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Abstract

Hydrogen energy storage systems (HESS) are vital for sustainable energy, and their
performance is heavily influenced by their power electronics converter (PEC) interfaces.
Conventional PEC interfaces, which use individually operating converters, often lead to
bulky systems with multiple conversion stages and increased circulating currents, resulting
in higher losses. This thesis addresses these shortcomings by implementing a multiport-
isolated DC-DC converter for HESS, which offers enhanced power density, a reduced
component count, and fewer conversion stages. However, this proposed converter introduces
its own challenges, primarily the cross-coupling effect caused by the high-frequency
multiwinding transformer. This effect results in significant power deviations during step
changes, risking hydrogen depletion in fuel cells and instability in electrolysers. Furthermore,
the conventional single-phase shift (SPS) modulation used in such converters typically

experiences higher circulating currents, reducing overall efficiency.

To mitigate the cross-coupling, the implementation of a decoupling control technique is
essential. This study investigates and compares three simple matrix-based decoupling
techniques, finding the inverse matrix method to be the best performer, though it still fails to
fully decouple the system over a wide operating range. To overcome this limitation, a novel
model reference-based decoupling control technique is proposed, which minimises the error
between the actual system output and an ideal reference model. This technique is further
enhanced into a hybrid decoupling control by integrating a decoupling matrix, ensuring
robust performance across a wider operating region by mathematically minimising the cross-
coupling term with a proportional-derivative controller. This hybrid technique significantly
reduces maximum power deviations compared to the best matrix-based method. Recognizing
that these decoupling techniques generally require detailed system knowledge, which
complicates implementation due to parameter fluctuations, the thesis also proposes a solution
using a linear active disturbance rejection controller (LADRC), which only requires
knowledge of the system order. However, as the LADRC is susceptible to estimation errors
and requires manual tuning, a particle swarm optimisation (PSO) algorithm is employed to
automatically determine the optimal controller gains. This PSO-optimised LADRC
effectively suppresses cross-coupling across a wider operating region, performing better than

both non-decoupled controllers and a genetic algorithm (GA)-optimised LADRC.

v



In parallel, to address the efficiency limitations of SPS control, which is limited in its
ability to independently regulate inter-port power flow and leads to increased inductor current
and circulating power, the thesis also proposes an online adaptive control based on the
steepest descent method. This technique dynamically adjusts internal phase shifts in real-time
to minimise the error between reference and actual active inter-port power flows under
varying conditions, thereby enhancing operational efficiency. A comprehensive
mathematical formulation, supported by Lyapunov-based stability analysis, confirms the
stability of the adaptive gains in this proposed control. Finally, simulations and experimental
validations confirm the effectiveness and robustness of all the proposed control techniques,
demonstrating significant improvements in system efficiency and performance across a wider

operating region for hydrogen energy storage applications.



ESS
HESS
PEC
CO2
IRENA
GWEC
CAES
SMES
EL

FC
P2G
LCOH
GHG
EU
NOx
DE
PEMFC
SOFC
MCFC
PAFC
AFC
PEMEL
SOE
AEMEL
AEL
SEPIC
PWM
7SI
MISO
CBC
QBC
IBC

List of Abbreviation

Energy Storage Systems

Hydrogen Energy Storage Systems
Power Electronic Converter

Carbon dioxide

International Renewable Energy Agency
The Global Wind Energy Council
Compressed Air Energy Storage
Superconducting Magnetic Energy Storage
Electrolyser

Fuel Cell

Power-to-Gas

Levelised Cost of Hydrogen

Greenhouse Gas

European Union

Nitrogen Oxides

Distributed Energy Sources

Proton Exchange Membrane Fuel Cells
Solid Oxide Fuel Cells

Molten Carbonate Fuel Cells

Phosphoric Acid Fuel Cells

Alkaline Fuel Cells

Proton Exchange Membrane Electrolysers
Solid Oxide Electrolysers

Anion Exchange Membrane Electrolysers
Alkaline Electrolysers

Single-Ended Primary Inductor Converter
Pulse Width Modulation

Z-Source Impedance Converters
Multi-Input Single-Output

Conventional Buck Converters

Quadratic Buck Converters

Interleaved Buck Converters

vi



ISBC
SIBC
EMI
VFC
CFC
SMPS
PPC
DAB
RES
MIMO
MPC
LADRC
SISO
P&O
LUT
SPS
DPS
TPS
PSO
TAB
ANN
EWMA
GHA
BT
EMI
LESO
GA
NMPC
ML
PID
DSP
ADC

Interleaved Synchronous Buck Converter
Stacked Interleaved Buck Converter
Electromagnetic Interference
Voltage-Fed Converters

Current-Fed Converters
Switch-Mode Power Supply

Partial Power Converter

Dual Active Bridge

Renewable Energy Sources

Multiple Input Multiple Output
Model Predictive Controller

Linear Active Disturbance Rejection
Single-Input, Single-Output
Perturb-And-Observe

Look-up Tables

Single-Phase Shift

Dual-Phase Shift

Triple-Phase Shift

Particle Swarm Optimisation

Triple Active Bridge

Artificial Neural Network
Exponential Weighted Moving Average
Generalised Harmonic Approximation
Battery

Electromagnetic Interference

Linear Extended State Observers
Genetic Algorithm

Non-Linear Model Predictive Control
Marine Loads

Proportional Integral Derivative
Digital Signal Processor

Analog Digital Converter

vii



LlJ L’2 ) L’3
ulJ ’U,é ) uil’)
1,03, 13
l2p L3p
1:n,
1:n;

VDE! VFC ) VEL! VBT! VML

PDEJPFC ;PEL;PBT:PML

IDE! IFC i IEL! IBT! IML

112,123,113

P121P23'P13

(%)
@3
LFC: CFC

Trc
Cer

fFleEL

ﬁl! IBZJ BB

Wy

Ky, Ky

List of Symbols

Leakage Inductances for 1, 2 and 3 windings of the transformer
Bridge 1, 2 and 3 bridge midpoint voltages

Bridge 1, 2 and 3 bridge leakage inductor current

Prefiltered output current at port 2 and port 3 respectively
Windings 1:2 turns’ ratio

Windings 1: 3 turns’ ratio

Output voltages of the DE, FC, EL, BT and ML ports
respectively

Active output powers of the DE, FC, EL, BT and ML ports
respectively

Output current flowing towards or outside the DE, FC, EL, BT
and ML ports respectively

Current flowing between the 1 to 2 bridge, the current flowing
between the 2 to 3 bridge, and the current flowing between the 1
to 3 bridge respectively

Power flowing between 1 to 2 bridge, power flowing between 2
to 3 bridge, and power flowing between 1 to 3 bridge
respectively

The phase shift between bridge 1 and bridge 2

The phase shift between bridge 1 and bridge 3

Inductance and capacitance of the LC filter at the FC port
Lumped FC port parasitic resistance

Capacitor filter at the EL port

Lumped disturbance of both internal dynamics and external
disturbance at FC and EL ports respectively

Observer gains

Observer bandwidths

Controller gains

Controller bandwidths

Critical gain

First-order state matrices

Second-order state matrices

viii



Output voltage
inductor ripple current
Output voltage ripple
Resistive load
Capacitance
Frequency

Duty ratio

X



Table of Contents

L O01) 1) g £ 1 ii
ACKNOWICAZIMENLS ..ucceiuureriiniiiineiisneiissnnecssnnesssnnesssseesssseessssesssssessssssssssssssssssssssssssssssssssassssas iii
N 11 1 iv
LiSt 0f ADDIreviation........iceeieiciicisiicisnicssnnicssnncssssncsssncssssssssssssssssssssssssssssssssssssssssssssssssssns vi
LiSt Of SYMDOIS ...ccuuueiiiiiirniiiniinnniicsissnniessssnricsssssssecsssssssssssssssssssssssssssssssssssssssssssssssssssssssass viii
Table Of CONLENTS . ..ccccveiiiiiiiiisiriiinrinieiessticssseicsssnecsssnessssnesssssesssssesssssessssssssssessssssssssssssssses X
Chapter 1  INEroducCtiOn ......coeeieeineeiiennseeiseinseensennssecsesssseessessssesssssssssssssesssesssssesanss 13
1.1 Hydrogen: A Long-Term Storage Solution for Multiple Sectors ..........c.cccc.ce..... 14
1.1.1 ~ Offshore Wind farm Hydrogen Energy Storage System.........c.cccceveevuennnenne. 15
1.1.2  Hydrogen Energy System in the Marine Sector ..........cccceeveevrierieecieeneeeneennne. 16
1.1.3  Hydrogen Energy System in the Aerospace Sector..........ceevveerveecreerveeneennen. 17
1.2 ReSearch MOtIVATION .....cc.eiiiieiiieiiieiie ettt st 18
1.3 Aim and Objectives of ReSEArch........c.coovieciiiiiiiiiiieiieieeeceee e 19
1.4 PUDBIICATIONS ... 21
1.5 TRESIS STIUCIUTE....ccueiiiiiieiieeie et ettt ettt et et e e 22
Chapter 2 Literature REVIEW ....c..ciciveicirnicssnncssanicssnnisssansssssssssssssssssssssssssssssssssssssssnss 24
2.1 Overview of FC/ EL Technologies ..........ccceviiiriiiiiiiniieiieieeieee e 24
2.1.1  Overview of FC Technologies..........ccceeeuieiieiiieniieniieieeeeeeee e 24
2.1.2  Overview of EL Technologies..........cccceeeuiieriiieniieiiiieecie e e 26
2.2 Converter Topologies for FC/ EL Interface ..........ccccovoiiviieiiiiiiinieieieeeee, 28
2.3 Multiport-Isolated (Three Port) DC-DC Converter Interface ...........ccceeveenneeneee. 32
24 Multiport-Isolated (Three Port) DC-DC Converter Principles of Operation....... 34
2.4.1  EqUIvalent CirCUIt......ccierieiiieitieeie ettt ettt sttt aee e s e sneeenneeeenes 34
2.4.2  Power Flow of the CONVEIter........cocuiviiriiiiiinieniiiieeieeeereseee e 36
2.43  Cross-Coupling ANalySiS.....cccueeeiuiieeiieeniieeeiieeeieeeeree e erree s e e e eaee e 38
244  Cross-Coupling Effects.......cceiiiiiiiiiiiiiiceet e 40

2.5 TAB Control and Comparative Analysis of Matrix-based Decoupling Control
TECRNIQUES ..ottt e e et e e st e e e ssbeeeesseeesbeeeenseeesseesnseeeseeas 41
2.5.1 Inverse Matrix Decoupling Control Technique............ccceceeevieriiinienieeieennen. 42
2.5.2  Simplified Decoupling Control Technique.........c.cccccvveviiieerciieeniieeeiee e, 43
2.5.3 Inverted Decoupling TeChnique ...........cccuveeeiiieriieecieecee e 44
2.6 SIMUIAtion RESULLS ......ovviiiiiiiiiiiieiee e 44
2.7 SUMMATY .ot e et e e e et e e e st e e e e e nbaeeesensaeeeeansseeens 49



