energy to the battery V3. Capacitors C; and C, are discharged,
delivering their stored energy to load resistances R, and R, respectively. Expressions

governing the inductor current and capacitor voltages during this mode are as follows:
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Ld_; =v; — V3 — i (Tas2 +711) (5:23)
dvol _ Vo1

Ydt T (Ry+1c) (>-24)
dvey Vo2

g = (R, + 7¢2) (>:25)

During State 4 (D,T < t < DsT), switch S; is still OFF, while switch S, is turned
OFF and switch S5 is turned ON. Diode D, is reversely biased. The equivalent circuit
of the proposed converter in this state is shown in Fig 5.8(d). In this mode, inductor L
is discharged, and its stored energy is delivered to C; and R, resulting in a decrease in

inductor current.

Capacitor C; is charged, while capacitor C, is discharged, delivering stored energy to
load resistance R,. Expressions governing the energy storage elements (L, C; and C,)

during this mode are shown as follows:

d:

Ld—ltL =v; — i (Tgss +71) — Vo1 (5.26)
dvol vol

C i; — 527

1 dt L (Rl + TCI) ( )

dvoz Voz
=— 528
Z dt (R, + 1¢5) (528)

During State 5 (DsT < t < T), all switches are OFF, causing diode D, to be forward
biased. The equivalent circuit of the proposed converter in this state is shown in Fig
5.8(e). In this mode, inductor L is discharged, and its stored energy is delivered to
capacitors C;, C,, and load resistances R; and R,. Capacitors C; and C, are charged
during this mode. Inductor current and capacitor voltages during this mode are as

follows:
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LE - 171 - iLTL - (Uol + UOZ) (5'29)
dvol Vo1
= 5.30
gt T R+ 4-30)
dv,, . Vo2
—j oz 531
G FTRC (R, + 1¢3) 31
5.5. AVERAGED AND DYNAMIC ANALYSIS OF MPBC WITH
CONTROLLER DESIGN

Switches Sy, S, S3, 5,4, and S5 are used to operate the proposed MPBC, as mentioned
in the previous section. Each switch performs a specific function. By carefully
controlling the switches' duty cycle, the output voltages; charging and discharging
current of batteries can be adjusted. Dynamic model needs to be obtained to construct
the converter's closed-loop controller while steady-state performance may be analyzed

for stress and performance parameter computation.

Present chapter focuses on discharging mode of operation, and thus small signal model
is developed. Averaging of the state matrices of proposed MPBC having five switching
configuration is shown in Fig. 5.6 and can be represented as:

di . .
L—L = (v3 — i (Tgs3 + 1as1 +11))ds + (v — i (Tgsa +7gs1 +

TL))(d4 —d3)+ (v; — iy (rgs1 + 1)) (dy — dy) + (Vg — i (rges + (5:32)
1) =Vo1)(ds — dy) + Voods + (v1 — i1, — (Vo1 + V52)) (1 — ds)

dvey _ _ Vo1 _Yo1 _
. Vo1 _ P Yo1 — .
(lL - (R1+T'(31)) ( 5 dl) + (lL (R1+rc1)) ( dS)
dvgy, _ Vo2 _ Vo2 02
C27ar = "y B T Tprrgy (a7 %) — <R iy (G da) (5.34)
Vo2 (ds — dy) + (iL — L)( —ds)
(Ra+7¢2) (Rz+7¢2)

Small perturbation around the equilibrium point is considered and represented as

follows:
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ip= I, +i,vy=Vi+D,v,=V,+ 7D,
V3 = V3 + 03,051 = Vo1 + V01, Vo2 = Vo2 + V52
dy = D; +dy,d; = D; +dyds = D3 +ds
dy = Dy+dyds = Ds+ds,ds = Dg+dsg

(5.35)

where I;,V;,V,,V3,V,1,Vy2, D1, D3, Dy and Ds are the steady states variables; i, Uy,
Dy, D3, Dp1, Do, dy, d3, dy and ds are the perturbation in respective steady state
variables. After substituting equation (5.35) into (5.32)-(5.34) and neglecting second

order terms, the small signal model is written as follows:

"

di, n
L—== Vo1 — I (rgsy + 1) + I (rgss +11))dy

dt
+ (3 - Vo = I (rgs3 + Tas1 +11) + 1, (Tasa + Tas1
+1))ds + (Vo = Vi — I, (Tgsa + 1as1 +11) + I (Tass

: g N (5.36)
+1))dy + (Voo — I (rass + 1) + I,1)ds + D3
+ (Dy — D3)0, + (1 = Dy)P; + (D — 1) Dy
+ (Ds — Doy + (D1 (Tass — Tas1) + D3 (Tasa — Tas3)
— DyTgsa — DsTgss — 11,)1),
dﬁol s ﬁol
€ —2 = (1 - D)y~ dy — 22— 537
17 4; ( Di—1pd, (R, + 100 (5.37)
C, oz _ (1—Ds)i, — I, ds — _ o2 (5.38)
dt (Ry +1¢2)
State space model represented as:
X =AX +BU
(5.39)
Y=CX+DU

where matrix X contains state variables, U contains control variables and Y contains

system outputs.

]
D ds
iL i;)l df\4

X = ?ollY: iz U=|a, (4.40)
Vo2 Loz ?1
Uy
9, ]
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The A, B, C and D matrices using (5.36) -(5.38) and (5.40) are represented in (5.41),
where V;,V, and V5 are input voltages and V,;and V,, are output voltages. All the
parameter except duty cycle of switches D;, D3, D4, Ds and steady state value of

inductor current I; are known and can be calculated from steady state values.

D1(Tdss—"ds1)+D3(Tdsa—Tds3)—DaTdsa—DsTdss—TL Di—-1 Ds—1 1
L L L
A 1-D; -1
- C1 (R1+71¢1)C1
1-D -1
l it 0 -
C2 (R2+71¢2)C>
Vo1+1L(rass—Tds1) Va—VotIL(rasa—Tds3) Va—Vi—Iivdasa Voz2—ILTdss 1-Ds Ds—D3 D3]
L L L L L L L
B = ‘C—’L 0 0 0 0 0 0
1
0 0 0 =l o o o 4D
Cs |
0 1 0
0 1 1
C=|p, o0 o0
D4__D3 0 0
0 O 0 0 0 0 O
D= 0 O 0 0 0 0 O
10 I 0 0 0 0 O
0 =, I, 0 0 0 0

The transfer function matrix Q of the converter is obtained from small signal modelling

as follows:

y =0Qu
(5:42)
where Q = C(sI —A)"'B+D
Qis a4 X 4 matrix
i1 912 413
21 4922 (423
q31 432 Q33 (543)
qa1 qaz2 Qa3

where y and u are system outputs and inputs vectors,
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ﬁol(s) _

—&5(5) =q11

m = (22

d,(s

i(s)) . (5.44)
ds(s)

ivz(s) =gq

dy(s)

Where the corresponding open loop transfer function’s pole zero values are descripted
in Table 5.4. The four open loop transfer functions for equation (5.44) correspond to
an output variable concerning their duty cycle. To assess their stability and formulate
a controller design, performing frequency domain root locus and bode plot analysis
using MATLAB is essential. The root locus plot of the proposed converter for
411,922, 933, and q44 with and without controller is shown in Fig 5.9(a)-(d) for R, =
R, = 3042. Denominator of the transfer functions g,, show that the imaginary poles
of forward path transfer function of MPBC lies in left half of s-plane and it is shifted
away from the imaginary axis with application of controller thus the stability of the
system improves whereas as seen from numerator of the transfer function g4, an extra
zero appears in the left half of s-plane because of controller hence the stability of the

system improves with respect to open loop transfer function as shown in Fig. 5.9(a).

Table 5.4. POLE-ZERO VALUE OF TRANSFER FUNCTION

T/F Open Loop Close Loop
Zero | Pole Zero | Pole
—48.9
—33.33
_ Po1(8) _ B ’ —94.29, + 21.1374i,
11 = 3. 66.67 +1165;260520i —66.67 —236.7
- + 222.200i
—33.33
Dr(s) 738.7 ’ —11.56
A22 =3 Povy —16.665 —748.7 3 o
1(s) 33.33 + 156.020i 10 + 154.536i
- —33.33, —33.33, —294.7, —36.66,
Q33 = ab_(s) —121.95 —16.665 —121.95 —-30.56
3 +129.492i + 156.020i + 129.49i +177.52i
. —33.33, —33.33, 3 —208,
Qa4 = ’;2((:)) —35.135 + ~16.665 +3155'23§933i —28.98
* 156.8933i + 156.020i - + 167.54i
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The objective is to achieve a controller that minimizes steady-state error, ensures an
adequate phase margin, promotes high stability, and facilitates a broad bandwidth.
Employing MATLAB, we have successfully obtained open-loop Bode diagrams for
q11, 922, 33, and qu4, considering the simulation parameters outlined in Table 5.2 and

the resulting Bode diagrams are presented in Fig 5.9(e)-(h).

TABLE 5.5. STABILITY ANALYSIS OF THE MPBC CONVERTER

OPEN LOOP CLOSE LOOP
T/F Gain Pha§e Gal.n Pha§e
Margin (dB) Margin Margin Margin
(degree) (dB) (degree)
qu1 = ’;51—((:)) Inf 0.00591 Inf 135
__ vr(s)
q; = 7.0 -50.7 -86.1 5.25 136
ip(s)
q33 = ;”3 (ss) Inf Inf Inf Inf
iy2(s)
qa4 = % Inf Inf Inf 137

Upon examining the Bode plots, it is apparent that both phase margin in g;; and both
gain and phase margin in q,, fall short, which can be seen from Table 5.5, indicating
system instability. To rectify this, an improved PID controller needs to be devised to

enhance system stability based on (5.45).

