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ABSTRACT

The increasing penetration of renewable energy systems, battery energy
storage systems, and electric vehicles (EVs) has accelerated the demand for efficient,
reliable, and fault-tolerant power electronic interfaces capable of handling
multidirectional power flow with enhanced dynamic performance. In this context,
multiport DC-DC converters have emerged as a promising solution for integrating
photovoltaic (PV) sources, battery energy storage systems, and multiple DC loads
within a unified power conversion framework. However, conventional converter
architectures are often constrained by high current ripple, increased semiconductor
stress, limited fault-tolerant capability, poor dynamic response under non-minimum
phase (NMP) conditions, and reduced robustness against parameter uncertainties and
operating disturbances. Furthermore, maintaining stable converter operation under
varying source conditions, load dynamics, and semiconductor fault scenarios remains

a significant challenge in modern EV and renewable energy applications.

This thesis presents the modelling, analysis, design, and experimental
validation of advanced non-isolated time-multiplexed multiport DC-DC converter
architectures with fault-tolerant capability, reduced current ripple, soft-switching
operation, and robust controller design for sustainable energy and light electric vehicle
applications. Initially, a robust voltage-mode controlled time-multiplexed DC-DC
multiport converter is investigated under non-minimum phase operating conditions. A
systematic controllability analysis based on switched linear system (SLS) theory is
carried out, and a robust PI controller is designed using the stability boundary locus
method in conjunction with Kharitonov’s theorem to ensure stable closed-loop
operation under structured uncertainties and external disturbances. The proposed
controller effectively improves disturbance rejection capability, voltage regulation

performance, and system robustness under varying source and load conditions.

Subsequently, a tri-port fault-tolerant modular DC-DC converter with soft-
switching capability is developed to achieve improved efficiency, modularity, and
reliability. The proposed topology incorporates switched-boost action with time-

multiplexed operation to regulate multiple output ports while enabling bidirectional



battery charging and discharging operation. The integration of zero-voltage switching
(ZVS) and zero-current switching (ZCS) techniques significantly reduces switching
losses and semiconductor stress. In addition, modular stackable architecture and
closed-loop switching reconfiguration enable reliable fault-tolerant operation under
open-circuit switch fault conditions. Detailed mathematical modelling and design
analysis are carried out to characterize converter operation under various operating

conditions.

Further, a solar PV-fed fault-tolerant four-port DC-DC converter is presented
for light electric vehicle applications. The proposed converter integrates PV source,
battery energy storage system, medium-voltage DC load, and low-voltage auxiliary
load within a single non-isolated multiport architecture. The interleaved structure and
phase-shifted control strategy effectively reduce battery charging current ripple and
improve current sharing capability while enhancing converter reliability. The
converter employs maximum power point tracking (MPPT), switched-boost operation,
and time-multiplexing control to achieve coordinated multiport power management
and bidirectional power flow operation. Detailed analysis of current ripple

characteristics and converter operation under healthy and fault conditions is presented.

Finally, a comprehensive modelling and robust controller design framework
for a non-isolated time-multiplexed multiport fault-tolerant (TMMFT) converter is
developed considering parasitic elements and non-ideal operating conditions. Large-
signal, averaged, and small-signal models are derived for different operating states,
and controllability analysis is carried out using graph-theoretic principles and switched
linear system modelling. Robust controller synthesis based on the stability boundary
locus approach and Kharitonov’s theorem is implemented to ensure stable operation
under parameter uncertainties and open-circuit switch fault conditions. Sensitivity and
complementary sensitivity analyses are carried out to validate robustness and

disturbance rejection capability under healthy and faulty operating scenarios.

The proposed converter topologies and control strategies are experimentally
validated using laboratory-scale prototypes implemented with real-time digital control

hardware. Experimental investigations confirm reduced current ripple, improved

Vi



voltage regulation, enhanced fault-tolerant capability, robust dynamic performance,
effective disturbance rejection, and reliable operation under varying operating
conditions. The outcomes of this research establish the suitability of the proposed
multiport converter architectures for next-generation renewable energy systems,
battery energy storage systems, and electric vehicle charging applications requiring

high efficiency, reliability, and operational resilience.
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Chapter 1
INTRODUCTION

1.1  General

The global energy landscape is undergoing a rapid transition toward
decarbonization, driven by stringent climate targets and the need to reduce greenhouse
gas emissions. The transportation sector, being one of the largest contributors to
emissions, is witnessing a paradigm shift from internal combustion engine vehicles to
electric vehicles (EVs) [1]-[10]. This electrification of mobility introduces new
challenges to the existing power infrastructure, particularly in terms of increased
electrical demand, peak load stress, and grid stability. In this context, renewable energy
integration, especially solar photovoltaic (PV) systems, plays a crucial role in ensuring
a sustainable and clean energy supply. Solar PV is particularly attractive due to its
modularity, scalability, and high availability in countries like India, which receive
abundant solar irradiance throughout the year. The integration of solar PV with EV
charging infrastructure leads to the concept of solar-powered EV charging systems,
which offer a promising pathway toward carbon-neutral transportation. However, the
intermittent nature of solar energy and the dynamic charging requirements of EVs
necessitate the development of advanced power electronic interfaces and energy

management strategies. This forms the core motivation of the present research.

1.2 Introduction to DC-DC Converters

The rapid growth of renewable energy systems, electric mobility, data centres,
energy storage systems, and modern DC microgrids has significantly increased the
demand for efficient power conversion technologies. Among the various power
electronic interfaces, DC-DC converters play a pivotal role in regulating and
conditioning electrical power between sources, storage systems, and loads. These
converters primarily convert an available DC voltage to a regulated output voltage
suitable for a particular application while maintaining high efficiency, reliability, and
dynamic performance.

The increasing penetration of renewable energy sources and battery-integrated
systems has further accelerated the development of advanced converter topologies
capable of handling bidirectional power flow, wide voltage conversion ratios, and



multiport energy management. Renewable energy sources, such as solar PV, exhibit
inherent intermittency due to varying irradiance and environmental conditions.
Consequently, efficient power electronic interfaces are necessary to ensure stable
voltage regulation, maximum power extraction, and reliable integration with energy
storage and load systems. In this context, DC-DC converters serve as the primary
energy-processing stage, bridging the gap between fluctuating renewable energy
sources and regulated DC loads. Furthermore, integrating energy storage systems with
DC microgrids and EV charging infrastructure requires converters with enhanced
controllability, reduced current ripple, high power density, and improved reliability.

Conventional DC-DC converters are broadly classified into isolated and non-
isolated topologies depending on the requirement of galvanic isolation, as shown in
Figure 1.1. Non-isolated converters, such as buck, boost, buck-boost, Cuk, SEPIC, and
Zeta converters, are widely preferred in low- and medium-power applications due to
their reduced component count, compact design, lower cost, and higher efficiency.
Among these, boost-derived converter structures are widely employed in renewable
energy and EV applications due to their ability to achieve high voltage gain from low-
voltage sources, such as PV panels and battery systems. However, conventional
converter structures suffer from several limitations, including high current ripple,
increased switching stress, limited voltage gain, and reduced efficiency at high
switching frequencies. To address these challenges, several advanced techniques such
as interleaving, switched-capacitor cells, coupled inductors, voltage multiplier
structures, resonant networks, and soft-switching approaches have been incorporated
into converter design. In high-power and medium-voltage applications, isolated
converter topologies employing high-frequency transformers provide galvanic
isolation, improved safety, and higher voltage conversion capability.

The switching behavior of power semiconductor devices considerably
influences converter efficiency and dynamic performance. Conventional hard-
switched converters experience significant switching losses, voltage overshoot,
electromagnetic interference (EMI), and thermal stress at high switching frequencies.
To overcome these limitations, soft-switching techniques such as zero-voltage
switching (ZVS) and zero-current switching (ZCS) are increasingly incorporated into

modern converter structures. Soft-switching converters minimize switching losses by



ensuring commutation under either zero-voltage or zero-current conditions, thereby
improving efficiency, reducing device stress, and enabling high-frequency operation
with smaller passive components. Interleaved soft-switched converter architectures
further contribute to current ripple minimization, thermal stress reduction, and

enhanced power handling capability [11]-[17].
Converters

T T ¥ ¥ 1
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{ Boost } { - } { Cuk } { SEPIC } [Bridge

Half-
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Figure 1.1 Classification of DC-DC converter topologies.
1.3 Multiport DC-DC Converters in Sustainable Energy Systems

The evolution toward MPDCs has enabled the integration of multiple energy
sources, storage elements, and loads within a unified architecture, thereby improving
power density, system integration, and energy management capability [18-[25]]. These
converters are particularly suitable for PV-EV systems and DC microgrids, where
coordinated control of multiple ports is essential. Multiport converters (MPCs) have
emerged as a transformative technology, critically improving the cost, size, weight,
and efficiency of the system. These converters, which can connect to multiple energy
sources and storage systems, are important for making the best use of energy and
distributing it evenly. This has a direct effect on how long LEVs last (i.e.,
improvements in battery charging and discharging cycles) and how well they work.
Recent studies emphasize the strategic role of MPCs in effectively managing
fluctuating power demands and extending battery life. Bidirectional MPCs enable
seamless energy transitions between propulsion and auxiliary systems, boosting
energy conservation and vehicle range [26]-[29]. Moreover, advanced MPC
architectures integrate renewable energy sources into LEVs, reducing grid power
dependency and enhancing the overall energy autonomy of vehicles. Lastly, the
capability of MPCs to provide voltage regulation across various subsystems of LEVs

further ensures the reliability and safety of these vehicles [30], [31], [57].



1.4 Fault Tolerant Operation of DC-DC Converter

The increasing penetration of renewable energy systems, electric vehicles
(EVs), aerospace power systems, DC microgrids, railway electrification,
telecommunications infrastructure, and distributed energy storage systems has
significantly increased the importance of reliable power electronic converters. Among
these, DC-DC converters are among the most critical energy-processing stages due to
their ability to regulate voltage, manage bidirectional power flow, and interface with
multiple energy sources and storage units. However, the extensive utilization of high-
frequency semiconductor switching devices in modern converter topologies exposes
these systems to various reliability concerns associated with thermal stress,
overcurrent, overvoltage, switching transients, gate driver malfunction, and
component ageing. Consequently, the occurrence of faults in power electronic
converters has become a major challenge affecting the operational continuity, safety,
efficiency, and lifespan of modern electrical energy conversion systems.

In practical operating conditions, semiconductor switches are subjected to
repetitive thermal cycling, large current stress, parasitic oscillations, and harsh
environmental conditions, which significantly increase the probability of device
failure. Statistical reliability studies of power electronic systems indicate that
semiconductor devices and associated solder joints account for a substantial share of
converter failures. Open-circuit switch faults (OCSFs) [30]-[32],[34], [37], [39] and
short-circuit switch faults (SCSFs) [33] are the most common failure modes in
semiconductor switches. Among these, OCSFs are comparatively less destructive in
the initial stage but can severely deteriorate converter performance by introducing
asymmetrical operation, increased current ripple, unbalanced voltage stress, harmonic
distortion, and overload conditions on healthy devices. On the other hand, SCSFs may
cause catastrophic damage if appropriate protection mechanisms are not in place.
Therefore, the development of fault-tolerant DC-DC converters capable of
maintaining uninterrupted operation under faulty conditions has become a major
research focus in modern power electronics.

The growing dependence on DC microgrids and renewable energy systems
further intensifies the need for converter reliability. In photovoltaic energy conversion

systems, electric vehicle charging stations, battery energy storage systems, and hybrid



renewable power architectures, any interruption in power flow may result in severe
operational and economic consequences. Conventional converter shutdown following
a semiconductor fault is often undesirable because it reduces system availability and
affects load continuity. In mission-critical applications such as electric propulsion
systems, aerospace systems, traction drives, data centres, and medical power supplies,
uninterrupted operation under fault conditions is essential. Consequently, fault-tolerant
operation has emerged as an indispensable requirement in the design of modern DC-
DC converters.

Fault-tolerant operation in DC-DC converters generally involves three major
functions: fault detection, fault identification or localization, and post-fault
reconfiguration or compensation control. The primary objective of fault diagnosis is
to detect the occurrence of a fault within the minimum possible time before it
propagates into severe damage. Once the faulty device is identified, the converter is
reconfigured through redundant paths, modified switching strategies, or inherent
circuit redundancy to maintain regulated power transfer. The effectiveness of a fault-
tolerant converter depends largely on the fault detection speed, reliability of fault
localization, transient response during reconfiguration, and the converter’s capability
to sustain acceptable voltage and current regulation under post-fault operation.

Various fault-diagnosis techniques have been developed for DC-DC
converters, using both hardware-based and computational approaches. Time-domain
and frequency-domain signal analysis methods are widely employed for identifying
abnormal converter behavior under faulty conditions. Diagnostic variables such as
inductor voltage, inductor current slope, capacitor voltage, diode voltage signature,
DC-link current derivative, magnetic near-field waveform, and switching state
information are commonly used for fault detection [30], [37], [66], [70]. Among these
methods, diode-voltage-based and inductor-voltage-based techniques have attracted
considerable attention due to their fast detection capabilities and relatively low
implementation complexity. Model-based fault diagnosis methods employing state
estimators, observer-based techniques, and switched linear system models have also
been proposed to improve fault localization accuracy. However, these methods often
require accurate converter modeling, increased computational burden, and

sophisticated digital processing hardware.



The advancement of interleaved, multiphase, and multiport converter
structures has further introduced new opportunities and challenges in fault-tolerant
converter design. Interleaved converter configurations are extensively utilized to
reduce input current ripple, improve thermal distribution, increase power density, and
enhance converter efficiency. The inherent modularity and parallelism of such
topologies provide improved fault-handling capability, as healthy phases can continue
operating even after the failure of one converter leg. Similarly, multiport DC-DC
converters integrating renewable energy sources, batteries, and loads within a unified
structure require enhanced reliability due to the complexity of coordinated power
transfer among multiple ports. Therefore, recent research efforts have focused on
developing reconfigurable, inherently fault-tolerant converter architectures capable of
sustaining regulated operation under single-switch and multiple-switch faults [38]-
[42].

In modern fault-tolerant converter architectures, redundancy techniques are
broadly classified into module-level redundancy, switch-level redundancy, and
inherent circuit redundancy. Conventional redundancy methods employ additional
semiconductor switches or converter legs to replace faulty components during post-
fault operation. Although effective, these methods increase converter size, cost, control
complexity, and conduction losses. To overcome these limitations, reconfigurable
converter structures and time-multiplexing control approaches have recently been
developed to achieve fault tolerance using existing converter components without
significantly increasing hardware complexity. Such approaches improve converter
reliability while maintaining reduced component count, high efficiency, and compact
structure [43]-[47].

Another important aspect of fault-tolerant converter operation is maintaining
converter performance under fault conditions. Faults often result in increased current
ripple, degraded voltage regulation, unequal current sharing, additional stress on
healthy devices, and reduced conversion efficiency. Therefore, modern fault-tolerant
converter designs incorporate interleaving techniques, switched-boost actions, robust
control strategies, and optimized modulation methods to mitigate the impact of faults

on converter dynamics.



Therefore, the development of fault-tolerant DC-DC converters with reliable
post-fault operation, reduced current ripple, enhanced voltage regulation, and
uninterrupted power transfer has become a fundamental requirement for modern
power electronic systems. The increasing adoption of renewable energy systems,
electric transportation, and hybrid energy storage architectures necessitates advanced
converter topologies that maintain high reliability and operational continuity even
under semiconductor fault conditions. These requirements motivate ongoing research
toward efficient, compact, and reconfigurable fault-tolerant DC-DC converter

architectures with improved robustness, efficiency, and dynamic performance.

1.5  Closed-Loop Control of Multiport DC-DC Converters

Common techniques such as proportional-integral (PI) control, state feedback,
model predictive control (MPC), and sliding mode control (SMC) are often employed
to achieve the desired transient and steady-state responses. Complementing these
methods, fault-tolerant control and time-multiplexed power-processing strategies
further broaden the operational envelope of multiport systems by accommodating
switch failures, reducing ripple, and preserving regulation in reconfigured converter
states [48], [49]. Similar limitations appear in hierarchical multiport architectures,
where Pl-based local controllers ensure acceptable steady-state regulation but do not
address the deterioration of stability margins under device aging, abrupt load
disturbances, or intensified port interactions [50].

Achieving optimal performance in DC-DC multiport converters demands a
rigorous approach to controllability analysis and robust controller design [51]-53].
These converters exhibit complex dynamic behavior in response to variations in input
sources, output demands, and load conditions, necessitating accurate and responsive
control mechanisms. This process entails a thorough evaluation of the system’s state-
space representation within the framework of a switched linear system (SLS), the
development of a small-signal model (SSM), and the implementation of control
strategies capable of preserving system stability across diverse operating conditions.
Widely adopted methods such as Pl control, state-feedback, and model predictive
control are typically utilized to ensure both superior transient performance and steady-

state regulation.



Current mode control (CMC) inherently suffers from inner- loop instability
when the duty cycle exceeds 50%, irrespective of the specific DC-DC converter
topology employed [54]. Conversely, voltage mode control (VMC) does not impose
such duty cycle constraints. However, in boost converter applications, VMC exhibits
limited dynamic performance due to the emergence of a right-half-plane (RHP) zero
in the transfer function. This RHP zero imposes a fundamental restriction on the
achievable closed-loop bandwidth leading to a slower transient response.
Consequently, achieving high-performance regulation in non-minimum phase (NMP)
boost converters while operating near the RHP zero constraints presents significant
control challenges under VMC schemes.

Efficient operation of multi-output power electronic converters requires
coordinated control among different ports to effectively manage the power flow, as
presented in [55]-[58]. This coordination is typically achieved through cooperative
feedback control mechanisms.

The stabilization and closed-loop control of the converter can also be achieved
using an Hw-controller. However, this approach inherently involves a higher-order
design, which poses practical implementation challenges. Although model order
reduction techniques can be applied to obtain a lower-order version, the resulting
controller often compromises robustness and may lead to degraded performance [12],
[59]. Utilizing lower-order controllers is a viable option for converter stabilization to
ensure effective regulation. Lower-order controllers, such as PI/PID controllers, are
easier to implement. The elementary PI controller may not offer enough stability and
robustness for more complex converter systems. The robust Pl type controller is a
suitable option for DC-DC converter control due to its stability and robustness against
plant parameter variability.

In [60], [61], such as the robust multiple-frequency voltage-mode design for
DC-DC boost converters, have improved disturbance rejection and robustness by
optimizing controller gains across a wide frequency range. Similarly, low-frequency
current-mode control with overshoot suppression has achieved superior transient
performance and reduced output voltage deviation during dynamic conditions.
However, these methodologies remain focused on single-output converters with

limited adaptability to multiport architectures.



Advanced control strategies have been proposed to enhance the stability of DC-
DC boost converters. Among these, integral sliding mode control with disturbance
observation (ISMC-DO) and continuous non-singular terminal sliding mode control
(CTSMC) exhibit strong robustness and dynamic performance. However, these
methods involve complex controller design, higher computational demand, sensitivity
to parameter variations, and challenges in real-time implementation [62], [63]. Recent
advancements in DC-DC converter control strategies for microgrid and renewable
energy applications. VMCs have been optimised for stability and robustness,
addressing non-minimum phase issues and enabling efficient voltage regulation using
reduced-order state-space models and frequency-domain techniques. The SLS theory,
introduced in [17], [64], [65] provides a framework to model the dynamic behaviour

of power converters, facilitating theoretical analysis in power electronics.

1.6 Objectives of the Work

1) Characterization and design of standalone solar PV-based electric vehicle charging
with reduced current ripple.

2) Design, control and characterization of current ripple behaviour of electric vehicle
charging system with non-isolated DC-DC converter.

3) Design, control and characterization of current ripple behaviour of electric vehicle
charging system with bidirectional DC-DC resonant converter.

4) Modelling, analysis and control of soft-switched interleaved boost converter for

battery energy storage system.

1.7  Outline of the Chapters
The thesis is organized in seven chapters followed by appendices.

Chapter 1 presents the general introduction of the thesis, beginning with an overview
of the research domain and motivation. It includes a detailed introduction to DC-DC
converters, followed by the role of multiport DC-DC converters in sustainable energy
systems, and fault-tolerant operation of DC-DC converters, particularly in solar PV
and electric vehicle applications. The chapter further discusses the control aspects of
multiport converters and concludes with clearly defined objectives of the work.
Chapter 2 provides a comprehensive literature review on multiport DC-DC converter

topologies and robust controller design techniques. It critically examines modular,



interleaved, and soft-switched converter structures along with conventional and
advanced control strategies, including robust and nonlinear control methods,
highlighting their advantages, limitations, and research gaps.

Chapter 3 presents the non-isolated time-multiplexed tri-port DC-DC converter. This
chapter includes the dynamic modelling of the converter under non-ideal conditions
and a detailed analysis of its operating principles under different modes of operation.
Large-signal, averaged, and small-signal models are developed for each operating
mode. The chapter further investigates the need for controllability analysis and
presents structural, state and output controllability using switched linear system theory.
A robust controller design is developed based on Kharitonov’s theorem and stability
boundary locus method, including systematic selection of controller gains and
sensitivity analysis. The proposed system is validated through experimental analysis
covering controllability verification, dynamic performance, mode transitions, and
controller effectiveness.

Chapter 4 focuses on the tri-port soft-switched modular DC-DC converter with
reduced current ripple for energy storage systems (ESS). The proposed modular
converter topology is presented along with its operating principles under different
states of operation. Time-domain analysis is carried out for each state, and the design
of the resonant inductor and capacitor is discussed to achieve ZVS and ZCS conditions.
The chapter includes the identification of soft switching regions and boundary
conditions. The controller operation is explained for different operating modes, and
detailed experimental results are presented under charging, discharging and open-
circuit switch fault (OCSF) conditions to demonstrate reduced current ripple.
Chapter 5 presents the standalone solar PV-fed time-multiplexed fault-tolerant four-
port DC-DC converter. The chapter describes the proposed converter topology and its
operation under multiple operating states corresponding to different PV and load
conditions. Detailed steady-state analysis, current ripple characterization for input,
battery and auxiliary ports, and small-signal stability analysis are carried out for each
state under ideal conditions. The chapter also investigates the behavior of the converter
under OCSF conditions. Frequency-domain analysis using Bode plots is presented to
evaluate system stability. The design of the input capacitor PV side is derived using

large-signal, averaged, and small-signal models. The controller operation for different
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states is discussed, followed by experimental validation under both healthy and fault
conditions, including efficiency and comparative performance analysis.

Chapter 6 deals with the robust controller design for time-multiplexed multiport DC-
DC converters. The chapter presents averaged small signal modelling under non-ideal
conditions for different operating states. A switched linear system model is developed,
and detailed controllability analysis, including structural, state, and output
controllability, is performed. Robust controller design is carried out for both healthy
and open-circuit switch fault conditions using stability boundary locus and
Kharitonov’s theorem. The selection of controller gains and sensitivity analysis are
discussed in detail. The proposed control strategy is validated through experimental
results, including controllability validation, dynamic response analysis, and
comparative performance evaluation under different operating conditions.

Chapter 7 summarizes the main conclusions of the research work and outlines the
future scope. Some theoretical derivations and detailed descriptions of the
experimental setup used for laboratory prototype development are presented in the

Appendix.
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Chapter 2
LITERATURE REVIEW

2.1  General

A literature review is a fundamental component of scientific research,
providing a systematic and critical assessment of the existing knowledge base in a
specific research domain. It involves a comprehensive evaluation of previously
reported studies, technical developments, and research findings to establish a clear
understanding of the current state of the art. Through detailed analysis and synthesis
of the available literature, the review identifies prevailing research trends,
methodological approaches, technical limitations, and unexplored areas requiring
further investigation. Such an analytical framework not only establishes the research
context but also facilitates the identification of critical gaps and challenges within the
field. Consequently, a well-structured literature review provides a strong foundation
for the proposed research, guiding the formulation of objectives, methodologies, and
future advancements in the area of study. The comparative assessment of the literature

survey is reported in Table 2.1 and, topology-wise, in the section below.

2.2  Literature Survey
2.2.1 DC-DC Converter Topologies for PV Applications

In recent years, considerable research has been dedicated to the circuit topology
and modeling of the multiport power converters.
K. Suresh, C. Bharatiraja, et al., [72] proposed a non-isolated dual-input dual-output
multiport converter for electric vehicle applications, capable of integrating multiple
energy sources with different voltage levels. The topology enables simultaneous buck-
boost operation and bidirectional power flow, ensuring efficient energy management.
A small-signal model and state-space analysis were developed to study the dynamic
behavior, and a coordinated control strategy was implemented to regulate power flow

among ports.

Yusuke Sato, Masatoshi Uno, et al., [25] proposed a non-isolated multiport converter
integrating PWM and phase-shift switched capacitor techniques, enabling independent

regulation of PV, battery, and load. The topology reduces switch count and introduces
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dual control variables (duty cycle and phase shift), with detailed modelling of gain

characteristics and soft-switching boundaries.

Santanu K. Mishra, Khirod Kumar Nayak, et al., [23] introduced a switched-boost
action-based multiport converter using time-multiplexing control. The topology
enables multiple regulated outputs with reduced switch count and supports CCCV
battery charging and automatic mode transition between renewable sources and

storage systems.

Olive Ray, Santanu Mishra, et al., [61] introduced an integrated dual-output converter,
I.e., single input multiple output (SIMO) topology, capable of generating both step-up
and step-down outputs using shared switching devices. The converter achieves
reduced component count, improved cross-regulation, and high efficiency, with

detailed steady-state and dynamic analysis supported by experimental validation.

Xiaoquan Zhu, Bo Zhang, et al., [63] proposed an extended switched-boost DC-DC
converter using switched-capacitor and switched-inductor cells to achieve high voltage
gain. The topology provides high step-up conversion without extreme duty ratios,
reduces voltage stress on switches, and supports modular expansion for higher gain

applications.

Wentao Jiang, Xinan Zhang, et al., [73] investigated the large-signal stability of
interleaved boost converters under constant power load conditions and proposed a
nonlinear disturbance observer-based sliding mode control strategy. A generalized
state-space model was developed to ensure stable DC bus voltage and robust dynamic

performance.

Zakariya M. Dalala, Jih-Sheng Lai, et al [74] presented a bidirectional CLLLC
resonant converter for battery charging applications, achieving soft-switching, i.e.,
ZV/S operation for improved efficiency. A comprehensive modelling and controller
design methodology was developed considering load variations, ensuring stable

operation across a wide operating range.

P. Prabhakaran, Vivek Agarwal, et al., [75] developed a four-port DC-DC converter
for PV-fuel cell hybrid systems in bipolar DC microgrids, featuring a single-inductor
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structure and reduced component count. The converter includes small-signal
modelling for multiple operating modes and ensures efficient voltage regulation and

power sharing.

Ruihua Shen, Henry Shu-Hung Chung, et al., [76] proposed the use of a nonlinear
inductor in DC distribution systems to enhance both small-signal and large-signal
stability. The approach ensures stable operation under constant power loads without

requiring complex control schemes, validated experimentally.

Hao Zhang, Dachu Dong, et al., [28] presented a systematic topology derivation
framework for multiport DC-DC converters based on voltage-type ports. The work
establishes a generalized methodology for deriving converter structures and analyzing

power flow paths, supported by modelling and experimental validation.

Ahmed Amr Saafan, Vinod Khadkikar, et al., [77] introduced a bidirectional multiport
DC-DC converter for DC microgrid applications, which reduces multiple power
conversion stages and enhances system efficiency. The proposed topology employs
state-space averaging and small-signal modelling for dynamic analysis, along with a
frequency response-based controller design to regulate DC-link voltage and ensure

stable operation under varying renewable energy conditions.

Shaik Reddi Khasim, C. Dhanamjayulu, et al., [19] developed a single-inductor
multiport converter for electric vehicle applications, enabling hybridization of solar
PV and battery sources. The converter achieves dual-input dual-output functionality
with reduced component count, and detailed state-space modelling for different
operating modes was carried out to analyze charging and discharging behavior.

Sathish Kumar Kollimalla, Mahesh Kumar Mishra, et al., [13] proposed a novel
control strategy for hybrid energy storage systems (battery-supercapacitor) to manage
power fluctuations in renewable energy systems. The control method allocates low-
frequency power to batteries and high-frequency power to supercapacitors, thereby
improving system response and reducing battery stress, validated through

experimental results.
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2.2.2 DC-DC Converter Topologies for EV Applications

Hongfei Wu, Yan Xing, et al., [20] proposed a family of non-isolated three-port
converters (TPCs) for standalone renewable energy systems integrating renewable
sources, battery storage, and load ports within a unified power conversion structure.
The proposed converter topologies achieve single-stage power conversion between
any two ports, resulting in reduced component count, improved efficiency, compact
structure, and enhanced power management capability for renewable energy

applications.

Azuka Affam, Yonis M. Buswig, et al., [24] presented a comprehensive review of
multiple-input DC-DC converter topologies for hybrid electric vehicles and renewable
energy systems. The study classified converters into electrically connected,
electromagnetically connected, and magnetically connected structures, highlighting
their suitability for integrating multiple renewable sources and energy storage devices

while reducing converter count, system cost, and control complexity.

Md. Safayatullah, Mohamed Tamasas Elrais, et al., [78] reviewed advanced power
converter topologies and control methods for electric vehicle fast-charging
applications. The work emphasized the significance of multiport converters,
bidirectional DC-DC converters, and high-power fast charging architectures for
achieving high efficiency, reduced charging time, improved reliability, and integration

of renewable energy sources with EV charging infrastructure.

Siddhant Kumar and Adil Usman, [79] presented a review of converter topologies for
battery charging applications in plug-in hybrid electric vehicles (PHEVS). The study
investigated bidirectional AC-DC and DC-DC converter configurations employed in
battery charging systems, emphasizing efficient power transfer, battery management
compatibility, and improved charging performance for hybrid electric vehicle

applications.

G. K. Naveen Kumar and Arun Kumar Verma, [80] proposed a two-stage onboard EV
charger employing an interleaved bridgeless buck—boost power factor correction
(PFC) converter followed by an LLC resonant converter. The interleaved structure

improves input current shaping, reduces harmonic distortion, and enables high-power-
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factor operation over a wide input-voltage range, while enhancing converter reliability

and efficiency for low-voltage EV charging applications.

Anjanee Kumar Mishra and Taehyung Kim, [81] introduced an economical light plug-
in electric vehicle (LPEV) charging system based on an integrated single-stage DC-
DC converter. The proposed topology performs multifunctional operations, including
MPPT control, PFC operation, propulsion support, and regenerative braking, using
fewer components, thereby improving the compactness, efficiency, and cost-

effectiveness of the charging architecture.

Klemen Drobnic, Gabriele Grandi, et al. [82] proposed a grid-tied modular three-phase
interleaved converter for EV fast-charging applications. The modular interleaved
architecture achieves ripple-free charging current, reduced current stress, and
improved thermal distribution, while enabling high-power, fast charging with

enhanced efficiency and scalability.

Cuili Chen, Zhongbao Wei, et al., [83] reviewed charging optimization techniques for
lithium-ion batteries in electric vehicles. The study analyzed various charging
strategies including CCCV, model predictive control, and intelligent charging
algorithms aimed at reducing charging time, minimizing battery degradation, and
improving charging efficiency under fast-charging conditions.

Alakshyender Singh, Jitendra Gupta, et al., [84] presented the design and control of a
two-stage battery charger for low-voltage electric vehicles using a high-gain bridgeless
buck-boost PFC AC-DC converter followed by an isolated Cuk DC-DC converter. The
charger achieves high power factor, wide voltage conversion capability, and effective

implementation of CC and CV charging modes with reduced control complexity.

Rong-Jong Wai and Jun-Jie Liaw, [21] proposed a high-efficiency isolated single-input
multiple-output bidirectional converter for power storage systems and EV-related
applications. The converter utilizes coupled inductors and soft-switching operation to
achieve bidirectional power transfer, reduced voltage stress, multiple regulated output

voltages, and improved efficiency under different operating conditions.

M. Imran Shahzad, Shahid Igbal, et al., [85] developed an interleaved LLC resonant
converter with cascaded voltage-doubler rectifiers for plug-in electric vehicle battery
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charging. The converter achieves a wide output-voltage range, high efficiency, and
reduced switching losses through resonant soft-switching and interleaving techniques,

making it suitable for deeply depleted battery charging applications.

Seonghye Kim and Feel-Soon Kang, [86] proposed a multifunctional onboard battery
charger for plug-in electric vehicles capable of performing onboard charging, vehicle-
to-grid (V2G) operation, and auxiliary battery charging using a unified converter
structure. The topology shares semiconductor devices and passive components among

different functions, thereby reducing converter size, weight, and system complexity.

Robson Mayer, Menaouar Berrehil El Kattel, et al., [87] introduced a multiphase
interleaved bidirectional DC-DC converter with coupled inductors for electrified
vehicle applications. The converter achieves reduced current ripple, lower switching
stress, improved current sharing, and high efficiency over wide operating ranges while

supporting bidirectional power transfer for EV energy storage systems.

Arihant Swaminathan and Malavika Kovili, [88] reviewed different power electronic
converter topologies and control strategies employed in electric vehicles. The work
discussed the role of DC-DC converters, inverters, regenerative braking systems, and
advanced control techniques in improving EV efficiency, reliability, and dynamic

performance.

Haoging Cai, Min Chen, et al., [89] investigated charging current ripple suppression
techniques for battery energy storage converters under distorted grid conditions. The
proposed control strategy effectively suppresses harmonic current ripple during
charging operation, thereby improving battery lifespan, charging quality, and

converter performance in EV charging systems.

2.2.3 Modular and Soft-Switched Interleaved Converters

Xiaoquan Zhu, Jintao Hou, et al., [90] proposed a modular input-independent output-
series (I10S) multiport DC-DC converter for MVDC integration of distributed DC
units. The topology enables direct interfacing of multiple sources to MVDC without
intermediate stages, significantly reducing system complexity and cost. A power-

balancing LC branch is introduced to mitigate submodule voltage mismatch, while
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ZVS is achieved for all switches, enhancing efficiency and stable multiport operation

under varying load conditions.

Chengsong Wei, Xiaoquan Zhu, et al., [91] introduced a modular single-stage 110S
converter with resonant voltage balance bus (RVBB) for PV-based MVDC systems.
The proposed topology ensures self-voltage balancing among submodules and
achieves ZVS turn-on for switches and ZCS turn-off for diodes, resulting in reduced
switching losses and improved dynamic response. The architecture enables efficient

single-stage energy conversion with enhanced modular scalability.

Sivakrishna Karpana, Suman Maiti, et al., [92] developed a non-isolated soft-switched
multiport converter for distributed PV systems integrated with energy storage. The
converter supports distributed MPPT and differential power processing, allowing
independent control of PV sources while maintaining high efficiency. The topology
achieves soft-switching operation with reduced component count, validated

experimentally on a laboratory prototype.

Abdulgafor Alfares, Brad Lehman, et al., [93] proposed a modular Cuk-based DC-DC
converter for MVDC applications with soft-switching characteristics utilizing
transformer leakage inductance. The design eliminates bulky electrolytic capacitors,
improves reliability, and supports bidirectional power flow. The modular configuration
enables flexible series/parallel connection for high-voltage and high-power

applications.

Enhui Chu, Jianqun Bao, et al., [94] presented an interleaved two-switch forward
converter with passive auxiliary resonant circuit, achieving ZVS and ZCS for all
switches. The interleaved structure enhances power density, reduces circulating
current, and mitigates voltage stress, while improving efficiency and reliability

through soft-switching operation.

Syed Wagar Azeem, Muhammad Ehab, et al., [95] proposed a zero-voltage zero-
current-switching (ZVZCS) full-bridge converter for MVDC systems, employing a
dual-transformer configuration to achieve soft-switching across a wide load range. The
topology ensures reduced switching losses and optimized power transfer, validated
through a 3-kW prototype for renewable energy integration.
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Tao Zeng, Zhen Wu, et al., [96] introduced a high step-up interleaved soft-switching
converter with input-current ripple cancellation and improved voltage gain using
switched-capacitor structures. The converter achieves ZVS for switches and ZCS for
diodes, significantly reducing switching losses and improving efficiency in PV
applications.

Tao Li, Leila Parsa, et al., [36] developed a modular soft-switching DC-DC converter
with fault-tolerant capability based on input-parallel-output-series (IPOS)
configuration. The converter achieves ZVS for primary switches and ZCS for
secondary devices, while interleaving reduces ripple and improves current sharing.
The modular design ensures scalability, redundancy, and uninterrupted operation under

fault conditions.

Rasha Kassem, Nagwa Ibrahim, et al., [97] proposed an enhanced multiphase
interleaved boost converter with soft-switching operation for PV applications. The
converter achieves ZVS and ZCS switching, reduced current ripple, and high
efficiency (=98%), with improved voltage gain using coupled inductors and a dual-

loop control strategy.

Rasoul Faraji, Hosein Farzanehfard, et al., [98] introduced a fully soft-switched
multiport DC-DC converter with high integration, enabling multiple power flow paths
with shared components. The topology employs multiple soft-switching techniques to
ensure ZVS/ZCS under all operating modes, resulting in improved efficiency and

reduced component count.

Shanshan Zhao, Yu Chen, et al., [38] proposed a modular multilevel DC-DC converter
(MMDC) with inherent bipolar operation capability for MVDC grids. The modular
structure enables independent power regulation of multiple ports, high scalability, and

enhanced reliability through partial-load operation under fault conditions.

Nishant Kumar, Mayank Kumar, et al., [100] developed a multiport interleaved
resonant DC-DC converter for EV fast charging applications. The interleaved
architecture reduces current ripple and improves power density, while achieving ZVS

over a wide input range using resonant operation.
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Shanshan Zhao, Yu Chen, et al., [117] proposed a modular multilevel DC-DC
converter with three-port bidirectional operation, enabling independent power control
among MVDC and LVDC ports. The converter achieves efficient power flow
regulation with reduced circulating power and improved scalability, validated

experimentally.

Jayamurugan Mookkan, Saravanan Kaliyaperumal, et al., [118] proposed a modular
buck-boost-based multiport bidirectional converter for hybrid EV applications. The
converter supports bidirectional power flow, multiple operating modes, and efficient
energy management, with a modular architecture enabling flexible integration of PV,
battery, and load systems.

2.2.4 Fault-Tolerant Converter Topologies, Operation & Applications

Praneeth Kumar Pedapati, Allamsetty Hemachander, et al., [27] proposed a
reconfigurable multiport DC-DC converter topology capable of handling single and
multiple switch faults. The design incorporates reconfiguration-based fault tolerance,
ensuring uninterrupted power supply and regulated output voltage under fault
conditions. The topology supports both open-circuit and short-circuit fault handling,

validated through experimental results.

Hanyu Wang, Xuejun Pei, et al., [29] proposed a general fault-tolerant operation
strategy for modular series-parallel DC-DC converters, incorporating both fault
diagnosis (FD) and post-fault reconfiguration (PFR). The fault detection is achieved
using the relationship between inductor voltage and gate signals, enabling fast and
low-cost fault identification without additional sensors. A generalized reconfiguration
scheme is developed for different converter structures, ensuring smooth hot-swapping

and uninterrupted operation under switch fault conditions.

Fernando Bento, Antonio J. Marques Cardoso, et al., [32] presented a fault diagnosis
and fault-tolerant operation method for interleaved DC-DC boost converters, focusing
on OCSF detection using time-domain analysis of converter variables. A simplified
diagnostic algorithm independent of duty cycle is proposed, along with a
reconfiguration strategy to maintain converter operation under faulty conditions,

experimentally validated on a multi-phase prototype.
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Sairaj V. Dhople, Ali Davoudi, et al., [40] introduced a unified reliability assessment
framework for multiphase DC-DC converters in PV systems using Markov-based
reliability modelling. The study integrates steady-state converter models with
stochastic failure analysis, enabling accurate estimation of system reliability and mean
time to failure. The work highlights the influence of component stresses, switching

frequency, and capacitor ratings on converter reliability.

Rishabh Bansal, Rushiv Bansal, et al., [31] introduced a time-multiplexed switched-
boost multiport converter with enhanced reliability, utilizing boost-side interleaving to
reduce input current ripple and improve thermal performance. The converter achieves
a fault tolerance index (FTI) of 100% under open-circuit faults and supports CCCV
battery charging with bidirectional power flow, validated through detailed

performance analysis and experimentation.

Rushiv Bansal, Rishabh Bansal, et al., [58] developed a fault-tolerant multiport
bidirectional DC-DC converter with reduced current ripple, employing interleaving
and time-multiplexing control. The converter provides step-up/down voltage gain with
bidirectional capability and ensures fault tolerance against semiconductor failures. A
switched linear system-based small-signal model and robust controller design using
stability boundary locus are presented, along with detailed current ripple

characterization and experimental validation.

Taehyung Kim, Hyung-Woo Lee, et al., [67] proposed a fault detection and
compensation control scheme for modified boost DC-DC converters, enabling
continued operation under OCSF conditions. A fault detection index-based method
combined with mixed switching control strategy is implemented using a DSP
controller, ensuring reliable operation in renewable energy systems with integrated

storage.