Chapter 3  Novel Model Reference-based Hybrid Decoupling Control Technique 50

3.1 Background .........cueioiiiieieee e e e en 50
3.2 Novel Model Reference-based Hybrid Decoupling Control Technique.............. 53
3.2.1 Proposed Model Reference-based Decoupling Control ............ccceveeveenennnen. 54
3.2.2  Proposed Hybrid Decoupling Control ............cccveeeiiieeiieeniieeciie e, 57
33 Simulation RESUILS ......cccvviiiiiiiiiieee e e e 59
34 Experimental Validation ............ccccveviiiiiieniiiiiiie e 64
3.5 SUMMATY Lot e et e e e et e e e sar e e e e e sbaeeeeessaeeeannsseeens 66
Chapter 4 Optimised Linear Active Disturbance Rejection Control....................... 67
4.1 Background ...........ooviiiiiiiieiee e e 67
4.2 Decoupling Control using LADRC ........ccccooiiiiiiiiniiiiiniceeceececcseeeee 70
4.2.1 Fundamental Principles of LADRC.........ccccoiiiiiiiiiiiiieeeeeeeee e, 70
4.2.2  Lumped Term and Gains Expression for TAB........c.cccccoeviieviiniiiiniecieeeeen, 73
4.3 LADRC Gain OptimiSatiOn........ceveerueeeueerieesieeniieeteesieesseesieeeseesieesnseesneeeseesenes 75
4.3.1 Optimisation Problem Formulation .............coeceiiiiiiiiiiiiniiieneeeeeeeee, 75
4.3.2  Optimisation AIOTIthM..........cccoeviiiiiiiiiiiiece e 77
4.4 SImulation RESUILS ......cceieiiiiiiiiiee e 80
4.5 Experimental Validation ..........c.ccociiiiiiniiniiniiieniceeeeeeeeee e 84
4.6 Comparison Between the Two Proposed Decoupling Control Techniques (Model
Reference-Based Hybrid and Optimised LADRC With PSO) .......cccoviiiiiiiiiiiiiiiee, 86
4.7 N 1011001 0 1y TSP RSR 87
Chapter 5 Online Power Loss MinimiSation ..........coeeeveinveecsecisnecsseccsnncsensseecsnccnnes 89
5.1 Background ...........couiiiiiiiiiii e 89
5.2 Operating Principles of Multiport-Isolated DC-DC Converters..........cc..ceueeneee. 92
53 Proposed L-TPS Control Technique ..........ccccevieriieriiniienieeieeee e 95
5.3.1  External Phase Shift Control ...........ccccooiiviiriiniiiiniieeeeee, 95
5.3.2  Internal Phase Shift Control..........ccccooiiiiiiiiiiiiiiee e, 97
54 Simulation Validations...........coeeieriiniiiiniiniiietceeeeeee e 103
541 RESUILS Lottt s 104
542 ANALYSIS woiiiiiiieiiie e et e e e e e e e e naeeeaneas 108
5.5 Experimental Validations...........ccceeriieriieriieiiieiecie e 111
5.6 SUMMATY ettt et e st e st esbteesnbeesaaeeeas 112
Chapter 6 Conclusions and Future research......ieiiccicsnnicssssnnrecssssnsnecsssnnnes 114
6.1 General CONCIUSIONS ........ovuiiiiriiiiiieieiiesieee et 114
6.2 Highlights of Thesis CONtribUtIONS .........cc.ceevuvieriiieeeiieeeiee et 116
6.2.1  Decoupling CONtrol ........c.oeeviiieiiiieiiieceeee e e e 116

X1



60.2.2  LOSS MINIIMISATION 1.t ee e eeeeeeeeeeeeeeeeeeeeeeaeeeeeaeaesaaasasaseseseraseaaaanaaanas 116

6.3 FUtUIE WOTK ..o e 117
APPEINUIX A ooerrriiirirnniecssssnnnesssssssscsssssssessssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssssss 119
APPENAIX Bucnerriiniiininiiininnicnsnicssnnicssnnicssssisssssesssssssssssssssssesssssssssssssssssssssssssssssosssssssssssss 123
APPENUIX Cluunrrrrrirrrnnnrinssssnrnessssssecssssassessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 124
REfEIeNCES .uueiueiinieitiniictintintinntinnnintecsesstecssesssessssssssesssessssessssssssessssssssessssssssasssasens 130

X1i



Chapter 1

Introduction

For decades, the global power grid has relied heavily on conventional energy sources
such as coal, oil, and natural gas (collectively referred to as fossil fuels) to generate
electricity, accounting for over 85 % of total primary energy consumption [1]. Although this
dependence has driven industrial and societal development, it has resulted in significant
environmental and economic drawbacks. According to the Production Gap report, the
combustion of these fuels is responsible for approximately 75 % of global greenhouse gas
(GHG) emissions and nearly 90 % of all carbon dioxide (CO:) emissions, substantially
contributing to climate change and global warming [2]. Therefore, decarbonising the power

system is essential to mitigate the impacts of climate change.

This can be achieved through the deployment of renewable energy (RE) sources,
among which wind energy is widely implemented via both onshore and offshore wind farms
(OWF). The Global Wind Energy Council (GWEC) reported that the total installed wind
power capacity reached 837 GW by the end of 2021, helping the world avoid a total of 1.2
billion tons of CO: annually [3]. OWF situated in coastal waters can exploit stronger and
more consistent wind speeds than their onshore counterparts. This results in higher capacity
factors, often exceeding 50 % [4], and larger turbine sizes, with the current models reaching

up to 15 MW per unit [3].

While renewable energy offers economic and environmental benefits, it also poses
challenges, mainly due to its intermittent nature. Its output depends heavily on environmental
conditions, which vary with time of day and weather. This intermittency can cause energy
surpluses or shortages. In favourable conditions, renewables may generate excess energy,
leading to curtailment. In unfavourable conditions, output may fall short, requiring backup

sources to ensure a stable supply.

To fully harness the potential of REs and ensure a stable, reliable power supply,
energy storage solutions (ESS) are essential. Various technologies have been proposed,
broadly categorised into mechanical, electromagnetic, and electrochemical storage, as listed
in Table 1.1 [5]. Electrochemical storage devices, such as lithium-ion and lead-acid batteries,

are widely used owing to their flexibility, scalability, and relatively short deployment times.
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Table 1.1: Comparison of energy storage systems [6]

Type Category Discharge time  Capacity Efficiency
HESS Electrochemical <1000 h <l GW 30-45%
Battery Electrochemical <5h <100 MW 70 - 85 %
Flywheels Mechanical <30 min <l MW 85-100 %
CAES Mechanical <100 h <10 MW 45-70 %
Pumped hydro  Mechanical <500 h <0.8 GW 70 -85 %
SMES Electromagnetic <5h <5 MW 85-99 %

However, there exists a gap in scalable long duration ESS technologies. Among the
electrochemical options, hydrogen energy storage systems (HESS) have gained significant
attention for their environmental benefits, scalability, high energy density and large capacity.
HESS also offers a long discharge time compared to other electrochemical short-term storage

methods (Table 1.1).

Despite the limited overall efficiency of HESS as shown in Table 1.1, compared with
other storage technologies, HESS is still viewed as a promising/future energy storage
technology due to its long-duration storage capability and its effectiveness in energy sector
coupling [7]. Hydrogen can be produced using surplus renewable electricity that might
otherwise be curtailed, thereby improving overall system utilisation [8]. It can also be stored
for extended periods and transported using dedicated or adapted gas infrastructure [9]. When
required, hydrogen may be reconverted into electricity via fuel cells [7]. Hence, hydrogen is
widely regarded as a key candidate for future large-scale energy storage systems. With
research is ongoing to improve the efficiencies of various elements that makes up the HESS,

which is expected to enhance its overall performance.

1.1 Hydrogen: A Long-Term Storage Solution for Multiple Sectors

HESS involve the production of hydrogen via electrolysis, a process that splits water
(H20) into hydrogen (H:) and oxygen (O:) using an electric current. The environmentally
friendly nature, scalability, long-duration capability, high energy density, and large storage
capacity of HESSs make them a promising solution to mitigate the intermittency of RES, as
shown in Table 1.1, an advantage over other ESSs. Literature suggests that HESSs can be
powered by RES to produce “green hydrogen.” During favourable periods of renewable

energy generation, excess energy can be directed to electrolysers (ELs) to produce green

14
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Fig. 1.1. Hydrogen energy storage systems in offshore wind farms.

hydrogen, in a process often referred to as power-to-gas (P2G) technology. In this section,

the application of hydrogen as a long-term energy system is discussed.

1.1.1 Offshore Wind farm Hydrogen Energy Storage System

Generating green hydrogen from offshore wind is promising due to rapid
development and abundant resources. Since 2020, UK OWF energy generation has surpassed
that of onshore, with future projects expected farther offshore, potentially facing limited
interconnection points and grid constraints [10]. In such cases, hydrogen production may be
prioritised. Offshore wind also has a higher capacity factor than most renewables, allowing
EL to operate longer and produce more hydrogen [11]. However, ELs require large amounts
of freshwater (up to nine tons per ton of hydrogen) [11], posing challenges in regions with
limited freshwater. Desalination units can be installed at offshore wind farms to supply the

necessary water for EL operation.

There are different philosophies regarding OWF HESS, which can generally be
grouped into three. The first involves onshore hydrogen production via direct connection,
where the OWF transmits power through offshore substations and high-voltage cables to
shore; however, the high cable cost is a major drawback. The second places the EL offshore,
producing hydrogen using desalinated seawater, with hydrogen transport through pipelines
being cheaper per kilometer than high-voltage cabling. The third employs a central offshore

hydrogen production platform, where power from multiple wind turbines is collected through
15



Fig. 1.2. Marine Sector Hydrogen Energy System [12].

an array of cables for large-scale hydrogen generation [13]. Among these concepts, the
second philosophy, as depicted in Fig. 1.1, appears particularly advantageous, with a lower

levelised cost of hydrogen (LCOH).

Several offshore wind farm HESS projects are currently underway across Europe. For
instance, the world's largest offshore wind farm, the 1.4 GW Hornsea 2, commissioned in
Aug. 2022, is set to be connected to the Gigastack project for green hydrogen production
[14]. Another significant initiative is the Dolphyn Hydrogen Project, which aims to achieve

a capacity of 4 GW [15].

1.1.2 Hydrogen Energy System in the Marine Sector

The marine sector plays a crucial role in global trade by transporting approximately
90 % of the world's goods [16]. However, it is also a significant contributor to GHG
emissions. According to the International Maritime Organization (IMO), the maritime
industry is responsible for nearly 3 % of global CO; emissions, releasing approximately 940
million metric tons of CO> annually [17]. This level of emissions has substantial
environmental impacts, including ocean acidification and climate change. By 2050, the IMO
aims to reduce CO; emissions by at least 50 % compared to the 2008 levels [18]. Achieving

these goals requires the adoption of cleaner fuels and advanced propulsion technologies.

Hydrogen is a suitable fuel for marine propulsion and other onboard electrical loads,
owing to its clean burning properties and high energy density. It can be stored onboard either
through liquid or compressed forms [14]. Hydrogen can then be used in FCs to generate

electricity, which powers electric motors for propulsion, as well as other onboard loads.
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Fig. 1.3: Hydrogen energy system in the aerospace sector [19].

Additionally, the heat generated can be used to heat onboard rooms, and batteries can provide

short-term energy storage, as depicted in Fig. 1.2.