K(s) =K, +K; (%) + K s (5.45)

Controlled closed loop transfer function for (5.44) using (5.45) is represented in Table
5.4. Considering the closed loop response, bode diagrams are shown in Fig 5.9. Upon
analyzing the controller stability on the proposed converter system, it is found that for
Q2> closed loop gains margin is 5.25 dB, and the phase margin is 136, which is under
the stable region for Kp = 0.0128,K; = 3.78 and K, = 0 which are determined
using Modified Genetic Algorithm (MGA) [32]-[34].

5.6. VERIFICATION AND RESULTS

The proposed MPBC’s reliability is analyzed by implementing simulation in
MATLAB/Simulink and then verified using experimental findings. Table IV explains
all the parameters associated with the proposed MPBC. As previously discussed,

switches S;,S3,S5,, and S5 actively participate in the discharging operation of the
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converter. The converter is integrated with the inverter for powering single-phase ac
loads which is an addition achievement, and it also has charging capability when load
demand is less. This chapter focuses on the stress analysis and performance of the
MPBC considering the parasitics whose simulation results are explained in the
subsequent subsections, and verified with the experimental work. Following the
stability analysis conducted in section 5.5, the simulation and experimental results are

assessed, considering a 30% ripple current and a 2-3% ripple voltage.
5.6.1. Profile Analysis of Prototype Converter

The analysis of a prototype converter encompasses assessing and scrutinizing its
characteristics, performance, and behavior, including input voltage and current from
sources, inductor behavior, and the profile of output voltage. Fig 5.10 shows the
proposed converter's inductor current, voltage, and output voltages. The step behaviour
of inductor voltage on the positive side shows the switching of different sources. As
the input sources change, the inductor current rate also changes as mention in equations
(5.2),(5.5),(5.8),(5.11) and (5.14) respectively while output voltages V; and Vjy,
are stiff to 120V and 60V, respectively. Switching operation results in the
discontinuity of source currents, as depicted in Fig 5.11. The switches are controlled
based on the power demands of the loads. Specifically, switches S; and S, facilitate

power flow among the three sources.

60 T T ] T

'y
]
1

120

=

=
T
=
1

=
=
e

Vi(V), Vor (V)  Ir(A)

0.3159 0.31595 0.316 0.31605 0.3161 0.31615 0.3162 0.31625

Figure 5.10. Inductor profile and output voltage waveform of MPBC at R; = R, =
300
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Figure 5.11: Input current waveform of MPBC at R; = R, = 30{2
The converter is tested to check its stability and voltage regulation under various load
conditions. These tests aim to see how well the converter handles changing AC and
DC loads in Fig. 5.12, which is important for its reliable performance in real-world

applications where loads can vary unpredictably.

To simulate real scenarios, both AC and DC loads are applied in different ways in Fig
5.12(a). At 0.3 seconds (point A), a DC load is added, testing how the converter deals
with sudden load changes. The system quickly stabilizes within 0.003 seconds with a
0.8 V steady-state error, showing that the converter’s controls effectively manage the
sudden load without major fluctuations. This fast response is crucial for applications
needing a constant power supply to avoid performance issues. At 0.7 seconds (point
B), a single-phase AC motor is added. This tests the converter’s ability to handle AC
loads, which can be more challenging due to varying current and potential harmonics.
The system stabilizes in 0.002 seconds with a 1.2V steady-state error. This small error
indicates that while there’s a slight deviation from the ideal output, the converter

adjusts well to the AC load, maintaining performance effectively.
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Figure 5.12. Load Variation (a) When DC load is connected at A and AC load at B,
(b) when both DC and AC load connected at A.

In a more complex test at 0.5 seconds Fig 5.12(b), both AC and DC loads switch
simultaneously. This tests the converter's ability to handle multiple load changes at
once. The system stabilizes within 0.006 seconds and keeps a 1.3V steady-state error.
This fast response and consistent error rate show the converter's robustness and

flexibility, indicating it can handle environments with unpredictable load changes.

Overall, the converter’s ability to quickly stabilize with minimal error after both
individual and simultaneous load changes highlights its efficiency and reliability for
delivering steady power in varying load conditions. Performance indices on load

change for Fig 5.12 is tabulated in Table 5.6.
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Table 5.6. PERFORMANCE INDICES ON LOAD CHANGE FOR FIGURE 5.12

RISE PEAK SETTLING STEADY STATE
TIME OVERSHOOT TIME ERROR
Fig  PointA 2ms 0.7% 3ms 0.8V wrt 120V (ref)
5.12(a) PointB 1.5ms 0.9% 2ms 1.2V wrt 120V (ref)
Fig . o
5.12(b) Point A 4.3ms 1.2% 6ms 1.3V wrt 120V (ref)

5.6.2. Voltage and Current Stress on Switching Devices

Switching devices play a crucial role in controlling the flow of electrical energy.
However, their operation involves significant changes in voltage and current
characteristics, leading to stresses that can affect device performance and reliability.
To find the proper rating of semiconductor’s safe operation and improve the system's

reliability determination of voltage and current stress is very helpful.

TABLE 5.7. THE VOLTAGE STRESS ON DIODES AND POWER SWITCHES.

States SS-1 SS-2 SS-3 SS-4 SS-5
Vp1 —Vo1 —Vo1 —Vo1 —Vo1+Va —Vo1
Vb2 —Vr —Vr —Vr —Vr —Vr
Vb3 —V3 —V3 —V3 V3 -V
Vpa A v, v, v, v,
Vps VeV, U+ v, v, v,
Vs, 0 0 0 A Ve
Ve 0 0 0 a A
Vs 0 Vi —V, Vs —V, Vi—V, ViV
Vs 0 0 Vs —V, Vo=V,  Vp—V,
Ve 0 0 0 vy A

Where SS-Switching States
TABLE 5.8. THE CURRENT STRESS ON DIODES AND POWER SWITCHES.

States SS-1 SS-2 SS-3  SS-4 SS-5
Ip 0 0 0 0 0
Ip; 0 0 0 0 I, — (Iea+1p)
Ips 0 0 0 0 0
Ips 0 I 0 0 0
Ips 0 0 I I I
Isy I I I 0 0
Is, 0 0 0 0 0
I3 I 0 0 0 0
I, 0 I 0 0 0
Igs 0 0 0 0 0

Where SS-Switching States

Voltage across the switches in each switching state in discharging mode of operation

is shown in Table 5.7 and average current through them is shown in Table 5.8.

106



592

A 596

D;
z

i
L
[

s
ro

-100 |-

D;
2

D,
2

i _Ll | llf_L}'Tl—

erer i

100 -

mee Al
TG
e i

Time (u sec) —p=

@

i EREE ARl

&

D,

.
=

TR Sl | Y

D,

=

D;

.
e

D,

Si

S,

AY

D;
SNAOR S NI SSNLEAORXONLAOR SNAROX N S NSNLOX U
T

Pl (R A Y

Ss

S
ShNe oo
IR
]
FHEHIHAL |
S |

Time (u sec) =

(b)
Figure 5.13. Stresses on semiconductor switches of MPBC at R; = R, = 3042: (a)
Voltage Stress on each diode and switches, (b)Current Stress on each diode and
switches.
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Voltage stress on all the diodes D,,D, D;,D,,and Ds and switches
S1,52,53,84, and Sg are shown in Fig 5.13(a). It has lower stress considering the
topology 2 [125] as sources are connected directly to inductor via switches. So, the
proposed converter is better as compared to topology 2 in terms of switch stresses.
Current stresses on each individual switches is shown in Fig 5.13(b). The impact on
S5 1s notably diminished in the proposed MPBC, a validation confirmed in the
following section through experiments. Reduced voltage stress on switches leads to

minimized switching losses.
5.6.3. Experimental Results

A 240W converter is designed in the laboratory to analyze the prototype's
effectiveness. Different profiles of the converter are experimented for developed
prototype and shown in Fig 5.14. The improved switching strategies are implemented
using the TMS320F28379D DSP. Table 5.9 presents the hardware specification of the
developed prototype.

Table 5.9. EXPERIMENTAL SETUP SPECIFICATIONS OF MPBC

Components Part Number Specification(s)
MOSFET SPW20N60C3 650V,20.74
Diode STTH3012 1200V,304
Voltage Sensor LV — 25P 500V
Current Sensor LA — 55P 504
DSP TMS320F28379D 200 MHz, Dual Core, 32 bit
Optocoupler TLP350 For isolation
Voltage Regulator IC7815 and IC7915 15V and — 15V
R, 0—5000,
Rheostat R, 0—5000
Inductor EE65/32/27 Ferrite Core 2mH
) C; 1000uF (150V),
Capacitors c, 1000uF (150V)

In the experimental setup, the DC power supply is configured to maintain constant
voltage levels of 12V and 24V, representing fuel cell (FC) and photovoltaic sources,
respectively. Experimental setup is evaluated under two distinct operation modes of
the converter. Detailed descriptions of the experimental results for battery discharging
are provided in this section. The prototype system integrates several input sources: a
dual-channel DC power supply delivering 12V and 24V, and a 60-volt battery

composed of five series-connected 12-volt, 7 Ah lead-acid batteries.
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Figure 5.14. Laboratory setup for converter's prototype: (A) Proposed MIMO converter, (B) Input power supply for sources and ESE,
(C) Controller and sensor power circuit, (D) DC Resistive Load, (E) Probes for measurements, (F) Digital Storage Oscilloscope and

(G) Motor Setup (H) Inverter Configuration (I) Computer setup (J) TMS320F28379D DSP.
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Figure 5.15. (a) Topology 2 switching stress on S3 and S4, (b) Proposed Converter
switching stress on S3 and S4 at R; = R, = 3042

The single inductor L is connected such that it stores energies of all the sources within
their time interval in the proposed converter. During the experiments, specific values
are defined for the battery current and output voltages. Battery current is denoted as Iy

= 1.9A, while the output voltages are specified as V,; = 60V and V,, = 60V
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respectively. The resistances R; and R are approximately equal to 30 Q. Stress
Comparison for topology 2 and proposed converter which is discussed in section 5.4
is verified from experimental waveform in Fig. 5.15 where voltage stress on Switch
S3 is higher in topology 2 (94V) due to cascading of switches. The peak-to-peak stress
on switch S; of proposed converter is 32.6V which is 65.31% less than earlier

topology.