Hadi Givi, Ebrahim Farjah, et al., [68] developed a switch and diode fault diagnosis
technique for non-isolated DC-DC converters using diode voltage signature analysis.
The method enables rapid detection of open-circuit and short-circuit faults within one
switching cycle, improving converter monitoring and reliability without requiring

complex sensing mechanisms.
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Mayank Kumar, [69] presented a time-domain characterization and detection method
for open-circuit switch faults in H-bridge converters, employing analytical modelling
and Fourier-based analysis of switching states. The proposed method enables accurate
identification of fault location and type, improving system reliability and operational

safety in multilevel power converter applications.

Goutham Selvaraj, Amin Rahnama Sadat, et al., [71] presented an improved fault-
tolerant power converter for EV propulsion systems, integrating fault-tolerant control
(FTC) in both DC-DC and inverter stages. The proposed topology reduces the number
of bypass components while enabling continuous motor operation under OCSFs. The
effectiveness of the control strategy is validated using real-time hardware-in-the-loop

(HIL) implementation with DSP control.

2.2.5 Controller and Robust Control Design

Harish Karneddi, Deepak Ronanki, et al., [16] proposed a predictive control-based
bidirectional battery charger capable of operating over a wide voltage range with
smooth transition between buck and boost modes. The predictive control strategy
minimizes zero-crossing distortion and enhances dynamic performance under both
grid-to-vehicle (G2V) and vehicle-to-grid (V2G) modes. The controller demonstrates
improved transient response and power quality, validated through experimental
implementation on a dSPACE-controlled SiC-based prototype.

Farzin Asadi, [102] introduced a robust control framework for DC-DC converters
based on Kharitonov’s theorem, enabling stability analysis under interval parametric
uncertainties. The work establishes that conventional P1 controllers can be transformed
into robust controllers through proper gain selection, ensuring stability against input
voltage and load disturbances. The methodology provides a systematic approach for

designing controllers with guaranteed robustness margins.

Sija Gopinathan, V. S. Rao, et al., [14] developed a controllability-based controller
design for switched inductor-capacitor high-gain converters using SLS modeling. A
robust PI controller is designed using the stability boundary locus method combined

with Kharitonov’s theorem, ensuring stable operation under disturbances. The
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controller achieves a defined robust performance region (RPR) and is experimentally

validated using hardware implementation.

Guidong Zhang, Peiwei Heng, et al., [52] presented a comprehensive controllability
analysis of high-order DC-DC converters using SLS theory, addressing the challenges
associated with increased system order and multiple dynamic states. The study
establishes structural, state, and output controllability conditions, providing a
theoretical foundation for systematic controller design in multicell converters,

validated through experimental studies.

Mummadi Veerachary, Priyabrata Shaw, et al., [12] proposed a robust voltage-mode
controller design for fifth-order boost converters using a contoured robust Bode plot
technique. The controller ensures robust voltage regulation under load and input
perturbations, and analytical conditions for guaranteed stability are derived.

Experimental validation confirms improved dynamic and steady-state performance.

Laxmidhar Senapati, Anup Kumar Panda, et al., [50] proposed a PI-Lead compensator
for SIMO Cuk converters to mitigate cross-coupling and cross-regulation issues. The
controller effectively decouples multiple outputs and improves transient response
under parameter uncertainties. The performance is validated through simulation and

hardware prototype implementation.

Mummadi Veerachary, [59] introduced a digital controller design based on Tchebyshev
polynomial approach for fifth-order boost converters. The method identifies the
complete stabilizing region in the discrete-time domain, enabling optimal controller
gain selection through constrained optimization. The controller demonstrates

improved voltage regulation and reduced current ripple under perturbations.

Mummadi Veerachary, B. Krishna Mohan, et al., [102] developed a robust digital
voltage-mode controller (DVMC) using discrete-time modeling techniques. The
controller satisfies robust stability criteria based on sensitivity functions, ensuring
voltage regulation under disturbances. The design is validated experimentally,

demonstrating robustness over a wide operating range.

Isac Daimary, Rajib Jana, et al., [54] proposed a sliding mode control (SMC) strategy
for multiport converters to mitigate cross-coupling and cross-regulation effects. The
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controller enhances transient performance and ensures robust voltage regulation across

multiple outputs, validated through hardware experimentation.

Mayank Kumar, et al., [17] analyzed the stability and sensitivity of digitally controlled
DC-DC converters considering parasitic effects, highlighting the impact of sampling
frequency and circuit non-idealities on system stability. The study provides analytical
guidelines for robust digital controller design and is validated using FPGA-based

implementation.

Nikhil Kumar, Mummadi Veerachary, et al., [104] proposed a robust controller design
based on stability boundary locus and Kharitonov’s theorem for high-gain boost
converters exhibiting RHP zero characteristics. The method defines a robust stability
region ensuring gain and phase margins, and validates controller robustness

experimentally under parameter variations.

Maraka Israyelu, Sashidhar S., et al., [65] developed a state-space modeling approach
incorporating circuit parasitics for high-gain converters, enabling accurate prediction
of dynamic behavior and stability characteristics. The study highlights the importance
of accounting for non-ideal effects in controller design and validates the results

through simulation and hardware experimentation.

2.2.6 ldentified Research Areas

1)  Enhanced reliability and fault-tolerant capability are essential to meet the
growing demands of PV-integrated EV charging systems, ensuring continuous
and stable operation under dynamic conditions and potential component failures.

2) Need for enhanced robust control strategies to ensure resilience against
component failures, parameter variations, and dynamic EV charging conditions,
highlighting a gap in reliable converter operation.

3)  Need for an optimized topology and control strategy to achieve low current
ripple in multiport, time-multiplexed converters under dynamic PV-EV
conditions, without reliance on bulky passive components or limited
interleaving.

4)  Need for reliable soft-switching across wide operating ranges in multiport,

bidirectional systems to improve efficiency and reduce switching losses.
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Chapter 3

NON-ISOLATED TIME-MULTIPLEXED TRI-PORT DC-DC
CONVERTERS

3.1 General

A power converter with a single input source and multiple outputs at different
voltage levels is known as a single-input multiple-output converter. However, as in
many applications, the same port works as both input and output (e.g., battery or grid
interfaced ports), they are defined as a multiport converter (MPC), as depicted in
Figure 3.1. The outputs of this class of converter can either be higher or lower than the
supply voltage, depending on the application. Some of the explored applications for
these converters are on-chip supplies for consumer electronic devices, power supplies
for consumer appliances, renewable energy integration in homes and electric vehicles.
MPCs can be isolated type or non-isolated type, as classified in Figure 3.2. Isolated-
type MPC uses a transformer with multiple secondary windings to interface with
multiple loads. In this case, only one of the outputs is tightly regulated, and the rest of
the outputs are coupled through extra secondary windings. Non-isolated MPCs have
no galvanic isolation between different ports. However, depending on the number of
inductors, they can be further categorized into single-inductor MPC (SI-MPC) or
multiple-inductor MPC (MI-MPC).

Vou, lo1

me |in
MPC Vo2 lo2

Figure 3.1 Block diagram of an MPC.

MPC

Isolated

Ml MPC

Non-
Isolated

Figure 3.2 Classifications of different MPCs.
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There are three different ways in which a boost topology can be customized to
supply multiple outputs:

The first method uses a charge-sharing approach using individual switches to
distribute inductor energy to different capacitors. This method of generating multiple
outputs uses the concept of charge sharing [74]. The schematic of a two-output boost
topology using this approach is shown in Figure 3.3. The inductor is charged for DTs
time period using the switch Si, and in the subsequent (1-D)Ts interval, the rest of the
switches Sz, S, etc., are turned ON sequentially, where D is the duty ratio and Ts is
switching time period. Therefore, the charge is shared between output capacitors Coz,
Co, etc., respectively. This topology, its analysis, and associated operational issues are
extensively reported in the literature [106]-[108]. As all the outputs are coupled to the
same switch node in this class of MPCs, the outputs exhibit significant cross-

regulation. The dynamics of these converters are also poor.
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Figure 3.3 SI-MPC converter with one supply and two outputs.

The second method of developing a MPC combines two converters with similar front
ends to generate two outputs using only one controlled switch as shown in Figure 3.4.

A method proposed in [109] combines various converters based on their front
end. If the front ends of two converters are similar, then the rest of the converter parts
are just combined to this front end to realize an MPC. Figure 3.4 shows three
configurations of MPCs based on a boost converter. Figure 3.4(a) shows a boost
converter combined with a Cuk converter, whereas Figures 3.4(b) and (c) show the
boost topology combined with SEPIC and current source converter, respectively. In all

the cases, the advantage is a reduction in the number of active switches. This leads to
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lower part count, a reduction in driver circuits, and simpler controller implementation.
However, this topology has the disadvantage that both outputs cannot be regulated at

the same time due to the presence of one controllable switch.
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Figure 3.4 Multi-output boost topologies based on mix-match approach. (a) Boost and
Cuk topology. (b) Boost and SEPIC topology. (c) Boost and current source topology.

This chapter presents the third method, where a non-isolated time-multiplexed
DC-DC multiport (TMDCM) converter architecture devised for dual-output voltage
regulation, delivering medium-voltage DC (MVDC) and low-voltage DC (LVDC) for
auxiliary subsystems operating on the same ground. The proposed controller design
employs the stability boundary locus method together with Kharitonov’s theorem to
analytically design the robust controller gain limits for time-multiplexed switching
scenarios, in which both switches of the same leg operate concurrently. The time-
multiplexed switching methodology enhances efficiency and integration.
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3.2 Operating Principle of MPC Topology

The TMDCM converter operates in CCM, where the associated modeling and
controller design can become analytically intensive, often prompting the neglect of
parasitic elements for controllability. Such simplifications yield an idealized, lossless
representation that facilitates preliminary analysis and highlights the fundamental
operating principles of the converter. However, for accurate prediction of practical
behavior, the inclusion of parasitic resistances and non-idealities is essential.
Incorporating these effects enables a more faithful characterization of both steady-state
and transient responses, thereby improving the reliability of the dynamic model.
Accordingly, parasitic components are explicitly considered in this work to develop a

comprehensive and realistic representation of the TMDCM converter.

SPV TMDCM SPV TMDCM ><
U L
(b) (c)

(d)

Figure 3.5 TMDCM converter, (a) circuit diagram, (b) block diagram; operating states,
(c) Pspv > Pmvpc + Poat; and (d) Pspv = O state;

Figure 3.5(a) shows the circuit diagram of the TMDCM converter, whereas

Figures 3.5(b), (c) and (d) are the block diagram and operating states of the converter,
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respectively. The objective of the time-multiplexed MPC topology is to preserve the
fundamental dynamic behavior of the converter while minimizing the number of active

switches required to achieve multiple output ports.

3.2.1 Mode A Operation Under Non-ldeal Conditions

Figures 3.6(a), (b), and (c) show the equivalent circuit of TMDCM for mode A
operation under different operating intervals of the converter. The gating signals for
the TMDCM converter, Gs1 and Gs. are illustrated in Figure 3.7(a) where di (i.e., d1 =
D, + dy)and da (i.e., d2 = D, + dy) are the controlled signals. The detailed
explanation of the TMDCM converter circuit is provided in [23] and [55]. To
implement a TMDCM converter topology, the conventional boost operation is initiated
by simultaneously turning on the switches Si and Sz, which enables time-multiplexing
control. In Figure 3.7(b), the voltage gains at output port-1 (i.e., Voi/Vin) of the
converter against steady-state duty ratios D; and D» under different parasitic
resistances (ri, re1) and load (Roi) conditions are plotted. The ideal gain trajectory
1/(1-D3) serves as a reference, while practical gains vary significantly due to non-
idealities. Colored gain zones indicate how parasitic and loading affect performance,
such as lower gain with lower resistive loads and higher gain with higher resistive
loads. The surface demonstrates the performance across multiple conditions,

highlighting the converter’s sensitivity to component variations.
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Figure 3.6 TMDCM converter under mode A operation for (a) interval 1, (b) interval
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Figure 3.7 Performance analysis of the TMDCM with circuit parasitic under mode A
operation (a) switching logic, and (b) voltage gain (Vo1/Vin) characteristics.
3.2.2 Mode B Operation Under Non-ldeal Conditions

Figure 3.8(a) and Figure 3.9(b) show the equivalent circuit of TMDCM for
mode B operation under different operating intervals of the converter. The gating
signals, Gs1 and Gs are illustrated in Figure 3.9(a) where dip (i.e., dip = Dqp +
dyp) and d2 (i.e., d2 = 0) are the controlled signals of the switch S; and S,
respectively.

To implement this operation, the input supply is to be considered as turned off,
and the conventional boost operation is initiated from the battery side by turning on
and off the switches S,. Figure 3.9(b) illustrates the variation of the voltage gains at
output port-1 (i.e., Vo1/Viat) With respect to the boost duty ratio D1y, where the dashed
curve represents the ideal boost gain 1/(1—D1b) and the solid curves correspond to the
practical gain under different parasitic resistance (r.2, rc1) and load conditions. At
lower duty ratios, the practical and ideal gains remain closely aligned; however, as D1y
approaches unity, the practical gain deviates significantly from the ideal case due to
the increasing influence of parasitic elements and load-dependent effects. The
maximum observed gain is approximately 8.68 at D1 = 0.95, whereas the minimum
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gain falls near 5.89, highlighting the performance degradation under non-ideal
conditions. This analysis clearly demonstrates that while the theoretical boost
converter predicts infinite gain at very high duty ratios, real-time factors such as
parasitic resistances and load influence constrain the achievable gain, particularly in
high duty ratio operation.
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Figure 3.9 Performance analysis of the TMDCM with circuit parasitic under mode B
operation (a) switching logic, and (b) voltage gain curve (Vo1/Vpat).
3.3  Controllability Analysis of TMDCM Converter

For robust controller development, a thorough control-oriented analysis of the
TMDCM converter is imperative. In the context of power electronic converters,
controllability evaluation is conventionally segmented into three key categories: (i)
structural controllability, (ii) state controllability, and (iii) output controllability [14],
[52]. These classifications provide critical insights into the system's dynamic response
and facilitate informed controller synthesis under diverse operational conditions. A
detailed exposition of these controllability aspects, structured proposition-wise, has
been comprehensively addressed in [52]. A comprehensive understanding of the
converter’s controllability is fundamental to accurately evaluating, refining, and
guaranteeing its control performance from a control systems standpoint [104]. In this
regard, the TMDCM converter topology is systematically analyzed using a SLS model,
which provides a rigorous analytical foundation for capturing the converter’s dynamic

behavior across multiple switching states.

—dﬁt) — X(t) = A X(t) + Bu(t) (3.12)
y(t) = Cy x(t) + Dyu(t) (3.1b)
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The dynamic behavior of power converters with switching actions is typically

investigated using an SLS approach (3.1) for both the operation. In this formulation

X(t)| _[ILl' L2 Vers cz | t)| |_11 12 Vers C|n ) t)| X(t)| RnX1 e R™, Bk e R™P,

U(V)], = [Vin Vet Vssz Vo2 Vo |+ U (D], = [Vouts Vo s Vesa s Vou ]+ U (1)), ou(t)], e R, C, e R™
and D, e R*" ke{L2,..N} represent the system’s state, input, and output matrices

corresponding to its two output ports for mode A and one output port for mode B,
respectively, with n, p, g, and N denoting the number of state variables, inputs, outputs,
and total switching modes, respectively. The averaged small-signal model of the
converter is presented in [55] with circuit parasitic for mode A operation, whereas all
the state switching state matrices without circuit parasitic for both modes are presented
in [52]. For accurate controller design, the model presented in [23] is extended by
incorporating practical parasitic, including the voltage drops across switches and
diodes presented in (A.1), thereby offering a more realistic representation of the system

behavior under actual operating conditions.

3.3.1 Structural Controllability

Structural controllability implies that input variables influence state variables
either directly or indirectly. This property is analyzed using graph theory, typically
represented by the matrix [A|B]. In SLS, it is evaluated using the large-signal averaged

model as follows:

N N
{Zrkp‘k Zrk Bk] (3.2)
k=1 k=1

where Tk signifies mode-wise switching sequence.

As illustrated in Figure 3.10, state and input variables are represented in black
and magenta, respectively. Green and blue lines depict current-to-current and current-
to-voltage dependencies. A vertex denotes a state variable, while a directed edge
signifies influence between variables. The direction of the arrow indicates that the
source state or input variable affects the destination state variable. This interconnection
suggests that future states are influenced by present states or inputs. The resulting

graph forms a ‘tree,” where input variables serve as the ‘root.” If all state variables are

36



controllable through the root, excluding the root itself system is structurally

controllable.
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Figure 3.10 Structural controllability with circuit parasitic under (a) mode A, and (b)
mode B.
3.3.2 State Controllability

A state vector x # 0 is deemed controllable if, over a finite time interval [0,

trinite], there exists a switching sequence I" and a continuous input u(t) that can drive
the system from an initial condition x(0) = Xo to the X(tfinite) = O, where zero vector
represents stable operating point achieved within finite time period tfinite. This
condition ensures that the system possesses adequate control authority to steer any
arbitrary non-zero state to the target point within time tsinite. Thus, system (3.1) is
considered state controllable if every state vector x # 0 satisfies this criterion [52]. For
a matrix AeR™" and a subspace z<R™". The cyclic invariant subspace (CIS) of A

with respect to z, denoted as Az, is defined as follows:
n
<A|z> = Z A1z (3.3a)
k=1

For an SLS shown in (3.1), the linear subspace sequence is expressed as follows:
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N N N

2= (AlB)z2=> (Aln)mz=> (Alz1) (3.30)

k=1 k=1 k=1

Proposition 1: (satisfactory state) If the state of the system (3.1) exhibits
controllability, then rank (z1) = n.

Proposition 2: (essential state) If the state of the system (3.1) exhibits controllability,

then rank (z,) = n.

Based on (3.3b), the decision matrix z1 corresponding to a state-controllable

system for modes A (i.e., z1|a) and mode B (i.e., z1|s) is determined as follows:

21|, = (A[By) +(A2[B,) +(As[Bs)
— B, + AB, + A’B, + A’B, + B, + A,B, + (3.3c)
ASB, + A3B, + By + AjBy + AZB; + A3B,

2|y =(A[B)+ (A |By) =B, + AB; + APB, + A’B, + B,

(3.3d)
+AB, + AB, + AJB,

From (3.3¢), z, |4 is calculated for mode A as 1x10** [1.0881 -0.9632 -1.2761
-5.1142]". Similarly, the other CIS sequences are calculated as z,|, = 1x10% [-0.1646
-2.0030 -0.0033 -0.8000]", 23], = 1x10% [0.0286 -1.3582 0.2161 4.5657]", z,|, =
1x10%7 [0.1775 0.3769 0.1934 5.9991]" and from (3.3d), z, |z is calculated for mode B
as 1x10%[-2.8367 -0.2275 -0.3493 2.1054]". Similarly, z,| 5 = 1x10?°[-4.2622 0.2142
0.8148 -9.0736]", z3|p = 1x10%" [0.2389 0.0234 0.1860 -1.9757]", z,|z = 1x10%
[1.6192 -0.0313 0.0206 -0.0998]".

According to Proposition 2, for mode A operation rank (z,|,) = rank (z5|4) = rank

(z2]4) = rank (z44). The column vectors A’B,, A’B,, A’B,, and A’B, in (3.3c) are linearly
independent. Hence, z, :span(AfBl,AfBz,AgB3,A§Bs), i.e., z4|4 = 4. Similarly, for mode
B operation rank (z,|z) = rank (z3|g) = rank (z,|g) = rank (z;|z).

The column vectors A’B,A’B,, A’B, and A?B, in (3.3d) are linearly independent. Hence,

2|, = span(A’B, A’B,, A'B,, A'B, |, i.€., z1 | p = 4. Additionally, the remaining CIS sequences
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are calculated as z;|, and z;|p which satisfies Propositions 1 and 2, that is, z;| 4 5 =

4 and z,| 4 p = 4. Therefore, the system is state controllable.

3.3.3 Output Controllability
In an SLS, output controllability refers to the system’s capability to drive its
output vector to any specified final value within a finite time span, by applying a

suitable control input and switching sequence [52]. A system described by (3.1) is
deemed output controllable if, for any initial statex, € R™, desired final output
y, eR™ and an arbitrary initial control function uo(t), there exists a continuous

control input u(t) such that the output transitions from x(0) = Xo to Y(tinite) = Yz, within

a finite time tinite.

Proposition 3: The state of the system (3.1) exhibits output controllability if ¢z, =R°.

In mode A operation, there are three switching states and order n =4 and q =
1. The computation of Ciz,|4, C2z4]|4 and Csz,|, as 1.9277x10%, 1.3314x10% and
2.4587x10%, respectively, for the 1% output variable, and for the 2" output variable,
all the modes are the same, so Cozz4 is 5.9924x10%'. Similarly, in mode B operation,
there are two switching states and order n = 4 and q = 1. The computation of
Ciz4|p and Coz,|p as 5.0488x10%" and 5.1425x10%, respectively, for the 1% output
variable. Hence, the system satisfies Proposition 3. Therefore, the system is output

controllable.

3.4 Motivation for Robust Control Under Structured Uncertainties

Modern power electronic systems, particularly those associated with renewable
energy integration and electric vehicle charging applications, are inherently subjected
to parametric variations and structured uncertainties arising from both internal and
external factors. These uncertainties are not purely stochastic; rather, they exhibit
identifiable patterns linked to system parameters such as inductance, capacitance,

parasitic resistances, switching delays, and operating point variations.

Conventional linear controllers, designed around a fixed operating point, often
fail to guarantee satisfactory performance when subjected to such structured
deviations. Even advanced control strategies relying on precise system modeling tend

to degrade under model plant mismatch, especially in high-frequency switched
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systems where unmodeled dynamics and parasitic effects become significant. This
limitation is particularly critical in DC-DC converters, where small parameter

deviations can lead to:

i.  degradation in transient response
ii. increased steady-state error

iii.  potential instability under extreme operating scenarios

Structured uncertainties, unlike unstructured disturbances, possess a known
configuration but uncertain magnitude, making them suitable inputs for systematic
robust control design. For instance, variations in converter inductance due to magnetic
saturation or temperature effects can be bounded but not precisely predicted. Similarly,
switching device non-idealities introduce repeatable yet uncertain perturbations in

system dynamics.

The motivation for employing robust control methodologies lies in their ability
to ensure guaranteed stability and performance within a predefined uncertainty set. and
in this chapter, it has been considered that Kharitonov’s law is particularly relevant in
this context, as they explicitly account for worst-case scenarios rather than nominal

conditions. In power electronic converters, robust control facilitates:

i.  maintenance of regulation accuracy across wide input/output variations
ii.  preservation of dynamic performance under parameter drift
iii.  immunity against external disturbances and load transients

iv.  reliable operation in the presence of modeling inaccuracies

Furthermore, the increasing adoption of multi-port and bidirectional DC-DC
converter systems introduces higher-order dynamics and stronger coupling between
subsystems. This complexity amplifies the sensitivity of the system to structured
uncertainties, thereby necessitating control strategies that can handle multi-variable

interactions and coupled dynamics without compromising stability margins.

In summary, the integration of renewable energy sources, energy storage
systems, and advanced power electronic converters creates a highly dynamic and
uncertainty-prone environment. The adoption of robust control under structured
uncertainties is therefore not merely an enhancement but a necessity to ensure reliable,

efficient, and stable operation of next-generation standalone EV charging systems.
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3.4.1 Robust Controller Design
The small-signal model (SSM) given in [14] is used to derive the open-loop

transfer functions (OLTF)\7Cl/ dl,\7cz/ d, for mode A and \7c1/ d, for mode B

operations, respectively. Utilizing the system parameters with direct current resistance
(DCR) of Ly and L2 as 0.1 Q and 0.3 Q, and equivalent series resistance (ESR) of rc;
and rcz as 0.3 Q. The steady-state values obtained from the experimental setup for both
modes of operation, such as duty cycles, corresponding inductor currents, voltages,
and load resistances for mode A operation, are as follows: D1 = 0.667, D2 = 0.208, I.1
=258 A, I =0.8784 A, Vo1 = 67.7V and Voo = 13.18 V, with corresponding load
resistances Ro1 = 100Q2 and Ro2 = 15 Q. Whereas for mode B operation D1, = 0.667,
ILi=0A, l2=-2.095 A and Vo1 = 69.76 V, with corresponding load resistances Ro1 =
100Q.The decrease in steady-state voltages is due to system DCR and ESR. Based on
these parameters and operational conditions, the transfer functions (TFs) are derived
as per [64] and are expressed in (3.4a), (3.4b) and (3.4c) for mode A and mode B,

respectively, as follows:

Ver ()  —0.7721s" +83365° +3.946x107 52 +1.386 x10™ s + 3.547 x 10™
L s* +1675s° +1.073x107s? +3.93x10%s +1.829 x 10" (3.4a)
Ve (s) 2.012x10%s® + 6.778x10%s? + 2.474x10"s +1.222 x 10"
- = (3.4b)
s b, S*+16755°+1.073x107s” +3.93x10°5 +1.829x10" :
Ver(S)]  —0.6266s" +3.793x10°s° +1.068x10"s? +1.017 x10™ s + 3.685x 10"
d, | . s* +1657s° +2.007 x107 s* + 7.965x10° s +1.854 x 10" (3.4c)

The closed-loop control logic is given in Figure 3.11. The open-loop poles
reside in the LHP of the s-plane, confirming the inherent stability of the OLTF. The
boost-mode operation, on the other hand, shows non-minimum phase behaviour
because of the presence of a RHP zero [17], [64]. As a result, Pl compensation is
necessary to make sure that the closed-loop system stays stable. conventional
controller design depends on a plant model with parameters that are readily apparent.
However, in real-world implementations, achieving an exact match between the
theoretical model and the physical system is seldom feasible due to inherent

discrepancies and parameter variations. Consequently, system uncertainties must be
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explicitly considered, requiring adaptations to the nominal plant model to accurately

capture these deviations and ensure the controller's robustness.

Figures 3.11(a) and (c) illustrate boost operating modes of the converter in port
1 and buck operating modes in port 2 during resistive load, CCCV mode for battery
charging, respectively, under structured uncertainties in the input voltage Vi, and the
load resistance Ro1 for mode A operation. Whereas Figure 3.11(b) demonstrates boost
operation under structured uncertainties in the battery voltage Vbar and the load
resistance Ro1 for mode B operation. The load resistance Ro: is varied within a range
of 50 Q to 200 Q, with 100 Q is selected as the nominal value for the plant model.
Likewise, the input voltage Vin and battery voltage Vpat is considered within the bounds
of 22V to 40V and 22V to 26V, respectively, while 24 V serves as the nominal

operating point for both modes.

......

L g1 [J01 )(Mode A);
Output Port 01 Voltage Control (Mode A) DiSturba”;C‘ES 01 ) \

iVy

V(Href Pl l/‘ I — H ﬁfn 7
2 T H Ll
- ) b Controller| |-~ =0
" C [0F

(2) Triangular carrier AN\

Battery Discharging Control (fode B) T
V ref i—m ’ d
W res = b_ref =T mode selector F> 0
"(;)“‘ .7| EP ‘Controller 1 — Ly v
v Conéroller i - dy Vbhat 3’01 /
4 5 Disturbances | Ybar
i 101 [ Vo1 ] i
P — i
(b) ; i9] )(Mode B

Constant Current Constant Voltage (CCCV) Control Battery Charging {Mode A)
4, Triangular carrier

>

i b_ref

V bat_ref
2 A+

.......

Figure 3.11 Closed-loop control of TMDCM converter.

3.4.1.1 Kharitonov’s Theorem
System uncertainties cause the coefficients of the plant's TFs to fluctuate within
defined bounds. Consequently, controller design must account for the most adverse
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operating conditions to guarantee reliable system performance. To address this, the
stability boundary locus method is employed to delineate the permissible range of PlI
controller parameters. Kharitonov's theorem [103] also provides a strong and
mathematically elegant framework for dealing with the limited variability of interval
transfer functions that come from parametric uncertainties. The theorem asserts that
an interval polynomial representing an infinite family of possible plant models is
Hurwitz stable if and only if a certain group of four Kharitonov polynomials is stable.
Consider, for instance, an interval polynomial corresponding to the plant under

analysis is as follows: -

P=0y+ ¢S + .o Oy S™ 4 e qrs", Oy € [qn‘1 q;;] (3.5)

In this case, the polynomial coefficients [qm— gm+] depend on the system's
uncertainties and can change within set minimum and maximum limits. As per
Kharitonov’s theorem, the interval polynomial P defined in (3.5) is deemed stable if
the following four specifically constructed Kharitonov polynomials (3.6) are Hurwitz
stable [15], [104].

R(s)=0o +aq s +afs®+ags® +aps* +a58° +ads® +a7s” +ggs.....
P(s)=0g +a s + s’ +0ggs° +ais? +ad s’ +ggs® +ars’ o 36)
R(s)=0 +% s +0ps” +0a3s°+afs’ +055° +0ss° +a7s’ +ggst.. '
Pi(s)=0p +'s' +a3s® +0gs° +0aps” +05s° +ag s’ +ars’ +agst.
The interval plant is considered as,

numg (s) . .
Gj(s)=———-=, (i,]=12,3,4) (3.7)

" dend (s)

In this context, num, and dené represent the Kharitonov's polynomials for the
numerator and denominator of the nominal plant transfer function, respectively. A
controller C = Num./Den, will stabilise the aforementioned interval plant family if
and only if it concurrently stabilises 16 Kharitonov's plants (3.7) according to Routh-

Hurwitz stability criteria. The concurrent stabilisation of 16 interval plants will provide
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a sufficient condition for robust stability. This attribute will be utilised for the synthesis
of the robust controller by mapping 16 plants onto the controller parameter plane in

the next heading.

(dencj; X Denc>+(num(i3 X NumC> = 0. (3.8)
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3.4.1.2 Stability Boundary Locus

This method maps the imaginary axis of the complex s-plane onto the
controller dimension space, as described in [104]. The technique involves solving the
characteristic equation across a range of frequencies w, generating the stability
boundary locus L(Kp, Ki, ). This boundary effectively demarcates the region within
the Kp-Kidesign space where the closed-loop system is robustly stable. Optimal tuning
of the proportional and integral gains is carried out based on the TFs formulations for
both modes given in (3.4a), (3.4b), and (3.4c), which are frequency-dependent, and
further evaluated using (3.5), (3.6), (3.7), and (3.8) to generate (3.9a), (3.9b), (3.9¢)
and (3.9d). The robust stability region shown in Figure 3.12(a) and Figure 3.13(a) are
derived using the 16-plant extension of Kharitonov’s theorem, accounting for
parametric uncertainties in input voltage Vin (ranging from 22 V to 40 V) and load
resistance Ro: (spanning 50 Q to 200 Q) for mode A operation, whereas for mode B
battery voltage Vyat (ranging from 22 V to 26 V) and load resistance Ro1 Span same as
mode A. The intersection of the stability regions for all 16 Kharitonov plants defines
the robust performance region for the controller. Additionally, Figure 3.12(b) and
Figure 3.13(b), Figure 3.12(c) and Figure 3.13(c), and Figure 3.12(d) and Figure
3.13(d), illustrate the Bode response of the uncompensated and compensated transfer
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functions from (3.4a) and (3.4c), the Nyquist plot of the compensated system, and the

closed-loop step response, respectively, for both operating modes.
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Figure 3.12 Performance analysis in the frequency domain for mode A using (a) robust
stable boundary locus, (b) Bode plots of the uncompensated and compensated systems,
(c) Nyquist plot, and (d) step response of the closed-loop system.
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Figure 3.13 Performance analysis in the frequency domain for mode B using (a) robust
stable boundary locus, (b) Bode plots of the uncompensated and compensated

3.4.1.3 Selection of Kp and Ki;

Figure 3.12(a) and Figure 3.13(a) present the robust stability locus for the
controller parameter space, where the proportional gain K, varies from 0 to a maximum
value of 0.034 and 0 to a maximum value of 0.13 and the integral gain Kj ranges from
0 to 5.6 and 0 to 38 for mode A and mode B, respectively. Within this region, the
optimal combination of K, and Kj values is identified through frequency-domain
analysis as illustrated in Figures 3.14(a), (b) and Figure 3.15(a), (b).
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Figure 3.14 Selection of Kp-K; value using frequency domain analysis for mode A with
(@) Kp = 0.023, K;j variable, and (b) Ki = 3.25, K variable.
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Figure 3.15 Selection of Kp-K; value using frequency domain analysis for mode B
with (a) K, = 0.107, K variable, and (b) Ki = 4.7, K, variable.
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For mode A, in Figure 3.14(a), for controller C1, K is fixed at 0.023 while K;
is varied up to 10 steps. The analysis reveals that increasing K; results in a decreasing
phase margin (PM), while the gain margin (GM) remains nearly constant at 35.01 dB,
with the phase crossover frequency (wpc) approaching infinity. The maximum
observed PM is 38.12° at K; =0.28 and the minimum PM is 24.77° at K; =5.6. A suitable
operating point is selected where PM exceeds 30° which occurs at Ki; =3.25
corresponding to a gain crossover frequency (wgqc) of 981.87 rad/s indicating robust
stability. Further, in Figure 3.14(b), keeping K; =3.25 fixed and varying K, up to 10
steps is presented. In this case, both PM and GM are observed to vary, i.e., with
increasing Kp, resulting in PM increases while GM decreases. The maximum GM is
46.94 dB at wpc approaching infinity, and the minimum GM is -0.22 dB at 538.67 rad/s.
Similarly, the PM varies from a maximum of 31.59° at 1182.55 rad/s to a minimum of
-0.67° at 543.36 rad/s. The occurrence of negative PM and GM at certain values
signifies system instability. Therefore, the coinciding stable region identified in both
analyses, where robust performance and stability are achieved, is selected. The final
controller parameters are thus chosen as Kp = 0.023 and Ki = 3.25. For mode B, in
Figure 3.15(a), for controller Cs, Kp is fixed at 0.107 while K; is varied up to 10 steps.
The analysis remains similar to the previous mode, while the GM remains nearly
constant at 23.47 dB with the wpc approaching infinity. The maximum observed PM is
31.49° at K; =0.5, and the minimum PM is 18.60° at K; =38. The suitable operating
point is selected where PM is 30°, which occurs at Ki =4.67, corresponding to a wgc of
1515.40 rad/s, indicating robust stability. In Figure 3.15(b), keeping Ki =4.67 fixed and
varying K, up to 10 steps is presented. The analysis reveals similar performance to the
previous mode. The maximum and minimum GM are 35.76 dB and 21.78 dB at wpc
approaching infinity. Similarly, the PM varies from a maximum of 30.12° at 1691.04
rad/s to a minimum of 28.66° at 726.69 rad/s. The final controller parameters are thus
chosen as Kp=0.107 and Ki=4.7.

3.4.1.4 Sensitivity Analysis
Figures 3.16(a) and (b) illustrate the sensitivity and complementary sensitivity
functions of the developed robust controller for the chosen K, and Kj values in both

operating modes, i.e., mode A and mode B using (3.10a) and (3.10b) in response to
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fluctuations in source voltage 22-40 V and load resistance 50-200 Q [2]. The maximum
values of sensitivity (|S(s)|) and complementary sensitivity (JT(s)|) functions derived
from the plots are 1.9 and 1.8 for mode A and mode B, respectively. As a result, the
suggested controller exhibits significant robustness while still providing satisfactory

dynamic performance.
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Figure 3.16 Sensitivity and complementary function for (a)mode A and (b) mode B.

3.5  Experimental Validations

The experimental validation illustrates the dynamic behaviour and efficacy of
the proposed TMDCM converter across diverse operating conditions. This section
contains a thorough examination and conversation about the results. An experimental
prototype was developed to test the converter's effectiveness, with a peak power of
100 W and a switching frequency of 20 kHz, as shown in Figure 3.17. The input
voltage Vin is realized using the GW INSTEK ASR-2100, a programmable AC/DC
source. System control and power management are executed using Tl F28379D
controller. Voltage and current feedback are precisely measured using LVV25-P voltage
sensors and ACS712 Hall-effect current sensors, respectively, enabling accurate signal

acquisition for closed-loop control. It confirms the controllability, dynamic response,
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and overall performance of the TMDCM converter. This section provides a

comprehensive analysis and interpretation of the obtained results. The used parameters

are illustrated in Table 3.1. Experimental outcomes are presented in Figure 3.18 to

Figure 3.21. Channel 1 exhibits a switching pulse Gs: and Gs. of the system, whereas

channels 2, 3 and 4 are i.2, io1, and i1, respectively. The channels 5, 6 and 7 show

voltages of port 01, input, and port 02, respectively.

Host PC

Resistive
load

Figure 3.17 Experimental setup for TMDCM converter

Table 3.1
SYSTEM SPECIFICATIONS
Parameters — Values Used
Port 02: Resistive load Port 02: Battery
Ref. Figure Figure 3.18 & Figure 3.19 | Figure 3.20 & Figure 3.21
Vo2 Ro2=15Q/Vo =15V 24 'V nominal
Vo1 72V -96V
Li/ra 10mH/0.1Q
Inductor = """ 560 uH /0.3 Q
Cin / rcin 100 uF /0.3 Q
Capacitor | Ci/rc1 220 uF /0.3 Q
Co/rcy 100 uF /0.3 Q
Switching frequency 20 kHz
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3.5.1 Experimental Analysis of Structure Controllability

It can be verified by varying the duty ratio and the input voltage of the system,
in Figure 3.18(a), Figure 3.19, Figure 3.18(c), Figure 3.21(a), Figure 3.21(b) and
Figure 3.18(d), respectively, voltage Voz is stepped down from 96V to 72V and stepped
up from 72V to 96V, Vo is stepped up from 15V to 20V for mode A and for mode B,
Voz is stepped up from 48V to 72V; and input voltage Vin is stepped down from 40V to
30V for mode A, respectively. These analysis shows that variations in Vi, or the duty
ratio directly led to corresponding changes in the state variables i1, iL2, Vo1, and Voo.
This confirms that the system’s structural controllability is maintained, with the output
variables responding predictably to controlled changes in the input and switching

parameters.

3.5.2 Experimental Analysis of State Controllability

It can be verified by changing the input and controlling the output voltage, Vo1
and Vo2. In Figure 3.18(d), it can be seen that on changing the input voltage Vi, from
40V to 30V, the output voltages Vo1 and Vo2 also change but restore back to 80V and
15V, respectively, as set. This shows that it is state-controllable.

Ch1: Digital out; Ch2: y-axis: 1A/div; Ch3: y-axis: 0.5A/div; Ch4: y-axis: 1A/div;
Ch5,Ch6,Ch7: y-axis: 15V/div  x-axis: 100ms/div, zoomed: 200us/div
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Figure 3.18 Experimental analysis of controllability and system dynamics for mode A
with K, =0.023 and K; = 3.25 for (a) step-down in Vo1 from 96V to 72V, (b) load Ro:
halved, (c) step-up in Vo2 from 15V to 20V and (d) step-down in Vi, from 40V to 30V.
3.5.3 Experimental Analysis of Output Controllability

It can be verified by changing the load Ro:. In Figure 3.18(b), Figure 3.21(c)
and Figure 3.19(fourth sub-interval dynamics), the load Roz is halved, due to which a
slight disturbance can be seen in Vo1, but it restores to its reference value as set by the

proper controlling technique. This shows that it is output controllable.
3.5.4 Experimental Analysis of System Dynamics for Mode A Operation

Figure 3.18and Figure 3.19 show performance analysis of the system for two
sets of Kp and Ki, and based on that, experimental verification is done for the selection
of these parameters. In Figure 3.19(a) and Figure 3.18(a) Vo1 is stepped up and down
from 72V to 96V and vice-versa, respectively. The average inductor and load current
iL1, iL2, and oz are 2A, 0.93A and 0.44, respectively. The input voltage Vin is considered
as 24V. In Figure 3.18and Figure 3.19(a), Kp= 0.023 and Ki= 3.25 have been selected.
Figure 3.19(a) and Figure 3.18(a) show the stepped up and down of Vos, the settling
time (ts) is equal to =160 ms for iL1 and Vo1, whereas for the same operating condition
as shown in Figure 3.19(b), keeping Kp the same and K; =0.28, the ts is =1.52 s, which

shows that the second case is much slower than the first case. In Figures 3.18(c) and
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(d), the dynamics of change in Vo2 and Vin are analyzed. Vo2 is stepped up from 15V to
20V, and Vin is stepped down from 40V to 30V, respectively. Due to the change in Vo2,
the ts is =220 ms for iL1, iL2 and Vo2, while Voz settled down in =160 ms. And due to a
change in Vin, it takes =220 ms for all the state variables to settle down. So, based on
experimental dynamical comparative analysis given in Figure 3.18 and Figure 3.19(a),
the faster response, fewer oscillations and minimum maximum overshoot, K,=0.023
and Kj =3.25 have been chosen, which is within the boundary condition for a robust

system as in Figure 3.12(a).