Hydrogen-powered FC electric vessels have been developed and tested worldwide.
Several projects have been conducted to investigate these applications. An example is the
flagship project which uses Ballard FC modules with 1 MW onboard FC power using gaseous
and liquid hydrogen [12]. Another project in the UK is the hydrogen-powered vessel Windcat
- 57 [20]. These vessels use FCs to convert hydrogen into electricity, which then powers the

propulsion system of the ship and other electrical loads.

1.1.3 Hydrogen Energy System in the Aerospace Sector

The aerospace sector is also a significant contributor to global GHG emissions.
Aviation alone accounts for approximately 2 — 3 % of global CO> emissions, with an
estimated 24 % by 2050 [21]. In 2004, commercial aviation emitted over 627 million metric
tons of CO2 and 2019 it increased to 900 million metric tons [22]. Besides CO», aviation also
emits nitrogen oxides (NOx), particulate matter, and water vapour, some of which have

additional climate warming effects [21].

In response to this issue, the European Union (EU) developed a flight path for 2050
to reduce CO; and NOx emissions by 75 % and 90 %, respectively [23]. Hydrogen offers a
promising solution to achieve these goals, as shown in Fig. 1.3. Hydrogen propulsion
methods in the aerospace sector can involve either hydrogen combustion, where conventional
jet engines are modified to burn hydrogen instead of kerosene, or the conversion of hydrogen
to electricity using FCs that drive the propeller or ducted fan [21]. The high energy density
of hydrogen makes it an ideal fuel for long-haul flight. However, storing hydrogen for

17



aviation presents technical challenges, like those in the maritime sector, although with more
stringent weight and volume constraints. Liquid hydrogen storage, which offers a higher
energy density by volume than compressed hydrogen gas, is widely considered a viable

solution.

Leading aerospace companies are testing hydrogen-powered prototypes [19] with
plans for commercial deployment by the 2030s. Airbus is at the forefront of this innovative
research, envisioning a hydrogen-powered version of Airbus A380 equipped with iron pods

capable of producing up to 1.2 MW of power [24].

By integrating hydrogen system solutions into offshore wind farms, the marine sector,
and the aerospace industry, the full potential of this renewable energy can be harnessed, while

addressing the challenges of intermittency and energy security.

1.2 Research Motivation

The global need to reduce carbon emissions has led to significant growth in RE
sources. However, these energy sources are inherently unstable due to their intermittent
nature, creating a need to store energy generated under favourable conditions to ensure a
stable and reliable power supply. Hydrogen energy systems, that is, the generation and
utilisation of hydrogen, have recently gained widespread acceptance because of their
environmental friendliness and long-term energy storage capabilities. Despite advances in
these hydrogen energy systems, which include critical components such as ELs, FCs, and
electrochemical batteries, significant challenges remain. These include the limited
availability and high cost of ELs, the slow dynamic response of FCs, and an overall system
efficiency typically ranging from 40 % to 50 % [6]. These factors present ongoing hurdles in

maximising the efficiency and cost-effectiveness of hydrogen energy systems.

A crucial component in a hydrogen energy system is the power electronic converter
(PEC) interfacing system. PECs play a vital role in hydrogen energy systems by enabling
high-efficiency energy conversion, precise control across interconnected components, and
effective power conditioning. Across the three sectors mentioned in Section 1.1, the PEC

configurations can be described as follows:

e Fig. 1.4a: OWF, PEC configuration interfacing with an FC and EL, where hydrogen
production is prioritised. For self-sufficiency, the FC powers the desalination unit and
other on-turbine electrical needs and occasionally provides a black start for the

offshore wind turbine.
18



e Fig. 1.4b: PEC configuration interfacing with a battery and FC for onboard aerospace
or marine applications, supporting green operations within these sectors by utilising

hydrogen as fuel.

e Fig. 1.4c: PEC configuration interfacing with an EL and batteries in onshore hydrogen
production facilities powered by distributed energy (DE) sources, enabling hydrogen

production and storage for subsequent use within a broader hydrogen infrastructure.

However, the PEC interfacing systems account for up to 12 % of the total losses in
hydrogen energy systems [25]. In addition, as shown in Fig. 1.4a-c, these PECs (depicted as
the converters of interest) interface individually with each main component, which introduces
challenges such as increased component count and multiple conversion stages. These factors
contributes to the low efficiency results reported in conventional systems. Given these
challenges in current PEC configurations, there is a need for improved converter architectures

and control techniques.

1.3 Aim and Objectives of Research

This research therefore aims to address these challenges by enhancing the
performance, control, and efficiency of the PEC, thereby improving the overall operation of
hydrogen energy systems. The focus is on the modeling, design, and control of the PEC

interfacing system. The research aim will be achieved via the following objectives:

e Developing a comprehensive state-of-the-art survey of HESS and PEC interfacing
topologies to identify operational challenges and shortcomings, proposing a topology
to enhance the overall efficiency of hydrogen energy system by reducing component

count and enabling centralised control.

e Performing a comprehensive comparative analysis of conventional decoupling
control techniques for the proposed PEC interfacing systems reported in the literature,
highlighting their relative attributes in terms of their effectiveness in handling cross-
coupling issues across a wider operating region, forming a foundation for novel

decoupling control techniques.

e Proposing a novel control technique for the proposed PEC interfacing system to
address cross-coupling issues, ensuring precise control of multiple ports across a

wider operating region in comparison with conventional techniques.
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e Designing and validating an enhanced control technique that enables a minimal power
flow error in the proposed PEC interfacing system under varying operating

conditions.

e Building an experimental prototype of proposed PEC interfacing system in a
laboratory setting to validate the new control techniques, thereby bridging the gap

between theoretical designs and practical implementation.
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Fig. 1.4: Detailed hydrogen energy system application with PEC interfacing systems in the

(a) offshore wind farm standalone hydrogen production (b) Onboard marine and aerospace

sectors, and (c) Onshore hydrogen production with DE connection.
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1.5  Thesis Structure
The thesis is composed of six chapters, which are summarised briefly as follows:

Chapter 1 introduces the background of HESS as a long-term energy storage solution
and outlines the contributions of its PEC interfacing systems. Additionally, the chapter details

the research motivations, aims, and objectives.

Chapter 2 provides a comprehensive literature review on the developments of FC
and EL technologies, which are key components of hydrogen energy systems. Additionally,
it briefly explores FC/EL PEC interfacing systems reported in the literature. The review
highlights the advancements and challenges associated with individually connected PECs
and, consequently, proposes a topology that interfaces with the key components of a
hydrogen energy system collectively, thereby reducing component count and enabling
centralised control. Furthermore, the chapter presents a comparative analysis of conventional
control techniques developed to achieve precise control within converter ports and
minimising cross-coupling effects, thereby setting the stage for the proposed contributions in

subsequent chapters.

Chapter 3 illustrates a novel decoupling control technique for the proposed PEC
interfacing system, beginning with the decoupling control philosophy and the development
of a hybridised technique that combines a conventional decoupling control technique. A
detailed mathematical formulation of the decoupling control law is presented, along with
simulation results obtained from a MATLAB/Simulink model. The proposed decoupling
control technique is further validated using an experimental test rig. The chapter then
concludes with a comparative analysis of the proposed novel decoupling control technique

against benchmarked techniques reported in the literature.

Chapter 4 focuses on second proposed decoupling control technique which enhances
the performance of a conventional control technique tailored for the proposed PEC
interfacing system to achieve precise control and minimise cross-coupling effects. The
chapter analyses the conventional control technique, highlights its limitations, and

subsequently presents an optimisation method to improve its performance and ease of design.
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Simulation results demonstrating the performance of the proposed decoupling control

technique are presented, along with experimental validation.

Chapter 5 details the third proposed control technique, focusing on the minimisation
of the power flow errors in the PEC interfacing system. The chapter entails an analysis of the
power flow between ports, followed by the introduction of the adaptive control technique. In
addition, a mathematical proof of the adaptive gain stability is presented, along with
simulation results obtained in MATLAB/Simulink and experimental validation results. A
comparative analysis with conventional control technique showcases the performance of the

proposed adaptive control technique.

Chapter 6 presents the conclusions of the thesis, summarising the main findings and
contributions of the research. Furthermore, suggestions for future work are provided,

focusing on areas that could build upon the achievements of this thesis.
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Chapter 2

Literature Review

This chapter presents a review of the fundamental components that make up a hydrogen
energy system, with particular emphasis on the FC and EL. Over the years, hydrogen energy
systems have evolved significantly, driven by the pursuit of higher efficiency and
sustainability. Within a typical hydrogen energy system, several subsystems are strongly
coupled, among which the PEC plays a contributary role in the overall system performance.
Consequently, the ongoing development of advanced PEC topologies that can meet the
stringent operational and efficiency requirements of hydrogen-based energy systems remains

a key area of research.

2.1 Overview of FC/ EL Technologies

The following subsections give a brief overview of the basic technology and technical

description of FC and EL.

2.1.1 Overview of FC Technologies

An FC is an electrochemical device that converts chemical energy from hydrogen directly
into electricity with water and heat as a byproduct. FCs are typically classified based on their
operating temperature and the type of electrolyte used. Common FC technologies include
proton exchange membrane fuel cells (PEMFC), solid oxide fuel cells (SOFC), molten
carbonate fuel cells (MCFC), phosphoric acid fuel cells (PAFC), and alkaline fuel cells

(AFC). A basic comparison of these technologies is presented in Table 2.1.

As listed in Table 2.1, PEMFCs are the leading FC technology, operating at moderate
temperatures that support quick start-up and stable performance under varying loads [26].
Operating at moderate temperature levels allows effective heat recovery and utilisation,

improving overall system efficiency and ensuring reliable operation [27].

Furthermore, FCs generally exhibit a slow dynamic response to load changes [28], mainly
due to the double-layer capacitance at the electrode-electrolyte interface. This capacitance
behaves like a small energy storage element, delaying current adjustment during transients
as the double layer charges or discharges. As a result, the FC voltage responds slowly to rapid

load variations [29].
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Table 2.1: FC Technologies

Temperature Efficiency Capacity

Technology °C) (%) (kW) Advantages Disadvantages

(}11;%?1 tp owet Sensitive to

Quickys tart-u fuel impurities
PEMFC 60 - 80 40-60 <250 time P Expensive

. catalyst

Low operating (platinum)

temperature

Waste heat

;Ieicog ey High operating
SOFC 800-1000 > 50 1 -250 eff%ciency temperature

Solid Slow start-up

electrolyte

Sensitive to

High fuel impurities
AFC 50 -200 ~ 50 20-100 Conversion (€O

rate Maintenance of

Quick start-up electrolyte is

difficult

ngh. Expensive

efficiency Slow start-up
MCFC 600-700 > 50 300~ Noneedfor ¢ i ion at

3000 metallic high

cqtalysts . temperature

High capacity

Low fuel Low efficiency

quality compared to
PAFC ~ 200 40 40 -1000 requirements  other high

Generate high temperature
grade waste to  FCs
heat Slow start-up

A single FC cell generates a voltage less than or equal to 1 V [29], requiring multiple
cells to be stacked in series to achieve higher voltages. However, this stacking reduces the
overall reliability of the FC because the failure of a single weak cell affects the entire stack.
Consequently, a balance is often struck between achieving the desired high voltage and
maintaining cell reliability, with the output voltage typically limited to approximately 100 V
[29] as shown in Table 2.2.