Experimental results of discharging mode are shown in Fig 5.16 to Fig 5.20. The V; =
120V is achieved with the duty ratio of switch 1 (S1), which is approximately the same
as that of the results obtained in the simulation. In battery discharging mode,P;,,; =
22W, Py, = 60W, P, = 180W, Py, = 130W and Py, = 110W with an efficiency
of n = 91.6%.

& VL (V) (C-1: 50 V/riv) -

v
|
At
/|

Time: 37us/div
Time (usec) >

Figure 5.16. Inductor and output voltage waveforms of MPBC at R; = R, = 3012.

Fig 5.16 depicts the converter's output waveforms during steady-state conditions,
showcasing the inductor voltage, inductor current, the combined output voltage Vi =
Vo1 + Vpo, and output voltage V,;. The stepped behaviour of inductor voltage on the
positive side is due to the interaction of different sources and ESE to the inductor while
switching. Inductor voltage peaks at 62 V due to discharging behaviour of ESE. In Fig
5.17, different stresses on semiconductors are illustrated to assess the switch's

reliability which is within a significant range. S; and D, are subjected to a maximum
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voltage stress of -120V each. Fig 5.18 displays current sharing among different
sources, including ESE, revealing that the load power is distributed based on their duty
ratio. Additionally, the waveforms allow observation of the impact of parasitics. Fig

5.18 also shows the drawn current from input sources Vi, V2, and ESE, V3.

100w 2 B0y 3 O360Y 4 500w 0k 70.00%f Shag

IH"I = s :Ihl
b |
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Figure 5.17. Stresses on semiconductor devices of MPBC at R; = R, = 30£2: (a)
Voltage stress on switches. (b) The voltage stress on diodes.
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Figure 5.18. Input currents conduction of all sources (V;, V,and V3) during
discharging modes.

Unidirectional port and ESE source currents achieve maximum values of
1.54,1.3A and 1.9A4, respectively, with an average output current of approximately
1.8 A. Regulation of battery current allows proper distribution of loads power between
input sources. The three sources combine to charge the inductor for energy storage.
The behaviour of terminal voltage V; is observed on varying load to twice the rated
condition using a 500Q rheostat which is illustrated in Fig 5.19(a). A slight dip is
observed at twice the rated condition, but the converter is still stable under open loop
condition. After the controller is applied to the converter, the output terminal voltage
remains stable and fixed at 120V on load variation which can be seen from Fig. 5.19(b)

with a steady state error of less than 5%.
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Figure 5.19. Effect of DC load variation on terminal voltage during discharging
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Figure 5.20. (a) Inverter section to the proposed converter loaded with single phase
motor, (b) PWM inverter switching and output AC voltage waveform.

The experimental setup for the proposed MPBC is linked to both a DC load and an AC
load. Figure 5.20(a) shows the section containing the inverter connected to the MPBC,

which, in turn, is linked to a single-phase motor acting as a load. PWM (Pulse Width
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Modulation) switching is executed to ensure a correct AC output for the load. In Fig
5.20(b), a peak-to-peak voltage of 220V is observed along with the gating pulse to the
inverter. The PWM is created through the TMS320F28379D DSP controller, operating
at a carrier frequency of SkHz and a fundamental frequency of 50Hz. Experimental
data is obtained for best combination of duty cycle to obtain maximum efficiency
which is plotted in Fig 5.21(a). Duty cycle with D; = 60, D; = 40,D, = 50, D5 = 60
shows maximum efficiency of 90.1% at rated condition of 240W . Fig 5.21(b) shows
efficiency plot for the closed loop-controlled output of the proposed MPBC showing
various loading conditions, peaking at 91.6% efficiency at 240W.
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Figure 5.21. (a) Efficiency plot for different duty cycle combination of proposed
MPBC at different loading conditions, and (b) efficiency plot for the controlled
output of the proposed MPBC showing various loading conditions.
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5.7. CONCLUSIONS

This chapter presents a novel multi-input multi-output DC-DC boost converter
(MPBC) with three inputs and two outputs. Evaluation and comparison against
established topologies show the MPBC's efficiency, having multiple input ports, a
rechargeable port for energy storage, and balanced shared output ports. The converter
features a unified structure with a single inductor that integrates multiple power
sources in renewable energy systems. The proposed converter is a versatile solution
for hybridizing power sources, where fuel cells (FC), photovoltaic (PV), and battery
are considered power sources and ESE, respectively and enables efficient energy
transfer between them. It operates in two main modes: battery discharging mode,
where both input sources deliver power to the output, and battery charging mode,
where the input sources not only supply loads but also deliver power to the battery.
The converter output offers varied DC voltage levels, execution them for connection
to multilevel inverters. These different voltage levels can be employed to power AC
motors through integrated inverters and provide auxiliary DC power as needed. To
validate the operation of the proposed converter, experimental verification has been
conducted using a low-power range prototype. Significant contributions of this chapter
include thorough steady-state and small signal modeling of the MPBC, considering
ESRs for stability, stress analysis (voltage and current), and performance evaluation.
A fabricated 240W MPBC, coupled with improved switching strategies utilizing DSP
TMS320F28379D, highlights the efficiency through comparative experimental and
simulation results. The MPBC's design effectively regulates output power by
efficiently distributing input power from ESE and RES, thereby reducing voltage stress
on switches. The converter's capabilities were experimentally verified, and its potential
applications include hybrid power systems, grid-connected PV systems, and reducing

torque ripple in induction motors through multilevel inverters.
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6.1.

CHAPTER 6

COMPARATIVE ANALYSIS AND SELECTION OF
MULTIPORT Z-SOURCE CONVERTER TOPOLOGIES
FOR RESs

OVERVIEW

This chapter introduces a novel family of 128 non-isolated dual-output high-

gain Z-source converters (DOHGZSC), with or without a common ground, to address

the identified gaps in the existing literature.

1.

6.2.

Number of input and output ports can be arbitrarily increased without much
modification to the existing HGMPC, by introducing only the respective input
ports’ active switch.

Independent power flow can be carried out arbitrarily from either of the output

sources to the loads.

. Having higher voltage gains than the counterpart non-isolated MIMOs in

literature, which is an attractive feature for application in RES and distribution
systems.

Inductor time multiplexing is used to achieve simultaneous power transfer
from more than one output port of different voltage levels, keeping the part

count fixed for any number of outputs.

. A SISO controller, such as the standard double loop PI controller, is sufficient

to control the output voltages despite the multiple ports of the converters.
INTRODUCTION

There is a growing demand for converters with multiple ports and various

voltage levels to accommodate to diverse applications in these sectors. [131]-[132]. To

achieve voltage regulation and power control across different ports, multiple

independent single-input single-output (SISO) converters can be utilized. However,

this approach results in a high number of components, leading to increased overall cost

and system volume [133]-[134]. To tackle this issue, a family of multi-input multi-

output (MIMO) DC-DC converters has been introduced.
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The primary advantages of such converters include the fewer conversion stages,
increased system efficiency, higher power density, size, cost, and centralized power
management across multiple ports compared to using multiple single-input DC-DC
converters in renewable energy systems. Various multiport DC-DC converters have
been developed encompassing both isolated and non-isolated topologies. Isolated
topologies [135]-[138] and non-isolated topologies [139]-[142] represent two main
subdivisions within these multiport converter designs. A single inductor MIMO boost
converter is proposed for electric vehicle (EV) application [143]. Despite having
multiple outputs with varying voltage levels, the converter's gain is low. In [144], a
new multiport DC-DC converter is introduced for DC Microgrid applications. While
the proposed configuration offers numerous advantages such as minimizing multiple
power conversions, decreasing the number of components, and providing voltage
boosting capability, it also presents drawbacks, including high switch count and

controller complexity, coupled with low voltage gain.

To achieve a high voltage conversion ratio, traditional DC-DC converters operate with
duty cycles below 0.1 for step-down and above 0.9 for step-up modes. However, such
extreme duty cycle operation can compromise converter efficiency and transient
performance [145][146]. To tackle this issue, a family of high-gain integrated multiport
DC-DC converters has been introduced. High-gain multiple ports DC-DC converters
(HGMPC) have gained significant attention for scenarios demanding multiple
independent supply voltage levels. In a recent study, a novel collection of five non-
isolated multiport DC-DC converter designs characterized by bipolar symmetric
outputs with high gain. The feasibility of integrating these converters with a multilevel
inverter to generate high-quality AC voltages is demonstrated [147]. A new non-
1solated high step-up multiport DC-DC converter, integrated with PV modules and a
Battery Storage System (BSS), is proposed for high-voltage DC bus-based hybrid
renewable energy systems. It offers high voltage gain, low semiconductor stress, ZCS
diodes, MPPT for PV inputs, and flexible port extension [148]. A double input high
gain DC-DC boost topology with six switching states is introduced and subsequently
expanded to an n-input version [149]. A high step-up DC-DC boost converter [150]

with a single input and three outputs was introduced, featuring an expandable structure
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achieved by increasing the voltage multiplier modules, and capable of delivering high
voltage gains at its output terminals without the need for higher duty cycles or the
inclusion of transformers or coupled inductors in its design. A newly developed
multiport DC-DC converter with high gain [151], designed to incorporate low-voltage
energy storage devices into a DC microgrid, presents a three-port interface employing
just a single two-winding transformer, thereby substantially simplifying control
complexities. Studies [147]-[151] highlight the importance of high-gain converters in
multiport configurations, emphasizing their benefits in terms of efficiency, size, cost,

and control complexities.