Chl: Digital out; Ch2: y-axis: 1A/div; Ch3: y-axis: 0.5A/div;
Ch4: y-axis: 1A/div; Ch5,Ch6,Ch7: y-axis: 15V/div
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V=15V +160 ms—  Vy=24V|IVp,=15V T Chs, Che, Ch7 Vin=24V
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Figure 3.19 Experimental comparison of system dynamics for mode A operation for a
step-up in Vo1 from 72V to 96V with (a) Kp =0.023 and K = 3.25, (b) K, =0.023 and
Ki=0.28.

3.5.5 Experimental Analysis of System Dynamics for Mode Transition and Mode
B Operation

Figure 3.20 illustrates the experimental dynamic performance of the proposed
system across four operating intervals: turn-on, mode transition (A to B) and a step-
down in Vo1 accompanied by a load change. During the turn-on dynamic, the reference
input is set to Vin = 40V. The MVDC bus voltage Vo1 rises and settles at 72 V with a

settling time of ts ~160 ms. In this charging phase, the inductor current i.» increases to
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1.2 A, while iL1 has an average current of 2 A during conduction and drops to zero
during transition. The load current io; stabilizes at 0.44 A, confirming voltage
regulation.

In the mode transition dynamic (A to B), the converter switches to discharging
mode with a settling time of ts =~ 260ms. In this instance, L, reverses polarity, initially
reaching -1.75 A and thereafter stabilizing around -0.6 A throughout the ensuing step-
down dynamic interval. This indicates that the battery is discharging in a regulated
manner. The bus voltage Vo1 remains at 72 V, and the load current is consistently 0.44
A, indicating that the transition from charging to discharging is functioning effectively.
In the step-down dynamic, the input source is removed (i.e., Vin = OV), the battery
voltage Voat = 23.45 V, and the bus reference voltage decreases from 72 V to 48 V.
The mechanism sustains consistent regulation at 48 V during the settling period.
Simultaneously, halving the load resistance Ro1 increases io1 from 0.294 A to 0.588 A,
prompting the battery to discharge in order to maintain the DC bus in mode B. These
results confirm that the converter maintains robust operation with smooth transitions,
accurate bus voltage regulation, and reliable dynamic response. The measured settling
times of ~160 ms, 260 ms, and 340 ms for the turn-on, mode transition, and step-down
dynamics, respectively, validate the proposed topology’s effectiveness under practical
transient conditions.

Figures 3.21(a) and (b) show the comparative analysis of the system for two
sets of K, and K, for mode B operation and based on that, experimental verification is
done 0.44, respectively. The battery voltage Vpat iS considered as 24V. In Figures
3.21(a), Kp= 0.107 and Kj= 4.67, have been selected. Figure 3.21(a) and Figure
3.20(third interval dynamic) for the selection of these parameters. In Figures 3.21(a)
and (b) Vo1 is stepped up from 48V to 72V. The average inductor and load current i1,
iL2, and ioz1 are OA, -1.35A and show the stepped up and down of Vo, the settling time
(ts) is equal to ~260 ms for iL> and Vo1, whereas for the same operating condition as
shown in Figure 3.21(b), keeping Kp the same and K; =0.5, the ts is =3.6s, which shows
that the second case is much slower than the first case. So, based on experimental
dynamical comparative analysis given in Figures 3.21(a) and (b), the faster response,

fewer oscillations and minimum maximum overshoot, Ky,=0.107 and K; =4.67 have
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been chosen, which is within the boundary condition for a robust system as in Figure
3.13(a).

(a) Chl: Digital out; Ch2: y-axis: 0.5A/div; Ch3: y-axis: 0.1A/div; Ch4: y-axis:
0.5A/div; Ch5,Ch6,Ch7: y-axis: 10V/div, x-axis: 4s/div
(b,c) Ch1: Digital out; Ch2: y-axis: 1A/div; Ch3: y-axis: 0.5A/div; Ch4: y-axis:
1A/div; Ch5,Ch6,Ch7: y-axis: 15V/div, x-axis: 200us/div (Zoomed version)
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Figure 3.20 Experimental analysis of system, (a) turn-on dynamic, mode transition (A
to B), step-down in Vo1 from 72V to 48V and load Ro: halved during discharging (mode
B), (b) zoomed version of the charging, and (c) zoomed version of the discharging
during mode transition (A to B).
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Ch1: Digital out;Ch2: y-axis: 1A/div;Ch3: y-axis: 0.5A/div;Ch4: y-axis: 1A/div; Ch5,Ch6,Ch7: y-axis: 15V/
div,x-axis:(a,c = 200, 400 ms/div, b = 1s/div), zoomed: 200us/div
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Figure 3.21 Experimental analysis of comparison, controllability and system dynamics
for mode B with (a) Ky =0.107 and K= 4.67, (b) Kp =0.107 and K; = 0.5 for a step-up
in Vo1 from 48V to 72V, and (c) load Ro: halved.
3.5.6 Performance Analysis of the Controller

The dynamic comparison of the controller with optimized and arbitrary Pl
parameters within the robust region for both mode A and mode B operations is shown
in Table 3.2. It shows that the proposed controller exhibits superior transient
characteristics, including a lower percentage overshoot, faster rise time, and reduced
settling time, when compared to the classical PI controller. It achieves a well-damped

response with minimal overshoot and improved dynamic tracking in mode A, whereas
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for mode B, it ensures faster stabilization and enhanced voltage regulation under
sudden load perturbations.

Table 3.2
PERFORMANCE COMPARISON OF THE CONTROLLER WITH OPTIMIZED AND ARBITRARY
Pl PARAMETERS WITHIN THE ROBUST REGION

Peak Rise | Settling | Ref.
Mode Controller Parameter Overshoot | Time | Time |Figure
Kp=10.023, Ki=3.25 Vo =2-3% Figure
. ~0.14s [= 0.16
< | Robust PI controller L1 ~ 8-12% S s 3.19(a)
D
= D= V ~ 1-2% i
§ |Kp=0023Ki=028| Vo O I
= PI controller i1 ~ 5-10% 3.19(b)
Kp = 0.107, Kj = 4.67 Vo1 ~ 4-5% Figure
; ~0.23s (= 0.26
o | Robust PI controller iL1 =~ 10-12% S S 3.21(a)
S | Kp=0.107,Ki=05 Fi
S | T U T T v ~2-3%  |~32s |=3.6 \gure
= PI controller o ° ¥ 5 [3.21(b)

3.5.7 Comparative Analysis of the System
A detailed comparative analysis of the proposed time-multiplexed robust Pl
controller with the recent research outcomes has been incorporated in Table 3.3.
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Conclusions

3.6

This chapter presents the controllability and dynamic behavior of the TMDCM

converter, with a thorough inclusion of all pertinent parasitic elements and structured

uncertainty. Structural controllability is methodically examined through a graph-

theoretical approach, confirming that the converter topology meets the criteria for
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complete state structure and output controllability within the specified operational
conditions. Additionally, a robust single-loop voltage-mode PI controller presented in
this work exhibited satisfactory closed-loop performance under structured
uncertainties for a time-multiplexed switched-boost converter exhibiting a right-half-
plane (RHP) zero. The robust control strategy is formulated using the stability
boundary locus technique, augmented by Kharitonov’s theorem, an intriguing
application in the context of systems affected by parametric uncertainties. It also
ensuring CCCV battery charging and stable DC bus voltage regulation. Thereby,
enhancing system resilience and regulated power flow at both the output ports.
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Chapter 4

TRI-PORT SOFT-SWITCHED MODULAR DC-DC CONVERTER
WITH REDUCED CURRENT RIPPLE FOR ESS

41  General

Under equal current-sharing conditions, interleaved boost converters distribute
current among phases, reducing current stress and enabling medium- to high-power
operation [110]. However, the switch peak inverse voltage remains comparable to that
of the conventional boost converter, leading to similar switching losses. The zero-
voltage switching (ZVS) and zero-current switching (ZCS)-based soft-switched
interleaved boost converters combine the benefits of ZVS and ZCS techniques with
interleaving to attain higher power levels with improved efficiency [96], [111]. The
soft-switched interleaved converter topologies are used for applications such as data
centers, renewable energy systems (RESs) [97], [112] and electric vehicles (EVS)
[113].

The transition from single-input single-output (SISO) DC-DC converters to
multiport DC-DC converters (MPDC), emphasizing the benefits of reduced
component count and improved power density [114]. The MPDCs are designed to
integrate into RES with various energy sources [23], [64], [115]. These converters play
a critical role in mitigating the inherent intermittency of RESs while ensuring reliable
and efficient power delivery. In [92], a soft-switched non-isolated multiport converter
is proposed for distributed photovoltaic (PV) systems with integrated energy storage.
The topology enables the interfacing of multiple PV strings and an energy storage unit
within a unified architecture, employing maximum power point tracking (MPPT) and
differential power processing (DPP) to enhance energy utilization. Soft-switching is
achieved across all semiconductor devices, resulting in reduced switching losses and
improved conversion efficiency. An interleaved two-switch forward dc-dc converter
with both ZVS and ZCS capability is presented in [94]. The design employs a coupled
inductor and a passive auxiliary resonant network to reduce switching stress and
improve the dynamic response and efficiency of the main power switches.
Furthermore, in [116], an interleaved bidirectional DC-DC converter incorporating a

shared auxiliary soft-switching network is proposed for voltage balancing and
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controlled power flow in energy storage applications, such as hybrid electric vehicles
and renewable energy systems. The converter achieves ZVS for the main power
switches and ZCS for the auxiliary switches and diodes.

In [100], a soft-switched MPDC architecture is introduced to enable
unidirectional power transfer among multiple ports for power sharing with a reduced
component count. Modular DC-DC converters are indispensable for medium voltage
DC (MVDC) systems; however, each class of solutions addresses only a subset of the
required performance attributes. Input-independent, series-output-based MPDCs have
demonstrated effectiveness for single-stage MVDC integration with reduced system
complexity. Nevertheless, their practical deployment is constrained by submodule
voltage imbalance and the absence of inherent fault-tolerant capability, particularly
under power mismatch and port-level fault conditions [90], [91].

Fault-tolerant cascaded DC-DC converters reported in the literature emphasize
short-circuit tolerance and continued operation of healthy submodules, particularly in
PV applications [33]. Nevertheless, these topologies typically rely on hard-switched
operation, resulting in increased switching losses, higher device stress, and reduced
efficiency at high switching frequencies. Similarly, modular multilevel DC-DC
converters and their multiport or bipolar extensions reported in [38] and [117] offer
high scalability and redundancy; however, they suffer from structural complexity,
dependence on centralized magnetic components, narrow soft-switching regions, and
limited suitability for compact multiport implementations. As a result, existing
modular multilevel DC-DC based solutions do not simultaneously satisfy the
requirements of multiport operation, fault tolerance, bidirectional power flow, and
wide-range soft switching.

The soft-switching techniques have been demonstrated in [95] for high-gain
full-bridge DC-DC converters for MVDC systems, significantly reducing switching
losses and improving efficiency. However, these converters are predominantly two-
port architectures and are not readily extendable to modular multiport configurations
with inherent fault tolerance. Likewise, bidirectional multiport converters developed
for lower-voltage applications prioritize power-flow flexibility but lack MVDC

scalability and comprehensive protection mechanisms [118].
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This chapter introduces a non-isolated, soft-switched tri-port fault-tolerant
modular DC-DC (TPFTMDC) converter that employs time-multiplexing control of
semiconductor switching devices to enable multiple output ports with a reduced device
count, bidirectional power-flow capability, and enhanced fault-tolerant operation.

4.2 Proposed Modular Multiport Converter

The circuit topology of the proposed TPFTMDC converter is presented in
Figure 4.1, depicting a n-phase modular interleaved multiport soft-switched converter
with two output ports that provide both step-up (i.e., output port 01) and step-down
(i.e., output port 02) voltage gain capability. The operation of the proposed converter
is discussed for two states: state I, where power flows from the source to both output
ports; and state Il, where the source is absent, and power flows from output port 02 to
output port 01. A non-isolated tri-port converter with soft-switching capability at the
higher-voltage port regulates the MVVDC bus voltage and controls battery charging and
discharging to satisfy load power requirements. It exhibits bidirectional operation,
wherein the battery is charged in buck mode during input supply while maintaining
MVDC voltage regulation; conversely, in the absence of the input source, the battery

discharges in boost mode to sustain the load demand and preserve the output voltage.

~output port Ol‘

] s

output port 02

Ny

Figure 4.1 Circuit topology of the proposed TPFTMDC converter.
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4.3  Operating Principle of the Converter
4.3.1 State | Operation

The main features of the proposed converter are its soft-switching capability at
the higher-voltage output port and its modularity, which can be extended to an n-stack
configuration for higher power ratings. The proposed circuit is explained for a two-
phase TPFTMDC converter. The main circuit consists of inductors L1, L2, L1, and Ly,
along with capacitors Co1 and Coz, and diodes Do1 and Do2. The auxiliary circuit that
facilitates ZVS and ZCS comprises inductors Ly and Ly, bipolar auxiliary capacitors
Ca1 and Ca2, electrolytic resonant capacitors Cr1 and Cr2, and diodes D1, D2y, D12, and
D22. Switches Si1 and Sp1 exhibit a phase shift of 180° in relation to Si2 and Sz,
respectively. The converter features two voltage level ports: Vo: (i.e., output port 01
with step-up) and Vbar (i.e., output port 02 with step-down for battery
charging/discharging).

The switching logics of Si1 and Sz1 are achieved through a time-multiplexing
control technique that employs a switched boost action method. Analysis of modes is
conducted on the single-module circuit, specifically module-1, utilizing phase-shifting
to achieve a modular circuit that replicates comparable results. The main inductor
currents are i1 and i1, whereas the resonant current is ir;, accompanied by the
respective resonant voltages Vcar and Vcri. Switch currents and voltages are
represented as is11, is21, and Vsi1, Vso1, respectively, accompanied by gating pulses Gsi:
and Gsz1. The steady-state switching key waveforms under state | (S-1), with respect
to the duty ratios Dy and D, for a single stack, are classified into 11 operating modes,
as shown in Figure 4.2. The circuit configuration for state | operation based on these
switching modes is shown in Figure 4.3.
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Figure 4.2 The steady-state switching key waveform of module-1 of the proposed
TPFTMDC converter during the charging state (i.e., state-I).
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Figure 4.3 Circuit operation of module-1 of the proposed TPFTMDC converter during
the charging state (i.e., state-1) under (a) mode-1, (b) mode-2, (c) mode-3, (d) mode-
4, () mode-5, (f) mode-6, (g) mode-7, (h) mode-8, (i) mode-9, (j) mode-10, and (k)
mode-11.
4.3.1.1 Time-Domain Analysis of the Converter

Mode 1 (to <t < 1), Figure 4.3(a): During this period, it is assumed that
inductors L1 and Ly are initially charged and resulting the voltages are -(Vo1-Vin) and
-Vbat, respectively, and the inductor current decreases linearly under steady-state
conditions. The detailed analysis for both the states and modes are presented in the
Appendix (A.2.1) and (A.2.2), respectively.

5 s Voi =V o B
'fll(t)zlf’ll(to)—(mTlmjxt, i) =177, (4.1a)
S0y =57 (1) —| Yot |wt, iS(t) = 13 (4.1b)
Lbl tbr VO Ly, TR b1’ '
iS')=0, v '®=Vor, vea(®)=0. (4.1c)

67



Mode 2 (t1 <t < ), Figure 4.3(b): During this interval, turn-on of Si1 clamps
the corresponding node to ground potential. This abrupt change in the node voltage
forces the inductor Ly to release its stored energy, initiating discharge. As a result, the
current in Lpy decreases during this interval, ensuring that it remains compatible with

the resonant inductor Ly before the converter transitions to the subsequent operating

mode.

. (Vo =V, . _

i O=17 '—[—011 jt i (G)=15", (4.23)
S0 = 157 - Yot |, i1t = 15 b
Lbl — 'bl ! Lbl 2) = 'h2 » (4.2 )

L
S =0t VST )=V, v (1) =0
m D=7t Ve, (O=Vor, Vea () =0. (4.2¢)

rl
Mode 3 (t2 < ¢ < 1), Figure 4.3(c): During this interval, the switching
characteristics and current path of inductor L1 exhibit similar operation with respect to
the previous mode with the inductor currents iLr1 and i1 being equal. Consequently,
the principles of circuit theory remain intact when two current sources are connected

in series and L1 charges to its maximum value iLbimax.

.5_ _ Vo1 -V, .5_ _
|§ll(t):|28 |_[ OlLl Injxt’ I§l|(t3):|§ |, (438_)
sty _rs-1 [ Vor —Vhat (Sl \ _ Sl
ILbl (t) = Ib2 +(TL;1 Xt, ILbl (t3) = I Lblmax ' (43b)
S0 =i5'0, VM=V, V& (®=0. (4.3¢)

Mode 4 (t3 <t < ta4), Figure 4.3(d): During this interval, both switches S1: and
S»1 are switched-on and inclusion of inductor Ly facilitates Sz: in attaining ZCS. The
voltage across inductor Ly is equivalent to the output voltage Voi. Consequently, the

inductor L1 discharges linearly to iLimin, While the inductor Lp; discharges to the battery.

.S o (Vo1 =Y, S -

T e AR (4.4)
=15 - i) =1 (4.4b)
Lbl Lblmax Lbl ' T V4 b3 .
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V01

:S—1 S—I S | S—1 S—1
I (t) = Ibimax + 7 <1, I (ty) ~ IL1m|n + I Cbimax = Ir - (4.4c)

rl
Mode 5 (t2 < ¢t < ts), Figure 4.3(e): During this interval, the switching
characteristics are similar to those of the previous mode, except that Doy is reverse-
biased. Hence, the resonant capacitor C1 resonate through L and i1 is assumed

constant. Consequently, the output capacitors Coz discharge through the load Ros.

iSO~ 15 )~ 137 ) 2 15 (4.52)
Sty = 1857 | Vot et 5ty = 185 (4.5b)
by v/~ b3 ™ Lo, s b4 : '
.g_ Vo1

Ifrll(t): IE +Z—1X5|n a)rlt y a)rl—]/\[ rlcrl (45C)
Ze1 =~/Li1/Crrs V' (1) = Vg1 COS(@p1t), VEai (1) =0. (4.50)

Mode 6 (ts <t < t6), Figure 4.3(f): During this interval, the auxiliary diodes D11
and D21 become active when the voltage across the resonant capacitor V¢r1 discharges
to zero in the previous mode. The resonant inductor current i1 divides into two
distinct components: one flows through diodes D11 and D1, while the other contributes
to the main inductor current iL1. In this phase, inductor Lp: reaches its minimum

discharge level iLbimin.

iS-1 Vi I

. 0= le|n+(ﬁJXt’ ' (tG)_Ileax' (4.69)
S 1oy 151 [ Viat

o (1) =1y —[L—;‘l i) =15 (4.6b)

V

fll(t)_l e 'Epl’ (4.6¢0)
' Zrl

vo®=0, vix(®)=0. (4.6d)

Ven

Mode 7 (ts <t < t7), Figure 4.3(g): During this interval, the switch Sy is off
under ZVS, while switch S11 remains active. This mode consists of three current loops:
the first loop is Vin-L1-Lr1-Lb1-Viat, the second loop is Li-Cy1-Vin; and the third loop is
Lr1-Ca1-D11, which leads to the occurrence of the second resonance. The Ver is

energized to its peak output voltage Voi. The analytical expressions are derived using
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the inverse Laplace transform based on the convolution theorem. In the convolution
integral, t denotes the time at which the response is evaluated, whereas 7 is the
integration variable representing a previous time instant at which the input was applied
to the system.

S~ () % (1) ~ 15! (4.73)

Limax '

o _ 1 .S
lfbll ()= |fb1:nm _L_b1£vbat xt— rlIrSp I .[Vcrl (r)dr+ Lrl'frll(t) : (4.7b)

Wa1 :1/ LiiCarr Za1=+ Ly1/Cap, 1 Lbl (t7) |SS_I, (4.7c)

510~ 155" cos{t) + e [ 151(6) sin(aa(t—) d, (4.7d)
0
t
(S:rll()__(lleaX I (T)df], (4.7¢)
rl 0
val() = pr"zalsm(a)alt)—c— j i>1(r) cos(wy(t-7)) dr. (4.7f)
al g

Mode 8 (t7 <t < tg), Figure 4.3(h): During this interval, the auxiliary capacitor
Caz is discharged through Ly and Lyi. The energy is transferred from Caz to Lz and Loy

until the capacitor Ca fully discharges to zero.

Sl (51 [ Vo= Vi e
i (t)_Ile"’X—(Tm xt, 7 (g)=1]"", (4.8a)
1
S0 =155 +L_bl((v01 ~Voat) ¥t = Lt (), (4.8)
VS_I _V01]Sin(a)alt) t
(S _( ot iS-1 : 4.8¢c
iS1(t)= — —wa1£ i5-1(2) sin(wg (t-7)) dr, (4.8¢)
VS—I _ IS—|Z _i”/zwal ( ) sin( )d 4.8d
Cal t7 - rp al Cal J. Lb1l T a)a1T T ( * )

0
. . 1t .
vol() =V01—[V01—v§a1' ‘tJCOS(walt)_C_ﬂjlfbll(T) cos(my (t-7)) dz=V>"",
0

(4.8e)
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Veu 0 =Vou B0y () =1bg", i’ () =15 (4.8f)

Lrl

Mode 9 (ts <t < tg), Figure 4.3(i): During this interval, the reverse current of
iLr1 activates the antiparallel diode of switches Si11: and Sz1 and discharges through the
current loop Lr1-Do1-Ro1-Ds11-Ds21 until it reaches zero. Then, it enters mode 2 for (to
<t <t10) and mode 3 for (to <t <t11) before transitioning to the mode 10.

51y _ 51 [ Vo1 —Vin o

i M=1, —(T'}xt, P (t)=1."", (4.9a)

ST =15" - Voat | ¢ iS(ty) =1 4.9b

Lbl b6 L 'L 9 b7 ( . )
b1

Sy = 157 - VoL Sy oy, vS(t) =0 49

Lrl r1 Ly, " Ven 01" Yca : (4.9c)

Mode 10 (t11 <t <t12), Figure 4.3(j): During this interval, the switches Si1 and
Sy1 are turned off. The L1 resonates in the loop Lri-Ca1-D1s, transferring maximum
energy to Ca1, while Ly discharges to the battery.

.5 21 [ Vo=V S _

i 0=15 I—(—Oll_l 'njxt o () =107 (4.10a)

Sy 13 Voat | S )= S 4.10b

Lbl Lblmax v N 12 b8 (4.10b)
L

ifrzl (t) - ifb_lrlnax COS(a)alt), Vi;' (t) =V01’ (410C)

V(S:a—lI t)= ii;:nax Z,8in (a)alt). (4.10d)

Mode 11 (ti2 <t <3), Figure 4.3(k): During this interval, the auxiliary
capacitor Ca1 resonates within the D21-Cai-Lri-Do1 loop and the energy is transferred

from Caz to Ly until the capacitor Caz fully discharges to zero and enters in mode 9 (13

<t < tw).

iSl)=1°" —[wjxt, (4.11a)
1
i) =g —(\%jxt, (4.11b)
1
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V, .
S | 01
I (t) = ( LbLmax Z_aljsm(a)alt)’ (4.11c)

Vol () =Vor - (V01 i Zal)cos(a’alt) vl () =Vor. (4.11d)

4.3.2 State 11 Operation

The input supply is absent, so the switches Si1 and Si2 are kept permanently
off, resulting in the battery operates under boost mode to maintain the dc-bus voltage
and providing power to the loads connected at MVDC. This case falls under SISO,
with the battery functioning as a source. In state Il (S-11), a total of six modes can be
observed, as illustrated in the steady-state waveforms depicted in Figure 4.4. Figure

4.5 illustrates all six modes along with their operational principles.

S-11

. 5
Wi A f Y -1 b1min t
=lp1 / AILbl ——
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Figure 4.4 The steady-state switching key waveform of module-1 of the proposed
TPFTMDC converter during the discharging state (i.e., state-Il).
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() mode 5 (f) mode 6

Figure 4.5 Circuit operation of module-1 of the proposed TPFTMDC converter during
the discharging state (i.e., state-1l) under (a) mode-1, (b) mode-2, (c) mode-3, (d)
mode-4, (e) mode-5, and (f) mode-6.

4.3.2.1 Time-Domain Analysis of the Converter

Mode 1 (to <t <t1), Figure 4.5(a): During this interval, the switch Sy is off,
resulting in the diodes Do1 and Ds11 being forward-biased. Consequently, the inductor
Lo1 discharges to -iLnimin through L1 to the load Ro1 and charges the capacitor Cy1.

.5 .5 Vit —V, .. .5
ORI T e RN AL (o129
Vi;il t) =0, ifb_lu (t) = ifr-lu (t)=-I Elslllmin- (4.12b)

73



Mode 2 (t1 <t <#,), Figure 4.5(b): During this interval, the switch Sz1 is on, and
the diode Ds11 is still forward biased. So, the L1 discharges to zero through the load
Ro1 and Lp1 charges linearly through the two current loops Li1-Do1-Ro1-Ds11 and Vat-

Lb1-Ss21, respectively.

- V
i1 (©) =~ Chimin —[flx sl =15, (4.13a)
1
; \ -
0 (©) = =1 Comin ~ (L jxt it () =0, Ve (0 =0, (4.130)
rl

Mode 3 (t2 <t <#), Figure 4.5(c): During this interval, the switching
characteristics exhibit similarities to the previous mode. The capacitor Cy1 discharges

to the load while Ly1 continues to charge to its maximum value -iLbimax.

Y;
itor (©) = 15" (Lbbat}, itbt (ta) =1 Chimax (4.14a)
1

it t)y=0, v @)=0. (4.14b)

Mode 4 (t3 <t <ts), Figure 4.5(d): During this interval, the switch Sy is turned
off under ZVS. The input acts as a current source, and parallel resonance occurs

between L1 and Caz.

Vg, -V L
RO+ 200t 2000 (4159
Ly L
it (t) = coalj itht (7) sin(ey (t-7)) dr, (4.15b)
cS:a'l'(t)— f icht (7) cos(@y (t—7)) dr, (4.15¢)
alo
S| Gl 511 -1l
ity (t4) = 0y I itp (7) cOS(way7) A7, igpy (t4) = 1p2 (4.15d)
S 1 "2 Sl .
Vet =g | it (7) sin(oyr) dr. (4.15¢)
al 0

Mode 5 (t4 << ts), Figure 4.5(e): During this interval, the auxiliary capacitor
Caz discharges through L1.
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Vai =V,
it (1) =iS5" o Vor Voa )<t Ly S0 (1) - Lis ), (4.16a)

L L L

1l
itr1 (1) =it (ts) cos(@yt)— [VOl_VOal(tUJ

al

t
Sin (yt) + @a [ 1551 (7) sin(ey (t-7)) dr,
0

(4.16b)
Vet ('f)=Vo1—(V01—VcS:é|1I (t4))005(wa1t) Zin (ta)sin (ont) + I'Eblll (7) cos(wy (t-7)) dr,
al 0
it (ts) = 15", (4.16¢)

Mode 6 (ts <t <tg), Figure 4.5(f): During this interval, the reverse current of
iLr1 activates the antiparallel diode of switch Sz1 and discharges through the current

loop Lr1-Do1-Ro1-Ds11-Dso1.
it (€)= 157" (©) = —1 e (4.17a)
Vo1
IO EL (L jxt, veal () =0. (4.17b)
rl

4.4  Design of the Resonant Inductor and Capacitor

The resonant auxiliary capacitor Ca1 affects the ZVS condition of the switch.
In mode 7, the ZVS condition has been achieved for the switch Sz1, and it is assumed
that the current flow through the Lr1-Ca1-D11 should be large enough for the resonance.
Generally, the snubber capacitance is selected to be 10 times the parasitic capacitance.
However, the value of the capacitance of Ca1 is more than 20 times the output
capacitance of the switch Sy, i.e., Ca1 > 20xCoes_s21. It is charged by L and is about

double the main inductor current during the switch’s turn-off.

In mode 5, the iLr1 is derived in (4.5c). The duration of resonance between Ly
and Cr1 constitutes approximately one-fourth of the total resonant period. The rising
time of the i.r1 typically constitutes 10% of the minimum on-time of the switch.
However, to satisfy the ZVS condition, the i.r1 rising time is set to 50% of the
minimum on-time in this article. In (4.18), it represents the combination of the energy-
domain and time-domain constraints during modes 4 and 5, respectively. In mode 4,
the i1 rises linearly with time, and in mode 5, during a quarter of the resonant cycle,
it supports at least the minimum inductor current (ILimin) for the discharge of Cr1. In

mode 7, Cr1 and Caz are in series, as seen from the Sp1 side of the switch. So, the switch
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S21 voltage Vso1 can be represented as (4.23). Now, applying the charge conservation

law across the switch yields (4.24), and the effective capacitance Cs as given in (4.25).

L, T
ts—13 = V_l I L1m|n % < 0.5Dpin Ts (4.18)
01

Where T, =27/w,1,Ts =1/ fs , Dmin = minimum duty cycle. ~ From (4.18), Cy is
designed as follows:

2 4L (IS"- )2
Dmin n ri{ "Limin 4Dm|n I leln (4_19)
T 2I—rl fs2 T 2\/021 7z VOl fs

Since 4Dminl|§1"min/7r2V01 fo < D2 /72'2|_r1 f52 , therefore, (4.19) can be rewritten as
follows:

2 4L (1
C.> 2Dmin . rl(Zleln) (4.20)
T Lrl fS T VOl
iS-1 S S-1 Vi s-1 VY
I (ts) =1 rp IL1m|n + | Chimax +Z_Ol: Irm +Z_Ol'
ri ri
s
where Iy = IL1m|n + ILblmax
_ -1 sl (4.21)
I-rl VOl (I I ) Crl
From (4.20) and (4.21), Cr1 can be calculated as follows:
I:)mln IS I 2
Cpy > 7rV01 \/1 4 |leln (l 1) (4.22)

From (4.21) and by the energy conservation law across the switch Sz1 within state-I

mode 7, the resonant inductor L1 can be designed as given in (4.26):

Vs21(t) =Vear () +Vera (t) (4.23)
C
Ve (t) = ——2 Vg, (t
cri(®) C. +Coy s21(t) (4.24)
Cs1 =Cr1Cat/(Cr1+Car), Vor —Va =~ 0.96xVy (4.25)
L < {0 96><V01[ gsl ] / ®JC. } (4.26)
al
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4.4.1 Boundary Condition for the ZVS and ZCS Region
A vzys feasibility index in (4.27) is defined as the ratio of the selected resonant
capacitor Cr1 to the minimum required resonant capacitance Ci1_min Obtained from

(4.22). As shown in Figure 4.6(a), the values less than unity indicate ZVS operation.

Crl
Cr1_ min ( Dl)

A vzcs feasibility index is defined as the ratio of the resonant half-cycle

wavs (Dr) = (4.27)

duration to the available switch-off time. Thus, the ZCS condition can be achieved as
given in (4.28). Figure 4.6(b) shows that the design ensures a ZCS region greater than

unity over the normal operating duty range.

(1_ Dl)Ts

Vzcs (Dl) =T
7T+ L1Crq

In Figure 4.6(c), when Dy is fixed in (4.27), the variation in load Ro1 changes

(4.28)

the output and input currents without affecting the switching timing. Consequently, the
ZVS condition, which depends on the available commutation current, is load
dependent and degrades under light-load operation. In contrast, the ZCS condition is
governed solely by the resonant half-cycle duration and the available off-time, and is

therefore independent of the load resistance.

2 . 10 2
1.8 ZVS region 9 ZCS region 18 ZVS region
1.6 ZVS margin 8 ZCS margin 1.6 ZVS margin
1.4 7 - 1.4
~
E 12 Zvs Boundary | A’ 6 =12 ZVS Boundary
Q ip---mmmm== =5 @ lp------=mm=mmmm s
o 0.8 nid < 0.8
0.6 Q3 50.6
5 0.4 %2 0.4
02 ] i— zessoundary ) Yol
02 03 04 05 06 07 020304 0506 0.70.8 0.9 40 80 120 160 200
Duty (Dy) Duty (Dy) Load Ro; (Q)
(a) (b) (c)

Figure 4.6 Boundary condition of ZVS and ZCS region, (a) ZVS region for a change
in duty ratio D1, (b) ZVS region for a change in load Ro1, and (c) ZCS region for a
change in duty ratio D;.

4.5 Controller Operation
The proposed converter control operation is bifurcated for two distinct

operational states. The regulation of both the 48V and 12V outputs is achieved with
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the use of TI-F28379D launch pad microcontroller. The boost output Voz is controlled
to maintain a 48V output voltage using a Pl controller (C1). The step-down output
(Vbat) interfaces with a battery and is regulated by inner and outer loop controls C, and
Cas. The control is implemented using a CCCV battery charging method, as illustrated
in Figure 4.7. The outputs from both controllers are processed by digital PWM
controllers. The phase-shift (&) between the carrier signals for an n-module
TPFTMDC converter is 360°/n. With two module TPFTMDC converter, Gs11 and Gsz2
exhibit an 180° phase shift, which regulates the battery output and the DC-link,
respectively. A circuit for state selection alternates control between state | and state 11
depending on the magnitude of the input voltage.

" Output Port 01 Voltage Control (state 1)

Triangular carrier\\\/*=*|-
VOlref O b - | DlI fT_\ +
Controller/ (1 J(5ate selector J»| >0
e el
Battery Dlscharglng Control (state II) O[T ) [NMA=: 52l

Vo ref 'b ref state selector J» >0 ¢ Triangular
Q > F carrier
Controller Controller i -
V01 le

Constant Current Constant Voltage (CCCV) Control Battery Charging (state I)

Vbat | ref 'b ref D D; Triangular carrier \\\/*>{- G
i o o O 2
Controller Controller
state selector

state logic
Vln

Vin~ 2 state selector) |

(considered)

B

o+

GSlZ

Figure 4.7 Closed-loop control of proposed TPFTMDC converter.

4.6  Experimental Validation

The experimental validation determines the dynamic behavior and
performance of the proposed TPFTMDC converter under various operating states.
Figure 4.8 shows the experimental setup developed in the laboratory to test the
proposed topology in real time. It has been tested with an input supply voltage of 24V
and variable output voltages at output ports 01 and 02. The specified values of circuit
parameters, aligned with the mathematical relations established in Sections 4.3.1 and
4.3.2, along with the utilized values of circuit parameters, are presented in Table 4.1.
The microcontroller TI-F28379D is used for generating the PWM gating signals and
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testing the proposed TPFTMDC converter. Two current sensors (ACS712) are used to
measure the battery current at the output port 02 in both directions: one during charging
mode control and the other during discharging mode. All voltage and current
measurements presented here correspond to the polarities depicted in Figure 4.1,
except for the battery current, which is reversed. A positive battery current indicates
the battery is charging, whereas a negative current indicates it is discharging. The
experimental findings are illustrated in Figure 4.9 to Figure 4.15. The proposed
converter is analysed under both healthy operating conditions and scenarios involving
open-circuit switch faults (OCSF). The findings are subsequently detailed and
analysed in three distinct sub-sections as follows:

Table 4.1
SYSTEM PARAMETERS

Parameters Values used
DC input / bus voltages (Vin/ Vo1 / Vo2) 24V [ 48V | 12V
L1, Lo Lo, L2 560 puH
Inductors L= Lo 33 LM
. Caj_ = Ca2 / er_ = Cr2 1 nF/50nF
Capacitors Cor. Coa 100 YF, 10 uF
IGBT switch
IKPOSNGOT Ic, Vce, Coss 6 A, 600V, 28 pF
Load resistance / Battery voltage (Ro1/ Viat) 0Q/12V
Switching frequency (fs) 20 kHz
PC
(T T T T T T T \
I I
57 :
ISk I
S/ '
- —— _____i\l___\::::::::::::::,
| |
| bifferential voltage
: : probe
I I
! I
i i Resistive
I I load
I I
il\/lodule-Z/ :
I
{Module—l/' }

Figure 4.8 Experimental setup of the proposed TPFTMDC converter.
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4.6.1 Under State | Operation (Charging)

The charging of the battery with step-down voltage gain capability at the output
port 02 is tested under healthy conditions, as shown in Figure 4.9. A single battery with
a nominal voltage of 12V is connected for charging and discharging under these
conditions. The results have been taken for two intervals. In interval-1, the test was
conducted at nominal load (i.e., load resistance Ro1), and in interval-2, load resistance
IS Rot/2 to demonstrate dynamic changes and resonance conditions. Figure 4.9(a)
shows the characterization and analysis of the ZVS and ZCS of the switch Sz1, which
is responsible for controlling the DC bus voltage at output port 01.

In Figure 4.9, channel 1 of the oscilloscope shows the digital PWM. The duty
ratios D1 and D2 are associated with the Gsi1 and Gsz1, and the phase shifts of them are
associated with Gsi2 and Gsz», respectively. In Figure 4.9(a), channels 2 and 3 shows
the input currents, with an average value of i1 = iL2 = 0.925 A for interval-1 and 1.45
Afor interval-2 and an input ripple current of Ai.1 = 0 A, whereas in Figure 4.9(b) and
Figure 4.9(c) it shows turn-off ZVS of switch Sz1 and turn-on ZCS of switch Sz,
respectively, for module 1. The areas circled as A and B in Figure 4.9(b) illustrate that
the current in Ly is more than twice the main inductor current i s, that it should decline
below zero, and the capacitor Ca1 voltage is charging, respectively. This mismatch in
Vcat IS caused by the switch's output capacitance. Channels 4 and 5 shows the phase
currents of the battery, with average values of ip1 = 0.7 A and b2 = 0.8 A. Channel
m1 shows the mathematical addition of the battery phase currents, i.e., iLb1 + iLb2 = iwb
= 1.5A, and also battery ripple current of Ai, = 0.3 A for both intervals. Channels 6
and 7 are the output port 01 voltage, i.e., Vo1 = 48V and the battery voltage, i.e. Vpat =
12.56V, respectively. Figure 4.9(b) and Figure 4.9(c) show the resonant inductor L
current (iLr1) and Cr1 voltage (vcri), respectively, for module 1. Channel 8 in Figure
4.9(a) is the input voltage, i.e., Vin = 24V, whereas in Figure 4.9(b) and Figure 4.9(c),
show the auxiliary capacitor voltage vca: for module 1.

In Figure 4.10(a), the characterization of the step change in output voltage Vo:
has been captured to demonstrate the dynamic change and resonance condition. The
input currents, with an average value of i1 = i.2 = 0.80 A for the interval-1 and 1.10 A
for the interval-2. Figure 4.10(b) and Figure 4.10(c) show turn off ZVS of switch Sy;

and turn on ZCS of switch Sy for this condition, respectively, for module 1. The phase
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currents of the battery, with an average value of iLp1 = 0.48 Aand in2 = 0.52 Aand a
battery ripple current of Aip = 0.3 A for both intervals. The sum of the battery phase
current i1 + w2 = iLb = 1.0A. The output port 01 voltage, i.e., Vo1 = 48V for the
interval-1 and 60V for the interval-2, and the battery voltage, i.e., Voat = 12.69V.

Interval-1 Interval-2
Chi D2 -5 o
D1 .
b - Aip=4i=1.0A  y-axis: 0.5A/div . !
Ch2, Ch3: |I:1max//i|_l =ii, =0.925A .. AAufFie = L4A5A
H il : :
Cha, ChB Uiyt 045%”"‘ i =0.7A  A-axis: 0.5A/div A= 0.6A
ii i 0.3A i|_b2:0.8A/1 ) 15A?
i if=0. . . ip = 1.5A
Cha+Chs; | J y-axis: 1.0A/div w7 ;
tisomed  Step change in %_
load R . .
Ché, Ch7, Chg o y-axis: 8V/div Noi 48V
ALY
x-axis: 200ms/div Vet 12.56V
(a)
«——Operation under nominal load Operation under step change in load Ryy——>
G522 D, — o Ge Gs22 D, — S G
Chl Gs11 l<—D — i oo . Chl Gs11 1<—D i i Gsa o
; 2 - Fan s S
chs -l I “é—fi\# chs g i e Yy
ch2, a S ch2, AR Oap
cha sa1 ZVS ; A s ch3 Nsa ZVS\: : A lsa
Cha, PEOEN Cha, PN
chs g.Ye_a_%/Vm; P zes Chs w Vear /Vm; i 11ZCS
h— &B i i ixvm 48V Che. : E i,(\/ol 48V
Ch6, Ch7 v, = 24V eV 12.56V oh7 Vin=24V i1 iV 1256V
6/'... '_.}\8 ~¢/L-. [N
70055 202 7005 200
- G g
G2 ‘ GS]? Gso2 Ge1
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)521 ZVS L /V521 ‘(Vsz1 f Is21 )521 7S ... /V521 )/521 ..';CS /|321
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(b) (c)

Figure 4.9 Experimental results of the proposed TPFTMDC converter under healthy
operation, with load varying from nominal Ro1 to Ro1/2: (a) steady-state waveforms;
ZVS and ZCS characteristics of switch Sz1 in module 1 at (b) nominal load Ro1, and
(c) half load resistance Roi/2.
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Figure 4.10 Experimental results of the proposed TPFTMDC converter under healthy
operation for a step change in Vo1 from 48 V to 60 V: (a) input / output currents of
the boost and battery sides, and (b) ZVS and ZCS of switch Sy; at Vo1 = 60 V.