Given the relatively low output voltage of FCs, PECs interfacing with FC systems are
often step-up converters, as indicated by the difference between the bus and FC voltages in
Table 2.2. In addition to increasing or decreasing the voltage, the PEC for FC applications

must provide adequate voltage conditioning. Furthermore, owing to the slow dynamic
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Table 2.2: Fuel cells voltages and the corresponding DC bus voltages

Reference Fuel Cell DC Bus Field of application
Voltage (v) Voltage (v)
[30] 100 540 Stand alone
[31] 70 350 Stand alone
[32] 30 750 Stand alone
[33] 50 400 Grid connected
[34] 20.2 40 Stand alone
[35] 52-105 36 Stand alone
[36] 26 100 Stand alone
[37] 24 70 Electric Vehicle
[38] 22-50 40-70 Stand alone
[39] 40 200 Grid connected / Stand alone
[40] 24 100 Fuel cell applications

response of FCs, energy storage devices, such as batteries or supercapacitors, are often

integrated to handle high transients during sudden load changes.

2.1.2 Overview of EL Technologies

Hydrogen is generated through the splitting of water in a process called electrolysis,
where electricity passes through water, producing hydrogen and oxygen as byproducts. The
energy source used for this splitting process determines the classification of the hydrogen
produced. For instance, green hydrogen is exclusively generated from 100 % renewable

energy sources [6].

Four main EL technologies are commonly used for electrolysis: solid oxide electrolysers
(SOE), proton exchange membrane electrolysers (PEMEL), anion exchange membrane
electrolysers (AEMEL), and alkaline electrolysers (AEL). AEL remains the most
commercially mature and cost-effective technology, although its slow dynamic response and
low tolerance to water impurities limits its suitability for dynamic load applications. PEMEL,
which offers faster response times and high hydrogen purity, is limited by its early maturity
and sensitivity to water quality [41], [6]. Recent advancements in SOE suggest its potential
for integration into high-temperature processes, although irregular electrode stability and
high operational temperatures require further development. Similarly, AEMEL promises cost
efficiency due to its inexpensive components, but requires further research to address
membrane stability and ion conductivity issues [42], [43]. Table 2.3 compares the primary

characteristics of the four technologies.
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Table 2.3: Typical Electrolysers Technologies [14], [6], [44]

Power Efficienc Cell Stack
Technology consumption (%) y voltage Life (h) Advantages Disadvantages
(KW.h/m3) ° (v)
feasStonse Early maturity
1.80 — P Low tolerance
PEMEL 4.0-55 67 - 82 <60,000 High H»
2.40 it to water
purtty impurities
0.95 — Lower costs ]SEépzzlmental
SOE 4.0-43 100 ' <40,000 Functional &
1.30 Irregular
as FC
electrodes
Inexpensive Low membrane
i i parts stability
AEMEL 4.0 -4.6 50 -70 1.85 >10,000 High Hs Low ion
purity conductivity
Mature Slow response
AEL 40—43 62 -84 1.8 - <90,000 technology  Low tolerance
2.40 Lower costs  to water
impurities

As shown in Table 2.3, the low cell voltage of ELs requires stacking multiple cells to
reach the desired operating voltage. However, increasing the number of stacks can reduce
overall system reliability, creating a trade-off between achieving higher voltage and
maintaining reliability. Moreover, the dynamic response may be influenced by interactions
among auxiliary components within the stack. Hence, direct connection of EL stacks to
power sources is often impractical. To address these challenges, PECs are employed to step

down and stabilise the voltage and ensure reliable EL operation for hydrogen production.

Furthermore, in the literature, EL. modelling approaches are broadly classified into three
types: dynamic, static load, and resistive load [45]. Dynamic models capture the time-
dependent behaviour and transient responses of ELs, making them suitable for detailed
electrochemical and thermal analysis. Static load models, on the other hand, focus on
simplified representations under constant load conditions, primarily aimed at steady power
demand scenarios. Resistive load models approximate the EL as a resistive load, allowing for
the direct assessment of power consumption based on voltage and current inputs. In this work,
the resistive load model is chosen owing to its straightforward application and simplicity of

analysis.
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2.2 Converter Topologies for FC/ EL Interface

ELs and FCs are essential components of hydrogen energy systems. ELs split water into
hydrogen and oxygen using electrical energy, while FCs convert the stored hydrogen back
into electricity. Hydrogen energy system relies on several auxiliary subsystems to function
efficiently, including air and hydrogen supply systems, cooling and heat exchangers,
humidification systems, and PECs, which are highly interconnected to optimise overall

performance [45], [46].

PECs play a critical role for both EL and FC operation. For ELs, they regulate the
electrical input for water splitting, maintain voltage and current levels to maximise efficiency,
and prevent component degradation. For FCs, PECs condition the generated electricity and

convert it into a form suitable for integration into the final power output.

Given the specific operating characteristics of ELs and FCs, PECs must meet certain
functional and performance requirements. As described in [47], [48], [49] candidate PEC
topologies should provide a wide voltage conversion range, galvanic isolation, low current

ripple, high efficiency, high power density, and compact size.

The PECs for EL/FC systems are summarised in Table 2.4 and Table 2.5, which
highlights their advantages and disadvantages. Non-isolated topologies are typically
characterised by a simplified design, compact structure, and cost-effectiveness. However,
they have several limitations. They often require a high duty ratio, leading to increased
current ripple, which lowers efficiency. The lack of galvanic isolation also raises safety
concerns in high-power applications and restricts the integration of multiple sources with
different voltage levels. Consequently, system stability and control become more complex.
Moreover, non-isolated converters are more susceptible to electromagnetic interference

(EMI) and tend to exhibit reduced noise immunity [50].

To overcome these drawbacks, isolated converter topologies are employed. These
converters use transformers or coupled inductors to provide galvanic isolation, enhancing
safety and noise immunity. They are particularly well suited for FC/EL applications that
demand high voltage conversion and strong system protection. In addition, the use of isolated
converters supports compliance with [SO22734:2020 and ISO19880-1:2020 standards,
which emphasise electrical safety and grounding requirements for hydrogen generation and

fuelling systems [51].
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Table 2.4: EL/FC Non Isolated converters

Topology Description Advantages Disadvantages

Interleaved Ut111se§ multiple  buck ~ phases Reduces input current ripple and High voltage stresses on the switch and
operating out of phase to share . . : : . )

Buck [52] . . distributes thermal stress. diode terminals increasing complexity
current and reduce input ripple

Interleaved Replaces freewheeling diodes in  This further reduces conduction . . .
: . . . Higher voltage stress on switches, increase

Synchronous interleaved buck with synchronous losses, improved efficiency, desion and control complexities

Buck [53] switches. especially at higher load currents. & P '

Stacked . . Increased complexity and component count
Adds auxiliary capacitors to . . . . . s )

Interleaved . . Low ripple over wide duty ratio range. ~ with more phases and higher implementation
conventional interleaved topology

Buck [54] cost

Switched . . . . . .

Inductor Utilises additional inductors charged  Improved  voltage  gain  and Requires more passive components,

Boost[S5], [56]

Floating
Interleaved
[57]

Floating
Interleaved
Cascaded
Boost [58]

in parallel and discharged in series

Combines the principles of
interleaving  with a  floating
configuration

Integrates interleaving, cascading,
and floating configurations.

conversion efficiency.

Higher voltage gain, reduced ripple,
improved current sharing between
phases

Achieves high voltage gain, ripple
reduction, and improved power
distribution

increasing circuit complexity and cost.

Increased component count, higher cost and
need for precise current balancing

Requires large inductors to reduce input
current ripple, leading to increased size,
weight, and reduced reliability
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Table 2.5: FC/EL Isolated Converters

Topology

Description

Advantages

Disadvantages

Forward [59]

Push-Pull [60]

Half-Bridge
Isolated [61]

Full-Bridge
Isolated [62]

Dual Active
Bridge [63]

Multiport
Isolated DC-
DC [64], [65],
[66]

Employs a single switch, isolation
transformer, output diode(s), and a
demagnetising (clamping) circuit.

Adds a second switch to the forward
converter, allowing alternated
conduction in transformer windings.

Consists of two power switches, a
high-frequency isolation
transformer, and a diode rectifier.

Builds on half-bridge by adding two
more switches, forming a complete
H-bridge across the transformer.

Consists of two full H-bridges on
both sides of an HF transformer.

Consist of different configuration of
converter at a multiple side of the
HF transformer

Continuous energy transfer; relatively
simple design and  moderate
component count

Improved voltage gain, continuous
power transfer, reduced output ripple.

Simple and cost-effective, reduced
transformer size, moderate
component count.

Full positive and negative voltage
cycles during operation enable
bidirectional voltage operation.

Enables bidirectional power transfer,
high power density.

Enables bidirectional power transfer,
power flow can be independently
controlled, high voltage gain ratio,
achieves EMI reduction, low output
ripple current

Risk of transformer core saturation due to
unbalanced magnetising currents; increased
voltage/current stress.

Limited utilisation of the transformer’s
primary winding; high voltage stress.

Possibility of higher voltage and current
stresses on switches

Higher switching losses (especially under
hard switching), complex gate drive.

Complex control techniques, high switching
losses under hard-switching conditions.

Complex control techniques, high switching
losses under hard-switching conditions
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Fig. 2.1: Multiport (three ports) isolated DC-DC converter.

Nevertheless, conventional isolated designs often rely on separate converters operating
independently for each subsystem, leading to multiple conversion stages, circulating currents,
complex control schemes, and bulky architectures. These limitations reduce efficiency,
reliability, and scalability. To address these challenges, multiport-isolated DC-DC
converters, especially three-port configurations, have emerged as promising alternatives.
They enable simultaneous integration of multiple energy sources within a single architecture,
thereby reducing conversion stages and improving transient response, dynamic power
sharing, and overall system efficiency. Their compactness, and high power density make

them ideal for hydrogen energy systems applications.

Several studies [67], [68] and [64] have investigated three-port converters using a full-
bridge circuit for each port, as illustrated in Fig. 2.1. Full-bridge configuration offers distinct
advantages that make it highly suitable for hydrogen energy systems. It maximises voltage
gain by fully utilising the transformer turns ratio, allowing wide voltage operation ranges. Its
structure also enables balanced power flow between ports, enhancing stability under varying
load and source conditions. The full-bridge configuration also better handles voltage and
current stresses, resulting in lower ripple and improved conversion efficiency, particularly at

high power levels.
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Table 2.6. Decoupling control techniques in literature

or observers

Category Subcategory Key Idea Typical Techniques = Remarks
Adding Resonant  capacitors
supplementary [69], additional .
Addition- components or switches [70], i\c/)lsas};s mcrfjssf
based auxiliary circuits relays[71],  variable bulkin’ess an (i
hardware that could alter inductors [72] / reduce
decoupling system  dynamics capacitors [73], scalabilit
and reduce port Y
Hardware . .
. interaction
Decoupling
Structurally Modified transformer
Modification-  modifying converter windings [74],
based hardware such as Inherent decoupling Increases design
hardware redesigning [75] complexity
decoupling magnetic or winding
configurations
SMC/ESO/  flatness- Computationall
Non-linear Designed to handle based [76], MPC intenls)ive y
software- the inherent [77],[78], ANN [79], com lex’ tunin
based nonlinear dynamics [80], frequency hi hp rocessing,
decoupling of the converter domain techniques g1 p &
81] power
Software
Decoupling Feedback linearisation Easier to
By approximating [82], polar coordinate implement, but
Linear system  dynamics [83], LADRC [84], could have
software- around an operating Adaptive P&O [85], estimation
based point and using bandwidth selection errors, limited
decoupling compensation terms [86], matrix-based [87] adaptability,

increased
storage needs

2.3 Multiport-Isolated (Three Port) DC-DC Converter Interface

Multiport-isolated DC-DC converters function as multiple-input, multiple-output

systems, with interconnected power ports separated by a multiwinding transformer. This

architecture enables the simultaneous integration of multiple energy sources and load. Its

efficient power sharing makes it suitable for hydrogen energy systems.