In terms of achieving high voltage gain, impedance source or Z-source DC-DC
converter shown in Fig 6.1 outperform conventional boost converters. Peng [22] first
introduced the Z-source network concept, offering a solution to the issues of shoot-
through and limited output voltage found in traditional voltage-source inverters,
achieved by employing a configuration comprising two capacitors and two inductors
interconnected in an X-shape. Numerous recent studies [153]-[157] have explored the
Z-source converter and its various permutations, highlighting the advantages of this
high-voltage-gain impedance source converter. An enhanced Z-source inverter,
proposed in [153] and [154], mitigates capacitor voltage stress and inrush current,
while a novel single-phase Z-source inverter, discussed in [155], enables shared
ground between input and output. Additionally, the application of switched inductors
to the Z-source network has been investigated [156]. In [157], a Z-source DC-DC
converter with common ground and high voltage gain is introduced, while [158]
presents a series of hybrid Z-source boost DC-DC converters tailored for PV power
systems, and [159] proposes a novel structure based on ZSC DC-DC, suitable for
deployment in renewable energy systems within DC or hybrid microgrids due to its
high voltage gain. The proposed converter in [160], integrates a reformed Z-source
converter and a switch capacitor, featuring four ports including a bidirectional port for
battery charging/discharging, with innovative techniques applied to facilitate operation

of the bidirectional port and accommodate the additional input source.
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Figure 6.1. Conventional Z source DC-DC converter.

This chapter explores various research paths aimed at developing highly efficient
converters capable of selecting the topology of common ground (CG) or non-common
ground (NCG) dual-output high-gain Z-source converters (DOHGZSC) with enhanced
operational characteristics. Additionally, there is a demand for converters capable of
achieving high voltage conversion along with dual outputs (CG/NCG), which is crucial
for Electric Vehicle (EV) and Isolated Microgrid (IMG) applications. Moreover, there
is a need for converters configured to produce equal voltages at their outputs to

facilitate their use in multilevel inverter applications.
6.3. PRINCIPLE AND TOPOLOGY

Conventionally a Z-source network or impedance network is shown in Fig. 6.1, which
is divided into three sections, i.e., input port (IP), Z-source network and output port
(OP). It utilizes a distinctive impedance network, connecting the converter main circuit
to the power source, load, or another converter, offering unique functionalities not
found in traditional voltage and current source converters, which use capacitors and
inductors, respectively, and employs a two-port network consisting of split-inductors
(L, and L,) and capacitors (C,and C,) arranged in an X shape to create an impedance
source (Z-source) coupling the converter to the DC source and load with a voltage gain

B [153] expressed as
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1
B =
1-2D (6.1)
where D represents the duty ratio of the converter.

Due to the converter's operation at low duty cycles and the correlation between power
losses and duty cycle, its performance yields high efficiency. Additionally, the voltage
stress on most of its components is minimal. As mentioned in the Introduction, in
[157], a SISO Z-source converter is presented. The utilization of multi-input and multi-
output configurations is crucial in various applications as it enables efficient
management of load and power dynamics, necessitating the hybridization of different

energy sources.

6.3.1. Topology Derivation of SIDO Z-source DC-DC Converters based on the
Voltage-Type Ports

This chapter introduces a non-isolated multi-input multi-output DC-DC converter,
with high voltage gain, as illustrated in Fig. 6.2. The converter interface n input power

sources, Vg1,Vy2,Vy3, .., Vgn, with increasing voltage levels. It comprises two

inductors, two capacitors in a Z-source network, and n switches. The load
resistances, Ry, R,, R3,and R,, can represent different combinations of output ports,
capable of providing varying or equal voltage levels suitable for EV charging
connections. Table 6.1 outlines diverse dual-output impedance converter
configurations, featuring both distinct and identical voltage levels, to be further
examined in subsequent sections of the chapter. For ease, this chapter focuses on
analyzing a family of proposed converters with a single-input and two outputs. In Fig.
6.3, taking Vj; as the only source, various topologies for dual output high gain Z source

NCG/CG DC-DC converter are analysed for selected module.
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Figure 6.2. Family of non-isolated multi-input multi-output Z Source DC-DC converter.
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Table 6.1. VARIOUS TOPOLOGIES FOR HIGH GAIN Z SOURCE NCG/CG
DC-DC CONVERTER FOR DUAL OUTPUT CONFIGURATION AS PER

FIGURE 6.2

O/P Port 1 1-b I-a 1-b I-a 9-b 9-a 9-b 9-a
O/P Port 2 3-d 3-d 3-c 3-c 11-d | 11-d | 1l-c 11-c
5-2,7-4 far, | far, | Jas | Jaw | Soin | Sow | oz | b
5-b,7-4 Jags | Jazy | fags | Jaga | Soor | foon | fops | fooa
5-a,7-4 Jass | Jasy | fass | Sase | Soar | Sosn | foss | foaa
5-2,7-c Jas, | Jaws | Jaus | Jaws | Sour | Sruz | Sous | b
5-b,7-c Jfass fas, fass fas, foe, fos, foes | foss
5-a,7-c Jaes foes foes fac, foex fpes fpes foes
5-b,7-2 far Jfar, Jfars Jar fo, fo5 foys | Tooa
5-a,7-2 Jfag: Jfag, Jfags fag, foe: fpas foes | Toes
13-2,15-4 Jeoo | Je | Jen | Jew | Jaun | fan | fan | fau
13-b,15-4 Jeoo | fero | Jews | Ser | S | fay | Sfay | fa
13-a,15-4 Jeso | Jess | Jouw | Sesa | Saa | faw | Jfasn | Jfas
13-2,15-c Jeoo | Jer | Jews | Ses | Sau | faw | faw | fau
13-b,15-c fesi | fes, | Jess | Sesa | Sasy | fas, | Jass | fas,
13-a,15-c fc61 fc62 fc63 fc64 fe de1 fe de fe de3 fe dea
13-b,15-2 Jero | ferp | Jers | Ses | Sar | fay, | Says | fa.
13-a,15-2 feor | fesr | Jees | Sees | Sagn | fae | Sags | fags

It is seen from the above Table 6.1, 128 topologies are possible and can be studied

further according to suitability of applications. In this research work fai,- family is

studied for 24 out of 32 configurations from the highlighted section considering output

ports as shown in Fig 6.3. These two ports have addition features for CG and NCG

connections.
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Examining Fig. 6.3, a total of 24 configurations, featuring both common ground (CGQG)
and non-common ground (NCGQG), are derived and tabulated in Table 6.2 and
subsequently analyzed for their performance. Among these, the most optimal

configuration is selected and thoroughly evaluated.

Table 6.2. DIFFERENT CONVERTER CONFIGURATIONS FOR SINGLE
INPUT DUAL OUTPUT Z-SOURCE BASED DC-DC CONVERTER

Configuration Output Port 1 Output Port 2
1 NCG-A /5-2,6-d
2 (Family 1) NCG-B /5-b,6-d
3 NCG-A NCG-C /5-a,6-d
4 1-b, 3-d CG-A /5-2,6-c
5 CG-B /5-b,6-¢
6 CG-C /5-a,6-c
7 NCG-A /5-2,6-d
8 NCG-B /5-b,6-d
9 (Family 2) NCG-C /5-a,6-d

NCG-B
10 La3ud CG-A /5-2,6-¢
1 ’ CG-B /5-b,6-c
12 CG-C /5-a,6-c
13 NCG-A /5-2,6-d
14 NCG-B /5-b,6-d
15 (Family 3) NCG-C /5-a.6-d
CG-A
16 1b Aec CG-A /5-2,6-¢
17 CG-B /5-b,6-c
18 CG-C /5-a,6-c
19 NCG-A /5-2,6-d
20 NCG-B /5-b,6-d
21 (Family 4) NCG-C /5-a,6-d
CG-B
22 a3 CG-A /5-2,6-¢
23 ’ CG-B /5-b,6-c
24 CG-C /5-a,6-c

Connecting output ports lead 1, 3, and 5,6 at different positions of modules 1 and 2
results in twenty-four configurations, as depicted in Table 6.2. Fig 6.4 shows the 24

different topologies of SIDO Z-source converter These configurations, with identical
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design parameters as shown in Table 6.3, are evaluated for high voltage gain, output
power, efficiency, low voltage stress on capacitors, diodes, and switches, and minimal
input current drawn from the input source in Simulink/MATLAB. Following analysis,

only one configuration is chosen.