4.6.2 Under State Il Operation (Discharging)

In Figure 4.11, the characterization of the state change from state I to 11 (i.e.,
from charging to discharging) has been captured to demonstrate the dynamic change
and resonance condition. The input currents, with an average value of i1 = i2 = 0.842
A for the interval-1 and 0 A for the interval-2 and an input ripple current of AiL1= Air2
=1Aand 0 Afor the intervals-1 and 2, respectively. The battery current has an average
value of iy = 1.2 A for the interval-1 and ip = -2.20A for the interval-2, with a battery
ripple current of AiLp = 0.6A for both intervals. Figure 4.12 shows the characterization
of the step change in load Ro: during discharging. The battery current has an average

value of iL, = - 2.28 Ain the interval-1 and i, = - 4.5 Ain the interval-2, with a battery
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ripple current of AiLp = 0.3 A in both intervals. In Figure 4.13, the characterization of
the step change in output voltage Vo1 has been captured during discharging to
demonstrate the dynamic change. The battery current has an average value of i, = -
2.24 A'in the interval-1 and iLp = -1.667 A in the interval-2, with Aip, = 0.3 A in both
intervals. The output port 01 voltage, i.e., Vo1 =48 V and 36 V for intervals 1 and 2,
respectively, and the battery voltage, i.e., Vpat = 11.47 V.
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H S y-axis: 0.5A/div
et L em2o oo
Ch4+Ch5 “State change frorfl }
charging to discharging ™~ y-axis: 8V/div Vo Iy
Vin - 24v
g _ Vi Viai162v
x-axis: 200ms/div ¢ oV
(a)
Gs22 «~—D;— i E-N II Gsyo Gsao
c Gs21 o Geys «—D,—200med : Gsa1 Geus
Y Lrl
Ch5 kiLrl i g .
Ch2, Ch_3 Mo ZVS . ZCS 21 ZVS\_.- sz Vo ....Z-;:SLSZI
~ls21 L L
Ch4,Chg  Nea chrl ¥ Vear Ve
Vo, 48V '~- Vo, 48V
Ché, Ch7 o Vouw 11.62v1] 1] Zoomed— | o wVoa 1162V

(b)
Figure 4.11 Experimental results of the proposed TPFTMDC converter under healthy
operation for a transition from state | to state Il (battery charging to discharging): (a)

input/output waveforms of the boost and battery sides for both states, and (b) ZVS
and ZCS of switch Sz1 at Vo1 =48 V.
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Figure 4.12 Experimental results of the proposed TPFTMDC converter under healthy
operation from nominal load to a load change in Ro: during state Il operation
(discharging).
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Figure 4.13 Experimental results of the proposed TPFTMDC converter under healthy
operation for a step change in Vo1 from nominal voltage Vo1 =48 V to Vo1 = 36 V for
a state Il operation (discharging).

4.6.3 Under Open Circuit Switch Fault Condition
Figure 4.14 presents the characterization of the OCSF in S11 and Sz1 (unhealthy
condition), demonstrating the fault-tolerant capability of the proposed TPFTMDC

converter under both steady-state and dynamic conditions. The input currents, with an
average value of ir1=i2 = 0.925 A for the interval-1 and i1 = 0A, i = 1.85 A for the
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interval-2 (i.e., under OCSF condition) and an input ripple current of AiL=0 A and 1
A for the intervals 1 and 2, respectively. Channel m1 in this case has been taken as the
sum of input current i.e. iL1 + i2 = iL = 1.85 A, to demonstrate the ripple cancellation
due to interleaving. The phase currents of the battery, with an average value of ip1 =
iLb2 = 0.75 A for the interval-1 and i1 = 0 A and ip2 = 1.5 A for the interval-2 and a
battery ripple current of Aip = 0.3A and 0.6A for the intervals 1 and 2, respectively.
The redistribution of current ensures uninterrupted power transfer despite the failure
of multiple switch OCSF condition. Moreover, the interleaving effect effectively
reduces overall current ripple, validating the robustness of the proposed fault-tolerant
design.

In Figure 4.15, the characterization of the step change in output voltage Vo1 has
been captured for only one module, i.e., the switches S11 and Sz are permanently off,
and the input/output connection has been disconnected from the second stack to
demonstrate the dynamic change. The input currents have an average value of 2 =
1.60 A for interval-1 and 2.2 A for interval-2, and an input ripple current of Aiig =1 A
for both intervals. The phase currents of the battery have an average value of ip2 = 1
A and a battery ripple current of Aip1 = 0.6 A for both intervals. The output port-01
voltage, i.e., Vo1 =48 V and 60 V for intervals 1 and 2, respectively, with Vpat = 12.89
V.
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Figure 4.14 Experimental results of the proposed TPFTMDC converter from healthy
operation to OCSF in Sy and Sz1 (unhealthy condition).

85



<« interval 1 ——> «— interval 2
Operation in single stack:

cht L L

i 2 + 4 D~ i
i D e ; D{ . N
o igiod Toa 1 i1, =L.60A y-axis: 0.5A/div /1/|L2 =2.2A
i N H
i ) i = 1.0A i
Chs i A= 0.6A y.axis: 0.5A/div i H
;"Lb: 1.0A y-axis: 0.5A/div iLb7 1.0A
Chascniimoned %5
Ché, Ch7, Ch8 Vo 48V T Now 60V
Step-up inload ~ y-axis: 8V/div S 2av

voltage Vo, x-axis: 200ms/div Ve 12.89V

Figure 4.15 Experimental results of the proposed TPFTMDC converter (single
module) for a step change in Vo1 from 48 V to 60 V.

4.7  Conclusions

The chapter presents a novel TPFTMDC soft-switched multiport converter; it
also presents a detailed design procedure and operational functionality of the proposed
converter. The modular design minimizes both input and battery current ripple,
reduces the size of passive components, and enhances current capacity while
improving fault-tolerant capability. Time-multiplexing control reduces the number of
semiconductor devices required relative to the total number of ports and increases
system redundancy, thereby enhancing reliability. The mathematical model for each
mode has been developed for both operational states based on the time frame. The
design of the resonant components has been thoroughly examined. A ZVS and ZCS
region has been plotted with respect to the selected parameters for varying load and
duty cycle. It also provides fault tolerance against OCSFs. The control strategy has
been developed to regulate power distribution among the various ports while
simultaneously upholding CCCV battery charging, ensuring a stable boosted dc bus
voltage, and improving the resilience of DC power availability. The proposed
architecture efficiently manages DC bus voltages across various operating states at all

output ports.
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Chapter 5

STANDALONE SOLAR PV-FED TIME MULTIPLEXED FAULT-
TOLERANT FOUR-PORT DC-DC CONVERTER

51  General

DC-DC converters are extensively used in a wide range of industrial
applications, including renewable energy systems, ships, aeroplanes, and automobiles
powered by electricity. With increasing levels of pollution, climate change, rapid
increase in the cost of fuel, and the escalation of global warming issues, energy
transition and e-mobility technologies have gained attention for research and
sustainable development. Consequently, automobile manufacturers have begun
producing environmentally friendly electric vehicles (EVs) and hybrid electric
vehicles (HEVs). The principal components of these kinds of vehicles are the motor
drive system and battery pack design with charge/discharge parameters. In which an
effective converter topology with respect to power ratings of the EVs motor to propel
the different drive cycles and motoring and regenerative operation, and the
charge/discharge current profile of the battery pack are the major areas of concern
[119].

The DC-DC converter topologies are important for achieving optimal power
management in three-wheeler (3-W) and four-wheeler (4-W) light electric vehicle
(LEV) systems because they efficiently regulate and control the flow of electrical
energy. The application of multiphase buck converters in LEVs, emphasizing their
ability to handle high currents and manage higher power requirements while
minimizing thermal stress and improving overall system efficiency, is crucial for
supporting the performance demands of modern EVs [87]. Advanced converter
designs, such as interleaved and multiphase configurations, have gained attention for
their ability to reduce ripple, improve thermal performance, and increase converter
robustness under variable load conditions [79], [80], [81], [120]. Figure 5.1(a) presents
the propulsion system of the LEVs with integrated solar PV. It shows the converter
architecture that connects energy supplies to vehicle drive trains and auxiliary loads.
Figure 5.1(b) shows the proposed four-port fault-tolerant DC-DC (FPFTDC) non-

isolated power converter for low-voltage and LEV applications.
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Multiport converters (MPCs) have emerged as a transformative technology,
critically improving the cost, size, weight, and efficiency of the system. These
converters, which can connect to multiple energy sources and storage systems, are
important for making the best use of energy and distributing it evenly. This has a direct
effect on how long LEVs last (i.e., improvements in battery charging and discharging
cycles) and how well they work. Recent studies emphasize the strategic role of MPCs
in effectively managing fluctuating power demands and extending battery life.
Bidirectional MPCs enable seamless energy transitions between propulsion and
auxiliary systems, boosting energy conservation and vehicle range [20], [21], [26],
[27], [28]. Moreover, advanced MPC architectures integrate renewable energy sources
into LEVs, reducing grid power dependency and enhancing the overall energy
autonomy of vehicles [24]. A solar-fed switched boost single input multiple output
(SIMO) converter is demonstrated in [23]. Such systems not only increase energy
throughput, but they also contribute to reducing the carbon footprint. Lastly, the
capability of MPCs to provide voltage regulation across various subsystems of LEVs
further ensures the reliability and safety of these vehicles [18].

The demand for reliability and uninterrupted operation has prompted
significant interest in fault-tolerant converter topologies. These converters are
specifically designed to maintain functionality even when one or more components
fail, thereby ensuring continuous operation. Recent studies have demonstrated the
benefits of fault-tolerant converters in LEVS, where the redundancy in their design can
significantly mitigate the risks associated with component failures [29], [32], [67]. One
key advancement is the development of a fault-tolerant multiphase converter, which
not only provides redundancy but also evenly distributes the load among the phases,
thereby reducing the impact of a single-phase failure. Moreover, the introduction of
fault-tolerant interleaved converters has been found to effectively increase system
reliability while also improving power density is a critical factor in the compact spaces
of LEVs [37], [40], [66], [68]. Additionally, the implementation of modular converter
designs allows for easy isolation and replacement of faulty modules, minimizing

downtime and maintenance requirements [30], [39], [70].
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Figure 5.1 Light electric vehicle propulsion system with (a) conventional power
converter topology and (b) proposed FPFTDC converter.

Solar PV-based multifunctional converters are pivotal in enhancing the energy
autonomy of LEVs by efficiently integrating renewable energy. These converters
facilitate optimal energy conversion from photovoltaic panels to EV batteries, thereby
extending the driving range without external charging. They also support auxiliary
vehicle functions and improve overall energy management [19], [121], [122]. In [123],
a high-voltage boosting transformer less inverter for rooftop PV microgrid integration,
featuring high voltage gain and leakage current suppression, is presented. In [124], two
innovative pulse width modulation (PWM) strategies i.e., enhanced level-shifted
PWM and enhanced phase-shifted PWM, are proposed to improve the efficiency and
power quality in the solar PV applications. Recent developments include converter
efficiency and compactness advancements, which are critical for the constrained space
within LEVs. These systems not only boost the vehicle’s sustainability by reducing
reliance on non-renewable power sources but also enable innovative functionalities
such as bidirectional charging, contributing to smarter energy networks [72], [125].

The charging infrastructure significantly influences EV functionality and
adoption; it has three levels of charging: level 1 is low power, with single-phase ac
charging less than 3.5 kW or dc charging less than 15 kW; level 2 is a medium power,
with three-phase ac charging less than 22 kW; and level 3 is a high power, with dc fast
charging greater than 22 kW, which lets the batteries be charged quickly. Compatibility
with various connectors, including CHAdeMO, CCS, and proprietary systems like
Tesla superchargers, is crucial for operational flexibility and user convenience [126]-

[128]. These systems shape not only charging efficiency and vehicle range but also
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battery longevity and health, underscoring their critical role in sustainable
transportation evolution. Charging current ripple has drawbacks, as do larger average
charge currents, which require more energy to maintain battery charge. In [89], a
strategy to effectively suppress charging current ripple in a three-level T-type converter
under distorted grid conditions is presented. A novel control strategy for off-board DC
fast charging is designed and presented in [82] to provide a ripple-free output current.

This chapter presents a non-isolated FPFTDC converter. It possesses the ability
to control the maximum power point (MPP) and regulate the DC bus voltage for two
distinct outputs, namely medium voltage DC (MVDC) and low voltage DC (LVDC)
levels, suitable for motor loads and auxiliary low voltage DC loads, respectively. The
proposed converter has implemented time-multiplexing control of the semiconductor
switching devices to enable output ports with reduced switches and fault-tolerant
capability. Additionally, it incorporates a bidirectional feature for charging and
discharging the EV battery.
5.2  Proposed Solar PV Fed Fault Tolerant Multiport Converter

The block diagram of the proposed FPFTDC converter is depicted in Figure
5.2(a). Anon-isolated four-port converter is designed with MPP control, dc bus voltage
regulation of the LVDC and MVDC output ports, and a battery charging/discharging
control algorithm to maintain the load power requirement with respect to solar PV
power generation and energy storage system. Figure 5.2(b) shows the circuit diagram
of the proposed FPFTDC converter. The two-phase interleaved boost converter
topology is used on the solar PV side for MPP tracking with reduced solar PV current
ripple Aiin and therefore, the size of the capacitor Cpy reduces. The design calculation
of PV side capacitor is presented in the next heading. The converter has an MVDC
(output port 01, i.e., Vo1) and two LVDC (output port 02 and output port 03, i.e., Vo2
and Vbat, respectively) ports. An LVDC output port is connected to a load, whereas the
other is connected to battery energy storage (BES), which regulates the dc bus
voltages. The carrier signal used for Gswp1 and Gspb2 is 180° phase-shifted compared to
the carrier signal used in Gsp1 and Gsps, whereas the modulation of Gsy2 depends on the
time-multiplexing control of the switched boost action of leg 1. Further, the switching
signals Gsnb1, Gsbbz, and Gsp1, Gspz are complementary in nature. The possible ‘states’

of the proposed converter is shown in Figure 5.3.
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Figure 5.2 Proposed four-port fault-tolerant DC-DC (FPFTDC) converter (a) block
diagram, and (b) schematic diagram.
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Figure 5.3 Operating states of the proposed FPFTDC converter when (a) Pspv > Pmvbc
+ PLvpc and MPP state; (b) Pspv > Prvpc with EV in rest under MPP and LPRM state;
(c) Pspv < Pmvbc + Puvoc and MPP state; (d) Pspy = O state; (e) Pspv > PLvpc with
regenerative braking and MPP state.
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The solar PV side input converter is a conventional two-phase interleaved
boost converter (TPIBC), which is shown in Figure 5.2(b) under the shaded region.
The different values of duty ratio (D1), decide two different regions of operations under
continuous conduction mode (CCM), i.e.,, (a) non-overlapping mode and (b)
overlapping mode, as shown in Figure 5.4. Due to phase interleaving, high-frequency
operation, and higher duty application under MPP tracking, the input current behavior
of the TPIBC is considered mainly in CCM, and the detailed behavior of TPIBC is
presented in Table 5.1. Where Ls; and Ls, are the phase inductors of TPIBC, V,y is the
solar PV voltage, and T is the switching period. It can be seen that the input current
ripple in any mode decreases with the phase interleaving. Mathematically, it is
presented in the next heading.

The proposed converter is enabled with bidirectional functionality, i.e., during
surplus PV-generated power, both legs of the converter charge the battery in buck mode
of operation with voltage regulation of the MVDC port, which reduces the battery
charging current ripple. Similarly, during deficit PV-generated power, the battery
discharges under boost mode to fulfill the power demands of loads and maintain the
voltage at both the output ports using both legs of the proposed converter. The MPP
control of solar PV is achieved using two semiconductor switches, Ss1 and Ssp, of the
interleaved boost converter with a 180° phase shifted carrier. The overall system is
fault-tolerant; a fault in any semiconductor switch causes the converter to behave like

a conventional converter, and the FPFTDC behavior remains intact.

0<D;<1/2 (non-overlapping mode) 1/2 < D; <1 (overlapping mode)

mode 1 2 3 2 mode 1 2 1 3
GSSl (1'D1)T GSsl DlT
GSsZ DlT G352 (1-D1)T
0 T/2 T 0 T/2 T
(a) (b)

Figure 5.4 TPIBC switching pattern for (a) 0 < D1 < 1/2,and (b) 1/2< D1 < 1.
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Table 5.1
INPUT CURRENT DERIVATIVES (diin/dt) WITH MODES OF OPERATION AND SWITCHING
STATES INTPIBC

Duty Modes | Duration Current Derivative Current Active
Region (disy/dt+ disz2/dt) Characteristics | Switches
mode 1 DiT Vpv/Lst + (Vpv-Voi)/Ls2 is]_ T, i32 ‘L Ss1, Ds2
N
g mode 2 | (1-2D1)T | (Vpv-Vor)(ULsi+1/Lsy) | iy ¥, igo ¥ | Ds1, Ds2
Y |mode3| DiT |Vplleo+ (Vp-Vor)llsi | igp 4, iso T | Ds, Se2
Gain Vo1/Vpv =1/(1- D1)
mode 1 | 2D--1)T | Vex(ULa +1/Lls) | igy T, igo T | Ss, Se
—
A | mode2 | (1-D)T | Vpllet + (Vor-Vor)llsz | iy T, igo 4 | Su1, Ds2
V
S mode 3 | (1- D1)T | Vpv/Ls2 + (Vpv-Vo1)/Lst is]_ ‘L, i32 T Ds1, Ss2
Gain Vo1/Vpy =1/(1- D1)

5.3  Operating Principle of the Converter Under Ideal Conditions
5.3.1 State-1 Operation

The block diagram of state-1 is shown in Figure 5.3(a). In state-I, solar PV has
generated surplus power compared to the load power demand at output port 01 and
output port 02. The system is considered with a 24V nominal battery voltage with 15V
LVDC and 60V MVDC ports. It has six different modes of operation that are possible
under a steady state. The switching logic waveforms with battery current
characteristics and circuit operations for different modes are shown in Figure 5.5 and
Figure 5.6, respectively. Both the input and battery sides interleaving of inductors are
used. The corresponding gating pulses Gss1, Gss2 and Gsbb1, Gsby are 180° phase-shifted.
The proposed converter consists of two legs, i.e., leg-1 with three switches Sp1, Sk,
and Sps, while leg-2 with two switches Spp1 and Sphz. With bidirectional power flow
capability, the converter can seamlessly transfer energy between multiple sources and
loads, enhancing system flexibility and energy efficiency. Furthermore, time
multiplexing of the buck side switches optimizes converter performance while
minimizing switching losses. It maintains both the DC-link bus voltages and performs
battery charging with CCCV. The operation of the converter, the individual current
characteristics, and the active switching states are summarized with respect to the

active modes of operation in Table 5.2.
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logic 0
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Gspe e 3
logic O T/ 2 T
S S

Figure 5.5 Switching and current characteristics for state | operation.
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Figure 5.6 Equivalent circuits operation for state-1 during (a) mode 1, (b) mode 2, (c)
mode 3, (d) mode 4, (¢) mode 5, and (f) mode 6.
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Table 5.2
PossIBLE MODES UNDER HEALTHY CONDITIONS DURING STATE-| & STATE-I|

Modes | Duration Current Characteristics Active Switches

mode 1 | (D1-Dg) xT | sy T is2 ¥ ipa TJLOZ Lipp b | Sq1, Dez, Sbi, Dbs, Dove

mode 2 | (Do~ Dy) xT | sy ¥, is2 ¥ ipy TJLOZ Lipp 4 |De, Dz, Soi, Db, Dbz

mode 3 | (1-2Dz) xT | sy ¥, sz ¥, ipg ‘J"iLoz Liip2 v |Dst, Dez, Dbz, Do, Doz

mode 4 | (Do~ Dy) xT | sy ¥, is2 ¥ ipy ‘L’iLOZ Lipp T |Dey, Dez, Diz, Dos, oot

mode 5 DT is1 ¥, iso T, iy ~L,i|_02 Lo T | Ds1, Ss2, Dbz, Dos, Son

mode 6 DsT Is1 T, Ig2 J, ih1 T, i|_02 T, ih2 \2 Ss1, Ds2, Sb1, Sb2, Dob2

5.3.1.1 Steady-State Analysis

The steady-state voltage at output port 01 can be derived under CCM using
volt-second balance across Ls:. The duty ratio Dy is the optimized fraction of time from
MPP control when Ssi is turned ON. Thus, the relation can be written for state-I

operation of the proposed converter as follows:

V
Vo1 = %Dl (5.1)

Using volt-second balance across Lb1, voltage Vbat can be derived when Sy is turned-

on for D.T time period, given as follows:

D
Viat :va( 21_ Dl) (5.2)

Using volt-second balance across Loz, voltage Vo2 can be derived when Sy is turned-

on for D3T time period, given as follows:

D

Using ampere-second balance and assuming the converter is lossless, the average
values of currents during state-I at output port-2 (iLozavg|s-1), Port-3 (ibavgls-1), and the

input current (i.e., linavg|s-1 = Istavg * Is2avg) Can be written as follows:
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[ Dy Vv
o o2 —[ ] (5.4)

L02,,,

1-Dy )Ry,
D, \V
: _i . _ 2 pv
g o Ity T1h2,, = Ll_ Dl] Ros (5.5)
_ ) ) loz,,, * DZibavg + D3i|_02avg
lin =lIs1,,, Tls2,,, = ,
avg g avg avg 1— D1

(5.6)

where, ig; :V% :
avg 01

5.3.1.2 Characterization of Current Ripple
The value of input current ripple can be calculated with respect to interleaved

inductor currents as follows:

V., DT -V, DT
; _ | pvl ; _ pv -1
AISl|Chélrging - : AISZ|discharging - (5.7)
le I—sz
K, =DTV ! - 1 (5.8a)
ST TP min (L, Lyp) max(Lg, L) '
[1_2[)1) D1TVey VD, <05
‘. _ 1-D; Jmax(Lgy, Lsy) 5.55)
D1 = :
(2D, —1)TVpy 4Dy 208
max (Lgy, Lgy)
Ay =Ky +Kpy (5.8¢)

where Kj and Kp; are the ripple current magnitude at different switching states and at
the same switching states of interleaved branch semiconductor devices, considering
one switching state transition, respectively, where j =1, 2, ... 5.

The value of the current ripple at the output ports 3 and 2 can be calculated as
follows:

. (V01 —Vpat ) D, T (1-D, |(Vpv
Alpy charging - D,T (5.92)

L 1-D )\ Ly
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; _ _Vbat (1_ D2 )T _ 1- D2 VpV
AIt)2|discharging - Ly, - D,T (5.9b)

1-D )\ Lo
1-D 1 1
Kip =D,TV 2 -
S pv[l— D1J£min(|-blll-b2) maX(Lbl’LbZ)J (5102
(1—2D2J D,TVpy VD, <05
Ko 1-Dy Jmax(Ly, Lpy) (5.10)
D2~ :
{1— 02](2D2 ~1)TVpy oD, 205
1-D; ) max (Lyy, Lyz)
o 2 Lo \1-Dy

From (5.8c) and (5.10c), it can be seen that the input current ripple and the battery-
side input current ripple depend on D1 and D2. The relation of Koz and Kp2 also depends
on the range of the respective duty. By selecting identical values for the interleaving
inductors Lsi, Ls2, and Lb1, Loz, the values of Ki1 and K. become zero. Figure 5.7 is
plotted with consideration of identical values of inductors Lsz, Ls2, and using (5.7) and
(5.8). Figure 5.7(a) shows the input current ripple (Alin) with respect to D1 with and
without the interleaved branch. In this scenario, the boost-side output voltage (Vo1) is
kept constant at 60V. With interleaving on the boost side, the Aiin reduces to zero at
duty D1 = 0.5. Figure 5.7(b) shows the Aiin with respect to the D1 with and without
interleaving while maintaining a constant input voltage of 40V. The plot indicates that
the Aiin reaches zero (minimum) when Dy = 0.5, and it also shows that as D1 > 0.5, the

Alinrises but significantly less than without the interleaved branch.
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Figure 5.7 Input ripple current (Aiin) with respect to change in the duty D1 with (a)
constant output voltage and (b) constant input voltage.
5.3.1.3 Small-Signal Stability Analysis

With the consideration of the same inductance in each corresponding
interleaved branch, the phase-shifted duty with identical width is used, and a
generalized reduced-order model for the n-phase interleaved converter can be derived

with respect to the following:

Lseq (2—': =V, —(1-Dy)vyy, (solar PV side converter) (5.12a)
izt .
Loeq i DoV —Vpar,  (battery side converter) (5.12b)
n n
where, i, = Y ig, iy =D i
i=1 i=1 (5'13)

le E%Si’izé%bi.

eq

The state space representation for each state has been presented in Appendix (A.3).
Whereas, the small-signal transfer functions of the converters are obtained by applying
small perturbations to the output voltages (¥c1, Uco2, Dpac), input voltage (9,,,), input
current (1;,), battery current (i), LVDC load currents (i.4,), and corresponding duty
ratio (d,,d,, d3) around their steady-state operating points. The state variable and
input variable are defined as in (5.14). Further taking the value of the system

parameters given in Table 5.3 and the steady-state values that occurred in the

99



experimental results, such as duty ratio, respective currents, voltages, and load
resistances, are taken as D1 = 0.33, D>=0.438, D3 = 0.25, lin= 1.74A, Ir= 1.05A, lL02
= 0.333A, Vo1 = 60V, Vbat = 26.3V, Vo2 = 15V, and Ro1 = 100Q, Ro2 = 45Q, Roz = 25Q,
respectively. The small signal open-loop transfer function (SSOLTF) can be derived as
[17], [122], [129] and written below as (5.15a), (5.15b), and (5.15¢).

A A A A A A N A

5 T
Xl(t)z[iin ib iL02 Vo1 Veoz Vbat} . ur(t)=vpy (5.14)

~15825° +1.233x1085% —3.354x101953 1+ 4.763x 1016 52

AN

ve01(s) _ 1+9.86x10'85 1 4.641x1023 (5.150)
A $6 1 42315° +3.702x108 5% +1.317x1011 53 + 4.131x101° 52 '
1 Vpy,d2,ds=0 12.343x1017 5 +5.159x 1021
R 6x1085% +2.405x10'2 53 + 2.155x 10 52 + 6.639x10'85
ve02 () _ 13.095x1023 (5.15b)
A $6142315° +3.702x1085% +1.317x10M 53 + 4.131x101°52
3 lvpy,d1,d2=0 +2.343x107 5 +5.150 %1021
R 2.143x10105% 1+ 4.807x1012 53 1+ 2.465x 1017 52 1 7.603x 10185
Voat (5) . +3.095x1023 (5.150)
A s8 142315 +3.702x1085% +1.317x1011 83 + 4.131x101°52
2 Wpy,d1,d3=0 12.343x1017§ +5.150x 1021
Table 5.3
SYSTEM SPECIFICATIONS
Designed | Mathematical Relations Used /
Parameters Values Remarks Values Used
D It o
C bus voltages Selected for 3-wheeler application 60V / 15V
(Vo1 / Vo2)
Battery \oltage (Vbat) / B
Capacity (Ah) 24V 1 8AN
2 Le / L2 566 uH | (5.7), disi= Aig=1.4A, Figure 5.17| 560 uH
g L1 / L2 533 uH | (5.9), i1 = 1.4A, Figure 5.17 560 pH
o
= Loz 950 pH (5.11), AiLo2 = 0.6A 1.0 mH
o Cov 99.2 UF | (5.42),C=0.06 and Rmpp = 14Q | 100 pF
*% Co1 226 PUF lotavg = 4A, Avco1= 0.5% of 60V 220 pF
S Cho 228 UF | ibavg= 1A, Ve = 4% of 24V 22 UF
© Coz 8338 UF | iooavg= 1A, Aveoz=1% 0f 15V | 100 pF
Switching frequency -- 20kHz
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5.3.2 State-11 Operation

The block diagram of state-11 is shown in Figure 5.3(b). During state-IlI, the
load at output port 01 is disconnected, and the solar PV-side converter operates either
in MPP mode (if battery SoC < 100%) or in load power reference mode (LPRM). The
solar PV supplies its energy to the remaining two output ports, i.e., output ports 02 and
03. The FPFTDC operates as a single-input dual-output (SIDO) converter. It has six
modes, as shown in Table 5.2 above. The modes of operation are similar to state-I
operation, and the auxiliary load and the battery share the power generated by PV.
5.3.2.1 Steady-State Analysis

The steady-state voltage conversion ratio for all the outputs is similar as state
I, except the average current across the circuit (iinavg|s-n) changes, which is given as

follows:

. . . 1
g lgy = 'Slawg F 182 =7

Dzibavg + Dsiggp (5.16)

avg
1

5.3.2.2 Small-Signal Stability Analysis

In this state of operation, the MVDC load is disconnected, resulting in a
decrease in the steady-state current. The remaining constraints are similar to the state-
I of the dynamic model. The SSOLTF can be derived as (5.17a), (5.17b), and (5.17¢c).

R -10735° +1.254x1085% +1538x1011s3 + 4769 x100 52

ve01(5) 1+1.168x10195 1 4.641x1023
G 5 84 113 5.2 (0179)
a8k s6 1 422255 +3.702x10854 +1.283x10M 53 1 4.13x10155s
Vpy,d2,d3=0 +2.018x1017 5 +5.159x10%1
R 6x1035% +2.399x1012 53 + 2.155x 101" 52 + 4.691x10' 85
ve02(5) +3.095x10%3
"6 5 8.4 113 5.2 (017D)
A A s6 1 42225° +3.702x1085% +1.283x1011 53 1 4.13x1010s
Vpv,d1,d2=0 1+2.018x1017 5 +5.159x10%1
R 2.143x10'05% + 4733101253 1+ 2.464x 1017 52 1+ 6.864 1018
Vhat (5) 13.095x1023
G 5 84 113 5.2 (©170)
A $6 1 422255 +3.702x10854 +1.283x10M 53 1 4.13x10155s
Vpy,d1,d3=0 1+2.018x10t7 5 +5.150x 1021
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5.3.3 State-111 Operation

The block diagram of state-111 is shown in Figure 5.3(c). Solar PV power

decreases due to any of the following conditions: partial shading, clouds, buildings,

trees, or dust. It can destabilize the DC-bus voltage. During this condition, the battery

maintains the DC-bus voltage, and the PWM signals to Sp1 and Spp1 are removed. This

case serves a similar dual-input and dual-output (DIDO) condition, where the solar

and the battery act as inputs, and output ports 01 and 02 are the outputs. In state-lll, a

total of six modes is possible as shown in the steady-state waveforms, presented in

Figure 5.8. All the six modes and their operation principle are depicted in Figure 5.9,

and the current characteristics are summarized in Table 5.4.

modei 1 {2:3:4 5 4 1 6
logic 1
G_Ssl 1-Dy
logic 0
logic 1
GSsZ Dl
logic 0 '
J _ '|b2(max) - v
: Ay I
logic 1 & —
Gz e 1-D, N ~lb2(min)
|OgIC 0 'IJl(max) A — ~— _-f__lbl
\ ﬁbJ‘E‘/ \.
_ Yo =lh(min)
logic 1
Gsps D;
logic O B T Tomg | __Ib
AN Ib : ——
.
logic 1 R
Gsp1 & Gspbt
logic O
logic 1
G-sz Dj ‘1'D3
logic 0 T '/ 5 T
S S

Figure 5.8 Switching and current characteristics for state-I11 operation.
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Figure 5.9 Equivalent circuits operation for state-111 during (a) mode 1, (b) mode 2,
(c) mode 3, (d) mode 4, () mode 5, and (f) mode 6.

Table 5.4

PossiBLE MODES UNDER HEALTHY CONDITIONS DURING STATE-III

Modes Duration Current Characteristics Active Switches

mode 1| (Di+Ds-1)xT | st T, iso ¥, ipg doii, Tiba T | Sst, Dsz, Soa, Sove, Do
mode 2 |(1-D1-D;)xT isy ¥, is2 ¥ g ‘L’iLOZ Tib2 T |Da, Dez, Sz, Stiz, Dox
mode 3| 2D 1)xT | sty is2 by iy T’iLoz Lip2 T | Det, Dz, oz, Sos, Seoe
mode 41 (1-Dy-Do)xT | sy sz s iy Tip, diip2 b |Da, Do, St Ses, D
mode 5 DiT Is1 \3 Ig2 T Ih1 T’il-oz \L,ibz 2 Ss2, Ds1, Sb2, Sba, Dbb1
mode6 | (1- Dg)xT iy T sz ¥ g ‘L’iLoz Lip2 T | Dea, Set, Db, Des, Stz

5.3.3.1 Steady-State Analysis

The steady-state voltage at output port 01 can be derived under CCM using

volt-second balance across Lsi. The relation can be written for state-111 operation of

the proposed converter as follows:
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\Y V
— pv — Vbat
Voo = /— D, = "/1— D, (5.18)

Using volt-second balance across Loy, the voltage Vo2 can be derived as follows:

D,.-D D,.-D
Vo, = 3 2 V. = 3 2 V, 519
02 [ 1-D, j pv [ 1-D, bt (5.19)

Using ampere-second balance and assuming the converter is lossless, the average
values of currents during state-Ill at output port-2 (iLozavg|s-1) can be written as

follows:

L02,,

S-1M

D,-D, |V D,-D, |V
SNCE STNEE T
1 02 -2 02

5.3.3.2 Characterization of Current Ripple

The value of the current ripple at the output ports 3 and 2 can be calculated as

follows:
(Vo1 —Vbat ) V. D.2
Aibl| ) :Ol—tmx DZT —|hat |_~2 T (5.21a)
charging Lbl Lbl (1_ D2 )
i _ Vbat
A|b2|discharging - _[ Ly, }(1_ D, )T (5.21b)
2D, -1 1 1
Kis =VouT| 7 - 22
. (1— D, j(min(l-bl’ Ly2) max('—bb'—bz)J (>222)

— 1-2D, WV,..: T
[l D, )( 2)Voat VD, <05
D, ) max(Ly, Ly;)

Kps = (5.22b)
(2D,-1)—bal __ yp 505
max(Lpg, Lys)
Alb = KL3 + KD3 (522C)
Al - Vot T (D3—D,)(1-D; + D, (5.23)
e | Loo 1-D, '
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5.3.3.3 Small-Signal Stability Analysis

In this state of operation, the PV and the battery act as an input source, and the
system order is reduced to five. The perturbed state variables in state-lll are
Tins Upr LLo2, Ueo1, Deoz- Since this state operates under load sharing, the steady-state
values of the duty ratio, current, and voltage change based on the available solar PV
power to maintain constant power to all loads. An experimental case is considered for
analysis, and the steady-state values are D1 = 0.33, D2 =0.706, D3 = 0.956, lin= 1.18A,
Ib = -1.074A, and Vpat = 17.6V. The SSOLTF can be derived as (5.24a), (5.24b), and
(5.24c¢).

A 50054 +1.208x10853 + 2.387x101052 +1.200x101°s
Ve01(S) a +443.5 524
e = 24a
A $° 4231354 +1.178x107 53 + 4.869x108 52 ( )
U by Upar,d2,d3=0 3
Vpv,Vbat,d2,d3= +1.725x10%35 +0.1053
A —673.65% +7.076x107 53 +9.021x10952 +5.727x1014 s
Ve01(S) 3 -46.96 5 2ab
A $°+231.35% +1.178x10" 53 + 4.869x108 52 (5:240)
2 py,Vpat,d1,d3=0 +1.725x10135 +0.1053
A 8.3 9.2 15
Veo2 () ~ 6x10°S” +3.45x10°S” +1.838x107~S +139.3
A $° +231.35% +1.346x107 $3 +8.601x 10852 (5.24c)
3 Wpy,Vbat,d1,d2=0 +3.063x10135 - 0.1912

5.3.4 State-1V Operation

The block diagram of state-1V is shown in Figure 5.3(d). In this state, solar
insolation is unavailable, and therefore, the value of solar PV-generated power, PSPV,
is 0. The battery maintains the DC-bus voltage and delivers power to the loads
connected at the MVVDC and LVDC output ports. This case is under SIDO, and the
battery serves as a source. In state-1V, a total of four modes is possible, as shown in
the steady-state waveforms presented in Figure 5.10. All four modes and their
operation principle are depicted in Figure 5.11, and the current characteristics are

summarized in Table 5.5.
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mode: 1 2 3 2 i 1 4
; : lpg
~Ip1 (ma): 7y D, : —_“_—
logic 1/9{\4}
Iogi(S:b?() ~lp1(min) ~lbo(max) »
logic 1 ;AI ———
Gspbz : ~lba(min) 1-D,
logic 0 -_T_le
Iy Mo :
JA Ih /E\\
logic 1 (i
Gsb1 & Gsppr
logic 0 :
logic 1 :
GSbZ Dj é 1'D3
logic 0 1 :
Ts/ 2 Ts

Figure 5.10 Switching and current characteristics for state-1V operation.
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Ih2 LbZ | VCOl_

(d)

Figure 5.11 Equivalent circuits operation for state-1V during (a) mode 1, (b) mode 2,
(c) mode 3, and (d) mode 4.