However, despite their advantages, multiport converters present two key areas for

improvement. Firstly, the multiwinding transformer in a multiport-isolated converter
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inherently exhibits cross-coupling due to electromagnetic interactions between the coils. As
a result, the converter behaves like a Multiple Input Multiple Output (MIMO) system with
coupled control loops, which makes it difficult to control [81]. These cross-coupling effects
affects optimal performance by disturbing the intended power flow, introducing voltage and
current distortions, and increasing control complexity [68]. In essence, when the output
characteristics of one port change, they indirectly affect the output of the other ports. For
example, a load step at one port requires a change in the phase shift of that port. However,
due to magnetic coupling, the power transfer of the other load port is also affected, requiring
a readjustment of its phase shift [88]. These cross-coupling effects thus manifest as DC port
current disturbances that are undesirable for converter operation [89] To mitigate this,
decoupling controls have been developed in the literature from both software-based (linear
and nonlinear) and hardware-based perspectives. Table 2.6 briefly presents various
decoupling controls, the key ideas behind each decoupling philosophy, and a general
overview remark. While hardware decoupling introduces the addition or modification of
physical components, which increases cost and bulkiness, nonlinear software-based methods
are more computationally intensive and require complex tuning. Linear software-based
techniques, though easier to implement, can be susceptible to estimation errors, have limited

adaptability, and often require increased storage for look-up tables (LUTs).

Furthermore, conventional solutions to address the cross-coupling effects in multiport
converters often rely on single-phase shift (SPS). This technique provides only two degrees
of freedom: the phase shift between the origin port (typically port 1) and port 2, and the phase
shift between the origin port and port 3 [90]. These limited degrees of freedom have been
shown to result in higher rms currents in the inductors, which increases losses [91]. To
overcome these limitations, researchers have introduced additional degrees of freedom
through advanced control schemes, such as dual-phase shift (DPS) and triple-phase shift
(TPS). By exploiting these additional phase shifts, power flow can be more precisely
controlled, reducing rms current and associated losses. Nevertheless, achieving optimal phase
shift values remains crucial. Table 2.7 illustrates these control schemes, including typical

methods employed in the literature and their general overview.
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Table 2.7: Typical techniques for control schemes

Control

Degrees of

scheme freedom Typical techniques Remarks
Basic TAB control without High rms current
3PS Two external phase internal phase shifts leading to
shifts [841],[83],[75] conduction,
switching loses
Simplified high frequency
Two external phase chain current [92], Genetic Increased storage
DPS shifts plus an equal algorithm with LUT storage requirement, does
number or a single [93], generalised harmonic not fully exploit all
internal phase shift modelling with optimisation degrees of freedom
technique [94]
Offline PSO [95], PSO with Reduces rms
exponential weighted moving current and power
average [96], ANN-based losses but is
optimisation [97, 98], Offline computationally
Two external phase gradient descent with ripple intensive, relies on
TPS shifts plus distinct correlation control and ANN static tuning
internal phase shift [99], GHA with polynomial mechanisms,
values regression [100], adaptive requires large look-
perturb and observe [85], up tables, and is
advanced model predictive challenging for
control [90], gradient descent practical digital
optimisation [101] implementation
2.4 Multiport-Isolated (Three Port) DC-DC Converter Principles of

Operation

Multiport-isolated DC-DC converters are derived from the principles of dual active
bridge (DAB) with the addition of more legs to either side of the transformer. This can result

in either symmetric or asymmetric configurations. A 1:2 triple-active bridge converter

configuration is analysed in the following subsection.

2.4.1 Equivalent Circuit

The topology is shown in Fig. 2.1 and is composed of full-bridge converters with port
1 labelled as the BT port, port 2 as the DE, and port 3 labelled as the EL (represented by a
resistive load). Negative power is the power supplied by a port, whereas positive power is

the power absorbed by the port. The integrated multiwinding transformer has turns ratios of
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Fig.2.2: (a) TAB star connection and (b) TAB delta connection.

1:n, and 1: nj, respectively. Power transfer is influenced by the leakage inductance of the
high-frequency multiwinding transformer, which is determined by the phase shift of each
full-bridge control signal. In this topology, external inductances are used, because the leakage
inductance of the transformer may be low. L, is the port 1 bridge leakage inductance, L', is

the port 2 leakage inductance, and L5 is the port 3 leakage inductance [102].

The parameters are defined as follows: The output signals of each bridge’s midpoint
square-wave voltage are presented as uy, u; ,us3, respectively with a duty ratio of 0.5 [103],
[104]. The midpoint AC voltages, output DC voltage, leakage inductances, and leakage
inductance currents, all referred to the primary side, are calculated as given by (2.1) and

(2.2), respectively.

! ! !
u—uZV—V2 L—in—i’n
2=, Vo =—, Ly = 5,1 = 1Ny
ny ny n; (2.1)
! ! !
Us V3 Ly | .
u3 -, V3 -, L3 :_2,l3 = l3n3 (22)
ns ns ns

To facilitate power flow analysis, as described in [68] and [105], it is necessary to
calculate the equivalent inductances between each port. The equivalent inductances are
calculated by transforming the star equivalent (Fig.2.2a) to the delta equivalent (Fig.2.2b),
referring all circuit parameters to the primary side [95]. The leakage inductances of the delta

model Lq, , Ly3, and L,3 , as shown in [106] can be expressed as :

L, = 4 Li; = 4 L, = 4
A= L1L2 + L2L3 + L1L3 (24)

35



2.4.2 Power Flow of the Converter

The midpoint voltages of each bridge are generated by alternately driving the gate
signals of switches S; and S, S, and S5 in the BT port. Similarly, in the DE and EL ports,
the gate signals for S5 and Sg, S¢ and S5, as well as Sq and S;,, S;5 and S, respectively are
operated in complementary switching patterns. The phase shift between the control signals
u, and u;, denoted as ¢, and between u; and u3, denoted as ¢, governs the power transfer

between bridges.

The phase shifts ¢, and @3 can be positive or negative, depending on whether the
corresponding bridge square-wave voltages lead or lag relative to each other. A positive
phase shift (¢, > 0)indicates u, leads u;, whereas a negative phase shift (¢, < 0)indicates
u, lags u;. Similarly, the sign of ¢ reflects the phase relationship between u; and u3. The

BT port is used as a reference, maintaining its phase shift at zero. The maximum power

transfer occurs at % To ensure stable operation, the phase shifts are constrained to the range

. This control technique, commonly referred to as SPS control, extends the phase-

9

SIE
N1A

shifting approach used in DAB to a multiport active bridge topology, thereby enabling

efficient power transfer across multiple ports.

As calculated in [105], using cycle-by-cycle averaging, the power between any two
ports can be expressed as:

b o — @)V,
xy 2n2f, Ly, (2.5)

where, x and y represent 1, 2 or 3, indicating port numbers, V, and V,, are the voltages of the

two ports, f; denotes the switching frequency, ¢ is the phase difference between the operating

points, and Ly, is the inductance between the two ports in delta transformation.

The power flow in each port Pz, Py, Pg, represents the total active output powers

which are defined as:

Ppr = =Py — Pi3
Ppp = Py, — Py3
Pg, = P13+ Py3

(2.6)
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Fig.2.3: Power transfer vs phase shift showing cross-coupling.

This can be further expressed as:

_ 02(@y —mViVaLs + @3(93 — 1)V, V5L,

Por = 2m2f, A
P = ©2(02 —mV1VaLlz + (93 — 92) (92 — 3 — M)V, V3L,
DE = 22 f.A (2.7
P = @3( — @3)V1Valy + (93 — @) (1 — @5 + @3)V5 V3L
EL 2m2f,A

Where, A = (LILZ + L2L3 + L1L3)

It can be clearly seen from (2.7) that a non-linear relationship exists between the power

of each port and the phase shifts. The phase shifts exhibit a coupling relationship with each

other.

The relationship between the port’s active output power flow and the phase shifts is as
illustrated in Fig.2.3 based on (2.7). Fig.2.3 demonstrates that each port’s transferred power
is a function of multiple phase-shifts. The overlap of the Pz, Ppg, and Pg; surfaces show
that adjusting one phase shift simultaneously alters the powers of other ports. This shows the

inherent power cross-coupling in TAB converters.
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2.4.3 Cross-Coupling Analysis

As in (2.7), the cross-coupling effect of the phase shifts (which are the control

variables) on the power equation must be eliminated to allow precise control of the system.

The control objective is to derive a feedback control system to regulate the power in

the output ports. However, the power equations of (2.7) are non-linear with phase shift ratios

(5 and Q3.

State-space averaging is commonly used to estimate the dynamics of DC-DC
converters. However, applying this technique to isolated converters, such as the multiport-
isolated DC-DC converter, can be challenging. One of the state variables in the converter is
the transformer current, which does not satisfy the small ripple approximation. Since power
flow coupling can be analysed using low-frequency dynamics, the impact of the high
frequency dynamics of the transformer leakage inductance can be neglected [107]. Following

the steps illustrated in Fig.2.4, the obtained non-linear model must be linearised.

To derive the linearised model from (2.7), without considering the different

magnitudes of the phase shifts, a sinusoidal approximation, as seen in (2.8) and (2.9), is

applied:
(r—lol) = Xsing 2.8)
where X is the Fourier coefficient.
x==[ o lohsinpdp = >
=— - sin = —
g) PN TIeDSmede =g 2.9)

Hence, the basic equations of the converter’s control objectives are expressed in (2.10) and

2.11).

Prg _ 4(VgrLssing, + Vg Lysin(@, — @3)

j A

DE Ty T3 fA (2.10)
I = @ _ 4(VgrLysings + VpgLyisin(@s — ¢2) (2.11)
EL ™y, m3f,A
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Fig.2.5: Degrees of cross-coupling with control inputs linearised around the origin

(a) interaction in the DE port (b) interaction in the EL port.

The operating point of the converter is selected based on the phase shifts ¢, and @3,
with the possibility of minimal conduction and switching losses. According to [68], the
operating point corresponding to the lowest phase shift results in the least loss. To simplify
analysis, the converter can be linearised by approximating ¢, and @3 near the origin. The
Taylor series of (2.10) and (2.11) around a certain operating region closest to the origin can

be expressed as follows:

4(VgL Ly + VprlLs) —4Vg L4

[IDE] _ T3 fA T3 foA ‘Pz]

IEL _4VDEL1 4(VDEL1 + VBTLZ) @3 (212)
T3 f,A m3f.A
Therefore, the plant transfer matrix G can be simply represented as:
IDE] P2
=G

IEL (p3] (2 1 3)

Equation (2.13) forms a two-input, two-output model with a plant transfer matrix G.
The output currents interfere with each other because the non-diagonal elements are non-

zero. The degree of cross-coupling is quantified by the ratio of the non-diagonal elements to
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the corresponding diagonal elements of the gain matrix. The surface plots, as seen in Fig.2.5,
tilts in two directions for both loops, indicating that each control output is influenced by both
control inputs. The coupling ratio ranges between 0 and 1, where values close to 0 indicate
weak/negligible coupling and values approaching 1 indicate strong coupling. When the non-
diagonal elements are zero, the system becomes fully decoupled [89]. Matrix-based
decoupling control eliminates interference by systematically choosing a matrix that limits or
cancels out the effect of this interference. The chosen matrix is referred to as the decoupling

matrix (DM).