Table 6.3. HARDWARE COMPONENT AND SIMULATION PARAMETERS
OF PROPOSED SYSTEM

Simulation & Prototype

Parameters Symbols Specification(s)
Input Voltage Vg 30V
Switching Frequency fsw 40kHz
Output Voltage Vo 60V, 60V
L4 139.5uH
Induct
nductors L, 165uH
Cq 470uF (150V),
. C, 470uF (150V)
C t
apactiors Cs 470uF (150V)
C, 330uF (150V)
. R4 0—-5000
Load Resist
oad Resistances R, 0— 5000,
MOSFET IRFP260N 200V,504
Diode MURS840 400V,8 A4

6.3.2. Topology Optimization and Performance Analysis

Various combinations/configurations are proposed as shown in Table 6.2 are simulated
for performance analysis. The selection of an appropriate configuration can be based
on various criteria such as high efficiency, high voltage gain, minimal input current
drawn, increased power output, and other performance metrics. Table IV displays the
results of open-loop simulations comparing various performance parameters of
different feasible configurations of high-output voltage SIDO converters at R; =
R, = 450Q and a duty cycle (D) of 0.2. As part of the analysis, the proposed
converters are evaluated and contrasted across various potential configurations.
Configurations that yield equal output voltages are specifically chosen, enabling their

use in multilevel inverter applications and other suitable scenarios.
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Table 6.4. COMPARISON OF VARIOUS PERFORMANCE PARAMETERS FOR
DIFFERENT FEASIBLE CONFIGURATIONS OF HIGH OUTPUT VOLTAGE
SIDO CONVERTERS, R; = R, = 450Q,D = 0.2

Outputl / Output2 / [Efficiency
Config Connections | Connections Iy @A) Vo (V) Vo2 (V) | Po (W) (%)
1 Ncg'ﬁf‘ 10173 | 79.5849 | 79.5847 | 282218 | 92.4668
2 NCS? d/S‘ 10029 | 793646 | 79.3632 | 28.0670 | 93.2796
3 (Family 1) NCaG'fd/ > | 1.0954 | 982606 | 641557 | 30.6162 | 93.1648
NCG-A G As26
4 1-b, 3-d AB20| 11916 | 612891 | 1069071 | 34.0382 | 95.2128
5 CG-B /C 3061 1 0985 | 98.0200 | 64.0479 | 30.4843 | 92.4952
6 CG-C i >6- 1 42420 | 72.6931 | 102.6400 | 35.2511 | 94.6066
7 Ncg'ﬁf' 14371 | 92.8352 | 92.8350 | 38.4637 | 89.2106
8 Ncgf‘f' 10909 | 63.9109 | 97.7612 | 303291 | 92.6731
9 | (Family2) ch'fd/ > | 14375 | 92.8737 | 92.8731 | 38.4994 | 89.2729
NCG-B CG A’ /5-2.,6
10 1-a.3-d ASO 1 13110 | 581839 | 1163281 | 37.6183 | 95.6428
1 CG-B i 3061 14213 | 91.6869 | 91.6896 | 37.5431 | 88.0448
12 CG-C 25'3’6' 131047 | 582222 | 1163313 | 37.6293 | 95.7146
13 NCGAS | 10990 | 640810 | 981579 | 305498 | 92.6552
14 NCGB S| 10736 | 638821 | 97.6820 | 30.2866 | 94.0264
15 | (Family 3) chgc_:d/ > | 142138 | 91.6879 | 91.6906 | 37.5440 | 88.0457
CG-A CG-A /5-2,6-
16 1-b.3-c ; 14371 | 92.8353 | 92.8350 | 38.4637 | 89.2100
17 CG-B /C 30.6- 1 4 4375 | 92.8743 | 92.8738 | 38.4999 | 89.2734
18 CG-C 25'3’6' 13102 | 582223 | 1163114 | 37.6184 | 95.7046
19 Ncg'&/s‘ 14068 | 87.6497 | 101.5058 | 40.2306 | 95.3232
20 Ncg'&/s‘ 12401 | 1025704 | 72.6187 | 35.1879 | 94.5786
21 | (Family 4) ch'gd/ > | 13212 | 116.4005 | 58.2509 | 37.6697 | 95.0331
CG-B CG-A /5-2,6-
2 1-a.3-c ; 14392 | 965832 | 96.5816 | 41.5544 | 96.2428
23 CG-B /C 3061 13212 | 1162794 | 581977 | 37.5931 | 94.8455
24 CG-C/5-a.6- | 14380 | 96.6844 | 96.6808 | 41.6403 | 96.5202

C
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Table 6.4 is segmented into four sections, each containing six members, with
configurations selected based on specific requirements. Among the twenty-four
configurations, ten feature equal output voltages (V,,V,,), namely 1, 2, 7, 9, 11, 15,
16, 17, 22, and 24. Configuration 1 and 2 exhibit equal output voltage but with lower
gain and efficiency. Configuration 13 offers both positive and negative output voltages,
suitable for applications requiring both types of supply. Configurations 7, 9, and 11
demonstrate high gain and efficiency but draw high input current from the supply.
Conversely, configurations 22 and 24 provide high gain and efficiency while drawing
minimal current. By reducing the duty cycle, configurations 7, 9, and 11 can be further
explored in subsequent studies. It is observed that even under light load conditions, all
configurations exhibit high efficiency, ranging from a minimum of 88.0448% for
configuration 11 to a maximum of 96.5202% for configuration 24. Increasing the load
and reducing the duty cycle could potentially enhance efficiency further, necessitating
further investigation in subsequent studies. The performance parameters of selected
configurations [1, 2, 7, 9, 11, 22, 24] of high-output voltage, high-efficiency SIDO
converters are compared under varying load conditions for a duty cycle (D) of 0.2 is

shown in Table 6.5.
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Figure 6.5. Comparison of efficiency for selected configurations [1,2,7,
9,11,22,24] of high output voltage, high efficiency SIDO converters for D=0.2
under varying load condition.
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Table 6.5. COMPARISON OF VARIOUS PERFORMANCE PARAMETERS
FOR SELECTED CONFIGURATIONS [1,2,7,9,11,22,24] OF HIGH OUTPUT
VOLTAGE, HIGH EFFICIENCY SIDO CONVERTERS FOR D=0.2 UNDER

VARYING LOAD CONDITION.
Output- .
Configuration 1/Outgut-2 R(I}(‘)‘)RZ) LA | Vo™ V, (V) | P, (W) Eﬂ;‘%“”