Table 5.5
PossIiBLE MODES UNDER HEALTHY CONDITIONS DURING STATE-IV
Modes Duration Current Characteristics | Active Switches
mode 1 (D3-D2)xT Ih1 \3 i|_02 T, ih2 T Db, Sb2, Sbb2
mode 2 (2D~1)xT iy T, i|_02 J, iy T Sb2, Sb3, Sbh2
mode 3 (1-Dy) xT iny T, i|_02 gy 4 Sb2, Sb3, Dob1
mode 4 (1- D3)xT Ih1 J, i|_02 J, Ih2 T Db1, Db3, Sob2

5.3.4.1 Steady-State Analysis

The steady-state voltage at the output port 01 can be derived in CCM using the
volt-second balance across Lbi. The battery behaves as a source during state-1V. Thus,
the relation can be written for the output voltage at the MVDC port of the proposed

converter as follows:
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v
Vo1 = b%_ D, (5.25)

Using volt-second balance across Loz, the voltage at auxiliary load buck output voltage

can be written as follows:

D.-D
Vo, =| —=—2 |V,
02 [ 1-D, ] bat (5.26)

Using the ampere-second balance and assuming the converter is lossless, the average
values of current during state-1V at output port-2 (iLozavg|s-1v) Can be written as follows:

D,—D, |V
|02:[—3 ZJﬂ (5.27)

ILoz
e 1-D; )Ry

S-1V

5.3.4.2 Characterization of Current Ripple
The value of battery current ripple can be calculated with respect to the change

in interleaved inductor currents ip: and in2 as follows:

-V
Ai —_hat,pT
b1|ch arging Ly, * 2 (5.28a)
. Vo1 =V Vi
A gy =Pl (1 Dy)T =[ﬁj D,T (5.28b)
discharging Lb2 Lb2
K D T[ 1 ! J (5.29a)
L4 = Y2Vpat - - :
*\min (Lo Lpp)  max(Lgg, Lpy)
The value of current ripple at the port connected with auxiliary loads is given as
follows:
: Vo1 =V, Vit T [ 1-(D3-D
AILOZ —|Y01 02 X(D3 _ DZ)T‘ =| bat ( ( 3 2)] (530)
Loy |l | 1-D,

5.3.4.3 Small-Signal Stability Analysis

In this state of operation, only the battery serves as an input source, i.e., PSPV
= 0; hence, the system order is reduced to four. The perturbed state variables in state-
Il are iy, 102, Vo1, Ueoz- AN experimental case is considered for the analysis, and the
steady-state values are D»=0.5967, D3=0.8467, lin=1.08A, Ip=-1.6945A, and
Vbat=24.2V, respectively. The SSOLTF can be derived as (5.31a) and (5.31b).
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AN
ve01(s) 123853 +9.193x10 52 +8.112x10%S + 7.856 x 1014 5.312)
—| = . a
A s41231.353 11.059x107 52 + 2.200x108 5 + 5.281x 1012
2 Vbat,d3=0
A
Veop (5) ) 6x10852 +4.698x10%5 +3.169x10M4 5.316)
ol 541 231.353 +1.059x107 $2 +2.209x108S +5.281x 1012 '
3 Vpat,d2=0

5.3.5 State-V Operation

The block diagram of state-V is shown in Figure 5.3(e). During regenerative
braking, the motor acts as a generator, and the converter can supply regenerative power
to the BES, enabling bidirectional operation of the FPFTDC and improving system
efficiency compared to the unidirectional feature of the conventional converter
topology. During state-V, the energy transfer period during regenerative braking is
very small, and therefore, power transfer from solar PV during this state is negligible.
The steady-state key waveforms are shown in Figure 5.12, along with the battery ripple
current analysis. The active switches and current characteristics are presented in Table
5.6. This state also supports battery charging in CCCV, and there are four modes in

this state.

mode

logic 1
Gss1 & Gss2
logic O

Ib2(max)

logic 1
Gspb1

logi |
ogic 0 1-D, 1 b2

Ib1(max)
i i

Ioglc 1 \j% —
Sl Ib1(niin)

logic O o

Ib(max) =

Alp

Ib(min)

1le
=

logic 1
Gspg & Ggppy
logic 0
logic 1
Gspz 1-Ds Ds
logic 0 1
Ts/ 2 Ts

Figure 5.12 Switching and current characteristics for state-V operation
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Table 5.6
PossIBLE MODES UNDER HEALTHY CONDITIONS DURING STATE-V

Modes | Duration Current Characteristics Active Switches
mode 1 | (Dz- D3)xT iy T, Lo Liipg b St Do3, Dooz
mode 2 | (1_pp,)xT i1 Vi, Yiip2 Dbz, Dog, Dobe
mode 3 D,T i1 J, iL02 ! Ih2 T Db2, Db3, Sbb1
mode 4 DsT i1 T i|_02 T ih? ! Sb1, Sb2, Dbb2

5.3.5.1 Steady-State Analysis

The steady-state voltages at the output ports 03 and 02 can be derived in CCM
using the volt-second balance across Lo1 and Loz, respectively. During regenerative
braking, output port 01 acts as a source. Thus, the output voltage at output port 03 and
port 02 of the FPFTDC converter can be written as follows:

Voat = D2 xVor; Vo2 = D3 xVpy (5.32)
Using the ampere-second balance and assuming the converter is lossless, the average
values of current during state-V at output port-2 (iLo2avg|s-v) can be written as follows:

_ DyViy

i =
L02g |\, = 102 Rop (5.33)

5.3.5.2 Characterization of Current Ripple
The value of battery current ripple can be calculated with respect to the change

in interleaved inductor currents in1 and iy2 as follows:

: Vo1 -V, (1-D,) DTV,
AIb1|charging = 01Lbl pat D,T = Loy (534&)
: _ ~Vhat _ (1-Dy) D,V
AIb2|discha\rging - Ly, x(1=D)T =~ Lo, (5.34b)
1 1
Kis =(1-D; TVOl( - - J (5.35a)
( ) min(Lyy, Lyy)  max(Lyg, Lyy)
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D, TV,

(1-2D,)—2—% _  vD, <05
max(Lpg, Ly2)
Kps (5.35h)
(2D, _1)m vD, >05
max(Ly;, Ly)

The value of the current ripple at the port connected with auxiliary loads is given
as follows:

(5.37)

5.4  Frequency Domain Analysis of the Converter Using Bode Plot with
Respect to the States of Operation

Figures 5.13(a), (b), (c) and (d) are the Bode plot #491/d; , ,Dco1/d2, Peoz/d3
and D,,./d,, respectively. Since the DC-DC boost converter has a non-minimum
phase transfer function due to the right half plane open-loop zero [17], [73], hence PI
compensation is used to make the system stable. The Bode plot of the boost side
Do01/dq and Do, /d, with and without the Pl compensator is shown in Figures 5.13(a)
and (b), respectively. In Figure 5.13(a), marked in green, blue and red are state- I,
state-11 and state-I11, respectively and in Figure 5.13(b), marked in green and red are
state-111 and state-1V, respectively, where wgc is the gain crossover frequency. The
negative gain margin (GM) and phase margin (PM) of the system are without PI
compensation. Using Pl compensator G = kp+ki/s, the plots are marked in similar
colors in Figure 5.13(a), which indicates the GMs are 0.3 dB, 4.4 dB, 6.1 dB and PM
is 90° at the gain cross-over frequency (wgc) of 7 rad/s. Figure 5.13(b) shows the GM
1.42 dB, 12.9 dB, and PM is 90° at the wqc Of 2 rad/s and 7 rad/s, respectively. The
difference in GM values is due to the change in steady-state gain, and changing the
gain does not affect the phase plot. Figures 5.13(c) and (d) show the buck outputs for
the auxiliary load and the battery. The system is stable, and the GM is infinite for all

the states.
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Figure 5.13 Frequency domain analysis of the FPFTDC converter using Bode plot with
respect to states of operations for (a) U.91/d1, (b) Deo1/d2, (€) Deon/ds and (d)
DOpat/dz.
55  Input Capacitor Design (Cpv)

The PWM to the switches Ss1 and Ss, are 180° phase-shifted, which produces
only three modes of operation as shown in Figure 5.4 and Table 5.1. During mode 1,
only switch Ss; is turned-on and switch Ss; is turned-off with a duty ratio D1. During
mode 2, both the switches are turned-off with a duty ratio of (1-2D1) and during mode
3, switch Ss» is turned-on and switch Ss; is turned-off with a duty ratio of D1. The state
space representation and SSM of single-diode PV modules have been carried out for
the designing of the input capacitor (Cpyv) and has been presented in Appendix (A.3.1),

where the state and input vector can be written as follows:

x(t):[isl i) vpV]T, u(t)=veor (5.38)
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The following mathematical relation can be written during mode 1 to mode 3:

lip =151 +ig, = ipv _iva (5.39)
g2 (1) = (va (t)J,iS} (t) = (M] (5.402)
Ls1 Ls>
Ty Vpy (D) (i81+i32)
Voo (1) = [ CoR + c, (5.40b)

where the negative sign of PV current denotes that the load is a source, and R is the
input source resistance. The averaged large signal model of the system can be defined,
and using the final state-space linearized equation for small signal modelling by

applying perturbations to each variable, the transfer function can be written as follows:

Vpv(s) _ —Veo
d L 5.41
di(s) LeeqCpuS” + ;eq s+1 (641)
1
where, Leg, = Labse
le + Lsz

The above transfer function is a second-order system, now, after solving for

Chpv, it can be written as follows:

L

C,, S
p 4(Rmpp )2 .2 (5.42)

where Ri = Rmpp at the maximum power point and ¢ is the damping coefficient. It can
be concluded from (5.42) that the input capacitor is mainly dependent on the inductor
(Lseq), Rmpp @and ¢. However, the above equation is similar to the generalized formula
for input capacitors to any irradiance, but due to the interleaving of inductors, the
generalized formula is replaced by the equivalent inductance for the n-phase connected

in parallel. The lower the input capacitor value, the better the efficiency and transient

response.

5.6 Control Strategy for Different States of Operation
The system comprises two 55 W peak series-connected monocrystalline solar
PV panels, which generate a maximum of 80 W of solar PV power. A 24V, 8 Ah battery
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setup is used for energy storage. Solar PV power generation uses perturb-and-observe
(P&O) MPP control. The objective of the control technique shown in Figure 5.14(a) is
to maintain the DC bus voltages Vo1 (= MVDC) and Vo2 while charging the battery
using the CCCV method. The system is designed so that during the generation of 75%
of the peak installed solar PV power, it can supply power to all ports. Two operational
states are possible in this condition, i.e., state-1 and state-11. During these two states,
the operation switches Sps and Spn2 are permanently off. It contains two voltage control
loops: MPP control for dc bus voltage Vo1, switched-boost action control for dc bus
voltage Vo2, and a dual-loop PI controller for battery charging. The outer loop control
generates an error signal from the battery reference voltage (Vbat rer) and the battery
actual voltage (Vbat), and then feeds it to the PI controller with constant-current
limitation to generate the battery reference current (i ref). The inner loop control
generates an error signal using ip_ref and the actual current of the battery (in). Further,
it is fed to the PI controller to generate the duty cycle. Since state-l and state-11 are
operational, time-multiplexing is done between the switches Sp1 and Sp2 and the final
duty cycle is passed through the comparator block to generate the PWM for the switch
Sb1 and its 180° phase-shifted pulse is given to the switch Spbi.

The flowchart for the control logic for state selection is shown in Figure
5.14(b). When the solar PV power is zero, the system operates under state-IV. If solar
PV power is greater than zero during the braking mode (i.e., if Pmvoc < 0) of the
vehicle, the regenerative power is fed back to the system using state-V, and during
motoring mode (i.e., if Puvoc > 0) and the input power (Pp) is greater than the net
output power Pt (= Ppat + Po2 + Pmvpc), then state-1 and state-I1 operate, and if not,
then state-I11. The SoC of the battery is determined based on the actual voltage of the
battery used in the system. During state-1V, the Sp1 and Spp1 Switches are kept
permanently off. In this state, dual-loop PI controllers are also used for discharging the
battery. In the outer control loop, an error signal is generated from the DC-bus
reference voltage (Vmvoc ref) and Vor, and then fed to the P1 controller to generate ip_rer.
The inner loop control generates an error signal from iy_ref and ip, Which is then fed to
the PI controller to generate the duty cycle.
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Figure 5.14 Control strategy for FPFTDC converter (a) switching control technique,
and (b) flowchart control logic for state selection.
5.7  Experimental Validation

The experimental results show the characteristics of the proposed FPFTDC
converter in different operating conditions. The verification and discussion are
presented in detail in this section. To validate the proposed FPFTDC converter, a
prototype is developed as shown in Figure 5.15. The prototype uses a Tl F28379D
control board for power management and control. The F28379D is a dual-core
architecture-enabled real-time processor to implement the complex control algorithms
often required in digital power applications. It includes twelve enhanced PWM
channels and high-speed ADCs, allowing the precise generation of switching pulses
essential for modulating power converters. The ePWM channels are synchronized with
other peripherals, supporting high-frequency switching applications. Voltage and
current measurements are taken using LV25-P and ACS712 hall-effect sensors,
respectively. All voltage and current measurements shown here align with the
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polarities indicated in Figure 5.2, except the battery current, which is reversed. Positive
battery current indicates charging, while negative indicates discharging. Experimental
results are presented in the Figure 5.16 to Figure 5.21, and the comparative efficiency
curve analysis with respect to different loads for each state is given in Figure 5.22. The
designed values of circuit parameters with respect to mathematical relations derived
in heading 5.2, and the used values of circuit parameters are listed in Table 5.3.

The proposed converter is characterized in healthy operating conditions and
OCSF conditions. Further, the results are also presented and discussed in two sub-

headings as follows:

Figure 5.15 Experimental setup for the proposed FPFTDC converter.

5.7.1 Under Healthy Conditions

Figure 5.16, the experimental results for the normal operation of the FPFTDC
converter are shown. In state-l operation, solar PV supplies power to all the ports.
Figure 5.16(a) shows all the four-port voltages and inductor currents. Channel 1 of the
oscilloscope shows a digital switching pulse for all the switches. During charging
switch Sps, Spn2 is kept permanently off. Channels 2 and 4 show the boost side inductors

(Lsz and Ls2) currents is; and is2, respectively. Channels 5 and 6 show dc bus voltages,
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I.e., Vor = 60V and auxiliary load dc bus voltage Vo2 = 15V, respectively. Channel 7
exemplifies solar PV voltage Vp=40V. Two 55 W peak mono-crystalline modules are
connected in series with MPP voltage Vmpp = 20.528V and MPP current Impp= 2.9242A
at standard test conditions. Channel my is the math addition for the input current isy+is2
= lin, with an average current of 1.78A and an input ripple current of Aiin= 0.6A.
Channels 8 and 3 show battery voltage Vbat and battery current ip, respectively. Two
batteries, each of 12V, 4Ah, are connected in series and charge in CC mode. During
this state, the battery is charged with a constant current of 1A, and the voltage increases
to 27.09V. In state-11 operation, Figure 5.16(b), the load at port 01 is removed, which
does not affect the DC-link voltage Vo:. In this state the charging current i, of the
battery is increased to 2.2A to maintain the converter to run in CCM. The battery ripple
current Aip is increased to 0.3A due to the change in the steady-state value of the battery
voltage Vpat and the average battery current.

Figure 5.16(c) shows state 111 operation, where load demand is higher than the
solar PV power. The load sharing is done between the solar PV and the battery.
Channel 4 of the oscilloscope shows ipy; channels 2, 3, and my are the inductor currents
In1, Ib2, and math addition battery current in = ib1+in2, respectively. In this state, the PV
current ipy is 0.5A, and the battery current is negative with an average value of -1.5A.
Channels 5, 6, and 8 are the DC bus voltages Vo1, Vo2, and Vbat, respectively.

Figure 5.16(d) shows state-1V operation. Channels 2, 3, and 4 are the inductor
currents ip1, In2 and the battery current, respectively. Channels 5, 6, and 8 are the DC
bus voltages Vo1, Vo2 and Vbat, respectively. The negative polarity of the battery current
shows that the battery is discharging with an average current of -2.5A. The battery
ripple current Aip and voltage Vpat are 0.6A and 18.1V, respectively.

Figures 5.16(e) and (f) show the state transition from state-Il to state-1, and
state-111 to state-1V under healthy condition, respectively. During the state-11 to state-
| transition, load at output port 01 increases and the input current increases from 1.68A
to 2.11 while all the other constraints remain analogous to state-1 operation. Whereas
during state-111 to state-1V transition, the solar and the battery current fulfil the
required load demands.
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Figure 5.16 Experimental results of proposed FPFTDC converter under healthy
operation during (a) state-I, (b) state-11, (c) state-111, (d) state-1V, and state transition
from (e) state-l1 to state-1, (f) state-111 to state-1V.
5.7.2 Under Open Circuit Switch Fault Conditions

The proposed FPFTDC converter is fault-tolerant under OCSF conditions. The

OCSFs are considered with healthy antiparallel diodes. The single switch faults are
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created in Ssi, Ss2, Sb1, Sh2, Sbw1, Shh2, and Sy, and the reliable operation of the converter
is tested with identical circuit parameters and similar test conditions.

In Figure 5.17, the results are taken in two stages, with and without the Sph:

switch fault. For the first stage without fault, the battery ripple current Aip is 0.5A with
the interleaving of the inductors Lp: and Lyz, and for the second stage with fault, Aip is
1.5A when only leg-1 operates. It can be seen that when the battery is charged with
interleaved inductors, the battery ripple current is reduced. In contrast, the ripple
current increases when the interleaving section has been removed. In both cases, it can
be seen that the average battery current remains the same at 1.05A and the DC bus
voltages are maintained. The discharging of the inductor Ly is done through the switch
Spb2 and diode Dup1, respectively. Hence, the fault in switch Spp1 does not change the
operating modes and remains the same as a healthy condition of operation.
Under OCSFs in Ss1 and Spp1 conditions: In state-1 operation (Figure 5.18), the average
current across inductor Lsi is OA, and the total input current is supplied through
inductor Lsy. The results indicate that the input ripple current has increased from 0.6A
to 1.2A, and its average current is 1.67 while keeping the battery current with and
without fault, and the DC bus voltages are maintained at set values. Hence, it can be
inferred from the result below that if any of the interleaved switches undergo a fault
situation, the converter is fault-tolerant.

Figure 5.19 is captured for state-I in three different conditions, i.e., healthy
operation, OCSF at Ss1, Spn1 and Sp2 simultaneously, and OCSF with no load at output
port 01. Since the load at output port 01 is removed, other conditions remain the same
as in the previous stage. Hence, the input current is reduced to 1.16A from 1.62A to
maintain the power flow balance, and in this stage, the net input power is transferred
to the battery charging while maintaining the DC bus voltage Vo to set values.

For the state-Il operation (Figure 5.20), in this state also, results have been
taken for three stages, such as operating analogously to the state-l without any fault; a
fault has been given to switch Ss1 and Spo1 at the same time, load Roz is removed; and
other conditions remain the same as in the previous stage; hence, the input current is
reduced to 1.18A from 1.86A to maintain the power flow balance. The net input power
is transferred to the battery charging as well as the auxiliary load while maintaining

the DC bus voltages Vo and Vo to set values.
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For the state-1V operation (Figure 5.21): Channels 2, 3, and 4 are the inductor
currents ip1, ib2 and battery current, respectively. Channels 5, 8, and 7 are the dc bus
voltages Vo1, Vo2 and Vua, respectively. The negative polarity of battery currents
denotes that the battery is discharging. In this state, results were obtained for two
stages, with and without the Spn2 switch fault. In the first stage, when there is no fault,
the battery average and ripple current are -1.66A and 0.3A, respectively and for the
second stage, the battery average current is the same as in the previous stage, but the
battery ripple current Aip has been increased from -0.3A to -1.2A while maintaining

the DC bus voltages Vo1 and Vo to set values.

—— Reduced battery ripple current —, — Increased battery ripple current ——»
= bel [
: — — sz Gbl - D G i H
i :G D, 3 bb2 Gi
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Viat /va y-axis: 10V/div I
H 40V 26.3V 40V 26.3V
"V, | 15V x-axis: 100ms/div | 15V
{ 100‘“66 mi

Figure 5.17 Experimental output waveforms for state-1 operation with reduced battery
current ripple and switch Spp: fault during charging.

122



—— Sg; 0Open circuit switch fault —, « Ss;, Spy; Open circuit switch fault —

i - Gsonn Geut Gsh2 —'D — G b
i D, 3 sbh2(g i
P o [ o, i
o s 0A i
H o s fig=12A |y-axis: 05A/MIv | dig=12A | L167A ii
b Aiy= 0.3A y-axis: 0.5A/div Aiy=1.5A 1.05A
Vhbat : : Mot Vo cov | y-axis: 10V/div 60V ::
H 4V 263V 40V 263V 1
i Y 15V iq- i 15V
i 02 x-axis: 100ms/div Len i
H A= 1.2A A= 1.2A BTA}!
Lm y-axis: 0.5A/div %L:

Figure 5.18 Experimental output waveforms for state-l operation with open circuit
switch faults in Ss; and Spo1.
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Figure 5.19 Experimental output waveforms for state-l1 operation with open circuit
switch faults in Ss1, Sebr and Sz, with load and no-load at port 01.
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Figure 5.20 Experimental output waveforms for state-11 operation with open circuit
switch faults in Ss; and Spw1, with load and no-load at port 02.
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Figure 5.21 Experimental output waveforms for state-IV operations with an open
circuit switch fault in Sppo.

5.7.3 Efficiency Analysis of the Proposed Converter

The prototype of FPFTDC was developed in the lab and tested at low power
under healthy and OSCF conditions. The overall efficiency of the converter is
calculated with respect to the ratio of total output power to the total input power within

the respective state of operation and presented in Figure 5.22.
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Figure 5.22 Performance comparison of the proposed converter under healthy and
OSCEF conditions during (a) state-I, (b) state-Il, (c) state-11 and (d) state-IV.
5.7.4 Comparative Analysis of the System

A qualitative and quantitative assessment of the proposed FPFTDC topologies
with the various research outcomes presented in the literature in the similar category
is presented in Table 5.7. The power density of the converter is defined with respect to
operating frequency. The proposed designs demonstrate superior performance,
offering solar operation at MPP, multiple states, multiple switch fault tolerance, and a
number of required isolated drivers and bidirectional ports, which are distinct

advantages over other topologies.
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Conclusions
This chapter presents the design and operation of a novel solar PV-fed FPFTDC

multifunctional converter. The interleaved nature of the circuit reduces battery current
ripple and the size of the solar PV-side capacitor with increased current capability. It
also provides fault-tolerant capability against OCSFs. The detailed analysis of fault-

5.8



tolerant behavior is discussed. The steady-state analysis and mathematical equations
for input current ripple are derived for all the states of operation based on the duty
cycle, normalized input voltage, and voltage gain. The time-multiplexing control
reduces the number of semiconductor devices with respect to the total number of ports
and redundancy in the system to improve reliability. The control strategy is designed
to manage power for renewable sources like PV systems through P&O MPP and
CCCV battery charging while also ensuring a stable, boosted DC bus voltage and
enhancing the resilience of DC power availability. The proposed architecture
effectively regulates the DC bus voltages across all operating states and all the output

ports.

127



128



Chapter 6

ROBUST CONTROLLER DESIGN FOR TIME MULTIPLEXED
MULTIPORT DC-DC CONVERTERS

6.1  General

The increasing integration of solar PV systems demands efficient, reliable, and
robust DC-DC converters with fast transient response to maintain voltage regulation
and stability under rapid irradiance variations. The time-multiplexed converters offer
significant advantages by dynamically allocating resources among multiple ports,
enabling effective interfacing of diverse energy sources and storage units with a
reduced number of semiconductor devices. Furthermore, incorporating
multifunctional features enhances the converter's adaptability for varied operating
scenarios, such as load sharing and bidirectional power flow management with energy
storage systems [11], [23] [72, [130].

Fault-tolerance is an indispensable feature in advanced converter designs to
ensure uninterrupted and reliable operation during component failures. In [27], fault-
tolerant capabilities are integrated through reconfigurable circuit design and control
algorithms to reroute the power flow and maintain system stability. In instances of
switch faults such as OCSFs, the converter modifies its power distribution approach
to prevent system shutdown [35], [58], [69], [70]; under such conditions, there is a
requirement for control methodologies that explicitly address uncertainty, dynamic
coupling, and wide operating-range variations, rather than relying solely on nominal
linearized design models.

In the literature, converter performance is mostly reported under ideal
conditions; however, the ESR of each component considerably influences the
converter response. Nonideal variables, including load resistance, the capacitance-to-
inductance ratio, and parasitic characteristics, significantly affect the dynamic
behaviour of converters [12], [59], [103]. These characteristics may lead to adverse
effects such as overshoots and oscillations in switching waveforms. This necessitates
evaluating the system state-space dynamics, deriving SSMs, and designing controllers
to ensure stability across all operating scenarios while accounting for parasitic effects

[56], [105]. The limitations are reported regarding robustness, component count, and
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dynamic performance of high-gain dc-dc boost converters in [15] and multiport
converters in [75], [77], [132]. for flexible power integration with dc microgrids. The
SLS theory [133] provides a framework to model the dynamic behavior of converters,
facilitating theoretical analysis in power electronics.

In [14], [53].[103], the controllability analysis, disturbance-observer-based
feedback control for accurate voltage regulation, stabilization, and robustness under
load variations, as well as the controller design of the converter, are emphasized,
demonstrating its ability to deliver consistent performance under variable conditions.
In [14], graph-theoretic methods are integrated with SLS theory to establish necessary
and sufficient conditions for controllability, emphasizing structural controllability and
revealing the influence of converter topology on reachable state dynamics. In [52],
SLS controllability is analyzed using state-space formulations, where the cyclic
invariant subspace approach streamlines controllability assessment by reducing
computational complexity.

The literature on the controllability of single-stage multicell DC-DC converters
has been limited in recent years, with most control strategies still relying heavily on
trial-and-error methods. This paper introduces a non-isolated time-multiplexed
multiport fault-tolerant (TMMFT) DC-DC converter architecture, designed to achieve
both maximum power point (MPP) tracking and dual-output voltage regulation. Figure
6.1(a) illustrates the circuit diagram of the TMMFT converter with circuit parasitic,
and the various operational states of the converter are depicted in 1(b), where state |
signifies that solar power (Pspv) is greater than load demand and MPP state; state 1l
signifies Pspy is greater than load demand with vehicle is in rest under MPP and load
power reference mode (LPRM) state; state 111 signifies, Pspy is less than load demand
and MPP state; and state IV signifies Pspy is not available. It efficiently delivers
medium-voltage dc (MVDC) and low-voltage dc (LVDC) loads.
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Figure 6.1 Time-multiplexed multiport fault-tolerant (TMMFT) dc-dc converter (a)
schematic diagram, and (b) operating states.
6.2  Controllability Analysis of TMMFT Converter
The controllability analysis of power electronic converters is typically
categorized into three fundamental components: (i) structural controllability, (ii) state
controllability, and (iii) output controllability [14], [52] as discussed in Chapter 3. It
provides the system behaviour under varying control strategies. It is explained in [14]
thoroughly proposition-wise for each classification. The converter control
performance can be accurately evaluated, modified, and assured only when its
controllability is thoroughly understood [52]. In this context, the controllability of the
proposed converter topology is rigorously assessed through an SLS model as given in
(6.1), which offers a robust analytical framework for evaluating the system's dynamic

behaviour under various switching configurations.
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X(t) = A;x(t)+Bju(t); yt)=C;x(t)+D;u(t) (6.1)

where,  x(t)eR™, u(t)eRP?  represent  state,  input  variables;

A; eR™ Bj eR™P,C; e R™, D; eR™P v j €{1,2,..,N} represent state, input,

output, and direct transmission matrices; n, p, and j represent the number of states,

inputs, and modes, respectively.

6.2.1 Switched Linear System Model

State-1: The state space averaged (SSA) model for the switching modes from
1 to 6 of [64] under state-I (I's.) is derived and given in (6.2), the SSA model can be
written for X = [its1, iLs2, iLb1, iLb2, iL02, Voo, Veoz, Vem]' and U = [Vpy, Vss1, Vss2, Vsb1, Vsb2,
Vsbb1, VDs1, VDs2, VDb2, VDb3, Vobbz] T; Where, ivsi, iLsz, i1, iLbe, iLoz are respective inductor
currents; Vcoz, Vcoz, Vcib respective voltage across the capacitors; vpy is the input voltage;
and Vss1, Vss2, Vsb1, Vsb2, Vsbbl, VDs1, VDs2, VDb2, VDb3, VDbb2 are the respective voltage drop
across semiconductor devices as given in Figure 6.1(a). After performing the averaging
process over the defined switching period (T) as expressed in (6.2), the averaged small
signal models (ASSM) are presented in (A4.14). This derivation is based on the
introduction of small perturbations around the steady-state operating point of the duty
cycles D1, D2, D3 and the input voltage Vpv. Here, D1, D2, D3 and Vpy represent the
steady-state values, while dy, d,, d5 and 9, correspond to their respective perturbed
components. These perturbations induce small variations in the state variables and

output responses of the system, which are given in (6.3).

(A By, Cp, (D~ D3)T),( A, By, Cyu (D, = Dy )T),
s =4(A3,B3,C3,(1-2D,)T), (A, B, Cyo (D, - D)) T), (6.2)
(As,Bs,Cs,DiT),(Ag, Bg,Cg, DsT)

. . (6.3)
Veoz = Vo2 +Veo2: and Vg = Vet +Vesp-

With respect to (6.1) and (6.3), the SSM can be derived. Further, neglecting the steady-

state DC-term and the 2"-order term, it can be written as follows:
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X = A%+ B0 + Ed} (6.4)

§ = Cy X+ Dl + R d, (6.5)

where E, e R™ R, e R™ vk e {1,2,3}; kis the number of outputs at output ports. A,

B, C, D, E and F are ASSM of state-l with circuit parasitic given in (A4.14) in the
Appendix.

State-11: The SSA can be yielded from the state | after putting Ro1 equal to
infinity, whereas it is open-circuited in hardware implementation. It will further deduce

that the G1 = rco1 remaining analysis is similar to the previous state.

State-111: The SSA model for switching modes 1 to 6 under state-111 (I's-in) is
derived and given in (6.6); the SSA model can be written for x = [iLs1, iLs2, iLb1, iLb2,

iLo2, Vo1, Veoz] " and U = [Vpy, Vbat, Vss1, Vss2, Vsb2, Vsba, Vsbb2, VDs1, VDs2, VDb1, VDb3, Vobb1] -

(A,By,Cp. (D + Dy —1)T),( Ay, By, Gy, (1-D, - Dy)T),
Ts_i =1 (£8B3,C3.(2D, ~1)T),(As,B4,Cy,(1-D, —Dy)T), (6.6)
(As.B5,Cs.(Dy)T).(As:Bs.Co.(1-D3)T)

State-1V: The SSA model for switching modes 1 to 4 under state-1V (I's.v) is
derived and given in (6.7); the SSA model can be written for x = [iLb1, iLb2, iLo2, Vcor,

Vcoz]" and U = [Vbat, Vsb2, Vsba, Vsbbz, VDb1, VDb3, Vobb1] '

. :{(/ﬁ, B,,Cy.(D3—D;)T).(A2,B,,Cy, (2D, -1)T), 67)

(Ag,B3,C3,(1-D,)T),( A4, B4, Cy, (1-D3)T)

The ASSMs are derived from the mathematical relations (6.6) and (6.7) over the
defined switching period and presented in (A4.21) and (A4.27), respectively. The
notations for all the state variables and state models are kept the same as state I; only

the final matrices change.

6.2.2 Controllability Analysis
6.2.2.1 Structural Controllability of TMMFT Converter
The controllability assessment methodology discussed in Chapter 3 is

extended in this chapter for the proposed SLS-based converter model under different
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operating conditions. Using a mode-wise averaged large signal model [A|B] can be
formulated, and based on this, a structural controllability graph can be plotted as in
Figure 6.2 using graph theory. In Figure 6.2(a) to Figure 6.2(d), the state and input
variables are marked in black and magenta, respectively, forming vertices, while the
connecting arcs are directed edges. The orientation of the directing arrow signifies that
the state variable of the source vertex can induce an alteration in the state variable of
the destination vertex. This indicates that the subsequent state variable may be affected
by the previous state variable or input variable. The structural graph shown in Figure
6.2(a) to Figure 6.2(d) is referred to as a tree, with input variables (u) designated as its
root. If all state variables in the tree are directly or indirectly influenced and regulated

by the root, excluding the root itself, the system is structurally controllable.
6.2.2.2 State Controllability of TMMFT Converter
As mentioned in Chapter 3, the system (6.1) is considered controllable if every

state vector x # 0 satisfies this criterion [52]. For a matrix A< R™"andw e R™"(i.e.,

linear subspace), the CIS of A with respect to w (i.e., Ajw) is defined as follows:

Figure 6.2 Structural controllability of TMMFT dc-dc converter for (a) state I, (b) state
I, (c) state 111, and (d) state IV.
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(Aw) = i Al 7w (6.8)
=1

For an SLS shown in (6.1), the linear subspace sequence is expressed as follows:
N N N
W = Z<Aj ‘Bj>’W2 = Z<Aj |W1>1--'Wn = Z<Aj |Wn—1> (6.9a)

=1 i=1 =1

Proposition 1: (sufficient condition) If the state of the system (6.1) exhibits
controllability, then rank (w1) = n.
Proposition 2: (necessary condition) If the state of the system (6.1) exhibits
controllability, then rank (wn) = n.

Using (6.9a), the decision matrix wz for a state controllable system for state |

and state Il are calculated as follows:

Wy = (A [BL)+ (A [By) + (A [B) +(Ay[By ) +(As[Bs) +(As [Bs )
=B+ ABy + A'By+ ABy + A'By + A'By + AR+ ARy
+B, + AB, + AJB, + AJB, + AJB, + ASB, + AJB, + AB,
+By + AgB; -+ AZB; + ASBy + AYBy + ASB; + ASB; + Al B, (6.9b)
+By + AB, + AZB, + AiB, + A{B, + AJB, + ASB, + AB,
+Bs + ABs + AZBs + AZBs + AYBs + ASBs + APB: + A/ B:
+Bg + AgBs + ASBg + ASBs + Ag Bg + ASBg + ASBs + Ad By
From (6.9b), w1 is calculated for state-I as, 1x10%* [0.0018 0.0015 -1.1026 -
1.1040 -0.0005 0.0002 -0.0013 -0.7678]". Similarly, the other CIS sequences are
calculated as, wz = 1x10%° [0.0052 0.0070 -0.5001 -0.4983 -0.0010 -0.0126 -0.0005
2.4995]": ws = 1x10% [0.0386 0.0515 -1.6061 -1.5932 -0.0074 -0.1037 -0.0009
24.5315]"; wsq = 1x10'?® [0.0021 0.0028 -0.0134 -0.0127 -0.0004 -0.0060 0.0001
1.5534]"; ws = 1x10'*8 [0.0088 0.0117 0.3012 0.3041 -0.0017 -0.0272 0.0008
7.5516]"; ws = 1x10%° [0.0024 0.0032 0.3065 0.3073 -0.0005 -0.0086 0.0005
2.7233]"; wz = 1x10%° [-0.0015 -0.0020 1.9697 1.9692 0.0003 -0.0062 0.0028
4.7005]"; ws = 1x10%°! [-0.0076 -0.0102 0.9694 0.9668 0.0015 0.0170 0.0011 -
2.9163]".
According to the Proposition 2, the rank (ws) = rank (w7) = rank (we) = rank

(ws) = rank (ws) = rank (ws) = rank (w2) = rank (wi). The column vectors
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AB,, AlB,, AlB;, ATB,, AlB;, AlB;, A°B, and agp. in (6.9b) are linearly independent. Hence,
wy = span | A By, ASB,, AJBs, A[By, AL Bs, AlBg, AJB,, ACB ), 1-6., W1 = 8. Additionally, the

other CIS sequences are also computed as w1, which satisfies Propositions 1 and 2,
i.e., wy = 8 and wy = 8. Therefore, state I is state-controllable.

Similarly, for state Il, the CIS sequences can be calculated as mentioned in
state | above. The rank of the decision matrix is the same as state I; hence, state Il is
state-controllable.

Similarly, for state 11, the decision matrix is similar to previous states, but the
order of the matrix has been reduced to n = 7 due to two source inputs, i.e., solar PV
(Vpv) and battery (Vbar). So, omitting the 8M-order term from (6.9b) for each mode
yields a decision matrix for state Ill. The CIS sequences can be calculated as

mentioned in state | and state Il above. The column vectors
ASB,, ASB,, ASB,, ASB,, ASB., ASBs,AsB,  are  linearly  independent.  Hence,
Wl:span(AfBl,Ang,Ang,Affm,AgBS,Ang,A;T‘B4)i.e., wi = 7. Similarly, the other CIS

sequences can also be computed as w1, which satisfies Propositions 1 and 2, i.e., wy =
7 and wy = 7. Therefore, state 11 is state-controllable.

Similarly, for state 1V, there are only four modes of operation, and the order of
the matrix is n = 5 due to one input source, i.e., battery (Voat). S0, omitting the 6™, 71"
and 8™ order terms from (6.9b) for each mode yields a decision matrix for state IV.
The CIS sequences can be calculated as 1x10%® [0.2460 0.0591 -0.0964 0.4486 -
2.2588]". Similarly, the other CIS sequences are calculated as, w> = 1x10% [0.2505
0.0171 1.3956 0.2594 -9.1609]"; w3 = 1x10*' [0.0734 0.0010 1.1177 0.0459 -2.3379]";
ws = 1x10% [0.1575 0.0018 5.3875 -0.0900 -0.5821]"; ws = 1x107° [-0.0159 -0.0004

1.8359 -0.1415 3.5979]". The column vectors A'B,, AJB,,A;B;, A{B, and A’B, are
linearly independent. Hence, Wl:span(AfBl,AgBZ,A§53,Aj54,A1351), ie, wi = b.

Similarly, the other CIS sequences are also computed as wi, which satisfies

Propositions 1 and 2, i.e., w1 =5 and wn = 5. Therefore, state IV is state-controllable.
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6.2.2.3 Output Controllability of TMMFT Converter

Output controllability in an SLS refers to the system's ability to steer its output
vector to any desired final value within a finite time interval, using an appropriate
combination of switching sequences and control inputs [52]. A system represented by

(6.1) is considered output controllable if, for any initial state x, eRr™,y, er*"and an

arbitrary initial control function uo(t), there exists a continuous control input u(t) that
drives the system such that the output evolves from x(0) = xo to y(tfinite) = Y, Where tfinite

is a finite time horizon, and q is the total number of outputs.

Proposition 3: The state of the system (6.1) exhibits output controllability if c,w, =Rr"

In states | and Il, there are six modes and order n = 8 and q = 1. The
computation of C1ws, Cows, Caws, Caws, Csws and Cews are as follows: -2.7606x102%°,
-2.7834x10%°, 1.1608x10%%, -2.7757x10%°, -2.7453x10%°, and -2.7650x10%*°,
respectively for first output variable. For the second and third output variables, all the
modes are the same, so Coowg and Cosws are 1.5655x10%* and -2.3078x10%,
respectively. For state I1, the computation of Ciwg, Cowsg, Cawg, Cawg, Cswg and Cews
are as follows: -2.7583x10%°, -2.7812x10%%°, 1.1662x10%**°, -2.7735x10%*°,
2.7429x10%°, and -2.7627x10%°, respectively for first output variable. For the second
and third output variables, all the modes are the same, so Coowg and Cosws are
1.5646x10%* and -2.3054x10%!, respectively. In state Ill, there are six modes and
order n =7 and q = 1. The computation of C1wz7, Cowz, Caw7, Caw7, Csw7 and Cewy7 are
as follows: -2.3124x10™° -1.6884x10™°, -3.0781x10™°, -3.0790x10®,
4.2449x10%°, and -3.1997x10%°, respectively for first output variable. For the second
output variable, all the modes are the same, so Coowy is 1.0518x10'. In state 1V, there
are four modes and order n = 5 and q = 1. The computation of Ciws, Cows, Caws and
Caws are as follows: 68540x107, -1.4105x107, -1.4094x107 and -1.3628x10",
respectively for first output variable. For the second output variable, all the modes are
the same, so Coows is 4.1212x107. Hence, all the states satisfy Proposition 3.

Therefore, it is output controllable.

6.3  Robust Controller Design
The increasing deployment of standalone photovoltaic PV-based electric

vehicle charging systems has created a strong demand for converter architectures

137



capable of simultaneously handling multiple energy ports, bidirectional power flow,
and high operational reliability. In such applications, the power interface must
coordinate the PV source, energy storage unit, load terminal, and auxiliary
charging/discharging paths within a single compact topology. A four-port fault-tolerant
DC-DC converter provides an effective solution by enabling integrated power
management with reduced conversion stages, improved efficiency, and enhanced
flexibility under varying operating conditions.

Despite these advantages, multiport converter systems are inherently sensitive
to structured uncertainties arising from parameter deviations and switching non-
idealities. These uncertainties typically originate from inductance tolerance, capacitor
aging, parasitic resistance variation, battery internal impedance change, and
fluctuations in PV operating conditions due to irradiance and temperature variations.
Since these perturbations are associated with identifiable system parameters, they
constitute structured uncertainties whose locations in the mathematical model are
known, while their exact magnitudes remain uncertain.

The control challenge becomes more significant in a four-port converter
because the system dynamics vary according to the active power-flow mode. In the
proposed topology, four operating states are defined to satisfy different energy
management requirements. Each state represents a distinct switching configuration
and corresponding power transfer mechanism. Therefore, the converter behaves as a
multi-mode nonlinear system, where plant dynamics, control objectives, and
disturbance sensitivity change from one operating state to another. To ensure high-
performance operation across the full operating range, dedicated robust controllers
have been developed for each major operating mode, except state Ill, which
corresponds to the load-sharing condition. In this mode, independent controller
synthesis is not required because the operating mechanism is inherently realized
through the coordinated interaction of states | and 1V.

This mode-dependent behavior makes conventional fixed-gain controllers
inadequate, since a controller tuned for one state may exhibit degraded transient
response, poor disturbance rejection, or insufficient stability margins in another state.

In power electronic converters operating at high switching frequency, such
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performance deterioration can lead to excessive current ripple, voltage regulation
error, loss of efficiency, thermal stress, and, in severe cases, instability.

The motivation for applying robust control methodologies is to guarantee
closed-loop stability and desired dynamic performance despite these structured
uncertainties and mode transitions. Robust control design explicitly considers bounded
parameter variation and worst-case operating conditions rather than relying solely on
nominal plant models. An additional and critical motivation is the requirement for
fault-tolerant operation under OCSF conditions. In practical converters,
semiconductor switches are among the most failure-prone components due to thermal
cycling, overvoltage stress, and repetitive switching operation. An OCSF can
significantly alter current paths and converter dynamics, leading to reduced power
transfer capability or abnormal voltage stress if not properly managed. Accordingly,

the system analysis has been carried out under two principal operating conditions:

6.3.1 Under Healthy Conditions

The operation of the TMMFT converter is defined as healthy when it operates
normally with all switching devices functioning. The steady-state switching
characteristics under healthy conditions are presented in Chapter 5. Robust controllers
are designed to ensure accurate voltage/current regulation, fast transient response, and
stable operation across all applicable states.
6.3.1.1 System Design

The SSM obtained in (A4.14) for state | operation is used to derive the open-

loop transfer functions (OLTF) Ueq,/d; , Ve /d, and ig,/d; , respectively. Utilizing the

system parameters with ESRs specified in Table 6.1, and the steady-state values
obtained from the experimental setup such as duty cycles, corresponding inductor
currents, voltages, and load resistances the following steady state nominal values are
considered: D1 = 0.333, D2 =0.438, D3 = 0.25, Is1 =0.8039 A, 52 = 0.8527 A, I1p1 =
0.5324 A, Ib2 = 0.4681 A, Io2 = 0.3056 A, Vo1 = 59.04 V, Vpat = 25.01 V, Vo2 = 13.75
V, with corresponding load resistances Ro1 = 100 Q, Ro2 = 45 Q, and Ro3 = 25 Q. The
decrease in steady-state voltages is due to system ESRs. Based on these parameters
and operational conditions, the TFs are derived as per [64] and are expressed in (6.10).

Similarly, for state 11, in the absence of MVVDC load with steady-state parameters Iis1
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=0.3620 A, Is2 = 0.4110, and the rest of the parameters are similar to state I. The TFs
are derived and presented in (6.11). In state 11l under load sharing, the SSM obtained
in (A4.21) is used to derive TFs and presented in (6.12). The experimental data at
steady-state conditions are considered as: D1 = 0.5416, D> = 0.6, D3 = 0.85, I.s1
=1.0556 A, Is» =1.1235 A, lip1 =-0.3146 A, Iz =-0.2860 A, lo2 = 0.3081 A, Vo1 =
58.1006 V, Vvat = 24V, Vo2 = 13.8608 V, with corresponding load resistances Ro1 = 50
Q and Ro2 =45 Q. In state IV under battery discharging, the SSM obtained in (A4.27)
is used to derive the TFs and presented in (6.13). The experimental data at steady-state
conditions are considered as: D2 =0.5967, D3 = 0.8366, I.b1 =-0.8701 A, Iz =-0.7822
A, 1102 =0.3064 A, Vo1 =57.63V, Vpat = 24.2 'V, Vo2 = 13.78 V, with corresponding load
resistances Ro1 = 100 Q and Ro2 = 45 Q.