2.4.4 Cross-Coupling Effects

The following sub section briefly outlines the cross-coupling effects in a hydrogen

energy system application.

2.4.4.1 Fuel Utilisation and Reduced System Performance

The power generation/consumption process of the FC/EL is not only a relationship
between voltage and current, but also the fuel utilisation, temperature, and pressure, which
affect the output voltage. The relationship between these parameters [108] is depicted in

(2.14):

wy _ 2(No/2F) I

in UCV
_ (2.14)
Vec = N (Eo + E(m M)) Ppc = IpcVpe
2F Phy0

where, U is the fuel utilisation, qgf is the hydrogen gas in, N, is the number of series cells in
a stack, F is Faraday’s constant, Py, Py, and Py, are the pressures of hydrogen, water, and
oxygen, respectively; Vg is the FC output voltage; and Iz and Pg. are the FC output current
and power, respectively. The transients in the sudden change in current or voltage affect fuel
utilisation in the FC and, by implication, hydrogen production in the EL. This leads to
reduced system performance, producing less hydrogen in the EL or consuming more

hydrogen in the FC than is necessary [46].
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2.4.4.2 Impact on Lifespan

The lifespans of the EL and FC are critical issues, particularly considering the various
coupled parameters and operating conditions in the hydrogen energy systems. For example,
the lifespan of a typical proton exchange membrane (PEM) is 10,000 — 60,000 h [43]. Sudden
changes in the electrical load (such as increased power demand) affect hydrogen energy

systems operation, straining the system owing to transients [43].

2.5 TAB Control and Comparative Analysis of Matrix-based
Decoupling Control Techniques

The proportional integral (PI) - based control scheme of the converter without any
decoupling control technique is illustrated in Fig.2.6. The system is depicted as a two-input

two-output control system. Based on PI control laws, ¢, can be calculated as follows:

K
@ = KP(IDE,ref —Ipg) + ?I(IDE,ref — Ipg) (2.15)

where, Kp is the proportional gain and K; is the integral gain of the PI controller. The second
PI control loop followed the same principle as the DE control loop. Thus, its equation is given

as:

K,
Q3 = KP(IEL,Tef - IEL) + ?I (IEL‘ref B IEL) (2.16)
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technique.

In these control schemes, the energy delivered by BT is not controlled directly. It is
allowed to freely sink or source the power difference between the EL and the DE. This is
similar to a self-directed system that matches EL power demand variations while maintaining
a constant DE power supply.

However, this basic control technique does not solve the pressing issue of cross-
coupling inherent in multiport-isolated DC-DC converters. Three matrix-based decoupling
control techniques are commonly implemented in the literature: inverse matrix decoupling
control, simplified decoupling control, and inverted decoupling control. The following

sections briefly describe each of these techniques.

2.5.1 Inverse Matrix Decoupling Control Technique

In this technique, the cross-coupling effect is eliminated by choosing a decoupling
matrix that is the inverse of the plant transfer matrix. This technique has no negative effects
on ideal plant properties. As shown in Fig.2.7a, if an inverse of matrix G is introduced into

(2.12), the diagonal input-output matrix is derived as in (2.17)

zﬂ =H [Z] =6 [Z] (2.17)

where, H can be expressed as:

H_

1 [n3 AWV Ly + V,Ly) i f,AVsL,
4KV,

3 fAV,L, w3 f,A(V,Ls + V3L1)] (2.18)
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with K = V3L1L2 + V1L2L3 + V2L1L3.

Substituting (2.18) and (2.19) into (2.13) yields

Gll GlZ
621 622

H11 H12
H21 HZZ

IDE]
Ig,

[Z] (2.19)

The product of the plant matrix and the inverse matrix, gives rise to matrix M, which

is a fully decoupled system.

M= Gi1 Giz||Hi1 Hip
Gz1 Gyl [Hz1 Hpp (2.20)
Elaborating on matrix M gives:
M = Gi1Hig + GioHyy GigHip + GipHap
G1Hi1 + GopHay GiHip + GG (2.21)

Following the control diagram illustrated in Fig.2.7a, the control outputs are given by
Ipg = (G11Hy1 + Gi2Hz1)13 + (G11Hip + GiaHip)1s
(2.22)
Iz, = (G21H11 + GaaHy1 )Ty + (G Hip + GaoHao)rs 2.23)

Evaluating this matrix results in the cross-coupling terms (G,;H;; + Gi2H,,) and
(G,1Hy; + Gy3H,,) becoming zero, indicating a decoupled system. The resulting input
output matrix therefore reduces to the identity matrix, with the remaining dynamics

determined by the DC-side energy storage elements [89].

2.5.2 Simplified Decoupling Control Technique

In the simplified decoupling technique, only two elements in the decoupling matrix
must be generated compared with the four elements generated by the inverse decoupling
technique. This sets two elements in the diagonal of the decoupling matrix to one, such that
matrix H is [1 Hy5; H,; 1]. Therefore, matrix H can be expressed in terms of the transfer

matrix of the plant, as given by (2.24).

G
1 _ 12
H = G11
_% 1 (2.24)
Gy
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Although it is simple to implement in practice, there are some summation elements
in the decoupling matrix, which makes tuning the controller difficult. A schematic of the

simplified decoupling technique is shown in Fig.2.7b

2.5.3 Inverted Decoupling Technique

The inverted decoupling control technique is the third examined matrix-based
decoupling control technique for suppressing the cross-coupling effects. Here, H;, and H,4

are set such that,

Gia
Hi; = TG
11

2.25

6 (2.25)
21 Gy

As stated in [109] and [110], inverted decoupling has the same required compensation
elements as simplified decoupling does. However, as shown in Fig.2.7c, the direction of the
flow through the decoupling elements and the position of the summation are reversed
compared to the simplified decoupling. It has a simple implementation and can always be
configured such that its decoupling element is realisable.

The decoupling matrices are typically pre-calculated offline to simplify the real-time
implementation. The pre-calculated values are stored in the LUT, allowing the system to
efficiently retrieve and apply the appropriate matrix based on the current operating
conditions. This technique ensures ease of implementation. However, a notable challenge
arises when dealing with dynamic equations in the system model. Computing the inverse of
the transfer function may lead to an improper transfer function (i.e. when the numerator's
degree exceeds the denominator's). Such transfer functions are unrealisable in practice
without additional techniques such as filtering or approximation. In addition, the
implementation of LUT can also result in quantisation errors, computational delays, and

memory constraints which could negatively impact system performance.

2.6 Simulation Results

The designed topology is a 1 kW bi-directional triple active bridge DC-DC converter
with circuit parameters given in Table 2.8, following [111], with slight adjustments to the
main parameters. The circuit in Fig. 2.1, is implemented in the MATLAB/SIMULINK

software environment along with the PI-based control schemes shown in Fig.2.6 and
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Fig.2.7a-c. The controller gains are tuned and selected for both the current and voltage loops,

as listed in Table 2.9 . The components are all referred to the primary side.

The cross-coupling effect can be seen as a disturbance on a port when there is an
intended or unintended change at the other corresponding ports. Firstly, the graph in Fig.2.8
shows the measured steady-state operation results of the midpoint square-wave voltages and
inductor currents at each port. The shapes of i3 and i, are trapezoidal following the same
analogy as a DAB converter. However, the main supply port i; is not trapezoidal because it
complements the trapezoidal-shaped currents of the other ports. Furthermore, two scenarios
are created to test the performance of the decoupling techniques. Three step changes are
introduced to the current control loop at specific times to create scenario 1. There is a change
in the power supplied by the DE port from -200 W to -1000 W, -1000 W to -600 W, and -
600 W to -750 W as shown in Fig.2.9 . In Scenario 2, an increase in the power absorbed in
the EL from 0 W to 1000 W is introduced, and a drop in the load demand is made from 1000
W to 350 W and 350 W to 100 W, as shown in Fig.2.10.

Table 2.8: Circuit design parameters

Description Parameter

DE Voltage 46 V
EL Voltage 73V
BT Voltage 560 V
Leakage Inductance 1 0.75 mH
Leakage Inductance 2 1 uH
Leakage Inductance 3 24 uH
Switching frequency 15 kHz
Transformer Turns Ratio (1) 0.08
Transformer Turns Ratio (2) 0.13
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Table 2.9: Selected proportional and integral gains

Proportional gain Integral gain
PI control without decoupling technique 0.05 2000
Inverse Matrix decoupling technique 5 8000
Simplified decoupling technique 1 1200
Inverted decoupling technique 0.8 800
100 = 40 =
e 2
= =20
o 0 8
g 5
G 3 o
-100
0.0501 0.05012 0.05014  0.0501 0.05012 0.05014
U2 19
— 50 10
5 210
] S
= G 20
> 250
0.0101 001012 0.01014  0.0101 0.01012 0.01014
ul il
Z 500 3
: :
5 ° 5 !
E e
S -500 1
0.0501 0.05014 0.05011 0.05013 0.05015
Time [s] Time [s]

Fig.2.8: Bridge voltages and leakage inductance currents at steady state.
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In each scenario, the peak power deviations are measured to ascertain the influence

of the cross-coupling effect on each controlled port. The lower the peak power deviation from

the nominal values at each control point, the better the decoupling performance.

With the implemented matrix-based decoupling control techniques, the peak power

deviations (either overshoot or undershoot) are limited in each control technique compared
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with the converter without decoupling control, as listed in Table 2.10. This shows that
implementing decoupling control improves the dynamic performance of the system. The
system stability and adequate power balancing can also be achieved, as shown in Fig.2.9 and
Fig.2.10. In each scenario, the BT port acts as a slack port and is allowed to sink or source,
thereby maintaining an adequate balance in the system. With this, better system performance
can be achieved while also protecting the lifespan of the DE and EL and preventing false

triggering of protective devices that are sensitive to overshoot and undershoot currents.

The average peak power deviation from the nominal operating value for the three step
changes were calculated, as shown in Fig.2.11. The inverse decoupling matrix technique has
a reduced peak power deviation compared with simplified and inverted decoupling control

techniques in both scenarios.

Table 2.10: Peak power deviations considering different decoupling techniques

Technique Time (s Scenario 1 Scenario 2
Power Deviation (W)  Power Deviation (W)
0.05 80 124
Simplified 0.1 64 59
0.15 28 52
0.05 45 93
Inverse 0.1 34 64
0.15 16 56
0.05 80 156
Inverted 0.1 68 59
0.15 29 71
0.05 136 193
No decoupling 0.1 77 276
0.15 29 157
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Fig.2.11: Peak power deviation.