Connections

(Family 1) 150 1.2060 51.0036 51.0031 35.0384 96.8427

NCG-A /1-b, 250 1.0301 60.7880 60.7878 29.7964 96.4106

1 3-d 350 1.0147 70.5771 70.5759 28.5982 93.9407

NCG-A /5-2,6- 450 1.0173 79.5849 79.5847 28.2218 92.4668

d 1000 1.1131 119.7908 119.7900 28.7815 86.1860

(Family 1) 150 1.1937 51.0180 51.0174 35.0575 97.8898

NCG-A /1-b, 250 1.0245 60.8390 60.8379 29.8438 97.1003

2 3-d 350 1.0092 70.4805 70.4793 28.5223 94.1995

NCG-B /5-b,6- 450 1.0029 79.3646 79.3632 28.0670 93.2796

d 1000 1.1184 120.1231 120.1217 28.9426 86.2570

(Family 2) 150 1.3079 53.5286 53.5286 38.2634 97.5149

NCG-B /1-a3- 250 1.2915 67.6408 67.6405 36.6124 94.4950

7 d 350 1.3570 81.1649 81.1649 37.6982 92.5974

NCG-A /5-2,6- 450 1.4371 92.8352 92.8350 38.4637 89.2106

d 1000 1.8254 138.8975 138.8971 39.6837 72.4619

(Family 2) 150 1.3088 53.4139 53.4130 38.0997 97.0312

NCG-B /1-a,3- 250 1.2911 67.5262 67.5255 36.4882 94.2002

9 d 350 1.3549 80.8548 80.8542 37.4076 92.0240

NCG-C /5-a,6- 450 1.4375 92.8737 92.8731 38.4994 89.2729

d 1000 1.8235 138.8974 138.8975 39.6952 72.4819

] 150 1.2996 53.4811 53.4817 38.1701 97.8991

(Family 2) 250 12835 67.5453 675470 | 36.5104 94.8191

11 NCG‘ﬁ /1-a3- 350 1.3457 80.5369 80.5391 37.1347 91.9799

CG-B /5-b.6c 450 1.4213 91.6869 91.6896 37.5431 88.0448

1000 1.7810 134.7868 134.7902 37.3581 69.9183

150 1.2996 53.4811 53.4817 38.1700 97.8981

C(GFZ“‘/il'Ybf? . 250 12835 67.5456 67.5473 36.5107 94.8190

15 NCG.C /5_’3’ . 350 1.3457 80.5372 80.5394 37.1351 91.9798

d 450 1.4213 91.6879 91.6906 37.5440 88.0457

1000 1.7799 134.6609 134.6643 37.2812 69.8182

150 1.3079 53.5285 53.5285 38.2633 97.5139

(Family 3) 250 1.2915 67.6407 67.6404 36.6123 94.4942

16 CG-A/1-b3-c 350 1.3570 81.1649 81.16483 37.6981 92.5967

CG-A/5-2,6-c 450 1.4371 92.8353 92.8350 38.4637 89.2100

1000 1.8255 138.8978 138.8974 39.6839 72.4618

150 1.3088 53.4138 53.4130 38.0996 97.0303

(Family 3) 250 1.2911 67.5264 67.5257 36.4884 94.2001

17 CG-A /1-b3-c 350 1.3550 80.8552 80.8546 37.4080 92.0243

CG-B /5-b,6-c 450 1.4375 92.8743 92.8738 38.4999 89.2734

1000 1.8255 138.9007 138.9008 39.6970 72.4837

150 2.9047 80.3005 80.2998 86.1546 98.8660

(Family 4) 250 1.7867 81.0019 81.0009 52.7034 98.3248

22 CG-B /1-a3-c 350 1.5478 88.7876 88.7864 45.1965 97.3296

CG-A /5-2,6-c 450 1.4392 96.5832 96.5816 41.5544 96.2428

1000 1.3555 135.1586 135.5630 36.5670 89.9167

150 2.9024 80.3042 80.2952 86.1538 98.9434

(Family 4) 250 1.7849 81.0131 81.0077 52.7159 98.4455

24 CG-B /1-a3-c 350 1.5466 88.8442 88.8400 452528 97.5288

CG-C /5-a,6-c 450 1.4380 96.6844 96.6808 41.6403 96.5202

1000 1.3553 135.1409 135.1386 36.5574 89.9093
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Fig. 6.5 illustrates that across all configurations, efficiency remains consistently high
from no load to high load conditions based on Table 6.5. Configuration 22 and 24
exhibit the highest output voltage. Notably, at light load conditions, configurations 7,
9, 11, 15, 16,and 17 demonstrate efficiencies ranging from
69.8182% to 72.4837%, which are comparatively lower (< 15%) than other
configurations. Most configurations draw nominal power from the source yet maintain
high efficiency at high loading conditions, making them suitable for scenarios with
limited input generation capacity. However, in configurations 22 and 24, input current
is higher compared to other eligible configurations under high load, requiring control
due to the fixed voltage source. Adaptation to changing loads can be achieved by either
altering the configuration while keeping the duty cycle constant or adjusting the duty
cycle while maintaining the configuration. This study holds significant importance as
it enables the implementation of a suitable control strategy based on the loading
conditions and the corresponding best possible configuration determined in advance.
From Table 6.5, it is evident that among the selected configurations
1,2,7,9,11,15,16,17,22,and 24, configuration 24 achieves the maximum
efficiency of 98.9434% with a voltage of 80.3042 V at R, = R, = 1501}, while
configuration 17 attains the highest voltage of 138.9007 V' with an efficiency of
72.4837% at Ry = R, = 1000.. However, due to the drop in efficiency during light
load conditions, configurations 7,9,11,15,16,and 17 are discarded, and
configurations 1, 2,22, and 24 are selected for further analysis as they exhibit high

efficiency and output voltage.
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Figure 6.6. Comparison of various parameters for selected configurations
[1,2,22,24] of high output voltage, high efticiency SIDO converters for R, = R, =
4500 under varying duty cycle condition. (a) Output voltages (V,; = V,,), (b)
Output power (P,), (c) Efficiency (%).
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6.4. ANALYSIS OF SELECTED SIDO TOPOLOGIES

Out of the family of 24 topologies of high-gain Z-source SIDO converters, 4
configurations meeting the criterion of equal output voltage with better performance
are further examined based on their loading conditions, voltages and efficiencies as
discussed in earlier section.

Table 6.6. COMPARISON OF AVERAGE CURRENT AND CURRENT

RIPPLES OF L;AND L, FOR SELECTED CONFIGURATIONS [1,2,22,24] OF
Z-SOURCE SIDO CONVERTERS FOR R; = R, = 450 L UNDER VARYING

DUTY CYCLE CONDITION.
Iiq I,
Config Output—l D (A) AILI (A) AILZ
/ Output-2 (A4) (4)
(Avg) (Avg)
0.05 —-0.14 0.41 0.49 0.38
NCG-A 0.10 —0.10 1.05 0.69 0.93
1 1-b, 3-d 0.15 0.53 1.92 0.51 1.62
NCG-A 0.20 1.26 3.06 0.54 2.68
5-2,6-d 0.25 1.21 4.64 1.78 4.02
0.30 2.53 6.70 2.22 5.68
0.05 —0.03 0.43 0.37 0.42
NCG-A 0.10 —0.04 1.05 0.63 0.92
2 1-b, 3-d 0.15 0.53 1.92 0.51 1.62
NCG-B 0.20 1.18 3.06 0.62 2.66
5-b,6-d 0.25 1.21 4.63 1.79 4.02
0.30 2.54 6.71 2.21 5.69
0.05 0.30 0.49 0.30 0.35
CG-B 0.10 0.14 0.96 0.64 0.85
2 1-a,3-c 0.15 0.59 1.71 0.57 1.45
CG-A 0.20 1.21 2.68 0.60 2.36
5-2,6-¢ 0.25 1.16 4.06 1.70 3.54
0.30 2.40 5.95 2.04 5.05
0.05 0.31 0.49 0.30 0.35
CG-B 0.10 0.06 0.96 0.72 0.86
24 1-a,3-c 0.15 0.59 1.70 0.56 1.46
CG-C 0.20 1.29 2.68 0.53 2.37
5-a,6-c 0.25 1.08 4.06 1.78 3.57
0.30 2.47 5.96 1.98 5.07

Figure 6.6 reveals that in configurations 1 and 2, efficiency initially decreases
(minimum values 74.7968% and 88.7252%) and then rises with the duty cycle
(maximum values 95.1968% and 94.0326%). Conversely, a reverse trend is observed
in configurations 22 and 24, where efficiency first increases (maximum values
96.4919% and 96.5202%) and then decreases, with minimum values always above
95% (95.8569% and 96.3553%). Additionally, the output voltage is higher throughout
the full range of duty cycle (0.05 to 0.3), ranging from 35 V to 128 V for configuration
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1 and 2, and from 64 V to 142 V for configuration 22 and 24, respectively. Moreover,
output power delivered is highest in configurations 22 and 24 as the duty cycle
increases. Therefore, efficiency, output voltage, and output power delivered are highest

in configurations 22 and 24 as the duty cycle increases.

Configuration 1 and 2 should be discarded due to the high values of inductor current
and current ripples. Table 6.6 highlights a significant increase in current ripples with
the duty cycle for a fixed load, indicating the necessity for control measures. Therefore,
proper attention must be given to ensure optimal performance under specific operating

conditions.

In Table 6.7, average values are utilized to assess the stress across capacitors
(Ve1,Vea, Ves, and V) due to very low voltage ripple, while maximum negative values
are employed to evaluate the stress across diodes and the active switch
(Vp1,Vpa, Vps,and Vs). 1t is observed that the average voltage across capacitors
Ciand C, ranges from 32V to 79V for configuration 1 and 2, and 32V to 70V for
configuration 22 and 24, whereas across capacitors Czand Cy, it varies from 35V to
128V for configuration 1 and 2, and 64V to 142V for configuration 22 and 24,
respectively. Consequently, capacitors C;and C, experience less voltage stress
compared to capacitors Czand C, in all four configurations, aiding in the selection of

suitable voltage ratings for all capacitors.

Furthermore, voltage stress on diodes D;and D, ranges from 34V to 126V in
configuration 1 and 2, and 33V to 108V for configuration 22 and 24, while for the
switch (S), it varies from 34V to 126V for configuration 1 and 2, and 33V to 109V
for configuration 22 and 24, respectively. Interestingly, the voltage stress on diode D3
is zero volts for configuration 1 and 22, while it ranges from 34V to 126V for
configuration 2 and 33V to 109V for configuration 24, respectively. Although
approximate values are presented for description, precise values are displayed in the
respective tables. Notably, configuration 22 exhibits minimum voltage stress despite

the variation in duty cycle from low to high values.

Considering the criteria of high efficiency, high output voltage, minimal voltage stress

on capacitors, diodes, and the switch, as well as low inductor current and ripples,
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configuration 22 is ultimately selected. Furthermore, due to the lower inductor current,

less energy is stored in the inductors, resulting in a smaller size, reduced weight, and

cost-effectiveness of the proposed converter configuration.

Table 6.7. COMPARISON OF VOLTAGE STRESSES ON CAPACITORS,
DIODES AND ACTIVE SWITCH OF Z-SOURCE SIDO CONVERTERS, R, =
R, =450 O UNDER VARYING DUTY CYCLE CONDITION.