The closed-loop control for output port-1 is shown in Figure 6.3. The state
logic for the state selection of different operating states is given in [64]. The OLTFs of
all states are presented in (6.10) -(6.13), with open-loop poles in the left half of the s-
plane, indicating a stable system. However, the boost operating side exhibits non-
minimum phase behaviour due to a right-half plane (RHP) open-loop zero [73],
necessitating Pl compensation for stability. System uncertainties are included with the
nominal plant to reflect real-time variations and ensure robust performance. Figure 6.3
shows boost operation considering uncertainties in load Ro1, input voltage (Vpv), and
battery voltage (Vbat). The minimum, maximum, and nominal limits for load Ro1, input
voltage Vpy, and battery voltage Vpat are considered as [50, 200, 100] Q, [38, 42, 40]
V, and [18, 26, 24.2] V, respectively.
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Figure 6.3 Closed-loop control of output port-1 of the TMMFT converter under
disturbances and uncertainties.

Table 6.1
SYSTEM SPECIFICATIONS

Parameters Designed Values
DC bus voltages (Vo1 / Voo) 60V/15V
Battery voltage (Vbat) / capacity (Ah) 24V /8 Ah
Inductors Lsi=Lso~Lp1=Lb2 / rsi=rs=rpi=rp2 560 uH/0.32 Q

Loz / roz 1.0mH/0.33Q
. Cpv/Co1/Co2/Cn 100/220/100/22 uF

Capacitors (rcp\F/)/ o1/ Yeool Tet) (0.33/0.33/0.33/0.2%) Q
Switches and diodes drop 0.7v/04V
Switching frequency 20 kHz

6.3.1.2 Stability Boundary Locus

The stability boundary locus method evaluates controller parameters by
solving the characteristic equation (CE) at each frequency w, enabling identification
of stable K, Kj regions [15], [104]. Using this approach, the locus denoted as I(Kp, Ki,
o) facilitates the identification of stable controller parameter regions. The values of K,
and K are designed for optimal TFs using (6.10), (6.11), and (6.13) in terms of w,
which is given in (6.14), (6.15), and (6.16), respectively.
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Vo1 (S) _-0.49555" +3.62x10%s” +2.72x10%s° +1.60x10°s° +8.87x10'°s* |
1 oy +3.13x10%°5% +8.47x10%52 +9.79x10% s + 3.57x10% num_s-
s-1|Vpy:02,03=
(6.10a)
Vooa (S) _1.733x10%s” +7.22x10°%s® +1.132x10"s° + 2.329x10"' s*
d, o +5.647x10%°s% +7.66x10%5? +6.74x10% 5+ 2.35%x10%8 / ~"um-St
s1|Vpy:01,0p=
(6.10b)
Vot (S) _ 6.31x10%s’ +2.12x10'%s° +7.35x10"s° +3.36x10" s*
d, it  46.78x10%s% +8.37x10%% + 7.02x10% s + 2.41x10% / "m-S
5-1|Vpy:01,03=
Where Doum s =5 +9237s” +3.92x10%s° +1.36x10"s° +5.91x10"s*
’ +1.18x10%s% +1.44x10% % +1.19x10% s + 4.07 x 10
(6.10c)
Vo (8) _-0.2319s° +391x10°s” +3.78x10°° +1.65x10"s° +9.06x10'%* /-
1 o e +3.17x10%s% +8.52x10%%s% +9.81x10% s + 3.57x10% fum_S-I
s-11|Vpy:02,03=
(6.11a)
Veoa (3) _1737x10%57 +7.24x10°° +1.13x10s° + 2.33x10""s* /-
d, PP 65x10%5% 1 7.66x1035% + 6.76x 105 + 2.36x102° / ~nm-s1 - (6.11b)
s-n1|Vpy:01,02=
Vot (3) _6.31x10%s” +2.12x105° + 7.34x10°5° +3.36x10" s*
d, - ddecd " 46.76x10%s® +8.35x10%s% +7.02x10% s + 2.42x10%° / -5
s-11Vpy01,03=
Where Do s =" +92325" +3.92x10°s° +1.36x10s° +5.9x10°s* +1.17x10°s>
’ +1.44x10%s% +1.2x10%s + 4.09%x 107
(6.11c)
Veon () _ 0649857 +2.387x10"s° +1.56x10°5° +5.94x10's"
d, e +1.74x10%s% +2.40x10® 52 +1.4x10% s + 2.84x10% / ~mum_S-IH
s-1|Vpy 1Vbat :2,03=
(6.12a)
Voo () _ —0.08735" +2.86x10°s° +1.74x10°S° +6.04x10"s*
d, e +1.61x107s% +2.11x10%8s% +1.18x10% 5+ 2.32x10%% / ~"um-_SI
s—1|Vpy 1Voat 101, 03=
(6.12b)
Voo2 (8) _1.752x10%s° +6.38x10°s° +1.88x10s* + 2.76x101°s>
d, o oot +2.53x10'8s? +1.22x10% s + 2.28x10% um_S-A1l
S—11{Vpv1Vpat Y1, U2 =
Where Do s =S +3968s° +1.74x10" s° +3.93x10"s* +5.25x10*s°

+4.51x10% % +2.12x10" 5 +3.90x10%
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(6.12¢)

Veo1 (3) ~ —0.39255° +1.82x10%s* +8.75x10" s + 3.41x10™s? +9.53x10™s + 5.55x 10"
d, 0 s° +24055* +1.25x10" 5% +1.66 x10"5? +1.14 x10"*s + 4.00x 10"
S-1V|Ybat ' M3~
(6.133)
Veoa (3) _ 1.738x10%s* +6.06x10°%s? +8.94x 10" s? + 6.45x 10 s + 2.31x 10"
d, 0 s° +2405s* +1.25x10"s* +1.66x10"s2 +1.14x10™s + 4.00x10"
S—IvV|Ybat M2~
(6.13b)
0.49550™ — 2.568x10°8 ™ +4.01x10™ 0'2 +1.228x10% ™ - 2.392x10% ®
« (Ve ~ +1.229x10* ©° +5.698x10* »* —3.108x10”' »” ~1.453x10°
o ot | =
dl S—| Doum K_S
(6.14a)
45770" +1.839x10% 0™ ~1.183x10 ' +1.315x10% 0'* - 2.2x10% &°
< [ocyj _ +1151x10%0° ~1.432x10% 0* + 4.262x10% »® ~3.987 x10*
i =
d1 S| Dnum K_S-I
Where,

Doum \K_S_I =0.24550™ +1.579x10° 0 ~1.169x10" »'? +2.297x10% ' ~1.713x10% 0°
~2.162x10" 0° +1.693x10"" w* +3.544x10%° * +1.274x10%°

(6.14b)
0.23190'® —7.332x10" 0™ —3.238x 10" »*? +1.286x10%° ' — 2.411x10% °
< [gcyj B +1.221x10% 0° +5.743x10* 0* - 3.11x10%" 0 ~1.458x 10>
; 4 -
oy S-1l Doum |k _s-i

(6.15a)

21410™ +3.178x10% 0 —1.346x10% 0% +1.351x10%° ' — 2.225x10% @®
+1.156x10% 0 —1.437x10% »* + 4.264x10% »?> — 4.00x10*

%

S—|1 I:)num K_S-I
Where,
Doum |k s =0.053780'° +1.701x10% 0™ ~1.188x10° ' + 2.288x10%° 0'° —1.701x10% &°
—2.153%x10%° »° +1.683%x10%7 * +3.534x10%% »? +1.273x 10>
(6.15h)
0.39250™° +3.886x10" ® —9.213%x 10" ©® +5.859x10% *
- 26 2 33
Kp[vcol / _ —-3.229x10%° & - 2.22x10 (6.16a)
2/|s_v Dnum K_S-Iv
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182000 —5.69x 10" ® +5.034x 10 »° —1.084x10%° o*

" [\70% ]‘ _ +6.336x10% 0? —3.814x10%

d; S-IV Doum [k _sav (6.16b)
Where,
Do \ «_sav = 0.15410"° +3.998x10° »® - 5.507 x10"° ° - 3.015x10% o*

+5.295x10%° ? +3.075x10%°

The stability region given in Figure 6.4 and Figure 6.5 are plotted using
Kharitonov’s 16 plant theorem. The region in Figures 6.4(a) and (b) is generated by
taking uncertainty as mentioned above, while Figures 6.5(a), (b) and (c) illustrate the
robust performance region (RPR) obtained by including £10% variations in the values
of Ls1, Ls2 and Coz for states | and 1, and Loz, L2 and Coz for state 1V, respectively.
Since state Il corresponds to a load-sharing mode, and its controller parameters are
similar to those of states | and 1V, a separate robustness analysis for this state is not
required, and its performance is implicitly covered within the derived RPRs. As shown
in Figure 6.5(a), the RPRs of states | and 11 overlap; however, the admissible region
for state | is considerably smaller, as highlighted in the zoomed view in Figure 6.5(b).
Selecting Kp-Ki pairs from this narrow region led to slow the system dynamics.
Therefore, for the first three states, the controller gains are selected without
incorporating inductor and capacitor uncertainties. In contrast, for state 1V, the gain
values are intentionally increased after evaluating the effect of parameter uncertainties,
ensuring sufficient robustness during the battery discharging mode, as shown in Figure
6.5(c). The intersection of the stability regions corresponding to all 16 Kharitonov
plants defines the controller's RPR. Any selection of K, and K; within this region
ensures robust stability of the system across the entire range of modelled uncertainties.
Controller Cy regulates the output voltage Voi1 during operating state | and state Il. The
controller design plots are individually generated for the corresponding plants (6.10a)
and (6.11a), as shown in Figure 6.5(a). The common intersecting region in Figure
6.5(a) is utilized to determine suitable values for the K, and Ki, ensuring robust

performance across both operating conditions.
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Figure 6.4 Kharitonov’s 16-plant overlapped robust stable boundary locus for (a) state
I, state I, (b) robust stable boundary locus for state IV, under healthy conditions.
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Figure 6.5 Kharitonov’s 16 plant overlapped robust stable boundary locus for (a) state

I, state Il, by taking uncertainties including Lsi, Ls2and Coz, (b) robust stable boundary
locus for state I, by taking uncertainties including Ls1, Ls2 and Co1, zoomed version (c)
robust stable boundary locus for state 1V, by taking uncertainties including Loz, Ln2 and
Coz, under healthy conditions.

Figures 6.6(a) and (b) present the Bode plots of the OLTFs. The solid lines
represent uncompensated systems, whereas dashed lines depict the compensated

response of the designed PI controller. Blue, cyan, and magenta curves correspond to
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states I, 11, and 11l in Figure 6.6(a), respectively, while in Figure 6.6(b), blue and cyan
denote states 111 and 1V, respectively. The compensation significantly improves phase
margins (PMs) and stabilizes the system across varying operating points. PMs for the
compensated systems increase to 36.9°, 37.3°, and 41.7°, while the corresponding gain
margins (GMs) reach to 38.6 dB, 41 dB, and 47.6 dB for state I, state Il, and state 11
in Figure 6.6(a), respectively. Further, PMs increase from 45.7° and 47° to 60.7° and
81° for state Il and state IV, respectively. The observed rightward shift in gain
crossover frequencies (wgqc) indicates broader system bandwidth, implying faster
transient responses and improved dynamic characteristics across all evaluated

operating conditions.
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Figure 6.6 Comparative performance analysis in the frequency domain under healthy
conditions, (a) Bode plots for state I, state 11, and state 111 of the TFs ©,0, /d;, (b) Bode
plots state 111 and state IV of the TFs ¥y, /d5.

Figures 6.7(a) and (b) show the Nyquist plots for the compensated transfer
functions corresponding to the frequency-domain analysis of Figures 6.6(a) and (b). In
both plots, the system trajectories maintain a safe distance from the critical point (-
1,0), validating closed-loop stability under the Nyquist criterion. The provided delay
margins further confirm adequate damping and robust stability. Also, the zoomed-in
view in each plot shows clarity on system trajectories near the wqc.

Figure 6.8(a) to Figure 6.8(d) present a comparative step-response analysis of
the conventional and proposed PI controllers under three distinct gain selection

strategies. Case-1: the Pl gains are selected on a heuristic trial-and-error basis, with
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fixed values Kp = 0.1 and K= 150 applied uniformly across all operating states. Case-
2: the controller gains are chosen from the RPR obtained by incorporating +10%
variations in inductors Lsi, Ls2 and capacitor Cos for states | and 11, and in Ly, Lb2 and
Co for state V. Accordingly, the gains are set as Ky, = 3x10° and Ki= 0.03 for the first
three states, and Kp = 0.018 and K = 15 for state IV. Case-3: corresponds to the
optimized PI gains selected from the nominal RPR regions shown in Figures 6.4(a)
and (b).

In all cases, the output voltage Vo: accurately tracks the 60 V reference. For
case 1, the response exhibits a faster rise time but is accompanied by pronounced
overshoot and a relatively short settling duration. In case 2, the system response is

3 3 N
System: Vo,/d; (compensated) System: Vpy/d, (compensated)
Gain Margin (dB): 38.6, 41, 47.6 Gain Margin (dB): 43, 56.1
2 F At frequency (rad/sec): Inf 2 | Atfrequency (rad/sec): Inf
7 Closed loop stable? Yes @ Closed loop stable? Yes
%1 =1
20075, @© %
d Oneg
g 0 g 0
> System: Vo,/d; (compensated) D> System: Vo,/d, (compensated)
[ 1 Phase Margin (deg): 36.9, 37.3, 41.7 — © 1 Phase Margin (deg): 45.7, 47 —
IS Delay Margin (sec): (321, 325, 456)e-6 IS Delay Margin (sec): (611, 547)e-6
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Figure 6.7 Comparative performance analysis in the frequency domain under healthy
conditions, (a) Nyquist plots for state I, state I, and state 111 of the TFs 940, /d;, (b)
Nyaquist plots for the state 111 and state 1V of the TFs ¥4 /d.,.
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Figure 6.8 Comparative analysis of the step response for the conventional and
proposed P1 controllers of the TFs ¥y, /d4, and ¥, /d, for (a) state I, (b) state II,
(c) state 11, and (d) state 1V.
nearly critically damped for the first three operating states, resulting in significantly
slower dynamics compared to cases 1 and 3, while state IV exhibits a comparatively
higher overshoot. In contrast, the proposed controller (case 3) achieves minimal
overshoot, fast rise time, and short settling duration, as evident from the zoomed-in
responses, which can be further validated through experimental results. The well-
damped responses demonstrate that the controller not only stabilizes the system but
also ensures excellent transient performance. These results confirm the effectiveness
of the proposed Pl compensation strategy in delivering precise voltage regulation and
fast dynamic response.

6.3.1.3 Selection of Kp and Ki

From Figure 6.4(a), it can be seen that the RPR region of state I lie over the
RPR region of state 11, so the selection of Kp-Ki parameters for the controller Cy can
be done independently of the RPR of state I, since it is the common intersection of
these two states, and K,-Ki selection for the controller Cs can be done from the RPR
of state IV, as given in Figure 6.4(b). Within the range of Ky and K; as given in Figures
6.4(a) and (b), the optimal combination of K, and K values is identified through
frequency-domain analysis as shown in Figures 6.9(a), (b) for state | and Figures
6.9(c), (d) for state V. In Figures 6.9(a) and (c), Kp, is fixed at 0.018 while K; is varied

up to 20 steps. The analysis reveals that increasing Ki results in a decreasing PM, while
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the GM remains nearly constant at 41 dB and 43.02 dB for states | and IV, respectively,

with ewpc approaching infinity.
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Figure 6.9 Selection of K-Ki value using frequency domain analysis with (a) K, =
0.018, Ki variable, and (b) Ki = 16.35, K, variable for state I, (c) Kp = 0.018, Ki variable,
(d) Ki = 6.31, K variable for state 1V

6.3.1.4 Sensitivity analysis

Figure 6.10(a) to Figure 6.10(d) present the sensitivity and complementary
sensitivity characteristics for all operating states, with the selected parameters of K -
Ki values derived from (6.17) and (6.18), where i = 1 for states I, Il, and I1l, and i = 2
for state IV. For state | (Figure 6.10(a)), the peak values of |S(s)| and |T(s)| are 1.667
and 1.635, respectively. In state Il (Figure 6.10(b)), these values decrease slightly to
1.645 and 1.620, respectively. In state Il (Figure 6.10(c)), it exhibits a further
reduction, with peak values of 1.591 and 1.413, respectively. State IV (Figure 6.10(d))
demonstrates the lowest peaks, with |S(s)| = 1.471 and |T(s)| = 1.311. Since |S(s)| < 2
is widely considered a robustness criterion [104], all four states satisfy this
requirement. Moreover, the decreasing value of |T(s)| highlights improved attenuation
of high-frequency disturbances and enhanced system stability.

_ 1 (6.17)
56 1+ (%e01(5)/d
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Figure 6.10 Sensitivity and complementary function under healthy conditions for (a)
state I, (b) state Il, (c) state Ill, and (d) state IV.
6.3.2 Under Open Circuit Switch Fault Conditions

The converter experiences an OCSFs, resulting in modified switching
sequences and altered state-space dynamics. Under this condition, the fault-tolerant
capability of the converter, together with robust control action, enables continued
operation with acceptable performance degradation. By separating the study into
healthy and OCSF scenarios, the practical resilience of the proposed converter can be
comprehensively evaluated under both nominal and faulted environments. The steady-
state switching characteristics under OCSF conditions are shown in Figure 6.11.

6.3.2.1 System Design

The SSMs are derived following the same procedure as in the healthy operating
condition, by introducing faults in switches Ss1 and Spp1 for state | and in Spp2 for state
IV, respectively. These models are subsequently used to obtain the corresponding

OLTFS Vg, /d; @nd Vg, /d, . In state 1, the perturbed state variables are [iLsz, ib1, iLoz,

Vcot, Veoz, Vem]'. The experimental data at steady-state conditions are considered as
follows: D1 = 0.333, D2 = 0.438, D3 = 0.25, I, = 1.6355 A, Ip1 = 0.9846 A, I o2 =
0.3026 A, Vo1 = 58.398 V, Vpat = 24.614 V, Vo2 = 13.62 V, with corresponding load
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resistances Ro1 = 100 Q, Ro2 = 45 Q, and Roz = 25 Q. Based on these parameters and
operational conditions, the TFs that are derived are expressed in (6.19). Similarly, for
state 1V, the perturbed state variables are [iLb1, iLoz, Vcoi, Veoz] . The experimental data
at steady-state conditions are considered as follows: D> = 0.5967, D3 = 0.8467, Iip1 =
-1.597 A, o2 = 0.3032 A, Vo1 =56.83 V, and Vo2 = 13.65 V, with corresponding load
resistances Ro1 = 100 Q and Ro2 = 45 Q. The TFs are derived and presented in (6.20).
6.3.2.2 Stability Boundary Locus

Using Kharitonov’s theorem, the locus I(Kp, Ki, ») facilitates the identification
of stable controller parameter regions. The values of Ky and K; are designed for optimal
TFs using (6.19) and (6.20), respectively, in terms of , as given in (6.21) and (6.22).
The RPR given in Figure 6.12(a) to Figure 6.12(d) are plotted using Kharitonov’s 16-
plant theorem. The regions in Figures 6.12(a) and (b) are generated by taking
uncertainty as mentioned above, while Figures 6.12(c) and (d) illustrate the RPR
obtained by including £10% variations in the inductors Lsz and capacitor Co; for state
I and Lp1 and Cos for state 1V, respectively. As shown in Figure 6.12, due to the OCSF
condition, the K; - Ki range has been increased from their healthy condition operations.
It is evident from the given Figure 6.4, Figure 6.5 and Figure 6.12 that the selected K,
- Ki gain in healthy conditions lies within the RPR of the OCSF conditions. So, due to
the OCSF, there is no impact on the controller gain as selected.
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Figure 6.11 Switching characteristics under OCSF conditions for (a) state I, (b) state
I11, and (c) state 1V operation.
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Figure 6.12 Comparative performance analysis in the frequency domain under OCSF
condition Kharitonov’s 16 plant robust stable boundary locus for (a) state I, (b) state
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IV, (c) state I, by taking uncertainties including Ls2 and Coz, and (d) state 1V, by taking
uncertainties including Ln1 and Coz.
6.3.2.3 Sensitivity analysis

Figure 6.13(a) to Figure 6.13(d) present the sensitivity and complementary
sensitivity characteristics for all operating states under the OCSF condition, similar to
the healthy condition. For state I, the peak values of |S(s)| and |T(s)| are 1.744 and
1.575, respectively, as shown in Figure 6.13(a). In state II, these values decrease
slightly to 1.719 and 1.566, respectively (Figure 6.13(b)). In state Ill, a further
reduction with peak values of 1.663 and 1.4, respectively (Figure 6.13(c)), and state
IV demonstrates the lowest peaks, with |S(s)| = 1.524 and [T(s)| = 1.289, as shown in
Figure 6.13(d). Since |S(s)| < 2 for all operating states under the OCSF condition, the
selected controller gains ensure stable and robust control performance without

significantly affecting the system operation.
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Figure 6.13 Sensitivity and complementary function under OCSF conditions for (a)
state I, (b) state Il, (c) state Ill, and (d) state IV.
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6.4 Experimental Validation

The experimental validation demonstrates the dynamic behavior and
performance of the proposed TMMFT converter under various operating scenarios. A
detailed analysis and discussion of the results are presented. To validate the results, a
prototype of the TMMFT converter has been developed, as shown in the previous
chapter, Figure 5.15. The experimental results are illustrated in Figure 6.14, Figure
6.15, Figure 6.16 and Figure 6.17. The nominal design parameters of the circuit
components utilized in the prototype are summarized in Table 6.1. The performance
evaluation of the proposed converter is carried out under both healthy and OCSF
conditions. The corresponding experimental and analytical results are systematically
presented and discussed in the following sub-headings:
6.4.1 System Controllability Validation

Figures 6.14(a), (c), (d), and (e) illustrate the structural controllability
assessment for state I, state Il, state Ill, and state IV under healthy conditions, and
Figures 6.15(a) and (c) illustrate state | and state 1V under OCSF conditions of the
80W-120W prototype system. Channel 1 always represents digital signals. The
experimental waveforms were captured using a mixed-signal oscilloscope (MSO) with
eight channels. Except for Figure 6.16(a) and Figure 6.17(a), the channel assignments
in all figures follow the same convention as illustrated in Figure 6.14(a). In Figure
6.15(a) and Figure 6.17(a), the channel numbers are assigned differently and are
explicitly labelled in the respective figures for clarity. A step change in Vo1 from 60 V
to 80 V results in an adjustment of the corresponding duty ratio from 0.333 to 0.5. The
changes in switching logic control directly influence the system state variables,
confirming their sensitivity to the control logic. The structural controllability is further
validated by interrupting the input power supply, thereby forcing a transition from state
Il to state IV under nominal and OCSF in switch Spn2 conditions, as presented in
Figures 6.16(a) and (b), respectively. This input variation causes noticeable changes in
the steady-state values of the corresponding state variables. The designed controller
adjusts the system state trajectory, thereby experimentally confirming the structural
controllability of the converter.

Further, Figures 6.17(a) and (b) demonstrate state controllability under healthy
and multiple OCSF conditions in switches Ssi and Sph2. In both cases, the state and
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output variables are restored to their steady-state values by adjusting the duty ratio
after a small transient oscillation. These dynamic responses confirm that the state
variables can be driven back to their set values through appropriate control logic.
Similarly, Figure 6.17(b) shows the load variation under OCSF condition, the results
verify the robust dynamic performance of the designed controller. Figures 6.14(b),
Figure 6.14(f) show the variation in load Ro1 and Figure 6.17(a) shows the variation in
input supply under healthy conditions, whereas Figure 6.15(b), Figure 6.16(b) and
Figure 6.17(b) under OCSF condition. In all the cases, the output voltage Vo is dipped
at the point of change, but restores itself to its set value due to output control, thereby
substantiating the output controllability of the converter experimentally. Based on the
controllability analysis, it is experimentally verified that the system state I, state II,
state 111, and state IV exhibit structural, state, and output controllability. However, in
practical power converter applications, the primary control objective is to maintain a
regulated output voltage. Therefore, output controllability becomes critically
important. Given that all four states are output controllable, it is feasible to design an
appropriate controller tailored to ensure stable and accurate output voltage regulation.

Ch1: Digital out; Ch4,Ch2,Ch3, m1: y-axis: 0.5A/div; Ch5,Ch6,Ch7,Ch8: y-axis: 10V/div, x-axis:(a, c=100ms/
div, b=10ms/div, d, e, f=200ms/div), zoomed: 200us/div
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Figure 6.14 Experimental analysis of controllability and system dynamics under
healthy conditions for (a) step-up in Vo1 from 60V to 80V (state I), (b) load Roz1 halved
(state 1), (c) step-up in Vo1 from 60V to 80V (state 1), (d) step-up in Vo1 from 60V to
80V (state I1), (e) step-up in Vo1 from 60V to 80V (state 1V), and (f) load Ro: halved
(state 1V).

6.4.2 System Dynamics Validation
6.4.2.1 TMMFT Converter Under Healthy Conditions

In Figure 6.14, the experimental results for the healthy operation of the
TMMFT converter are shown. During the state | operation, the solar PV source
delivers power to all four ports of the converter. Figure 6.14(a) illustrates the
corresponding voltage profiles across each port and the associated inductor current
waveforms. Channel 5 in Figure 6.14(a) and channel m1 in Figure 6.14(b) illustrate a
step change in the dc bus voltage Vo1 from 60 V to 80 V and a load change Ro: for state
I, with measured settling times (z,) of approximately 220 ms for Vo1 and 8 ms for the
input currents. Similarly, Figures 6.14(c), (d), and (e) depict a step change in Vo1 from
60 V to 80 V for state Il, state 111, and state IV with a measured ¢, of 500ms, 1.04s and
880ms, respectively. Figure 6.14(f) demonstrates a dynamic load change in Ro1 for
state IV, where a minor disturbance in Voz settles within 300 ms.

Figure 6.16(a) illustrates the transition from state Il to state IV operation,
corresponding to a condition where the load demand exceeds the available power from
the solar PV source. Under this scenario, power sharing is established between the
solar PV and the battery. During state Ill, the PV contributes 0.5 A, and the battery
delivers a discharge current with an average of -1.5A. As the system transitions to state
IV, the battery discharge current increases to an average of -2.5 A. The negative value

of the battery current confirms the discharging operation. The state change for these
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conditions has been achieved by switching off the PV supply. The settling time (ts) for

battery discharging current and Voz is approximately 100ms.

6.4.2.2 TMMFT Converter Under OCSF Conditions

The proposed TMMFT converter exhibits fault-tolerant operation under OCSF
conditions. These faults are analyzed considering that all antiparallel diodes remain
operational. Single-switch faults, as well as multi-switch faults, are deliberately
introduced in switches Ss1, Sp1, Swb1, and Sen2. The converter’s performance is evaluated
under identical circuit parameters and consistent testing conditions to validate the
controller’s robustness and reliability under fault scenarios. Figure 6.15(a) to Figure
6.15(c), Figure 6.16(b), and Figures 6.17(a) and (b) illustrate the system response
under a fault in switch Ss1-Sp1 and Ss1-Spn1 for state 1 and a fault in switch Spn. for state
IV. The comparative analysis of the system dynamics as shown in Figures 6.14(a), (b),
and (e) with Figure 6.15(a) to Figure 6.15(c) without and with fault, respectively,
showcases similar dynamics, i.e., the impact of OCSF is negligible on the system
dynamics of the TMMFT converter. Figure 6.17(b) illustrates the transition from state
I11 to state IV operation during a fault in switch Sph2, Since the result of this state is
based on real-time, the PV current and loading conditions of the system are different
from a healthy condition to capture the power sharing from PV as well as the battery.

The settling time (ts) for battery discharging current and Voz is approximately 500ms.

Ch1: Digital out; Ch4,Ch2,Ch3, m1: y-axis: 0.5A/div;
Ch5,Ch6,Ch7,Ch8: y-axis: 10V/div, x-axis:i(a, b =
100ms/div, ¢ = 200ms/div), zoomed: 200us/div
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Figure 6.15 Experimental analysis of controllability and system dynamics under OCSF
conditions for (a) step-up in Vo1 from 60V to 80V (fault in switch Ss1 and Sp; for state
), (b) load Ro1 halved (fault in switch Ss1 and Sp: for state 1), (c)step-up in Vo1 from

60V to 80V (fault in switch Spp, for state V).
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Ch5, Ché, Ch7, Ch8: y-axis:10V/div, x-axis: 200ms/div & 2s/div (without & with fault);
zoomed: 200ps/div
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Figure 6.16 Experimental validation for dynamic response to show the state transitions
from state 111 to IV under (a) nominal operation and (b) OCSF in switch Spp2.

Ch1: Digital out; Ch4,Ch2,Ch3, m1: y-axis: 0.5A/div; Ch5,Ch6,Ch7,Ch8: y-axis: 10V/div,
x-axis:(a = 100ms/div, b = 200ms/div), zoomed: (a = 200us/div, b = 400us/div )
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Figure 6.17 Experimental analysis of controllability and system dynamics under OCSF
conditions for (a) multi-switch failure (fault in switches Ssi1 and Sph1 for state 1), (b)
load Ro1 halved (fault in switch Spp, for state 1V).
6.4.3 Comparative Analysis of the System

The TMMFT prototype is developed in the laboratory, and a robust PI
controller is designed and validated under both healthy and OCSF conditions. Table
6.2 presents a comparative analysis of the proposed control strategy and its
effectiveness across key performance categories, including the number of output ports,
bidirectional capability, and fault-tolerant operation, in comparison with related works

reported in the literature. Compared to existing controller designs, the proposed
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approach demonstrates improved performance by providing robust control while

accounting for system uncertainties, multiple operating states, load variations, and

multiple switch fault tolerance.

Table 6.2

PERFORMANCE COMPARISON OF THE PROPOSED CONTROL STRATEGY FOR TMMFT

WITH STATE-OF-THE-ART METHODS

G'J'.%'e/e N“g‘fber Bi/Uni | Mitigates
Ref. Method |Application X . (directionaljuncertaint
fault |operatin
ports |y /Robust
tolerance | g states
[48] |Hybrid MPCNR NR / NR 1 3/2 | No/No
[49] SMC g'e‘?”on'c NR/NR | 1 0/4 | Yes/No
evices
Pl-lead e, o\ xiliar
[50] | Compen- YINR/NR| 1 0/3 | No/No
supply
sator
[14] | ROPUSLPI lppe NR/NR | 1 0/2 | Yes/Yes
Control
[72] | PI Control [E)\(/Js“g”d' NR/NR| 5 2/2 | No/No
Robust Pl S1, S2, Ss,
[31] Control LEVs Su / Yes 2 1/2 Yes / Yes
Ss1, Ss2, Sh3
Proposed Robust Pl LEVs Sh2, Sbbi, 4 1/3 Yes / Yes
Control
Shb2 / Yes

RESs-Renewable energy systems, LEV-Light electric vehicles, NR-Not reported

6.4.4 Summary Of Transient Responses

The time-domain performance of the system under the designed robust Pl

controller, evaluated for both healthy and OCSF conditions, is summarized in Table

6.3 in terms of settling time and percentage undershoot/overshoot for each operating

state. The consistency in transient behavior across all states, despite variations in

operating points and switching configurations, demonstrates that the controller

effectively preserves closed-loop damping and stability margins.
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6.5  Conclusions

In this chapter, a comprehensive SLS model of the TMMFT converter was
developed by incorporating the effects of parasitic components. The structural
controllability of the system was systematically examined using both the SLS
formulation and graph theory, and it was analytically verified that the TMMFT
converter satisfies the conditions of output controllability under the defined operating
conditions. The SSM corresponding to operating states I-1V were derived, and the
dynamic behaviour of the associated transfer functions was validated through
experimental results. Furthermore, the sensitivity and complementary sensitivity
characteristics were analysed under both healthy and OCSF conditions, confirming
robust stability and effective disturbance attenuation. In addition, the dynamic
performance of the converter under OCSF conditions was investigated to assess its
fault-tolerant capability. Moreover, a robust controller design approach based on the
stability boundary locus method in combination with Kharitonov’s theorem was
presented to address system parameter uncertainties. The Pl controller gains derived
using this method were experimentally validated and shown to ensure stable and robust

closed-loop performance.
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Chapter 7
MAIN CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The introduction of time-multiplexing control significantly reduces the number
of active switches while maintaining high modularity, scalability, and improved
system redundancy, leading to enhanced reliability. The proposed converter topologies
achieve reduced current ripple, improved power density, and optimized passive
component utilization, thereby enhancing overall system efficiency. Furthermore, the
converters exhibit inherent fault-tolerant capability, particularly under open-circuit
switch faults (OCSF), with validated stable operation and controlled power
redistribution during faults. A detailed characterization of current ripple has been
analytically investigated for each operating state by considering duty cycle variation,
voltage gain, and operating modes, thereby enabling improved passive component
design and enhanced current quality.

In addition, the incorporation of soft-switching operation, including ZVS and
ZCS, over a wide operating range minimizes switching losses and improves converter
efficiency, making the proposed system suitable for high-frequency applications.
Robust controller design methodologies based on the stability boundary locus
technique combined with Kharitonov’s theorem have also been systematically
developed to guarantee closed-loop stability and disturbance rejection under
parametric uncertainties. The proposed control strategy effectively integrates CCCV
battery charging, DC bus voltage regulation, and coordinated multiport power-flow
management, thereby ensuring seamless operation across different operating modes
and loading conditions.

Moreover, a unified modeling and control framework for time-multiplexed
multiport DC-DC converters has been successfully developed by incorporating
parasitic effects and structured uncertainties to accurately represent practical converter
dynamics. The proposed converter architectures demonstrate complete structural
controllability, which has been verified through graph-theoretic analysis and SLS
modeling, thereby ensuring reliable regulation of both state and output variables under
all operating conditions. Comprehensive SSM together with experimental validation

165



further confirms the dynamic performance, robustness, and reliability of the proposed
system under both healthy and fault conditions. Consequently, the developed converter
architectures ensure robust DC power availability and are highly suitable for
renewable energy integration, electric vehicle charging, and DC microgrid

applications.

7.2 Future Scope of the Work

The future scope of the proposed research includes integrating Al/ML-based
fault diagnosis and predictive maintenance techniques for real-time health monitoring
and intelligent fault management. Further enhancement of converter performance can
be achieved by exploring wide-bandgap semiconductor devices such as SiC and GaN,
which can significantly improve switching frequency, conversion efficiency, and
thermal performance. In addition, the implementation of distributed and decentralized
control architectures for large-scale multiport systems and DC microgrids represents
an important direction for achieving scalable and flexible energy management. The
optimization of magnetic component design and thermal management techniques can
further improve converter power density and overall system compactness.

Moreover, future investigations may focus on cyber-physical security aspects
of digitally controlled multiport converters to ensure resilient, secure operation in
smart grid environments. The proposed architectures can also be extended toward
hybrid energy system integration involving photovoltaic (PV) sources, fuel cells,
batteries, and supercapacitors combined with intelligent energy management strategies

for enhanced reliability and sustainable operation.

7.3 Sustainable Development Goals

The proposed research significantly contributes to several Sustainable
Development Goals (SDGs) by developing advanced, reliable, and energy-efficient
multiport power conversion systems. In alignment with SDG 3 - Health & Well-being,
the developed converter architectures provide uninterrupted power supply for critical
applications such as healthcare systems, thereby enhancing the reliability of life-
saving infrastructure. In the context of SDG 7 - Affordable & Clean Energy, the
proposed systems enable efficient integration of renewable energy sources, improve

energy efficiency, and reduce power losses in modern power systems.
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Furthermore, the proposed research supports SDG 8 - Decent Work &
Economic Growth by reducing operational costs and improving system efficiency,
thereby supporting industrial productivity and economic development. With respect to
SDG 9 - Industry, Innovation & Infrastructure, the developed fault-resilient power
conversion systems contribute to robust, innovative infrastructure by reducing system
complexity while enhancing reliability and operational flexibility. In addition, the
proposed architectures align with SDG 10 - Reduced Inequalities by enhancing rural
electrification through resilient DC microgrids, thereby improving energy accessibility
in underserved and remote communities.

The research also contributes to SDG 11 - Sustainable Cities & Communities
by developing reliable electric vehicle charging infrastructure and smart energy
systems that support sustainable urban mobility and smart city development.
Moreover, the proposed converter systems support SDG 13 - Climate Action by
facilitating low-carbon energy systems through renewable energy integration,
improved conversion efficiency, and reduced emissions from energy and
transportation sectors. Collectively, the proposed work promotes sustainable energy
utilization, resilient power infrastructure, and environmentally responsible

technological advancement for future smart grid and DC microgrid applications.
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Appendix-A
THEORETICAL RESULTS

This appendix presents the essential theoretical derivations utilized throughout
the main chapters of the thesis.
A.l  State-space Modeling and Small-signal Analysis Under Different
Operating Modes for TMDCM converter

The proposed converter operates under two distinct switching intervals,
namely mode A and mode B, corresponding to different switching states within one
switching cycle. These operating modes serve as the basis for deriving the converter
state equations and dynamic mathematical models. For each mode, the equivalent
circuit configuration is analyzed considering the conduction states of the
semiconductor devices and the associated energy transfer paths. Based on the
converter operation in mode A and mode B, as given in Figures 3.6 and 3.8,
respectively, the large-signal state equations are formulated using Kirchhoff’s voltage
and current laws. Subsequently, the averaged state-space model is derived over one
complete switching period to represent the converter dynamics under CCM operation.
Furthermore, small-signal perturbation and linearization techniques are employed
around the steady-state operating point to obtain the small-signal model, which is
utilized for controllability analysis, transfer function derivation, and robust controller

design.

For Mode A operation, the state equations are given below:

di .
Via= le—tl =Vin =Ml —Vss1 —Vss2

Vio=L d;_Ltz =—Vepo2 — Mol o —Vpsy , interval 1 (A.1a)
ico1 =—lor, ¥V DiT

Vii= Ll% =Vin = Tal1 —Vp —Vepor

Vi,=L, d:j—'f =Vepo1 — N ol o —Vss1 —Vepo2 [ interval 2 (A.1b)

ico1 =11 —iL2 —io1, V DyT
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diLl -
V=L o =Vin —Talia —Vo —Vepor

di , : .
Vi,=L, T —Vepo2 — M2l 2 —Vps ¢ interval 3

lco2 =12 ~lo2
Vg
Vepor = re1Cr— =~ at L+vy

dv
_ c2
Vepoz = 1e2C2 at c2

For Mode B operation, the state equations are given below:

dij 4
Vu=L—= dt Vein —Mals =Vo —Vepo

di » ] )
Vi,=0L _dt = —Vepat — N 2lL2 +Vsso ¢, interval 1

Igin =11, Toor =11~ gy, V DT

di; .
Vi = Ll? =Vein — 1l —Vo = Vepor
di o . .
Vi,=L,—= dt =—Vepat —M2l2 —Vps1 —Vb , interval 2
igin = =i, fcor =11 —i 2 —io1, V (1= Dy )xT

) Vepo1 ) Vep0?2
where, i, = %L . = PO
01 02 R
01 02
i. =C chin
cin In dt
vy
i1 =Cr—~ it
dve,
ico2 =C d?[

The system matrix orders are as follows:
(). Mode A: Four state variables.

(if). Mode B: Four state variables.

The state-space representation for Mode A operation is as follows:

(A.lc)

(A2)

(A.3)

(A4)

(A.5a)

(A.5b)

(A.6)

(A7)
(A.8)

(A.9)

186



(i). State equation: X = AR +BuU+ E&l + F&z
(ii). Output equation: y(t) = C>A<(t) + Dﬁ(t) + Glal + 62&2

Where the matrices A, B, C and D represent the system, input, output, and direct
transmission matrices, and E, G are the state variables at steady-state for the input

and output equations.