2.7 Summary

This chapter presented an overview of FC and EL technologies in terms of their efficiencies,
capacities, and operational voltages. The advantages and disadvantages of each technology
were discussed. Among the various tightly coupled subsystems that constitute a hydrogen
energy system, the role of the PEC was emphasised, as it governs the electrical interface and
overall energy management between the FC, EL, and other system components. Based on the
stringent and specific requirements that a suitable PEC topology must satisfy, such as low
power ripple, high conversion ratio, and a need for galvanic isolation, a multiport isolated
DC-DC converter was recommended. Two main areas of improvement were identified in the
proposed topology, the cross-coupling effects and loss minimisation. A mathematical
framework for analysing the cross-coupling effect was discussed, highlighting the influence
of non-zero, non-diagonal elements in the system matrix. Matrix-based decoupling control
techniques are widely recognised in the literature for their simplicity and ease of
implementation. A detailed comparative analysis was carried out among three conventional
matrix-based decoupling control techniques, namely, the inverse, simplified, and inverted
matrix-based controls, against a PI control without decoupling. The results show that the
inverse matrix-based decoupling control outperforms the others in terms of maximum power
deviation from the nominal operating point during step changes in power flow. Under the
two scenarios considered, the inverse matrix-based method exhibited a maximum power
deviation of 5 % compared with 8 %, 8 %, and 14 % for the simplified, inverted, and no-
decoupling techniques, respectively, in Scenario 1, and 10 % compared with 13 %, 16 %, and

27 % for the same methods in Scenario 2.
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Chapter 3
Novel Model Reference-based Hybrid Decoupling Control

Technique

As discussed in Chapter 2, Section 2.3, the multiport-isolated DC-DC converter has
been identified as a suitable topology for the PEC interfacing system in a hydrogen energy
system. The cross-coupling effects inherent in this topology pose a significant challenge to
achieving optimal system performance. The previous chapter identifies the inverse matrix-
based decoupling control to be more effective among the conventional matrix-based
techniques. However, while the inverse matrix-based decoupling control is effective to a
certain operating point, its decoupling effect remains incomplete. In this chapter, a novel
model reference-based hybrid decoupling control technique is proposed, which combines the
principles of matrix- and model reference-based decoupling to achieve improved system
decoupling. The proposed method is validated through MATLAB/Simulink modelling and
experimental results, and its performance is compared with other conventional decoupling

control techniques in literature to highlight its advantages.

3.1 Background

The converter behaves as a Multi-Input Multi-Output (MIMO) system with coupled
control loops. As discussed in Section 2.3 and in Table 2.6, decoupling approaches are
broadly classified into hardware and software solutions (nonlinear and linear). In [112], [75]
a multiport converter with inherent decoupling capability was proposed using low primary
leakage inductance. However, its scalability to larger systems remains unproven, and
implementation requires complex transformer design. A resonant capacitor on the
transformer primary side, was introduced in [69], which reduced computational burden but
failed to achieve effective decoupling across all operating regions. In [70] an addition of two
switches to control coupling and force the converter to behave like a Single-Input Single-
Output (SISO) system was made, although this increased switching losses. A varying
winding configuration was designed in [74] to reduce coupling and ensure adequate power
transfer, but analysing and restructuring transformer windings is challenging. Variable
inductors [72] and electronic capacitors were also introduced in the resonant circuit to

achieve decoupling while maintaining bidirectional operation. Hence, these hardware-based
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approaches rely on additional components or structural modifications, which can increase

cost, reduce power density, and add design complexity.

Nonlinear software-based decoupling control techniques have been proposed as
alternatives to hardware modifications. For instance, a power decoupling configurable model
predictive controller (MPC) was developed in [77], employing binary search and Newton
iteration to predict DC currents. Decoupling was achieved by linking each virtual branch of
the converter to its phase shifts. However, this technique is computationally intensive due to
partial derivatives and Jacobi matrix inversions. A magnetically linked multiport converter
controlled via MPC was introduced in [78], achieving good decoupling performance,
although its steady state error exceeded that of simpler PI control. Similarly, flatness based
decoupling control was applied to an FC hybrid source in [76], transforming the nonlinear
problem into trajectory planning and tracking by leveraging system flatness to design
feedforward and feedback control laws. However, model discrepancies may lead to
instability. In addition, metaheuristic approaches such as artificial neural network based
decoupling control have been explored in [79], [80], and [113] although their performance
depends heavily on the quality and range of training data. Frequency domain techniques such
as Fourier series expansion were proposed in [81]. Although effective, they require accurate
measurement of AC components in multiwinding transformers, posing practical
implementation challenges. Overall, these nonlinear approaches remain computationally

intensive and difficult to implement in practice.

Consequently, linear software techniques for decoupling control have been
extensively studied to address the limitations of non-linear software-based decoupling
techniques. For example, a feedback linearisation-based controller was implemented in [82],
[114], to suppress cross-coupling effects, nevertheless, improper handling of the non-linear
inversion in the control loop may lead to performance degradation. A polar coordinate-based
decoupling control technique was developed in [83]. The polar coordinate technique
determines the phase shifts using the sum and difference of the transmission powers to
suppress the cross-coupling. However, its operating region is constrained and requires a
conditional branching strategy for expansion. An adaptive perturb-and-observe (P&O)
controller, proposed to track the minimum point current, was developed in [85]. Although
this controller shows promising results, the P&O algorithm introduces an additional

computational burden on the system. Similarly, a single-input, single-output (SISO) system
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with different bandwidth selections was examined in [86], where high-bandwidth loops
enhance transient phase detection, aiding decoupling, and lower-bandwidth loops exhibit
poor anti-interference properties. Decoupling matrices are another common approach. A
frequency domain modelling technique was applied in [115] to develop a decoupling matrix-
based PI controller, yielding three lower-order AC equivalents; however, these AC
equivalents may reintroduce measurement and control complexities, limiting practical
implementation. A plant transfer matrix with a decoupling matrix, pre-calculated and stored
in lookup tables (LUTs), was introduced in [87], [68], and [107], and a comparative analysis
of three of these decoupling matrices was conducted in [116], identifying the inverse
decoupling matrix as superior in performance compared to others. Furthermore, hybrid
approaches that combine multiple strategies have been proposed. For example, in [117], a
decoupling control technique using a proportional-derivative controller, MPC, and fuzzy
compensation control achieved a reduced cross-coupling effect; however, the combination’s
high computational demands may hinder real-time performance and increase implementation
costs. In [118], an approach combining decoupling matrices, bandwidth selection, and
feedforward current achieved effective decoupling, however, its effectiveness was limited

under asymmetrical loading across ports.

Proposed three-port converter
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Fig.3.1: Onshore hydrogen production with DE connection.
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Fig.3.1 illustrates the "converters of interest" within the hydrogen energy system
configuration, which are to be replaced by the multiport-isolated DC-DC converter as seen
in Fig.3.2. This converter is deployed in an onshore hydrogen production facility with a

distributed energy (DE) source connection.

3.2 Novel Model Reference-based Hybrid Decoupling Control
Technique

As discussed, while these software approaches, matrix-based decoupling control
techniques, demonstrate some success in mitigating cross-coupling effects; they often
involve complex computations, particularly in larger systems. The conventional matrix-based
decoupling control relies on a plant matrix derived at a particular operating point. Since the
TAB parameters vary with operating conditions, a fixed matrix may not perfectly represent
the system over the entire operating region, leading to incomplete decoupling. Multiple
matrices are often pre-calculated and stored in LUTs, which increases memory and

implementation complexity.

Hence, a novel software-based decoupling control technique is proposed to address
these challenges. The proposed technique features a model reference-based decoupling
control and hybrid decoupling control (which combines the strengths of both model

reference-based decoupling control and a decoupling matrix). The technique is designed to
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achieve excellent decoupling performance across a wider operating region. The main

contributions of this technique are summarised as follows:

e Proposing a novel software-based decoupling control technique that eliminates
the reliance on LUTs, thereby significantly reducing memory requirements.

e Developing a model reference-based decoupling control technique that minimises
the error between the output of an ideal decoupling reference model and the actual
plant, thereby enhancing control accuracy.

e Proposing a hybrid decoupling control structure that integrates a decoupling
matrix into the model reference-based framework, synergises their strengths to
achieve robust decoupling and mitigates cross-coupling effects across a wider

operating region.

The proposed decoupling control is explained in this section, which includes a novel
model reference-based decoupling control technique. The novel model reference-based
decoupling control is modified to a hybrid decoupling control which incorporates a

decoupling matrix H in the decoupling control structure.

3.2.1 Proposed Model Reference-based Decoupling Control

The degree of TAB coupling is determined by the ratio of non-diagonal elements
(coupling terms) to diagonal elements. For complete decoupling, the coupling terms are equal
to zero. However, this cannot be achieved practically. Hence, it is desirable to ensure that

the TAB operates such that the non-diagonal elements approach zero.

IDE ideal] [011 ]
' 3.1
IEL,ideal GZZ ] ( )

Equation (3.1) shows a diagonal matrix comprising the uncoupling terms, which is
equivalent to an ideal decoupling model. This model is subsequently employed as a reference
model for decoupling control. Thus, the deviation of the TAB outputs from the ideal
decoupling reference model (3.1) is used to mitigate the cross-coupling effect. The proposed

model reference-based decoupling control scheme is illustrated in Fig.3.3. Following (2.12)-
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Fig.3.3: Proposed model reference-based decoupling control scheme.

(2.13) and (2.14)-(2.15), a proportional integral (PI) controller is implemented to generate

the intermediate control inputs as follows:

K
02 = Kpe, +—e; (32)
Ky 3.3
@3 = Kpes +?e3 (3-3)
where,
ez = Ipgrer — IpE (3.4)
es = Igprer — IEL (3.5)

where, Ipg ref 15 the current reference in the DE port, which is represented by a voltage source,
and Igp, ref 1s the current reference in the EL port, which is represented by a resistive load, for

simplicity of analysis. Applying (2.13), (3.2) and (3.3) yields the actual current outputs from
ports 2 and 3, respectively, as follows in (3.6) and (3.7):

K
Ipg = G111 (erz + ?Iez) + G203 (3.6)

K
I[gr, = G210, + Gy, (er3 + ?Ies) (3.7)

As shown in Fig.3.3, the errors, e, and e3, in (3.4) and (3.5) represent the error

between the desired set-point value of the system and the output of the plant in each port.

55



This error is kept minimal by using a simple PI controller. However, the ideal decoupling

reference model will evolve based on the PI control laws (3.1) — (3.3) to yield:

K;
Ipgideal = G11 (erz + ?ez) (3.8)

K;
IgLideal = G22 (er3 + ?6‘3) (3.9)

The outputs of the ideal decoupling reference model are compared with the actual
current outputs of the TAB at each port. From (3.6)— (3.9), the difference between the ideal

decoupling reference model output and plant output is related to the coupling terms.

The errors, e, and €5, as seen in (3.10), (3.11) and Fig.3.3 are used to suppress the
coupling terms in the system, which is similar to an internal disturbance that affects the

precise independent control of each loop.

eé = Ipg — IDE,ideal (3.10)

eé = Ig, — IEL,ideal (3.11)

Consequently, a simple proportional (P) or proportional-derivative (PD) controller is
sufficient for the control. A PD is used for the error, e; and e; to mitigate the sensitivity of
the system to internal disturbances, and to enhance the robustness of the control system.
However, an excessive derivative gain can render the system sensitive to the measurement

noise. Therefore, a proper and careful tuning of the controller is necessary.

Based on the deviation of the TAB output from the ideal decoupling reference model,

additional control signals 8, and 65 are generated, as given by (3.12) and (3.13) respectively.