Confi D Va Ve Ve Vs Vp1 Vps Vp3 Vs
g U U w U () ) ) )
0.05 | 32.7382 | 32.7382 35.4757 35.4757 —34.1100 —34.1089 0 34.1114
0.10 | 38.0607 | 38.0607 46.1205 46.1199 —44.5698 —44.,5692 0 44,5728
" 0.15 | 49.0764 | 49.0764 68.1534 68.1528 —59.4702 —59.4751 0 59.4796
0.20 | 54.7910 | 54.7910 | 79.5849 | 79.5847 | —78.1367 | —78.1469 0 78.1511
0.25 | 65.9801 | 65.9800 | 101.9708 | 101.9705 | —100.5638 | —100.5831 0 100.5827
0.30 | 78.9350 | 78.9350 | 127.8972 | 127.8959 | —126.0593 | —126.0986 0 126.1037
0.05 | 32.7345 | 32.7345 35.4678 35.4676 —34.0967 —34.1020 —34.0967 34.1034
0.10 | 38.0463 | 38.0463 46.0922 46.0914 —44,5433 —44.,5442 —44.5426 44,5479
2 0.15 | 45.4699 | 45.4699 60.9394 60.9391 —59.3303 —59.3339 —59.3316 59.3382
0.20 | 54.6805 | 54.6805 79.3646 79.3632 —77.8791 —77.8886 —77.8857 77.8933
0.25 | 65.9705 | 65.9704 | 101.9523 | 101.9504 | —100.5704 | —100.5781 | —100.5750 | 100.5804
0.30 | 79.0846 | 79.0846 | 128.1967 | 1281942 | —126.2799 | —126.2799 | —126.3196 | 126.3290
0.05 | 31.9772 | 31.9772 63.9173 63.9150 —33.0760 —33.2977 0 33.3480
0.10 | 34.9072 | 34.9072 69.7728 69.7705 —38.8074 —38.8000 0 38.8559
2 0.15 | 40.5574 | 40.5574 81.0685 81.0665 —49.8179 —49.8135 0 49.8766
0.20 | 48.3159 | 48.3159 96.5832 96.5816 —53.5631 —53.5622 0 53.6341
0.25 | 58.2745 | 58.2745 | 116.5027 | 1165014 | —84.7190 | —84.7328 0 84.7927
0.30 | 70.5738 | 705738 | 141.1122 | 141.1111 | —108.6759 | —108.6764 0 108.7903
0.05 | 31.9771 | 31.9771 63.9172 63.9148 —33.3075 —33.2977 —33.2988 33.4532
0.10 | 34.9067 | 34.9067 69.7720 69.7694 —38.8049 —38.7991 —38.7960 38.8541
24 0.15 | 40.5565 | 40.5565 | 81.06719 81.0641 —49.8171 —49.8090 —49.8090 49.8790
0.20 | 48.3661 | 48.3661 96.6844 96.6808 —65.1807 —65.1858 —65.1817 65.2492
0.25 | 58.3894 | 58.3893 | 116.7335 | 116.7292 —84.9428 —84.9614 —84.9566 85.0202
0.30 | 70.7765 | 70.7765 | 141.5191 | 141.5138 | —109.0839 | —109.0990 | —109.0925 | 109.1656
6.5. ANALYSIS OF TOPOLOGY 22 Z-SOURCE SIDO CONVERTER

The configuration of the proposed converter is illustrated in Fig 6.7(a). It is

obvious from the diagram that the structure of the proposed converter is

straightforward, comprising a Z-source network (L4, L,, C;, and C,), a switch S, three

diodes D;,D,,and D5, two filter capacitors C3and C,, and two load resistances

R;and R,. In comparison with the Z-source dc—dc converter represented in Fig 1, the

proposed converter modifies the grounding connection and introduces additional

outputs to enable Single Input Dual Output (SIDO) operation. A prominent feature of

the proposed converter is the placement of the input source and load on the same side

of the Z-source network, differing from traditional Z-source converters where they are
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situated on both sides of the network (as shown in Fig 6.1). Additionally, the input

voltage source and load share the same ground.

To analyse the operation of Z-source SIDO converter and to simplify the analysis, the

following conditions are assumed.

1. All components are assumed to be ideal.

2. Both inductors, L, and L,, are not equal, and both capacitors, C; and C,, are
assumed to be identical (C) in the Z-source network.

3. The currents through L; and L,, as well as the voltages across C; and C,,

increase and decrease linearly over time.

Since, in the Z-source network symmetry is maintained, leading to the conclusion of

the following equations:

{iLl Flip, gy #Flcy (6.2)
UV, F VL, V¢, F Vg, ’

where i, V1,11, Vi lcy Vg lcy and V¢ ,are the currents and voltages of Ly, L, C;

and C, respectively.
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Figure 6.8. Waveforms of the Topology 22 SIDO converter.
6.5.1. Dynamic Operation and Analysis

The proposed converter operates in Continuous Conduction Mode (CCM) and can be
described into two distinct states: Mode 1 and Mode 2. The expected waveforms of

the proposed converter are depicted in Figure 6.8.
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In Mode 1, demonstrated by the equivalent circuit in Fig 6.7(a), switch S and diode D,
are in the ON state, while diode D; is OFF. Let DT represent the duration of Mode 1
within a switching cycle T, where D > 0 denotes the duty cycle of S. This state

encompasses three loops:

1. loop 1 comprises L, Cy, and S, where C; discharges energy into Lq;

2. loop 2 encompasses L,, C,, and S, with C, discharging energy into L,;

3. loop 3 involves Cy, C,, D,, D3, C3,Cy, Ry, and R,. Here, Ciand C, discharge
energy into C3, Cy, Ry, and R,.

In mode 1, the following equations can be derived:

diy,
le = Ucl = L1 7 (63)
diy,
vLZ = vCZ = LZ F (64)
VOl = VOZ = le + vCl = sz + vCZ (65)
, Vo Vo
icy = = (iny +RL1+R—°2) (6.6)
, Vo Vo
ic, = _(LL2+RL1+RL;> (6.7)

In Mode 2, shown by the equivalent circuit in Fig 6.7(b). Mode 2 of the proposed
converter is characterized by switch S and diode D, being OFF, while diode D; is ON.
Assuming that (1 — D)T represents the duration of Mode 2 within a switching cycle

T, this mode encompasses four loops:

1. loop 1 consists of Ly, C,, Dy, and S, where input sources Vyand L, discharge
energy into C,;

2. loop 2 involves L,, Cy, D;,and S, with input sources I(gand L, discharging
energy into Cy;

3. loop 3 includes C;and R, where C; releases energy to the load R;; 4) loop 4

comprises C,and R,, where C, releases energy to the load R,.

In mode 2, the following equations can be derived:
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di,,
Vg =17L1+17C1=L1 _t +7.7C1 (6.8)
diy,
Vog=vp, +ve, =14 e + v, (6.9)
. . . . del
lg =lL1+I'C1=lL1+C1 dt (6.10)
. . . . deZ
ig=1ip, tic, =11, +C; it (6.11)
. de3 Vol
lC3—C3< dt >_R_1 (612)
. de4 VOZ
lC4—C4< dt >_R_2 (613)

6.5.2. Steady State Analysis

In steady state, the average voltage across an inductor within a switching cycle T is

zero; hence, we obtain

1 T
Tf vy, dt =0 (6.14)
0

By substituting equations (6.3) and (6.8) into equation (6.14), we can derive the

following equation:

1 (T 1T (BT 1-D)T
Tfo vy, dt =?UO ve, dt +f (v, - vcl)dtl =0 (6.15)

DT

Since the capacitors Cyand C, are sufficiently large, the voltage across C;and C,

changes linearly, allowing us to obtain their average voltages.

1 DT 1 T
VCl == ?J(‘) vcldt == T‘II‘JTUGldt (6.16)

By substituting (6.16) into equation (6.15), we obtain:
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Ve, DT + (V, =V, )(1=DT) =0 (6.17)

On simplifying,
1-D
= 6.18
Ve =73p "% (6.18)
Substituting (6.18) into (6.5), the output voltage V,; and V,, is
2(1—-D)
Vor =Vor = 2Vey =755V (6.19)

Hence, the relationship between the voltage gain G and the duty cycle D can be

expressed as:

_2(1-D)

__ 6.20
G 55 (6.20)

The equation suggests that the duty cycle D ranges from 0 to 0.5. With M > 2, the
voltage gain is high when the duty cycle approaches 0.5.

Assuming ideal conditions for the proposed converter and operating in Continuous

Conduction Mode (CCM), we have

Valg = Voilo1 + Vozlo2 (6.21)

where I, = 1,7 +1,; and I; and I, are the input and output average currents,

respectively

Substituting (6.19) into (6.21), the average input current I, is given by:

1-D

I, = I 6.22
9=1=2p"° (622)

The voltages and currents of components are shown in Table 6.8 and 6.9 respectively.
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Table 6.8. VOLTAGE OF EACH COMPONENT IN DIFFERENT STATES

Components Mode 1 Mode 2
1-D 1-D
Ve, &V v v
€177 C2 1-2D 9 1—-2D 9
1-D D
V,.&V v v
L1™ 7Lz 1-2D 9 1—-2D 9
1
1% 0
g 1-2D 9
1
174 0
D1 1-2p"%
1
174 0
D2 1-2p%
Table 6.9. CURRENT OF EACH COMPONENT IN DIFFERENT STATES
Components Mode 1 Mode 2
3 — 7D + 4D? 3D — 4D>?
Ic, &I¢ N | e |
12 1—-2D ° 1—-2D °
2 — 5D + 4D? 2 — 5D + 4D?
Iy &10, o, =,
1—2D 1—2D
5 — 12D + 8D?
I 0
g 1—2p o
2(1 - D)
I 0 A=Y
D1 1—2p ©
1
I I — ]
P2 0 1—2D °

6.5.3. Cost Analysis of proposed SIDO converter

The subsequent step involves determining the cost of the proposed converter with
Configuration 22. Based on Table 6.10, the total cost of the proposed converter, after
subtracting the controller cost, amounts to $21.4899. Since efficiency of proposed
converter is very high (> 95%), very high voltage gain (> 4.5) ,less voltage stress

and providing two equal outputs instead of one, high cost may be justified.

143



Components Specs Quantity Un1(t$§30st Cost ($)
Core (TDK
E42/21/15) 4 1.9833 7.9332
Inductor Bobin 2 1.2093 2.4186
Wire
3 met 0.6046 4.8978
(SWG 15) meters
. 470 uF, 150V 3 1.6326 4.8978
Capacitor
330 uF, 150V 1 0.8586 0.8586
MOSFET IRFP260N 1 0.4837 0.4837
Diode MURS840 3 1.0279 3.0837
TMS320
Controller F28379D 1 39.1099 39.1099
Total 60.5998

6.6. VERIFICATION AND RESULTS

The validity of the proposed converter topologies has been confirmed through
numerical simulations conducted using MATLAB's Simulink. The simulation

parameters can be chosen based on the specifications outlined in Table 6.3.