State Variables and Input Vectors for Mode A:

(i). State vector: X(t)‘A =[iL1, iLZ’Vclach]T

(ii).Input vector: U (t)‘A = [Vin: V11 Vss2: Vps2: Vi ]T

The small-signal model for this mode is given below:

X = AR+ BU +Ed, +Fd,;

o N, ady  Ta(1-dy)
i, L Lyfes
N reldz _N re1d2 _ fe2
L, | L, ’ Lorcy Lore2 xft)
y e (1-dy) LT P 0
~ cl rc1Cy c1C eRoiCy
I I
_VC2 l O e2 e2
i Ic2Co Ic2RpCo
1 _idl _idl 0 _i( -d;)
L L L L
1 1 1
+ 0 —L—d2 0 —L—(l—dz) L—d2
2 2 2
0 0 0 0 0
0 0 0 0 0

Vin
\A/Ssl
\A/Ssz
\7D52
VD
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Vp Vss1  Vss2 + AU + letVo1
L L Ly Ly reila
O A~
+ |41
AUR
rc1Cy
— O -
Fel L2
L

VD _Vssi, Vps2 | felin  Tealio | TeVor |
Hh L L L L, b [dZ}

CTal
rc1Cy
L 0 |
(A.10)
and y(t) = Cx(t) + Du(t) + G4d; + G ,d,
—d,) - T
Ve fal=d) “fud el ey ~ n (A.11)
N = r X(t)+(—|Llre1)|:d1:|+(—||_2rel)|:d2:|
vea 0 r 0 —£2
e2
fco
—(n,+r,(1-d
where, o :M’ [, = Roolc2 Ny = ( L1 el( 1))’
Ro1 +1c1 Ro2 + 1o L A12)
N, = (Lo +Tep +Tgdy)
, =
L,

State Variables and Input Vectors for Mode B:

(i). State vector: X(t)‘B = [i|_1, iLzaVclivcin]T

(ii). Input vector: u(t)‘B :[Vbat’VD’VSbZ’VDsl]T

The small-signal model for this mode is given below.
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X = AX +BU + Edy;

o b)) 1]
il_l L Lier L
s g (1-dy) N, e (1-dp) 0
L, | Ly Lorcr xft)
\./Cl fe1 ! (1_db) a
A rc1Cy rc1Cy rc1RnCy
| VCin | __1 0 0 0
Cin |
0 —i 0 0 A
Ll \{\bat
1 1 1 1 VD
+| —— ——(1—db) _db ——(1—db) N
L2 L2 LZ I—2 V5b2
0 0 0 0 Vet
0 0 0 o |
I Fetl Lo ]
L
el Talu 4 Vo1 +[_ Vst _V_D_'_VSij R
L L, 1k L L L [db}
FealL2
rc1Cy
— O -
(A.13)
and y(t) = CX(t) + Du(t) + G,d,
3 r A . (A.14)
[Vm} ={ o1 ~Ter (1—dp) re;l 0} X(t)+(||_2re1)[db}
c1
—(hq+ T+ T
where, 1,y =—1'CL_ ¢ =—RR°2r°2 N, = (g Lel C'”),
01t lc1 02 tlc2 1 (A15)
N (Lo +ra(1-dy))

2 L2

A.2  Time-domain Analysis of the TPFTMDC Converter

A.2.1 Mode-wise Analysis for State | Operation

The switching characteristics and operating modes in this state are shown in

Figure 4.2 and Figure 4.3, respectively. Based on the operating modes, the time-
domain analysis has been performed.
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1) For mode 1
-S|
di’ (1)
dt

I-1 =Vin _V01

Now, taking the Laplace transform and considering the initial conditions.

S-1 s-1gry]2 Vin _ Vo

S L[ase-15 ] e
Vi, V

=% L1509 - Yo Yo

S—l A+
15 (s) = Vin _ Vou +|Ll @)

Now, after performing the inverse Laplace transform.

=i>(t) =(Vﬂ—\ﬁjxt+is—'(to)
L1 L1 Ll L1

Vo1 =V,

:S—I _ Sl 01

=i ('[)—ILl (to)_( ’ |th

S S Vo1 Vi S -
o () =i, '(to)—[—le ]t i) =17

S|
dlLbl (t) —

bl dt — " Vhat

(A2.1a)

(A2.1b)

(A2.1c)

(A2.2a)

Now, taking the Laplace transform of (A2.2a) and considering the initial conditions.

- Lbl[sl O S—'(o+)} - —VbTat

Lbl

= SLbll S_I(S)— Lbll S—I (0+) — _h

Lbl Lbl S

S-l/n+
— IS—I(S):_ Voat + ILbl ©%)

Lb1l 2
$"Ln S

Now, after performing the inverse Laplace transform.

o V, [
:>|S I(t):_ bat ¥ +|S I(to)
Lbl Lbl Lbl
Sl /iy :S-l Vipat Xt

= (t)_lLbl (tO)_

Lo

(A2.2b)
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o o vV, . B
i, O=i; ﬂo*[ﬁ]xt S =15, (A2.2¢)

2) For mode 2
S
d|L1 ®

at =Vin =Vt (A2.32)

L

In (A2.3a) and (AZ2.4a), only the initial condition changes remaining are
analogous to (A2.1c) and (A2.2c).

Sl 5 Vo, =V, . )
|fl ) = |fl I(tO)_(OlTlmet’ ,fl () =157, (A2.3b)

dis!(t)
Lot Lglt = —Vpat (A2.43)
Sy = 187 —| Voat |ip iS5,y = 18! (A2.4b)
Lbl bl L v g V2 b2

bl

dis~!(t)

L1 Lgt =Vp1 (A2.5a)

Now, taking the Laplace transform of (A2.5a) and considering the initial conditions.
V
S-I S—1/n+y | _ Vo1
- Lrl[sl Sl(s)-157(0 )] =

V,
S—I S—I
= syl Lr (s)-Lul ' (07)= %

Lrl

S—l/n+
VOl ILrl (0 ) S—1
2 + ’IL1
S Lrl S '
Vou
SZLrl

(A2.5h)
(07)=0,

S-1 _
= | Lrl ()=

S—l/ay _
= ILrl (S) -
Now, after performing the inverse Laplace transform.

i (1) =%xt (A2.5¢)

Lrl
rl

3) For mode 3
S|
di> (1)

- =V, —Voq (A2.6a)

Ly
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In (A2.6a), only the initial condition changes remaining are analogous to
(A2.1c).

ifl—l(t) =13 _[\@jxt, ifl_'(tg) _15 (A2.6b)
1
ISt =i (), (A2.7a)

_ di®'(t)
= (V01 —Vfrll (t))_vbat =Ly Lglt

-S—I :S—1
— dILbl (t) :(VM _Vbat ]_idlul (t)

dt L dt
. bl Lo o (A2.7b)
- dILrl (t) — VOl _Vbat _idlul (t) by (A2.7a)
dt Los Ly dt
dis~!(t)
= (Lbl +Lp1) L;t = (V01 _Vbat)
Now, taking the Laplace transform and considering the initial conditions.
S-1 S (Vo1 —Viat)
:s(l_b1+|_r1)[s|Lrl (s)-1°; (o*)}—S @
S—1 o+ (A2.7c)
— 157 (s)= o (O >+ Vor ~Vbat |, 1
Lrl S Lbl + Lrl 32
Now, after performing the inverse Laplace transform.
.5_ .5_ _ Vo1 =V, .S_ _
S0=i%0=15' (ﬁjt )= 10, (A2.70)
rl 1
4) For mode 4
-S|
L d|La (t) Vv, (A2.8a)
t

In (A2.8a), only the initial condition changes remaining are analogous to
(A2.1c).

5 O (Vo -V . _
|fl'(t)=|§ I_[mTlijt’ .fl'(t4)=|flm'm, (A2.8b)
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dis~'(t
Lrl L:jlt( ) :V01 (A29a)

Now, taking the Laplace transform of (A2.9a) and considering the initial conditions.
S-I s—1 ] Vor
SN Lrl[sl S(s)-15(0 )] =
Lrl

S— S- V,
= SI—r1| Lrll (s)- I-rll |(0+) = %

S—l/n+
V01 + ILrl (0 )

= 1571(s) = (A2.9b)
r 2

Lrl S I—rl S

S—l/a+y _ 1S—lz y_ S-I
= ILrl (07)= ILrl (t3) = ILblmax’

S—1

— IS—I(S) — _Lbimax \2/01

Lrl S S Lrl
Now, after performing the inverse Laplace transform.

V,
-S| S—1 -S—1 S—1 S—1 S—1
> (1) = Chimax +%Xtv 17 () ~ 1 oimin + 1 obzmax = 10 (A2.9c)
rl

dis~'(t)

Lbl Ll().jlt — _Vbat (A210a)

Now, taking the Laplace transform of (A2.10a) and considering the initial conditions.

Lb1

V

= Ly | s '(s)- 137" (0") |= -t
[ SI5, (615, (07) ] = =
_ _ V

= slul ), () Laal ;) (07) ===

I S—I (0+)

= 157 (s) = — Voar ‘o ’ (A2.10b)
Lbl SZLbl S
S—l/ty _ 1S=I7p y_ yS-I
= ILbl (07)= ILbl (ts) = ILblmax'
S
— IS—l(S) — ILblma>< _Vb_at
Lb1 S 52Lb1

Now, after performing the inverse Laplace transform.

5 B V, o )
i, =15 —{ﬁjxt i50(ty) = 155", (A2.10c)

Lblmax
5) For mode 5
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iSO~ 127 1)~ 15 ) = 15 (A2.11)
=i> M) =—i2 '(t)+| (1)
vS- |()
=i> () ——c:rl Cdlt +15-1 by (A2.11)
S
Vin ® =Ven .
differentiating above
/S /S
=~ Vi ® =Ven .
o dvS~'(t) ) (A2.12a)
= Ifrll () =-Cpy Lcrjlt flmlin :
s d%i> ') o
= IfrlI (t) - _CrlLrl (;;:lZ + I flmlin !

S M 2s 2| 5-1
= it2 +a)r1| (t) = ol o

Now, taking the Laplace transform of (A2.12a) and considering the initial conditions.

2 S—1
= |
25 S=leoty—iS~'(o* S—1 o1l
[S ILrl (s) SILrl (0 )—ILrl (0] )}'wrllu (s)_Tmln

2151
_ _ o 0)1 .
= (s2 40 )15 (5) =515 1 (07) +iP ! (0F) +—Lamn
S

S | S—1/n+ 2 S-1
IS_I(S) Lr1 (07) ILrl (0 )+ wrlIlein
Lrl 2 2 2 2 2

S +60r1 S +a)r1 S(S +0)r1)

11 0M) = 131(t), by (A2.9¢)

S Vor . ... . _ .
and |fr1' (0%) ==L initial capacitor voltage (V(S:rll (t)) drives the current slope
rl

515!
= 1371(s) = zm (2) Vo 2a)r12 + = 2 : 2 I
Lri S +a)r1 I—rlwrl S +a)r1 S S +a)r1 Limin
Zy= / / and putting (A2.9c)below

JLaCrt’

S—I S—I
|S I(S) — sl Limin_ sl Lblmax +V01 @r1 + 1 I S-1 S IS—I
Lr1 2 2 2 2 7 " 2 2 g Limin 2 2 Llmin
r

S +a)r1 S +a)rl S +a)r1 S +a)r1
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s-1
|S '(s) _MJFE(&}FE | S-! (A2.12b)

ST+ a)rzl Zr]_ 32 + a)l—zl S Limin

Now, after performing the inverse Laplace transform.

V,
S | S—1 01 «;
Lr1 (t) = IL1m|n + ILblmax Cos(wrlt)"'z_sm(a)rlt)

rl
- cos(wpt) <1
) Voo (A2.12c)
fll (t) = IL1m|n + IEbllmax +Z_Olsm(wrlt)
rl
iS-1 s—1, Vo1
Sl =1°> +Z—°13m(a)rlt)
ri
dis~'(t)
oS-l oS-I _ r
VLrl (t)_VCrl (t)_ Ley Ldlt
s-1, Vo1 o
d{ I°7 +-sin(ot) (A2.13)
Lr Z
S—1 _ rl
=V (t)=
cr dt
irll(t) Vo1 €os(@yt)
S|
" di> '(t) Ly (A2.14a)

dt — "~ Vbat

In (A2.14a), only the initial condition changes remaining are analogous to
(A2.10b).

o Y
'fbl'(t)=|§3'—(ﬁjx i) =15, (A2.14b)

6) For mode 6

-S—|
lelLl ® _v. (A2.15a)
dt
. . V,
:»Ll[slfl'(s)—lfl'(oﬂ_?
v,
= sly1 > () - L1 > '(o*)_T (A2.15b)
IS—I
= 15" '(s)—\ﬁ T ) IO =10
2L, s
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Now, after performing the inverse Laplace transform.

S _ \VA o ~
0-15 U0 -3, 2150
:S—1
a, O =-V (A2.16a)
bl dt bat

In (A2.16a), only the initial condition changes remaining are analogous to

(A2.10b).

i) =15" —[Vl_t’Tat]xt, i (tg) =1 (A2.16b)

Lblmin
1

vS ! () =V cos(@pqt), from mode 5

S-1
att=t5,V> ' (t5)=0
T
201 (A2.17)

= COS(a)rlts) = 0,:> a)rlt5 :%,:? t5 =

.5 s-1_ Vo
SO =177 +22sin(opts ), from mode 5

rl
o A/ _
=i =18 s
Zrl P

7) For mode 7
S (A2.18)

Limax ’

S S S

iSO =i () i () ~ |
:S—1 _:S-1 :S—1

=i ®= i (t)+|Lbl ®)

=i> =i t)-i> (1)

:S—| 1Sl -S—| A2.19a
=i lt)y=1>" —i>l(t), from (A2.18) ( )
S-1 S-1 :S—1
dVCrl (t) — Ileax _ ILbl (t)
dt Crl Crl

Now, taking the Laplace transform of (A2.19a) and considering the initial conditions.

S—I S—I A+ I fl?nla I fb_lI (S)
:[Svcm (8)-Vg, (© )}: sC - C
1 rl (A2.19h)
S—I S—I
S-I I L1max I Lb1 (S)
:VCrl (S): 2 N
S Crl SCr]_
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Now, after performing the inverse Laplace transform and using the convolution

theorem.

C L1max Lbl
rl

t
:,»vgr—l'(t):i£|s—' xt-jis—'(r) dr] (A2.19c)
0

Now, solving for inductor current ip1(t),

. . di*' (1)
= Virll (t)_vfrll (t)_vbat = Lbl Lkalt

di*'t) 1 { - dif’l'(t)J (A2202)
= ————=—|V

dt Ly

Now, taking the Laplace transform of (A2.20a) and considering the initial conditions.

_ ot 1 _ Vi _ s
= {15150 >}=L—m(v;' (5) ==Ly 15, (5) 15,10 >D

IS—I +
15 =m0 (vgg'(s)—VbTat—Lrl[slf;%s)—'i;'mD (A2.20b)

Sl
i S—l ity 1 S=lge y _ (S—l
: ILbl 07)= ILbl (ts) = ILblmin

S5O = 1 ) =1

Now, after performing the inverse Laplace transform and using the convolution

theorem.

Ly

t
P N | 1 S- S 5!
i =17 = Vhar xt— Lyl _£VCF1 (@) dz+Lnil (O], (A2.20c)

-S—1 s-1
o (t7) = Ib5
Now, solving for inductor current irr1(t),
=i> M) =i> ') +i% (1)
dv>! (t) 1
Cal _ iS—lpy Sl
= dt C. (ILrl (® bt (t))
S—I S—1 4\ _
=V (t)+v:_(t)=0
differentiating above

=vo (1) +v ! (1)=0
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”Wal:/]/,/l_ Ca o™ L% ’
al
el (A2.21a)

2:S5-1 2 :S5-1
+ a)all Lri (t) = a)all Lbl (t)

Now, taking the Laplace transform of (A2.21a) and considering the initial conditions.

= [szl S1(g) sl fr;'(o+)—i'f;'(o+)}+w§1

> S—I (S) _ 60;31' S—I (S)

I
Lrl Lb1

9 2 S_| | 25| 2 S-1
= (s op )15 =517 )+ )+ 0t 7 (5)

S—lyqty  iS-1nt 2 51
s, Slp (@) i7(07) ol (s)
5 157! (5) = Lt 4 S+ Lbt . (A2.21b)

Lri s? 4 a)gl s? 4 o5 s? 4 o

co1S-lyaty Sl sS—laty
AN =157 i) =0,

S|
sl 2
_ . _
:Ifll(s): et Ifml(s)
r S +a)a1 S +C()a1

Now, after performing the inverse Laplace transform and using the convolution

theorem.

t
IS () =I5, cos(myt)+ wn j i°-1(7) sin(ay (t-7)) dz (A2.21c)

0

Solving for capacitor voltage vcai(t),

:>v§a‘l' (t)= —vfr;' (t)

diS—l (t) (A222a)
S—1 r
=V (t)= —Lr1#
Differentiating (A2.21c) and using the Leibniz rule,
1 t
vol() = |,Sp—'zalsin(a)a1t)—c— j i>1(z) cos(wy(t—7)) dz (A2.22b)
al g
8) For mode 8
S
L di’ (1) Vv, (A2.23a)

dt
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In (A2.23a), only the initial condition changes remaining are analogous to

(A2.1c).

o a0 (Vg -V o _
i) =15 _(ijt, i (1) =157, (A2.23b)

Limax Ll

Now, solving for inductor current i ri(t),

:S—l gy _ S S
= ICal (t) - ILrl (t) + I|_b1 (t) (A224a)
In this mode, Vcai(t7) is at maxima which is only possible when @,;t; :%,

putting this in (A2.22b) as given below,

1 7/ 2y,
VI =152y - | 5 (e) sin(eyr) dr, (A2.24b)
t7 Cal 0
v (1) -v2 (1) =y, (A2.24c)
Lrl car \J T Y01 '
s-1
. - \Y t
=i t) = Vor | Yea ( ), putting t=0,
ok I—rl Lrl
s-1
_ R 0 (A2.24d)
jlizl(o): V01+ Cal ( )
Lrl Lrl
oSl S
: VCal (0)_VCa1 (t7)
s-1
Ifr?(o) — _VOl + VCal (t7) (A2249)
Lrl I—rl
differentiating (A2.24c)
,S-1 ,S-1
t)— t)=0
:VL;S(I) Ve (1) (A2.241)
diz " (t) . S
= whi® ] () =—0hi® (1)

Now, taking the Laplace transform of (A2.24f) and considering the initial conditions.
= [$21510) =513 (09 =15 (07) [+ 01 5 () = —ll 5 (s)
= (2 +0f )15 (6) =515, )i (0 =0kt S ] (5)

s1°1(0") . (0707) il (s)

S
=1>7(s)=
bt s+l P+l SP+ol
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o1 S-lnty
A137 M) =0.

S |
|S I(S)— Lrl ( ) a)allLbl ( ) (A2.24g)
Lrl S +a)§1 S +Cl)§1

Putting (A2.24e) in (A2.24g), and after performing the inverse Laplace

transform and using the convolution theorem.

(Vcil"t —VOlein(walt)
S I() 7

Lrl Z 1
a

(A2.24h)

t

—a)aljus '(2) sin(ewy (t—1)) dr
0

Solving for capacitor voltage vcai(t),

= via_l' (t)=Vo +vS : (t)
dif—l ) (A2.25a)

Differentiating (A2.24h) and using the Leibniz rule,

vl () =Vy, - [Vm v jcos(a)alt)
: (A2.25h)
j '(7) COS a)al(t T)) dr:Vfl",
19

Now, solving for inductor current iip1(t),

- VOl Vbat rl

=[s13 1) -15,100 |- i[\ﬁ-vbTat— Lt 1% ()15 (0*)}]

110" 1 vy v
S—| _ b S—1 S—l/n+
15-1(s) = Lms +sLb1 (%—%—Ln[s'm (s)-17.(0 )D (A2.26b)
S—l/n+ s-1 S—I

Ay (00)= | (t7) = s

Lbl

.o1S-l/a+y Sl _
'ILrl (o )_ILrl (t;)=0
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Now, after performing the inverse Laplace transform and using the convolution
theorem.

is-1 1 Sl
t | +_ Vi =V, t—Lni t)),
Lbl ( ) b5 Lbl (( 01 bat)>< 1’ 1 ( )) (A226C)

i, (e)=log ", 10, () =17"

Lrl

9) For mode 9

In (A2.27a), only the initial condition changes remaining are analogous to
(A2.1c).

5o L (Vo -V, 5 i
im=13 '—(MTI'”]XL i*(tg) =157, (A2.27h)

Now, solving for inductor current irr1(t),

=V +v5‘I (t)=0
s '(t) (A2.28a)

dt

Now, taking the Laplace transform of (A2.28a) and considering the initial conditions.

[S|SI(S) |fr1|( )} Voo

SLyq
IS_I 0+
:|5—|(S)= Lrl ( )_ \2/01
Lr1 S s2L,, (A2.28b)
S—l/n+ S—1 S— |
| (O )—ILl('[)—l
- |S—|(S)= 1s-1_ Voo
Lrl ri SZL )
r

Now, after performing the inverse Laplace transform and using the convolution

theorem.
51 (t) = 15 - You (A2.28¢)
' I-rl

Now, solving for inductor current ip1(t),
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dis~'(t)

Lbl

ol " _ _Vbat (A2.293)

In (A2.29a), only the initial condition changes remaining are analogous to
(A2.10b).

5 o (V o )
i> )= 155" —[ﬁ}t, i (tg) = 157, (A2.29h)

10) For mode 10

di®(t
L t( ) v vy, (A2.30a)

In (A2.30a), only the initial condition changes remaining are analogous to
(A2.1c).

.5 a0 (Vo1 =V, .S _
50 =15" —[—"11 jt 5 ) =157, (A230)

Now, solving for inductor current i ri(t),
=i>(t)=i>(t)
=vo (1) +v> ! (1) =0

dis!(t
G ® )+iji5—'(t).dt =0
dt Cal Lrl

(A2.31a)
=L

Now, taking the Laplace transform of (A2.31a) and considering the initial conditions.

MON

0
sCat

=[s15 1) - 15101 |+

1 _ _
= [SLI’]. +?J | frll (S) = Lrll Erll (0+)

al

15710 =157 | from mode 3 (A2.31b)
Lrl Lblmax

= (S2 + a)gl) | f;' (s)=sl ft;'mx

S—1 S-1 S
=1°7(s)=1
Lrl Lblmax SZ +a)§1
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Now, after performing the inverse Laplace transform and using the convolution

theorem.
i ® =03, cos(@ant) (A2.31c)

Now, solving for inductor current iLp1(t),

=V,
dt bat

L, di’ ' (A2.32)

In (A2.32a), only the initial condition changes remaining are analogous to
(A2.10b).

.5 N V, o -
i57(t) = | ot max —(ﬁ}xt, 5 () = 157, (A2.32b)
Solving for capacitor voltage vcai(t),

= via‘l' (t) :vf’;' (1)

di®~' () (A2.33a)
S-I ;
=V ()= Ly ==
Differentiating (A2.31c),
Vo) =150 Zagsin (nt) (A2.33b)
11) For mode 11
di®~'(t
L —— 0 =Vin Vo1 (A2.349)

dt

In (A2.34a), only the initial condition changes remaining are analogous to
(A2.1c).

5 4 (Vo =V
'i '(t):lf I_( 01L1 '”]xt, (A2.34b)

Now, solving for inductor current iiri(t),
S—l ey _ Sl
=1 (t)= lcar (t)

vy Sl S—1 _
“Vin (t)_VCal (t) =Vou,
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differentiating above

2SSl _ S
= VLrl (t) _VCal (t)’

dvS~ (1)
-S—1 _ r
=17 (t)=Cy Ldlt ,

5 d%i* () (A2.352)
:nfﬂ'(t):calmt;t;;,
."walz/M\/L Ct’

ri~al

d2is~' N

= + > (t)=0

Now, taking the Laplace transform of (A2.35a) and considering the initial conditions.
= [szl S1(s) 150" -i% ! (o*)] +of1%(s)=0

=(s2+ 0 )15 () =517 (07)+i%] (0%)

SIS*|(O+) i‘Sf|(0+)
S—1 __n Lrl
I Lrl ()= 2 7 T 2

S +a)al 32 +C()a1

w157(07) =177 () =0, by (A2.31c) (A2.35h)

and i'fz'(0+) = _E_F\/Ca—l(o), by (A2.35a) and putting t=0.
' Ln i

Vea(0) =131 7., maxima at t=0, in (A2.33b)

Lblmax

151 (g) = - Vou Da1 |, 5 Pal
Lrl Ll’la)al 52+w§1 Lblmax 52+a)2

al

Now, after performing the inverse Laplace transform.

Sl st Vo1 |

P> () _LI e —Z—Jsm(malt), (A2.35c)
al

Now, solving for inductor current iip1(t),

(S|
a, ®_ (A2.36a)
dt bat

bl

In (A2.36a), only the initial condition changes remaining are analogous to
(A2.10D).
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NAOEINY —(\%jxt, (A2.36b)
1

Solving for capacitor voltage vcai(t),

= via_l' (t)=Vor +v>' (1)

iS- A2.37a)
dis~'(t) (
-1 ;
=V, ()=Vor+Ln Ldlt
Differentiating (A2.35c),
Via_ll (t) =Vo1 - (V01 - ifb_l,lnax Zal) COS (gt (A2.37b)

A.2.2 Mode-wise Analysis for State Il Operation
The switching characteristics and operating modes in this state are shown in
Figure 4.4 and Figure 4.5, respectively. Based on the operating modes, the time-

domain analysis has been performed.

1) For mode 1

Sty =i5"(t) (A2.38a)

Lrl Lbl
Now, taking the Laplace transform of (A2.38a) and considering the initial conditions.

s di’ "(0)
= (Vpat =Vou )=V, (1) = LblT

Sl Sl
— dILbl ® — [Vbat _VOIJ_ Lry dILrl ®

dt Ly, Ly dt

(A2.38b)

dis—" (t 3 dis "t
. (® :[Vbat VOlj_iL(), by (A2.38a)
dt Ly Ly, dt

= (Vbat _V01)

Now, taking the Laplace transform and considering the initial conditions.

(o L[5 5)- 15 0 - b )

Lbl Lbl S

gy (0) +(V01 —vbat] 1 (A2.380)

X_
Lpa + Lyg 2

S
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Now, after performing the inverse Laplace transform.

Sl s Vi —V. e s
-z P 01T (2300
i1 (t) =157 () = 1 Shimin- (A2.39)
2) For mode 2
=S—1
dif, ® (A2.40a)
- bat

In (A2.40a), only the initial condition changes remaining are analogous to

(A2.10b).
.. _ v . _
icht () = =1 himin —[ﬂjxt, i ) = 15", (A2.40b)
Lot
di> (1) (A2.41a)
rl dt = Vo1

Now, taking the Laplace transform of (A2.41a) and considering the initial conditions.

_ _ V
o]
=sbyl] "(8)-Lul ] 7 (07) =

S—Il A+

15N (g) = W O vy ’ (A2.41b)

Lrl S SZLrl
S—I S-II S-Ii
| Lr (0+) =1 (t) =1 Coimin:

S-ll

o 15N(g) = ~Ioimin _ Vou

Lrl S SZLrl

Now, after performing the inverse Laplace transform.

272 (©) =1 E5amin _%}t, 01 (t) =0, (A2.410)
rl
3) For mode 3
-S—I1
dip, ©_ v (A2.422)

bl dt
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In (A2.42a), only the initial condition changes remaining are analogous to
(A2.10D).

0= 15" Y, ) =1 (A2.420)
bl

in' ()=0, V& (t)=0. (A2.43)

4) For mode 4

-S—II _=S-ll -S—II
:>|Lbl (t)_ILrl (t)+|Ca1 (t)
- i;‘l“ (t) = —ifr;“ (t)+ ifb‘l" (t)
. 1/ .o o
VialII (t) :C_al(_lfrl” (t) + IfblII (t))
v ) =vi (e or

Sy Ve ®

Lrl L 1
r

differentiating above
,S—11 2SIl ey _
= Vi (® “Veu =0,

=t "7

(A2.443)

Lrl

25—l 2:S-1l
dtz + a)a.ll Lrl (t) = a)all Lbl (t)

Now, taking the Laplace transform of (A2.44a) and considering the initial conditions.
=[s2151(9) =151 (0)=1%1(07) |+ 0213 () = 01 1 (6)
= (s2+0%)15,"(5) =515 ") +i5 "0+l " 6)
S-1I S| 2 (S-1i
sl (0") e (0") ol (5)

2 2 2 2 2 2
ST+ wy ST+ wy S(S +(0a1)

S—II _
= ILr1 ()=

1Sl ey Sl y
1 0)=1 Lr1 (t5) =0,

. Vear (0
15711 0") _Vea(0) 0, from previous mode

Lt Ly (A2.44b)

2 1S-1l
@ Lbl (s)
2

=15, -2
S(S +60a1)
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Now, after performing the inverse Laplace transform and using the convolution

theorem.

t
it () = o [ i1 (7) sin(an (t-7) dr, (A2.44c)
0

Now, solving for inductor current iLp1(t),

. di®(t)
= Vo =Vo " () =Vt = Ly Lbdlt
.5 5 (A2.45a)
a0 1 ai®, ")
T =T V01 _Vbat - Lr1
Ly dt

Now, taking the Laplace transform of (A2.45a) and considering the initial conditions.

=[5 915" 0" |- i(\ﬁ—\%— L[ 813" 5) - 13" (o+)D

Lpa \ 8

15107 1 (v, v,
S—II _ _Lbl 01 bat S-Il S—Il yn+
i (T—T—Lrl[slm (s)-1°"0 )D
L.1S=laty g Sl _rs—l (A2.45b)
: ILbl (0 )_ILbl (t3)__ILb1max’
1) =13 tg) = 0.

_ s 1 (Ve v
S—11 _ Lb1max ﬂ_ﬂ_ S—11
' ()= S +sLb1( S S Lr1(3|m (S))j

Now, after performing the inverse Laplace transform and using the convolution

theorem.

o _ Vg, -V L, s
iCat (8) =1 Comax + [‘”L—WJ xt— LSl ), (A2.45¢)
01 Ly

Solving for capacitor voltage vcai(t),
S—Il 5\ _ S
:>VCal (t)_erl (t)
-S—1I
diy, ®
dt
Differentiating (A2.44c),

(A2.46a)

=>vo () =1,
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vl == j itot (7) cos(wy (t-7)) dr, (A2.46h)

alo

1 7/2my
Vgalll(tzt):C— .[ itet (7) sin(wy7) dr,

al 0

7/2wy

A2.46¢
S —on | il ()cos(wnr) dr, iS5 (1) = 155", (A2.48c)
0

by putting @yt = % at maxima.

5) For mode 5

In (A2.47) and (A2.48), only the initial condition changes remaining are
analogous to (A2.44c) and (A2.45c).

S-1l
ir1 () =57 (ta) cos (@ut) - {W}i” (@at)
t i (A2.47)
+ @y j ico (7) sin(ey (t—7)) dr.
0
.g. Vo1 =V
=it Dt b i, (n249
Lbl Lbl bl
Solving for capacitor voltage vca(t),
:>vS ”() Vo1 +vS ”(t)
gis" ) (A2.49a)
=>vo (1) =Vy; + Ly

dt
Differentiating (A2.47),

Sl Sl Sell gy o
Vear (1) =Vo1 — (V01 —VCat (t4)) cos (@yt) = Zagipr (ta)sin(eyt)

(A2.49Db)
jlfblll (r) cos(wy (t-7)) dr,
al 0
iv () =15 (A2.50)
6) For mode 6
itr (1) = 15" (1) = 1 St (A2.51)
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-S—lII
dlLrl (t) V (A252a)

rl dt — Vo1

Now, taking the Laplace transform of (A2.52a) and considering the initial conditions.

sl s—l a1 Voi
:>Lrl[s|Lr1 (s)-157"(0 )]_——S

_ _ V
= skl (s) - Lyl (01 = -2

S—Il /A+
VOl + ILr1 (0 )

= 1°1(s)=- 2L — (A2.52b)
N 'f;”((ﬁ) _ 'f;”(tS) _ 'i_”’
SIFUCRUSSL
s Ly
Now, after performing the inverse Laplace transform.
iy ()= 177" —[%]xt, Veat (t) = 0. (A2.53)
rl

A.3  State-space Modeling and Small-signal Analysis Under Different
Operating States for FPFTDC Converter in Ideal Conditions

The state-space modelling and small-signal analysis of the proposed FPFTDC
converter under ideal operating conditions are carried out in CCM to investigate the
dynamic behaviour and stability characteristics of the system under different operating
states. The operating mode circuits corresponding to states I, I11, and IV are illustrated
in Figure 5.6, Figure 5.9, and Figure 5.11, respectively, while the associated switching
characteristics durations are summarized in Table 5.2, Table 5.4, and Table 5.5. Based
on the switching sequence and energy transfer paths in each operating state, the
converter dynamics are analyzed using the state-space averaging approach. For each
state, the large-signal state equations are formulated by applying Kirchhoff’s voltage
and current laws considering the inductor currents and capacitor voltages as the state
variables. Subsequently, the averaged state-space model is derived over one complete
switching period to represent the overall converter dynamics in CCM operation.

Further, small-signal perturbation and linearization are performed around the

steady-state operating point to obtain the SSM of the converter. The derived SSM is
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utilized for analyzing the dynamic response, transfer function characteristics, and
stability behaviour of the proposed converter under different operating conditions. In
state Il, the MVDC load is disconnected, resulting in a decrease in the steady-state
current. However, the remaining operating constraints and dynamic characteristics
remain similar to those of state I. Therefore, the SSM for state Il are derived following

a similar modeling procedure with suitable.

For state I & Il operation, the state equations (A3.1) to (A3.7) are common and
equations (A3.8) and (A3.9) for states | & I, respectively, are given below:

Vig= LSld(ijil =V, Switch Sy is On (A3.1a)
Vig = LSl% =V py —Veo1, SWitch Sy is Off (A3.1b)
Vi =Lss d:j% =V, Switch S, is On (A3.23)
Visr =Ls, d;stz =V, — Vo1, SWitch S, is Off (A3.2b)
Vioz = Loy C“dLTOZ = Vgo1 ~ Veoz, SWitch Sy, is On (A3.3a)
Vioz2 = Loz di(;tOZ = —V,gp, SWitch S, is Off (A3.3b)
Vip = Lbl% = Vg1 — Vi SWitch Sy is On (A3.4a)
Vip = Lbl% = —Vgqp, SWitch Sy, is Off (A3.4b)

Lb2 = L2 dlg% = Vo1 Vet SWItCh Sppy is On (A3.53)
Vips = Lo di('j-i’z = Vg, SWitch Sy, is Off (A3.5b)
o2 =102 —lo2 (A3.6)
Iefy = gy +lh2 — lpat (A3.7)

ico1 =52 —ipy —ig1, Mode 1,V(Dy—D3)xT

icor =gy +ig —ipy —ip;, mode 2,V (D, —Dq)xT

icor =ls1 +1sp —igy, Mode 3,V (1-2D,)xT for state |
icor =lsy +ig2 —ipy —ipy, mode 4,V (D, —Dy)xT

ico1 = sy —ip2 —igg, mode 5,V(Dy)xT

ico1 =isp ~ipy —iLo2 —ior, mode 6,V (D3)xT

(A3.8)

where, iy, =-0L j =202 j 0 ; - _c  ZYcol
01 =" "2 = et = o leon = o1
01 02 03
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for state Il

ico1 =is1 —ipz, mode 5,(Dy)xT
iCOl =i82_ib1—i|_02, mode G,V(D3)><T

(A3.9)

The matrices A:1-As in (A3.10) represent the state matrices corresponding to

state | of the converter, whereas A denotes the averaged large-signal state matrix

obtained through state-space averaging.

0 0 O (1) 0 _01 0 0 0
00 O
Lbeq _1 Lbeq O O O
00 O 0 — 0
2
_ _ 0 0 O
A=lpgL o L 0 A -
Co1 Ro1Co1 i ;1 0
00 - 0 -1 0 Co1 Co1
Co2 Ro2Co2 1
1 1 0 0 —
0.0 0 0 —— 02
fb 03% b 0 i 0
Cto
_ 9 _ _
0O 0 O 0 0 0O 0 O
seq
-1
0O 0 O 0 0 0 0 O
Lbeq
0 0 O 0 -1 0 0 0 O
i 0 O 1 0 0 i 0 O
Cor Ro1Co1 Co
0 0 -1 o -1 0 0 o -1
Co2 Ro2Co2 Co2
o1 0 o 0 - 0o 1 o
C RosC Ctp

0 0
0 -1
Lbeq
;l 0
Loo
0 0
_1 O
Ro2Co2
0 -1
RosCep |
0 0
0 -1
Lbeq
;l 0
Loo
0 0
_l 0
Ro2Co2
0 -1
RosC
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00 0 X o o0 00 0 (1) 0 _01
seq 0 0 O 3
0 0 0 0 o *t Lbleq PR
Lpeq 00 0 oo 0
000 0 T o0 o4 & ?
A - Lo A = - 0 0
1 -1 Cor Co1 RoiCom
=0 0 0 0 ? 1
Co1 Ro1Co1 00 o 0 R C 0
0 o0 i 0 -1 0 . 02 0202 9
Co2 Ro2Co2 0 o 0 0 0 RosC
0 1 0 0 0 -1 | “fb 3> b |
Cto RosC b
. T (A3.10)
B= 0 00 OO

seq
The state-space representation is as follows:
(i). State equation: X =AX+BU+Ed;
(ii).Output equation: y(t) = Cx+ D0
Where the matrices A, B, C and D represent the system, input, output, and direct

transmission matrices, and E is the state variable at steady-state.
State Variables and Input Vectors for state-I:

~ 2o ~ ~ ~ T
(i). State vector: X(t) =|:|in Ib 1L02 Vc01 Vc02 Vbat}

(ii).Input vector: Uy(t) = v pv
Small-signal models for this state.

% (t) = A% (t) + By (t) + E,d; and y; (t)=C%, (t) + DA, (t)

o 0 0 0 —1=D) 0 0
? Lseq
li —
A o o o 2 0 L
ib Lbeq Lbeq
e e E 2
oz | _ 2 2 2 (t
: @-D) -D, -D; -1 1V
Veo1 0 0
o Cou  Cu Cor RpCy
Veo2 0 0 1 0 -1 0
. COZ ROZCOZ
Vv
pat . o L o o 0 !
L Cw RosCo |
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VOl 0 0
F T LSeq y
0o % o
Lseq ~
0 eq d]_
+ 0 |:va:|+ 0 0 Vﬂ 2
0 2 3
0 —lin j Lo
L 0 | Cou Cou Cn
0 0 0
0 0 0

Vor =[00 010 0]%(t);vg, =[00 0 01 0]%(t); and v, =[0 0 0 0 0 1] %, (1)
(A3.11)
The matrices A:1-As in (A3.12) represent the state matrices corresponding to
state Il of the converter, whereas A denotes the averaged large-signal state matrix

obtained through state-space averaging.

T o0 0oL o o |
00 O seq
Lbeq _1 Lbeq 0 O O 1 O _1
00 0 0 o 0 Lbeq Lpeq
A< -1 ? 00 0 0 X o0
“lo— 0 o0 0 0 A = Loz
01 1 -1
1 1 — = 0 0 0 0
00 — 0 e 0 Co1 Cn
. 02 0202 9 0 o0 i 0 -1 0
0— 0 0 0 e 02 Ro2Co2
fb 03™ fb 0 i 0 0 0 1
Ct RosCe |
0 0 O -1 0 0 0 0 O -1 0 0
seq seq
0 0 0 O 0 -1 0 0 0 O 0 -1
Lbeq eq
0 0 0 O -1 0 0 0 0 O -1 0
Asz 1 I-02 A4= 1 L02
— 0 0 O 0 0 — 0 0 0 0 0
Co Co
0o 0o L o % 0 0o 0o L o % 0
02 Ro2Co2 02 Ro2Co2
0 1 0 0 -1 0 1 0 0 -1
fb RosCip | fb RosC
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seq

0 O
seq
0O 0 O
0O 0 O
0O 0 O
0o -1 o
Coz
19 0
Ctp
0 00O

State Variables and Input Vectors for state-I:

~ 22 ~ ~ ~ T
(i). State vector: X, (t) Z[lin Ib 1L02 Vco1 Vco02 Vbat}

(ii).Input vector: U, (t) = v pv

Small-signal models for this state.