The simulation depicted in Fig. 6.9(a) and Fig. 6.9(b) demonstrates various

waveforms: the switch S's driven voltage, the source current iy, the inductor currents

L, and L,, the capacitor voltages C; and C,, and the output voltages V,; and V,,. It is
apparent that the converter operates in Continuous Conduction Mode (CCM) and
exhibits two different states at a duty cycle of 0.5 and 0.2 with Ry = R, = 150
respectively. In the simulation results depicted in Figure 6.9(a), when the duty cycle is
set to 0.05, the output voltages measure 59.7 V and 58.6 V, whereas the expected values
are 60 V each. Similarly, with a duty cycle change to 0.2 in Fig 6.9(b), the output
voltages are 76.5 V and 75.8 V, respectively, deviating slightly from the desired 80 V
for each. The simulation closely aligns with the theoretical analysis, with differences

primarily attributed to diode forward voltage drops.
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Figure 6.9. Open Loop simulation results at (a) D = 0.05 and R, = R, =
15042, (b) D = 0.2 and R, = R, = 1500
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A 48-W prototype of the proposed SIDO converter is fabricated to validate its
operational principles, shown in Fig 6.10. The experiment employs parameters

outlined in Table 6.3.

The switch S, employing IRFP260N, is driven by an isolated amplifier (TLP350), with
MURS860 diodes utilized for D;, D,and D5. The switch S has an ON resistance of
40 m{2, while the forward voltage drops of the diodes are 0.7 V. Experimental
waveforms, obtained when the proposed converter is powered by a regulated DC
source, are depicted in Fig 6.11-Fig 6.14. Specifically, Figures 6.11(a) to 6.11(c) shows
experimental output voltage and current waveforms at duty cycles of 0.05, 0.2, and

0.3, respectively.

Fig. 6.11(a) shows the experimental waveforms of the proposed converter at a duty
cycle D = 0.05. The measured values of the output voltages V,; and V,, are
56.9V and 60V, respectively, with output currents I,;and I,, at 15042 resistive load
recorded as 392 mA and 415 mA, respectively, whereas the desired values are 60V
for both voltages and 400 mA each for current. Fig. 11(b) displays the experimental
waveforms at D = 0.2, with measured values of V,;and V,,, at 75.12 V and 78.59 V,
respectively, and output currents I,; and I,, at 45042 resistive load recorded as
138.26 mA and 151.83 mA, respectively, whereas the desired values are 80V for both
voltages and 177.7 mA each for current. Fig. 11(c) demonstrates the experimental
waveforms at D = 0.3, with measured values of V,; and V,,at 97.1V and 99.3V,
respectively, and output currents I,; and I,, at 1504 resistive load recorded as
607 mA and 652 mA, respectively, whereas the desired values are 100V for both

voltages and 666.6 mA each for current.
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Figure 6.11. Experimental result of proposed converter at (a) D = 0.05 and R =
1504, (b) D = 0.2 and R = 45042, (c) D = 0.3 and R = 1500.

148



Fig. 6.12 shows the experimental waveforms of inductor currents (I;and I;,) and

capacitor voltages (Vq;and V) at two different duty cyclesD = 0.05and D = 0.2.
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Figure 6.12. Experimental waveform of inductor currents and capacitor voltages at
(a) D = 0.05, (b) D = 0.2.

;Ag'!
A
4

The measured values as shown in Fig 6.12(a) of the average inductor currents I
andl;, are 488.72mA and 487.99mA, respectively, with average capacitor voltages
V¢, and V¢, recorded as 32.25 V and 32.2 V, respectively at 15042 resistive load and
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D = 0.05. The measured values of the average inductor currents I, andl;, are
929.13 mA and 926.62 mA, respectively, with average capacitor voltages V¢, and V¢,
recorded as 40.5 V and 40.42 V, respectively at 15042 resistive load and D = 0.2.
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Figure 6.13. Experimental waveform of inductor voltages and currents at (a) D =
0.05,(b) D =0.2.
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Fig. 6.13 shows the experimental waveforms of inductor voltages (V,,and V;,) and
inductor currents (I;;and I;,) at two different duty cycles D = 0.05and D = 0.2.
Fig 13(a) shows maximum voltage measured on inductors is 32V each at 15012
resistive load and D = 0.05. Similarly Maximum voltage measured on inductors is

43V each at 15042 resistive load and D = 0.2 which is shown in Fig 13(b).

Fig. 6.14 presents a comparative analysis of voltage stress on switch S and diodes
(D1, D,and D3.), both through simulation and experimental waveform. A close
similarity is observed between the simulation and hardware results for voltage stresses.
The maximum stress observed on the switch is 36 V experimentally, while in
simulation, the stress observed is 32 V for a duty cycle of 0.05, as shown in Fig. 6.14(a)
and (b). Similarly, the maximum stress observed on the switch is 54 V experimentally,

whereas in simulation, the stress observed is 49 V for a duty cycle of 0.2, as shown in

Fig. 6.14(c) and (d).
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Figure 6.14. Experimental waveform of switch S and diodes D4, D, and D53 voltage
stress at (a) D = 0.05, (b) D = 0.2.
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Fig. 6.15 presents both experimental and simulated outcomes for the proposed SIDO
converter based on the Z-source. By varying the duty cycle, the impact on parameters
such as input current, inductor current, capacitor voltage stress, output voltage, output
power, and efficiency is examined. The close difference between experimental and
simulated results validates the proposed approach, provides insights for the
development of additional configurations as outlined in Table 6.1. Despite some
alterations, the experimental results align closely with the simulation results,
validating the features of the proposed converter and accounting for component losses.
Variations between simulation and experimental data are primarily due to the forward

voltage drop of diodes and the equivalent series resistance (ESR) of each device.
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6.7. CONCLUSION

This article researches into the topological properties and interrelationships of SIDO

high-gain Z-source converter structures, focusing on three fundamental sections: input
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port, Z-source network, and output port, serving as the building blocks for converter
topologies. By integrating voltage or current types of source/loads to different
terminals of these basic cells, various DC-DC converters can be constructed. The study
introduces a converter and its methodology for selecting the topology of common
ground/non-common ground Z-Source DC-DC Single Input Dual Output (SIDO),
offering improved operational factors. Compared to conventional Z-source single
input single output (SISO) converters, it provides high voltage gain and simultaneous
CG/NCG outputs, making it advantageous for Electric Vehicle (EV) and Isolated
Micro Grid applications. The proposed converters undergo analysis and comparison
for various configurations, with configurations offering equal output voltages selected
for potential use in multilevel inverter applications. Assessment includes maximum
efficiency, voltage stress on components, inductor current, and ripples under different
loads and duty cycles. With ongoing research on converter topologies, this article aims
to enhance understanding of existing converter relationships and stimulate innovation

in new topological developments and applications.

Overall, unlike conventional SISO converters that require cascading or duplication of
stages to integrate multiple sources, the proposed multiport architecture achieves the
same functionality through a single power stage with fewer switches, higher gain at
lower duty, and inherently coordinated power sharing — thereby establishing a

fundamentally superior alternative to traditional SISO-based designs.
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CHAPTER 7
CONCLUSION AND FUTURE SCOPE

In this concluding chapter, the major contributions of this research project are

summarized and possible future work is discussed.
7.1. CONTRIBUTIONS OF THE THESIS

This work introduces theoretical concepts and presents provides a comprehensive

analysis to the field of MIMO converters. Two major contributions are reported.

Firstly, two typical MIMO converters are introduced in detail, and a simple approach
that can be applied in analyzing these converters is presented. The proposed two
MIMO converters include a non-isolated topology and an isolated topology. Both
topologies can be scaled to arbitrary numbers of inputs and outputs, and the output
voltages could be regulated individually either greater than the maximum input voltage
or less than the minimum. Closed-loop examples consisting of decoupler and
controller are shown to provide actions for power management, voltage regulation and
duty ratio adjustments. The detail models (DMs) are presented to validate the operation
of the proposed MIMO converters, and the AVMs are developed and compared with
the DMs. AVMs and DMs are shown to be in good agreement.

Secondly, general approaches for deriving MIMO converters are proposed. With basic
building blocks, a basic structure based on DC-Link Inductor/DC-Link Capacitor
DLI/DLC is proposed for the synthesis of a family of non-isolated MIMO converters.
Connection rules for building blocks of PSCs and FCs are listed. Formalization of
interface between multiple PSCs and FCs is realized by DLI or DLC with necessary
switches. Following a uniform method, two types of DC-linked MIMO converters are
obtained. In the end, a set of uniform rules for synthesizing general MIMO converters
based on basic SISO converters are proposed. MIMO converters can be derived by
replacing the PSC or original DC source of a conventional converter with series- or
parallel connected PSCs, and the FC or original DC load with series- or parallel-

connected FCs.
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7.2. FUTURE WORK

Realization of the proposed MIMO converters in hardware is not considered in this
thesis. The theoretical derivation of the MIMO non-inverting buck—boost and flyback
converters have been validated by computer simulations, but it is still worthwhile to
investigate if their practical implementation would be effective for a specific
application such as DC distribution system of a smart home with multiple DC sources

and loads at different voltage levels.

The controllers employed with the MIMO converters proposed in Chapter 4—6 of the
thesis have been demonstrated to be capable of regulating the input powers along with
the output voltages. However, since the proposed methodology is based on
linearization, more development and extensive analysis is required for controller

tuning and optimal performance over wide range of operating conditions.

The converters presented in this thesis allows for only unidirectional power flow.
However, to satisfy the application where an energy storage element is indispensable,
bidirectional power flow is required. Instead of using additional converter for feeding
the energy back, it would be desirable to analyze and synthesize bidirectional multiport

converters.
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