% (t) = ARy (t) + Bl, (t) + E,d; and y, (t)=CR, (t) + D, (t)

0 0 0
0 0 0
0 0 0
1-Dy) -D, —Ds
Can Cou Conn
o o L
Coz

0o 1 o

Ctp

0 00 O (j
00 O
-1 Lbeq
eq 00 O i
0 Loz
A = 0 (;71 (;71 0
0 01 101
00 C— 0
02
0
0 i 0 0
-1 Cty
RosCo
_(1_ Dl) 0 0
Lseq
D, 0 -1
I-beq I-beq
Ds -1 0
Loo Loo % (1)
0 0 0
0 -1
ROZCOZ
0 0 -1
RosCip |

(A3.12)
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1 Vy 0 0 i
Lseq Lseq
0 o0 \ 0 .
I-beq VApv
+ 0 0 0 ﬂ 91
Lop || 92
o Zlin =lo —lioz || d3
Cun Cn Cu
0 0 0 0
0 0 0 0

VOl :[0 0 0 1 0 O])’iz(t);VOz :[0 0 0 0 1 O])’iz(t), and Vbat :[0 0 0 O O 1])?2(1:)

(A3.13)

For state 111 operation, the state equations are given below:
Vig = LSld(ijil =V, switch Sy is On (A3.143)
Vig = LSl% =V py = Vo1, SWitch S is Off (A3.14Db)
Vioz = Loz di(ITOZ =Veo1 — Vo2, SWitch Sp is On (A3.153)
Vies = Lo di(;toz — gy, SWitch Sy, is Off (A3.15h)
Vi = Lbl% = V01 — Vhat» SWitch Sp,, Sps is On (A3.16a)
Vip = Lbl% = —Vyat, SWitch Sy is Off (A3.16b)
Vip2 = Lo d'('j-% = —Vjyt» SWitch S, is On (A3.17a)

oo = Lo, d'g% Vg Vo, SWtE Sy i OFf (A3.17h)
ico2 =iLo2 — o2 (A3.18)
It = Ip1 +1p2 — hat (A3.19)
ico1 =52 —ipg —iLg2 —lp;, Mode 1,V (Dy + Da—1)xT
igo1 =ls1 +ig2 —ipy i gp —igy, mode 2,V(1-D, —Dq)xT
ico1 =ls1 +is2 —ip;, mode 3,V (2D ,—1)xT (A3.20)

iCOl = iSl + ISZ - |b2 - i01, mode 4,V(1— D2 - Dl)XT
ic012i81_ib2_i01’ mOde S,V(Dl)XT
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The matrices A:1-As in (A3.21) represent the state matrices corresponding to
state 11l of the converter, whereas A denotes the averaged large-signal state matrix
obtained through state-space averaging.

00 O 0 0 ] (0 0 O 0 0 ]
00 O 1 0 00 O 1 0
Lbeq Lbeq
oo o -+ 1 0o o L+ 1
A= Loz Loo Ay = Loz Loz
A 1, ottt L
Cor Cor RuCo1 Cor Co1 RoiCon
00 0 -1 00 -1 o0 -1
02 Ro2Co2 | 02 Ro2Co2
[0 0 0 0 0 00 O 0 0
00 0 1 0 00 O 0 _01
Lbeq 00 O 0 L
00 O 1 -1 A = 1 2
Ay = Lex Lo 00 0 0
1 -1 -1 Ro1Co1
S 0 1 1
Co1 Co1 RoiCm 00 C— 0 C
00 1 0 -1 L 02 Ro2Co2 |
L 02 Ro2C02
00 0 -1 0 00 O 10 0
Lseq 00 O 0 0
000 0 0 Lpeq
000 O -1 00 0 O -1
As = Loo As = Loo
N — 0 0L o L 0
Co Ro1Co1 Co Ro1Co1
00— 0 -1 00 0 -1
L Co2 Ro2Co2 | | Co2 Ro2Co2 |
T
Ll 0 000
B=| % 1 (A3.21)
0 - 000
beq

State Variables and Input Vectors for state-111:

~ 200 A A T
(i). State vector: X3(t)=[|in I 1L02 Vco1 Vcoz}
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(if).Input vector: Gs(t) =[\7pv \A/bat}.

Small-signal models for this state.

%3 (t) = ARg (t) + Bz (t) + Eqd; and y5(t)=CRs(t) + Dis(t)

o 0 0 0 ﬂ 0
. Lseq
lin 1-D
3 0 0 0 (1-5,) 0
ip Lbeq
,i\ - 0 0 0 ( D3 - D2) -1
o2 Loo Loo
veor | |@=Dy) —(1=D7) =(Bs-D,) -1 0
B Cor Cor Co Ro1Co1
Vv _
| Veo? | 0 0 1 1
i Coz Ro2Co2 |
LI Vou 0 0
I—seq I—seq -
0t o Moo Ve
I-beq I-beq VEat
o o 0o Ya Yu|d
Loz Loz do
0 o Zlin (1o +1L02) —liop || ds |
Cau  Co Co1
0 0 0 0 0 |

VOl :[0 O O 1 0])23(t), and V02 :[0 0 O O 1] )?3(1'.)

For state IV operation, the state equations are given below:

di . .
Vio2 = Lop —=2% = Vg — Veoz, SWitch Sy, is On

dt
di, . .
VL02 = L02 dt = —VC02,SW|tCh sz IS Off
di . .
Vip = LblTLtbl = Veo1 ~ Vbat» SWitch S5, Sp is On
Lbl = Lbl % = _Vbat y SW|tCh Sb3 |S Oﬁ:
di . .
Lb2 = Lbz % = _Vbat y SWltCh Sbe IS On

X3(t)

(A3.22)

(A3.23a)
(A3.23b)
(A3.24a)
(A3.24b)

(A3.25a)
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Vib2 = L2 % = Vo1 — Vpat, SWitch Spp, is Off (A3.25b)
ico2 =02 —lo2 (A3.26)

ety = Ty +p2 —ipat (A3.27)

ico1 =is2 —ipg —i g2 —igy, mode 1,V (D; + D3-1)xT

ico1 =is1 +igp —ipg —iy gp —ipg, Mode 2,V (1-D, —Dy)xT

ico1 =lg1 +igp —ipg, mode 3,V (2D ,—1)xT

ico1 =ls1 +igo —ipo —io1s mode(4,v(1—)D2 —-Dy)xT (A3.28)
ico1 = i1 —ip2 —lp;, mode 5,V (Dq)xT

ico1 =l —ipg —lp;, mode 6,V (1-D3)xT

The matrices A1-As in (A3.29) represent the state matrices corresponding to
state 1V of the converter, whereas A denotes the averaged large-signal state matrix

obtained through state-space averaging.

0 o0 1 0 00 0 _01
Loeq oo 0 —
0 0 1 B 1 Lo
A = Loz Loz Ay = 00
-1 -1 -1 0 Ro1Co1
Cor Cor RoiCor 0 Ci - (1:
Y -1 02 02L02
. Co2 Ro2Co2
00 0 _01 0 o 1 0
00 o0 — Loeq
Ay = 1 Loz o o o %
=lo 0 0 A= Loa
Ro1Co1 -1 1 0
oL -1 Cot Ro1Co1
Co2 Ro2Co2 o L o -1
Coz Ro2Co2 |
1 T
B=|—000 (A3.29)
beq

State Variables and Input Vectors for state-1V:

~ 202 ~ ~ T
(i). State vector: X,(t) =[|b 1L02 Vco1 VcOZ}
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(if). Input vector: G, (t) = [Qbat].
Small-signal models for this state.

%4 (t) = AR, (t) + B, (t) + E,d; and y, (t)=CR, (t) + Dy (t)

1-D
F T 0 0 ( 2)
ib I—beq
2 (D3-D;) -1
: 0 0 A
oz | _ Loz Loz |x, (1)
\./001 -(1-D,) =(D3-D,) -1 0
N COl COl R01C01
Ve02 | 0 i 0 -1
. Coz Ro2Cos (A3.30)
-1 Vo1 0
I—beq I-beq ~

0 01 Z01
+ Loz Loy || d2
(1o +1Lo2) ~liop || d3
Coz Coz
| 0 0 0
A.3.1 State-space Modeling and Small-signal Analysis for Input Capacitor
Design (Cpv)

The PWM to the switches Ss1 and Ss. are 180° phase-shifted, which produces

only three modes of operation as shown in Figure A.3.1. During mode 1, only switch
Ss1 is turned on and switch Ss» is turned off with a duty ratio D1. During mode 2, both
the switches are turned off with a duty ratio of (1-2D1) and during mode 3, switch Ss2
is turned on and switch Ssi is turned off with a duty ratio of Di1. The state-space
representation and SSM of single-diode PV modules have been carried out to design

the input capacitor (Cy).

Figure A.3.1 Two-phase interleaved boost converter for (a) mode 1, (b) mode 2, and
(c) mode 3 operation.
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The generalized state-space equation can be written as follows:
X =A% +Bd (A3.31)

where the state and input vector can be written as follows:

A~ & & A T A A~
x(t):[ls1 isg vpv] , () =V (A3.32)

The following mathematical relation can be written during mode 1 to mode 3:

ln =151 +159 =1 oy —lopy (A3.33)
i?31(0 = (va (t)}
Lsy (A3.34)
|
™ (A3.34b)
i) :[va(t) +(iA51+iAsz)J (A3.34c)
CovRi Cov

where, negative sign of PV current denotes that load is source and R; is input

source resistance. The averaged large signal model of the system can be defined as

follows:
oo 1] [ fua]
La L Ly
1 _(1_D1) Veor
A=| 0 0 , B= JE= .
LsZ L52 L52 (A3 35)
-1 -1 -1
_va va vaRi_ L i L _

Acquire the final state-space linearized equation for small signal modelling
by applying perturbations to each variable.
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X(t) = AX+ B + Edy

=
- 0 0 —

iy La [ ~(1-D1) vey A
2 A L L Vv A3.36
iSZ = 0 O i iSZ + s1 s1 EOl ( )
g Ls G —(1-D1) vgor || d1

pv -1 -1 w Ly, Ly,

_va va vaRi ]

The transfer function can be written as follows:

Vpu(s) _ ~Veo1
~ L A3.37
da(s) LseqCp\,s2 + ;eq s+1 ( )
1
where, Lgeq _ babe
La +Ls2

The above transfer function is second order system, now, after solving for Cyy,

it can be written as follows:

C - I—seq

pv 4(Rmpp )2 4/2

where, R = Rmpp at the maximum power point and ¢ is the damping coefficient.

(A3.38)

A4 State-space Modeling and Small-signal Analysis Under Different
Operating States for TMMFT Converter in Non-ideal Conditions

The SSMs analysis of the proposed TMMFT converter under non-ideal
operating conditions is carried out in CCM to investigate the dynamic and stability
characteristics of the system. Since the operating principles of the TMMFT converter
are analogous to those of the FPFTDC converter discussed in Chapter 5, the detailed
operating modes and switching characteristics are not repeated here. In this analysis,
the effects of parasitic elements and non-idealities are incorporated into the modeling

framework.

For state | & Il operation, the state equations (A4.1) to (A4.10) are common and

equations (A4.11) and (A4.12) for states | & |1, respectively, are given below:
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di

Vle = leﬁ =V v I’51i51 _VSS].’ SWltCh SS]. |S On

P
Vig = Loy IS0y i Ve, — itch S, is Off
Lst = L5173, " = Vv fsals1 —Vps1 — Vepo1: SWITCH OS¢ 1S
Vi =Le, 352 Ly _y iy itch S, is O
Ls2 = bs2 =™ = Vv fs2ls2 —Vsg2, SWILCH Sqp 1S UN

di
Vigp=Lsp— 2=V

ot ov —Ts2ls2 =Vps2 —Vepor, SWitch S, is Off

Y
_ c01
Vepot = Te01Co1 it +Veo1

di oy . . .
Vioz = Loz ot Vepo1 ~Vepoz ~ fo2lhoz —Vgp1 —Vgpp, SWitch Sy, is On

di . . .
Vioz = Loz % = —Vepo2 — fo2iL02 — Vb3, switch Sy, is Off

Vo2
Vepoz = Ie02Co2 g+ Veo2
diLpy . o
Vip =L gt Vepor = bl —Vsh1 — Veghp, SWitch Spy is On

di . . .
Vip = b Tl'tm =—TiaiLps —Vpb2 —Vob3 — Vetop, SWitch Sy is Off

dig po : - :
Vips =Ly pra R F1T —Vspb1 — Vefop» SWitch Sppy is On
dig b, - : -
Vibz = Lp2 pran P ~Vpbb2 = Vefop s SWitch Spyy is Off
dVefp

Vetop = TeiC b o Vet
ico2 =02 —lo2

lefo = tb1 +1b2 ~lpat

ico1 =iy +isp —igy, mode 3,V (1-2D,)xT For state |

ico1 =is2 ~lpg ~iLo2 ~ o1, mode 6,V (Dg)xT
Vepor . Vepoz Veto dvggq
rlog = !

p -
[l = y 1 & C
bat R c01 01 dt

where, ig; = R
01 02 03

(Ad.1a)

(Ad.1b)

(A4.2a)

(A4.2b)
(A4.3)

(A4.4a)
(A4.4b)
(A4.5)
(A4.6a)
(A4.6b)
(A4.7a)
(A4.7b)
(A4.8)

(A4.9)

(A4.10)

(A4.11)
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ico1 =152 —ipy, mode 1,V(Dy—D3)xT

ico1 =iy +igp —iyy, mode 2,V(D, —D1)xT
ico1 =ig1 +igp, mode 3,V (1-2D,)xT

icor =lsy +ig2 —ipp, mode 4,V (D, —Dy)xT
icor =lisy —ip2, mode 5,V(Dq)xT

ico1 =is2 —lpg —iLoz, Mode 6,V (D3)xT

For state 11
(A4.12)

VC
oo -op0l Lo
where, ip; = W igp =

01

chOl
dt

Vepo2 P Vetop i -C
R !bat—R 11c01 = ~01
02 03

The matrices Ai-As in (A4.13) represent the state matrices corresponding to

state | of the converter.

T 0 0 0 0 0 0
Ls
o “(k2tG) G 0 0 1 0 0
Lsz Lsz Lsalcor
0 G (M +G+G3) -G 0 G 0 —-G3
Lp1 Lp1 Lot Lpifcor Lpifen
0 0 -G —(h2 +Gs) 0 0 0 -G
A= Lp2 Ly2 Lpalcn
0 0 0 0 M 0 G, 0
Loz Loatcon
0 & | 0 0 G 0 0
rc01Co1 fc01Co1 Ro1rc01Co1
0 0 0 G o —%
rc02Co2 Ro2rc02Co2
0 0 & & 0 0 0 7763
L rewCeto rewCeto RosfenCo |
_M S G 0 0 -G 0 0 |
Ls1 Ls1 Ls1 Lsifcor
-G —(rs2+Gy) S 0 0 e 0 0
Lsz Ls> Ls> Lsafcor
G G —(m+G+Gs) -Gy 0 < 0 —G3
Ly Lpg Ly Ly Lpifcor Lpafen
0 0 =G (e*G) 0 0 —Cs
Ay = Lp2 Lp2 Lpafem
0 0 0 o lm*C) - 0
Loz Lozfcoz
G G -G 0 0 G 0
fc01Co1 Tc01Co1 fc01Co1 Ro1c01Co1
0 0 0 0 G 0 G 0
Tc02Co2 Ro2rc02Co2
0 0 Cs Cs 0 0 0 G
L feioCeto rcCeto RosfemCh |
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[—(rs1+Gy)

Ls1

Lsz

0
G
rc01Co1
0

[—(rs1+G1)

G
Tc01Co1
0

= 0 0 0 5 0
Ls1 Lsifcor
—(r52+Gy) 0 0 0 -G 0
Lsz Lsalcor
(r+G _
0 (s +Gs) Gs 0 0 0
Loy Lpg
0 =G hetG) 0 0
Lp2 L2
0 0 o lm*CG) G
Loz Loalcoz
G 0 0 0 7761 0
rc01Co1 Ro1rc01Co1
G -G
0 0 2 0 —2
1c02C02 Ro2"c02Co2
0 Cs Gs 0 0 0
fewCev  TemCem
;Gl 0 & 0 G 0
Ls1 Ls1 Lsifco
_ G _
(2+G1) & 0 & 0
Lsz Lsz Lsafcon
0 —( +Gs) —Gs 0 0 0
Lp1 Loy
& G (hetGi+G) G 0
Lp2 Ly2 Lp2 Lpalcor
0 0 0 “(2+Gs) G
Loz Loalcoz
G 0 =G 0 i 0
Tc01Co1 rc01Co1 Ro1c01Co1
0 0 0 G, 0 _7G2
1c02Co2 Roz2rc02C02
0 L i 0 0 0
e Ceto feinCeto
0 0 & 0 1 0
Ls; Lsifcor
T2 0 0 0 0
Lsz
—(m +G —
o —(m+Cs) G 0 0 0
Lpg Lpg
0 —G, — (2 +Gy +G3) 0 G, 0
Lp2 Lp2 Lpatcor
0 0 0 “(+G) =G,
Loz Loatcoz
0 0 | 0 e 0
rc01Co1 Roafc01Co1
0 0 0 G, 0 T2
Tc02Co2 Ro2fc02Co2
i & 0 0 0
IeiCerb TeiCeo

0

Lpafen
_G3
Lpalem

0

RoafemCro |

0

,G3
Lpifero
Lpafe

0

0

_G3

RoafctwCo |

0

Lpifetn
LpaTen

0

0

_G3

RoafeiCio |
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# 0 0 0 0 0 0
s1
0 (-rs2+G1) G 0 G -G 0
Ls2 Ls2 Lsz Lsalcor
0 G (g + Gy +Gg) -G -G G, 0
Ly Ly Ly Ly Lfco
0 0 ;(33 M 0 0 0
Lp2 Lz
0 G G 0 —(r2 +G1 +Gp) G, -G,
Loz Loz Loz Loz"cor Loalcoz
G -G, 0 -G, -G, 0
Tc01Co1 Tc01Co1 "C%Cm Roifc01Co1 .
0 0 0 0 2 0 —2
fc02Co2 Ro2fc02C02
0 0 Gs G 0 0 0
L e Cetb femCeto
1 1 M1 1 1 1
T(va _VSsl) T(va _VDsl) T(va _VDsl)
S1 S1 s1
1 1 1
T(va _VDSZ) f(vpv _VDSZ) f(vpv _VDSZ)
2 2 2
1 1 1
—(~Vspz) —(-Vep) ~—(~Vop2 ~Vpis3)
Loy Loy Lbl
Bi=| 1 Ba=| 1 1By =
~——(~Vopn2) ~—(~Vopn2) ( ~Vopn2)
Lp2 Lp2 Lp2
1 1 1
(—Vsb1 —Vsph2 (Vo3 — (Vo3
Loz ( ) Loz ( ) Loz ( )
0 0 0
0 0 0
0 | 0 | L 0 |
1 ] 1 1
(Vv Vst (Vv Vst Vst
Zvon) | o) | [ v ]
1 1
— (Vv ~Vbs2 — (Vv —Vss2 —Vbs2
von) || bmvea) || Yon)
1 1 1
L, ~—(~Vop2 ~Vphs) L ~—(~Vpp2 ~Vpb3) E( V1)
1 1
B, = 1 ;B = 1 B = 1
——(~Vsopt) ——(~Vsopt) ——(~Vopn2)
Loz Loz Lb
1 1
—(—Vbn3 —(—Vbn3 Vg1 ~Vep2)
Vo) Siven) ||
0 0 0
0 0 0
L 0 | L 0 | L 0
[ I G,
C1:OG1—6100&00;C2:(51G1 G100700
L fco1 L fcol
I G 4ol G g,
C3: G1G1000700,C4=GlGIO—Gl()iOO,
L fcol fcol
C;=[G, 00 Glor OO}CG—OG -G, 0 G1r00:|
L co1 L Cco1

RoafcinCro |

0

Lpafem
Lpalen

0

0

0

763

: for 1™output variable.
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{Cle :{O 000G, 0 G2 O}}; for Z”doutput variable, vV modes.
fco2

{Cl_e :{O 0G;G;000 Gﬂ} for 3output variable, ¥ modes.

It
D.s=[00000000];

Ryt Ry f, Rosf
where, G, = = wlor g - = wloz g _ - 03lcib (A4 13)
01+ eoa 02 * Teo2 03t It .

State Variables and Input Vectors for state-I:

A

~ A A ~ ~ ~ ~ T
(i). State vector: X (t) =[I|_51 ILs1 b1 b2 1L02 Veo1 Vco2 Vbat}

(ii).Input vector: Uy (t) = \7pv
Small-signal models for this state.

I -(1-2D,)G, (D,-D,)G;,  D,G |
All ( ) ( ) 21 0 A.'I.G 0 0
Lsy Lsy Lsy
( ) A22 2%1 ( ) 3%l A26 0 0
Ls> Lso Ls, Ls>
(D,-Dy)Gy D,G; Ass -G D56, A O -G
Lpg Lo L L Lpafeo
D,G D,-D;)G -G -G .
5| = 2% ( 2 1) 1 3 A44 0 A46 0 3 :
Lp2 Lo, L2 LpaTet
D,G -D,G
0 -1 —3=1 0 Ass Asg A7 O
Loz Loo
As1 ) As3 Ass Ass A 0 O
0 0 0 0 Ae 0 A, 0
0 0 Cs Cs 0 0 0 Ag
i rewCeto reinCeto |
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- b )
1By 5 00 (1-By) 0 0 0 0
Ls1 Lsp L1

_ —(1-D
1 9Py 00 o (1-5y) 0 0 0
Ls2 Ls2 Ls2
~(1-D,)-(1-D
0 0 D50 o 0 (1-D,)-(1-D,) 0
b1 Lps Ly

Bs_ = -(1-D

51710 0 0o o P20 o 0 0 o —(1=D2)

2 Lp2
_ —(1-D
0 0o o 2B g 0 0 (1-Ds) 0
Loz Loz Loz
0 0 00 00 O 0 0 0 0
0 0 00 00 O 0 0 0 0
00 0 0 00 O 0 0 0 0 |
= ] e il i 0 ]
1 L (Ippg + 11p2)
=) Ls; 1
7(_|L02G1)
—(~I51G1) —2 (I +1p2)
Lo Ls2 1.
( ILOZG'l)

O G- Es _ Lt _
El‘S—I = @(_ LS2 1) aEz\s_l = Ey 'EB\S—I = 0 ’

0 0 Esy

Es1s Es1p E61a

0 0 0
| 0 | I 0 | I 0 |

G
Ciavgls-1 =[Cy1 C12 Ci3 Cig Ci5 Ci 0 0]?02,3\,9,‘54 ={0 000G, 0 —=2 0}015 =-DyG;

fco2
G; |. . . G .
Cs avgls—1 ={00G3G3 000 o ;C11=C1p =(1-D;)G;;Cy3 =Cyy =-D,G;;Cyg ~out
- ~(rs1+(1-Dy)Gy). - ~(rs2+(1-Dy)Gy). A= ~ (I + DGy +G3) A - DG,
Ls1 Ls, L Loofcon
A44z_(rb2+DzG1+G3).A55z—(r02+DsGl+Gz).A66: G C .
Ly, Lo2 Ro1rco1Co1 Ro2fc02Co2
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-(1-Dy)G, , _-(1-Dy)G, DG ., _ DG .

where, Ajg = Ao = 1 Age = ; ;
Lsifcor Lsorcor Lpifco LooTco
1-D,)G, -D,G -DsG G -G
A61:A62:7( ) ez =P = Agg = A = 2 Agg = S —;
Ic01Co1 Ic01Co1 rc01Co1 fc02Co2 RoacivC o
-G 1 VG
As7 = 2By =— [|L51G1+2|L5261—|Lb1@1+[ oL lj]+(VDsl_VSsl) ;
Loolcoz Lss lcot
1 VG -G
Exyn=— {2| L5161 + 115261 - ILb2G1+[ - 1D+(VD52 _VSSZ) ' Eg1s :7é(||_51+ ILSZ);
Ls, fcol fco1“o1
-G 1 VG
Eew = 71( lipg +1 Lbz); Eyn=— (' 15161 + 152G — I Gy J{ — JJ"‘(VDbZ +VDb3)—V5b1 ;
Ic01Co1 Lig fco1

-G 1 VG
Egta =~ (IL02): B = [IL8161+|L8261_|LblGI+{ oL 1JJ+(VDbb2 ~Vspp1) |;
c01Com Lyo fco1

1 VG
E51 =— [I LS ZGl -1 LblGl —1 LOZGl +[ 0171 j] - (VSbl +V5b2 ) +VDb3 ;
Lop fcor

Fq3_| :[_(IL51Gl+ |L5261)]?F2\s_| :[_(ILblel+ |Lb261)]?':3\5_| =[—(|L0261)]§

(A4.14)

In matrices A1-Ae in (A4.13) and (A4.14), putting Roz to infinity represents the
state matrices corresponding to state Il of the converter.

For state 11l operation, the state equations are given below:

Vig = LSld;il =V, g1y —Vssy, Switch Sg; is On (A4.15a)
Vig = |—51% =V v —Is1is1 —Vps1 —Vepor, SWitch Sy is Off (A4.15b)
Vioz = Loz di(|j_t02 = Vepor ~Vepoz ~ oziLoz Vb1 —Vsp2, SWitch Sy, is On (A4.16a)
Vioz = Loy di('j-fz = —Vqp, SWitch Sy, is Off (A4.16b)
Vip = Lbl% =Vpo1 ~ Vbat — hafLbt *Vpb1, SWitch Sy, Sp3 is On (A4.17a)

b1 = '—m% = —Vpat — laiLpg +Vsp2 +Vsp3, SWitch Sy is Off (A4.17b)

b2 = Lo di('itbz = ~Viat — holLp2 + Vb2, SWitch Spp, is On (A4.18a)
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di . . .
Vibz = Lpo % = Vepo1 ~Vhat ~ blLb2 +Vpob1, SWItch Spp, is Off (A4.18b)

o1 =ls2 —ipy —i gp —igy, Mode 1,V (Dy + D 3-1)xT

ico1 =iy +is2 —ipg —ij gp —igy, mode 2,V(1-D, —Dy)xT
icor =igq +igp —io;, mode 3,V(2D ,—1)xT

ico1 =ls1 +is2 —ihs —igy, mode 4,V(1-D, —D;)xT

ico1 =51 —ip2 —ipy, mode 5,V (Dy)xT

o1 =lg —ip; —ip;, mode 6,V(1-D3)xT

(A4.19)

The matrices Ai1-As in (A4.20) represent the state matrices corresponding to

state 111 of the converter.

.
51 0 0 0 0 0 0
Lss
0 _(rSZ +Gl) Gl 0 Gl _Gl 0
Ls, Ls> Ls2 Lsaolco
—(r+G —
o & —(m+G) 4 Gy G 0
Lpg Lpg Ly Lfcor
A=| 0 0 o T2 0 0 0
2
0 G -G o (2+G2+G) G -G,
Loz Loz Loz Lozfcot Loafcoz
0 G, G, -G, -G, 0
rc01Co1 rc01Co1 fc01Co1 Ro1c01Co1
G -G
0 0 0 0 2 0 —2
L fc02C02 Ro2rc02C02 |
[“(m+G) -6 & G e o |
Ls; Ls; Lsy Lsy Lsifcor
-G - ( fso + Gl) G 0 G -G 0
Lsz Lsz Lsz Ls; Lsalcor
G G (1 +Gy) 0 G G, 0
Ly Ly L1 L Lpifco
A= 0 0 o he 0 0 0
2
G G -G o (2+G+G) G -G,
Loz Loz Loz Loz Loatcor  Lozfcoz
G, G, G, -G, -G, 0
rc01Co1 fc01Co1 fc01Co1 rc01Co1 Ro1c01Co1
0 0 0 0 G o — G
L rc02Co2 Ro2fc02C02 |
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Lsy

Ls>

0

G
rc01Co1
0

rc01Co1

[ —(rs1+Gy)

Roz2fc02Coz |

7G2

Ro2rc02C02

s 0 0 0 e
Lsy Lsifcor
—(rs2+Gy) 0 o0 0 -G,
Ls> Lsalcor
o o 0 0
Lpg
0 o “h2 g 0
Lyo
0 o o “(2*G)
Loz
G 0 0 0 ;Gl
rc01Co1 Ro1rc01Co1
0 0 0 G, 0
rc02Co2
;Gl 0 & 0 -G,
Lsy Ls1 Lsifcor
—(r52+Gy) 0 G 0 -G
Lsz Ls2 Lsacor
0 fb1 0 0 0
1
G o —(h2+G1) 0 G
Lyo Lyo Lyolco
0 0 o “(*G)
Loz
G, o & 0 -G,
fc01Co1 rc01Co1 Roafc01Co1
0 0 0 G, 0
rc02Co2
0 ﬁ 0 -G
Lsy Lsifcor
fs2 0 0 0
Ls>
0 —% 0 0 0
1
—(r2 +G
0 0 (b2 +Gy) 0 &
Ly2 Lyalco
—(rp +G
0 o0 0 (foz +Gz) 0
Loz
-G -G
0 0 1 0 1
rc01Co1 Roafc01Co1
0 0 0 G

Ro2rc02C02



_r ]
—si 0 0 0 0 0 0
Lsy
o Ts2r®) 6 0 o 0
Ls2 Ls2 Lsalcor
0 i — ( b1 + Gl) 0 0 Gl 0
Lis Lo Lbifcor
—n
As=| 0 0 0 f 0 0 0
2
—(rp +G —
0 0 0 (o2 +G2) 0 G
Loz Loalcoz
G -G -G
1 1 0 0 1 0
rc01Co1 fc01Co1 Roifco01Co1
0 0 0 0 G, _762
L Ic02Co2 Ro2rc02Coz |
1 i 1 1 [ 1 ] [ 1 ]
Tm(va ~Vsq) TSI(va ~Vps1) G(va ~Vos1) G(va ~Vos1)
1 1 1 1
E(va _VDSZ) E(va —VDsz) 1 Q(va ~Vis2) l E(va ~Vosz)
L%(_Vbat +Vppt) L%(_Vba‘ +Vop) 6, g(*vbax +Vap2 +Vap3) " G(*Vbaz +Vepz +Vep3) _
=| M Bp=| B ; - i
S SV i I AV Vo Vi) Vo Vo)
L, | ba Voo L, | e Voo Ly, [
i f i(‘VDbz) i(‘VDbs)
E(VSbZ ~Vpia) E(VW ~Vois) Loz Lo
0 0 g g
0 0 - - - -
[ i [ 1 i G G
E(va _VDsl) E(va —V531) C1=]0G, -G, 0-G ?;1 0[C,=G, G -G, 0-G, ?;1 0l;
1 1
(Vi —Vssz) (Vi —Vosz) C, {Gl G, 000 S0 o}c4 ={G1 G, 0-G 0L o};
1 52 152 Tco1 Tco1
—(—Vhat +Vap2 +V. —(“Vpat +V
- Lbl( bat +Ven2 +Vsps) B - Lbl( bat *+Vop1) . 052{61007610%0}06{0 G *G100%0}
! ! co1 co1
L (Vo +Vosr) L (Vi +Veno) _
L, B pat’ "Dbb! L, & cat’ 'sbb2 for 1*output variable.
1 1
@(‘VDbs) @(—Vobs) G,
(:1,6:[0000(32 0—}
8 8 fcoz
- - for 2”doutput variable, v modes.
D,=[0000000];
(A4.20)

State Variables and Input Vectors for state-111:

- 2 o2 o2 a2 o~ o~ Tl
(i). State vector: X3(t) =|:|le ILs1 ILbt TLb2 1L02 Veo1 Vcon

(ii).Input vector: Gy (t) =[\7pv \A/bat].

Small-signal models for this state.
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i -(1-2D,)G, 1-D,)G, ]
A Q A13\57||| ! AIS\S—III A 0
Ls1 Lss
~(1-2D,)G, 1-D,)G, D;-D,)G,
(Li) Ar (Li) Az4\sf|u % Ag O
S2 S2 S2
1-D,)G, -(D3-D;)G
Asus-m ! Ass\s-m 0 Q A36\5-||| 0
As-m = ( ) Lon Loy ;
1-D,)G,
L, Aggls-1ni 0 Aggls 111 0 Aggls—1ni 0
Ass 1 Asals— Asgs i 0 Asss-m Psgs-m Asr
As1 As2 Asgs-in Pegs-n Assis -1 Ag O
L 0 0 0 0 Ars 0 Apmj
S & 0 0 0 ~(1-By) 0 0 0 0
Ls1 Ls1 Ls1
_ —(1-
Lo o2 0 0 0 0 (1-Dy) 0 0 0
Ls, Ls, Ls,
o L o o0 b, D 0 0 (1-b,) 0 0
_ Lot Ly Lt Lt
B‘S—III - 1 D (1—D )
0— 0 0 0 =2 9 0 0 2
L2 Ly, Lo
00 0 o0 —(D;-D3) 0 0 0 0 (D;-D;) —(1-D;-Dy) 0
Lo Loz Loz
0 O 0 0 0 O 0 0 0 0 0
L0 0 0 0 0 00 0 0 0 0 o |
X _—(rbl+(1—D2)G1)_ _—(rb2+(1—D2)Gl)_ (1-Dy)Gy .
where, Aggs_y)) = Pags—imn = PPags-in =7 ;
Lig Lp2 nifcot
A _—(r02+(D3—D2)Gl+Gz)_ _(1—Dz)G1.A5 _(D3-D,)G;
ss—11 = Pglso T o hsgsem T,
| Loo | Lpotcor | Loalcor
—(1-D,)G; | —(D3-D,)G; . (1-D,-Dy)G; .
AGS\S—III = A64\S—III = fooCot ss—11 = fooCol *AiS\S—III = A.’I.S\S—III = ™ '
, _(1-D,-Dy)G . _(1-D,-D)G, _(1-D,-Dy)G
4ls-111 Ls, ds-1m Ly 42/S—I11 Ly,
(1-D,-Dy)G (D3-D;)G;
Asus-m :T’Ase,\S—m :_ASZ\S—III :T’Fﬂs m= Fus I
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[ En | [-G T - -
Ey (I + w2 +1L02) 0
s1
1 -G, Li(lLozGl)
g("LSlGl) f('Lb1+|Lb2+|Loz) s2
$2 1
1 . E _ —(-1L0G1) |
EBis-m = E(_lLSZGl) ‘Eosom = g1 ‘Bas-m = Lon ,
1 EAJ.‘S—III 0
@(_ILMGl) Estals— Esiis—m
EGIS —(Ee1 + Ee1a) Es1a
I 0 | L0
161Gy~ 115561+ 161Gy + 100Gt —| VOB || Vi + (Vo +Vens) |
Bays-m = L5121~ fus221 + b=+ hioga =) = pb1 +(Vsbz +Vsn3) |
col

VG
. lj]_(VDbbl _VSbe)]; Fas-n :_(Fz\S—l +Fas- )?

1
Eags—mi :Lb[ _|L5161_|L5261+|Lb2G1_[ or

1 VG
51a\s m =7 | ~1s161 — 15261 + I Gr + 1L02Gy —[ — D - (VDba + (VDbl —Vsp2 )) ;
Loz fcol
1 VG
Esis—m = [ IL52G1 — 1 ;Gy - 'LozGlJ{ roclml DJF(VDbs + (Voo —Vsz))} Fys-m =Fas1s
— 1 V.G
Bt =———=—(1ios + o2 )i Ear = — [ILSlGI + 115261 = I Gy +[ oL 1DJr(VDbz +Vpng) —Vspr |;
Ic01Co1 Lo fcot
-G 1 V5 G
Eg1a = L ( I LOZ); Eyp=—— [ I 161 + 115261 — L&y +[ o=l D + (VDbe _VSbbl) ;
c01Cm L2 fco
1 VG
Es = H I 5261 = I p1G1 = 1L02Gy J{ r01 1 D —(Vap1 +Vsn2) +VDb3}
2 cot

F]_‘sq :[_(IL5161+ |L5261)]i':2\37| :[_(ILblGl"' |Lb261)]i':3\sf| :[—(h_ozGl)];

Ciavgfs-mm :[Cﬂ Crz Cigs—in Cugs-m Cass-m Co 0}

G
Caavgls-mm —{000062 p 2 }
co02
Cigis—im =—(D3=D;)Gy;Cygs_yy ==(D3 = D7) Gy;
Cigs-m =Crgs_m =—(1-D,)Gy;
(A4.21)
For state 1V operation, the state equations are given below:
di, . . .
Vi =Lloo— = 02 = Vepo1 ~Vepo2 ~ fo2lLoz Vb1 —Vsp2, SWitch Sy, is On (A4.22a)
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Vieg = Lop 02 _ _y - switch S, is Off

dt
iy . . .
Vip = LblT =Vepo1 ~ Voat — TalLba + Vo1, SWItCh Sy, Sz is On
di,, . . .
Lb1 = Lbl# = —Vpat — faiLps +Vsp2 +Vsp3, SWitch Spg is Off
di

_ Lb2 _ : : ,
Vib2 = L2 B L YT +Vgpp2, SWitch S, is On

diLp, . . .
Vib2 = Lho — == =Vepo1 —Vbat — h2iLb2 +Vobpr, SWitch Syp, is Off

ico1 = —ipy —i g2 —ig1, Mode 1,V (D3-D, ) xT
ico1 = —ip1, Mode 2,V(2D,—1)xT

Ico1 = —lp2 —lp;, Mode 3,V(1— D2)><T

ico1 = —ipy —lps, Mode 4,V (1-Dy)xT

(A4.22b)
(A4.233)

(A4.23b)
(A4.243)

(A4.24b)

(A4.25)

The matrices Ai-As in (A4.26) represent the state matrices corresponding to

state IV of the converter.

[ —(r+Gy) 0 -G G 0
L Lyt Lpifcor
0 :% 0 0 0
2
A= -G, 0 —(r2 +G, +Gy) G, -G,
Loz Loz Loofcor  Lo2fcon
_Gl 0 _Gl _Gl 0
rc01Co1 c01Com Ro1'c01Com
0 0 i 0 _762
L fc02Co2 Ro2rc02Cos2 |
] _
bl o 0 0 0
1
-
0 —bz 0 0 0
Lo
A= 0 —(r2 +G2) 0 -G,
Loo Loolcoz
0 0 0 & 0
Ro1c01Co1
0 0 & 0 _7GZ
L rc02Co2 Ro2fc02Co2 |
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Tl VoiG
| "oaGr+ 102Gy —(
Loz [( Tco1

il 0 0
Lyt
(2 +G
0 ( bib 2) 0
2
—(ryp, +G
A3 — 0 0 ( OIZ_O 2)
2
0 G
rc01Co1
0 G
L rc02Co2
- ( rbl + Gl) 0 0
Lyt
o 2 g
Ly2
—(rpe +G
A, = 0 ( 0|2_0 2)
2
-G, 0 0
fc01Co1
G
0 0 2
L Ic02Co2
i(—Vbat +Vpor) ] _i(_vbat +Vspo +VSb3)_
L L
1 1
——(“Vat +Vsob2) ——(~Vpat +Vspb2)
Lb2 : B2 = LbZ : B3 —
i(Vsm ~Vpit) i(—VDba)
Loz Loz
0 0
0 L 0 |
1 VG 1
*[[ 151G+ 102Gy —[ o D Vot +(Vsb2 +VSh3)]
Loy fco1
1 VG
*[[ ILb2G1 —[ oL 1]] ~(Vopbe ~Vsbba )]
Lpo fco .
, =

01V1

[ R—

(N1 + o2 +102)

fc01Cos

0 0
Lyorcor
0 —G
Loalcoz
,Gl 0
Roifc01Cor
0 _762
Ro2lc02C02 |
Lpfco
0 0
0 G
Loafcoz
7761 0
Roafco1Co1
0 L
Ro2rc02Cos2 |

1
g(*vbat +Vap2 +Vsp3)

i(*vbat +Vpps)

1
L, (~Viat +Vobor) (~Viat +Vpn2)

2 : B4 — Lbz :
1 1
—(~Vpo3) —(~Von3)
Loz Loz
0 0
L O - L O -
1 VG ]
T [ILMGI +1102G —[ 0oL D Vbt +(Vsb2 +Vsb3)
L fco1
1 VG
— [ILbZG.‘l_[ oL 1]]_(VDbb1 ~Vapn2)
Lp2 fco1

01V1

i[( I 5161+ 102Gy —(V & D _(VDb3 +(VDb1 Vb2 ))]
Loz Tco

(11 + o2+ Lo2)

fc01Co1
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6-|-60-6 2 ofic,- 000 S o

co1 Tco1
cs{o_qoio}cﬁ[_elooio} ;
fco1 o

for 1®output variable.

g}
Tcoz

for 2”doutput variable, V modes.}
D, 4=[00000];

Cry= [o 06G,

F, = [( 151Gt + 152G, + ILOZG1)]; F = [‘('Lozelﬂ;

State Variables and Input VVectors for state-1V:

A

A 2 2 A A T
(i). State vector: X,(t) =|:|Lb1 ILb2 1L02 Vco1 VcOZ}

(if).Input vector: U, (t) = [Qbat ]

Small-signal models for this state.

Ass\s-m 0
0 A44‘5,“|
-V =
% _A:Js\S—m 0
Aes\sfm A64\Sflll
0 0
-1 D, D
Lpg Lpg Lpg
-1 0 0 Dy
B | L2 L2
S-Iv =
0 —(D3-D,) 0 0
Loo
0 0 0 O
|0 0 0 0

Cl—avg.\S—IV :[C13\sfm C14\sfm ClS\S—III Cis 0:|;C2—avg.\5—lll :{O 0G;

—(D;-D)G,
—_— 0
™ Aggls 1
0 Asgls-m O .
Ass\s-m A56\5—||| Ast |
Agsls- 11 Ass O
Azs 0 A
(1-Dy) 0 0
Lig
0 0 (1_D2)
Ly2
(Ds-D;) ~(1-D5-D,)
Loz Loz
0 0 0
0 0 0

fcoz |

(A4.26)
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| Fus—l |
+E i |
31s-1 Li(_ILOZGl)
- bl
As-1 0
— T Eas-m
Ly2 : F ;
Bos-iv = E Easv =| T ’
s 1 ? 51b|S—111
T+ Esials-11 2
2 E61a
—~(Ee1 + Eg1a) 0
; L _
where, Fys-iv = Fasim+Fas-iv = Fasom (A4.27)
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