0, = e; (K, + sKy) (3.12)
05 = ez (K, + sKg) (3.13)

This limits the influence of the coupling terms on the intermediate control inputs ¢,
and ¢3. By driving the system to be as close as possible to the ideal decoupling reference
model, the intermediate control inputs are modified to an actual control input. The resulting

actual control inputs are given as:
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= @2+ 6, (3.14)
03 = @3+ 065 (3.15)

Therefore, the actual control inputs (3.14) and (3.15) not only help achieve tracking control

but also ensure mitigation of the cross-coupling effect.

3.2.2 Proposed Hybrid Decoupling Control

To ensure a more robust system, a decoupling matrix H is incorporated into the model
reference-based decoupling control technique, as shown in Fig.3.4. The implemented

decoupling matrix is the inverse of matrix G, is as shown in (3.16):
H H
H =[ 1 12] (3.16)

Hence, considering the decoupling matrix, the modified ideal decoupling reference model

with uncoupling terms is given in (3.17).

IDE,ideal _ G11H11 0 T2
] B [ 0 Gzszz] [r3] 3-17)

IEL,ideal

A PI controller is implemented to derive the medium variations 7, and r3 , as depicted

in Fig.3.4, calculated by (3.18) and (3.19):

K

T'z = erz +?Iez (318)
K

T'3 == er3 +?Ie3 (319)

where, e, and e; follows from the same expression (3.4) and (3.5).

Consequently, the modified intermediate control inputs ¢, and ¢5, are generated as

follows in (3.20) and (3.21), respectively:

@2 = Hyyry + Hyprg (3.20)
@3 = Hy 1y + Hyorg (3.21)

Thus, the modified control-output relationship after simplification is expressed as in (3.22)

and (3.23):
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Fig.3.4: Proposed hybrid decoupling control scheme.

K
Ipg = G11Hy, (erz + ?Iez> + (G11H1213 + G12003) (3.22)
K;
Ig;, = (G192 + Go2Hpi1p) + G Hypp (er3 + ?33) (3.23)

The modified ideal decoupling reference model evolves based on medium variations

by substituting (3.18) and (3.19) into (3.17) yielding (3.24) and (3.25).

K;

Ipgidear = G11H11 (KPeZ + ?92) (3.24)
K;

IgLigear = Ga2Ha (KP93 + ?93) (3.25)

Following mathematically (3.10) — (3.13) and as shown in Fig.3.4, implementing a
PD controller, the actual control inputs that will achieve set point tracking and ensure

mitigation of cross-coupling effect are given as follows in (3.26) and (3.27).

<PI2 = @+ 0, (3.26)

p's= @3+ 03 (3.27)

The theoretical analysis of the proposed decoupling controller highlights its

effectiveness in mitigating the cross-coupling effects. However, practical implementation
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requires attention to a few key aspects. Namely, this decoupling control technique introduces
additional controller gains, which, while beneficial for increased flexibility, require precise
tuning to achieve an optimal performance. Tuning the PD controller, particularly the
derivative gain, can influence electromagnetic interference (EMI). To balance the improved
control performance with noise suppression, cautious tuning of the derivative term is
recommended to minimise any high-frequency noise that could contribute to EMI.
Additionally, the converter employs MOSFETs as switching devices, which are selected for
their faster switching speeds and lower switching losses compared with IGBTs. In terms of
thermal management, appropriately sized heat sinks are integrated to ensure efficient heat
dissipation and reliable operation of MOSFETs. These considerations collectively enhance
the practical feasibility and robustness of the proposed decoupling controller, making it a
reliable solution for mitigating cross-coupling effects in multiport isolated DC-DC

converters.

3.3 Simulation Results

Simulations are conducted using the specifications listed in Table 3.1 to verify the
effectiveness of the proposed decoupling control technique. The circuit is modelled in the
SIMULINK/MATLAB software environment, with the control schematics implemented, as

shown in Fig.3.3 and Fig.3.4. The controller gains were selected with trial-and-error.

Table 3.1: Circuit design parameters

I . Ports

Description Symbol Unit m s 3
Voltage Rating Ver,Vipe, Vgl V| 560 46 73
Leakage Inductance L, L'y L5 uH | 780 | 4992 | 13.18
Switching frequency fs kHz | 15 15 15
Transformer Turns Ratio N,y, N3 - 1 0.08 0.13
Controller Gains K, - - 15 10
(Model reference-based decoupling
control, hybrid decoupling control,
inverse matrix decoupling control, and K; - - 6000 8000
control without decoupling
methodology)
Model reference-based decoupling
control, hybrid decoupling control Ka i - | 0.001 1 0.00085

K, - - 0.01 0.001
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The performance of the proposed model reference-based decoupling control and hybrid
decoupling control techniques are shown in Fig.3.5 and Fig.3.6, respectively. These figures
highlight the effectiveness of the controllers in mitigating cross-coupling effects, observed
as disturbances in the form of power deviations (overshoot or undershoot) at the
corresponding port in response to intended or unintended changes in the power supply or
power absorbed by other ports, and in maintaining a stable power transfer across different
ports under worst case conditions. Two scenarios are simulated to illustrate the controller

performance under step changes in the power transfer:

1. Scenario 1 (Fig.3.5a and Fig.3.6a) examines changes in the power supply at the DE
port (Ppg). Step changes are applied at 0.05 s, 0.1 s, and 0.15 s, with transitions
from -200 W to -1000 W, -1000 W to -600 W, and -600 W to -750 W, respectively,
while maintaining a constant power absorption of 1000 W at the EL port (Pg;). The
BT port (Pgr) acts as a slack bus, adjusting to balance power transfer.

2. Scenario 2 (Fig.3.5b and Fig.3.6b) examines changes in the power absorbed at the
EL port (Pgy). Step changes occur at the same time intervals, with the power
absorbed by P, transitioning from 0 W to 1000 W, then from 1000 W to 350 W,
and finally from 350 W to 100 W, while maintaining a constant power supply of
1000 W at the DE port (Ppg). The BT port (Pgr) continues to act as the slack bus

in this scenario.

Using the model reference-based decoupling control shown in Fig.3.3, the controller
minimises the cross-coupling effect by comparing the output of the decoupling reference
model with the plant output. This comparison allows the controller to interpret the error as a
coupling term and to suppress it. As shown in Fig.3.5a (scenario 1), this technique results in
negligible power overshoot from the nominal value at the EL port. In scenario 2 (Fig.3.5b),
the model reference-based control reduces the cross-coupling effect, with a maximum

undershoot of 6 % from the nominal value occurring at the 0.05 s step change.
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Fig.3.6: Power transfer between ports using the proposed hybrid decoupling control: (a)
power absorbed by the EL when step changes are applied to the power supply by the DE and
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In comparison, the proposed hybrid decoupling control in Fig.3.4 further improves
the performance with a negligible power overshoot or undershoot in scenario 1 (Fig.3.6a). In
scenario 2 (Fig.3.6b), the hybrid decoupling control shows enhanced robustness, with the

worst case power undershoot reduced to 3 % at the 0.1 s step change.

Table 3.2 provides a qualitative comparative overview of decoupling control
techniques for multiport-isolated DC-DC converters from both software and hardware
perspectives, highlighting the key improvements offered by the proposed hybrid decoupling
control. To further demonstrate the superiority of the proposed technique, it is evaluated
through simulations alongside a matrix-based decoupling control, the conventional inverse
matrix-based decoupling control illustrated in [68] and a control without decoupling. The
results are as shown in Fig.3.7 and Fig.3.8 for each scenario, respectively. Fig.3.7 and Fig.3.8
specifically extract the response of the ports susceptible to power overshoot and undershoot
due to step changes on other ports, as illustrated in Fig.3.5 and Fig.3.6, for each controller

type, providing a clearer view.

In scenario 1, the proposed hybrid decoupling control exhibits excellent decoupling,
with negligible power overshoot/undershoot, as shown in Fig.3.7a. In contrast, the inverse
matrix decoupling control experiences a worst-case power undershoot of 3 % from the
nominal value at the 0.05 s step change, as shown in Fig.3.7b. Meanwhile, the control without
decoupling methodology demonstrates a worst-case power overshoot of 8 % at the 0.05 s

step change, as seen in Fig.3.7c.

Furthermore, in scenario 2, the performance difference is even more pronounced. The
proposed hybrid decoupling control technique more effectively suppresses the cross-coupling
effect, with a reduced power undershoot of only 3 % at the 0.1 s step change, as depicted in
Fig.3.8a. Whereas, as shown in Fig.3.8b and Fig.3.8c, the inverse matrix decoupling control
and the control without decoupling methodology experience worst-case power undershoots

of 8 % and 9 %, respectively.
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Table 3.2: Overview of multiport-isolated DC-DC converter decoupling

techniques

Details of

Hardware solution

Software solution

> Proposed
operation [70] [69] [84] [68] technique

Additional Two swltches Resonant

/low primary . None None None
component . Capacitor

inductance
Estimation error | None None Yes None None
Ease of . Medium Low High Medium Medium
implementation
Extra data storage | Low Low Medium High Low
Povyer operational Medium Narrow Medium Narrow Wide
region
Hardwarej High Medium Low Low Low
Complexity
Converter Symmetric Asymmetric Symmetric/ Asymmetric | Asymmetric
Configuration Y Y Asymmetric Y Y

In terms of efficiency, the conduction losses in the system are calculated using P. =

1%,sR,n Where, R,, represents the on-state resistance of each switch. These losses are

directly influenced by the root-mean-square current through the switches. With the proposed

hybrid decoupling control, the system achieves an end-to-end efficiency of 91.80 %,

compared with 89.75 % for the conventional inverse matrix decoupling control and 88 % for

the control without decoupling. These results were obtained under a constant 1000 W power

supply with step changes applied to the EL port, as shown in Fig.3.6b, and replicated across

all decoupling controllers under investigation. This scenario represents the worst-case

operating condition, highlighting the robustness of the proposed control technique.

These results demonstrate the superior performance of the hybrid decoupling control

technique in reducing the cross-coupling effects and maintaining stable power levels across

ports under varying conditions.
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Fig.3.7: Power absorbed by EL when step changes are applied to power supply in DE and

BT ports for (a) proposed hybrid decoupling control, (b) inverse matrix decoupling control,

and (c) control without decoupling methodology.
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Fig.3.8: Power supply from DE port when step changes are applied to power absorbed in EL

and BT ports for (a) hybrid decoupling control, (b) inverse matrix decoupling control, and

(c) control without decoupling methodology.

34

Experimental Validation

To further validate the proposed controller and align the theoretical analysis with the

experimental results, a proof-of-concept circuit, as depicted in Fig.3.9 is developed. The

parameters of the experimental circuit are scaled down from those used in simulations. The

rated power for this experimental setup is 380 W, operating at a switching frequency of 20

kHz. The leakage inductances of Ly, L, and L; are 50 uH, 48 uH and 49 pH respectively.

The transformer core material utilised is N87, with dimensions R 50/30/20, with turns ratios

of 17:15:11.
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Fig.3.10: Experimental results showing power supply from the DE port when there is an EL
port change from 2.8 A to 4.2 A (a) hybrid decoupling control, (b) inverse matrix decoupling

control, and (c) control without decoupling.

The experiment was conducted to simulate scenario 2 by observing the impact of the
EL port variation while keeping the DE port supplying a steady current and the BT port
serving as the slack bus to compensate for the changes and maintain the system balance.
Fig.3.10 illustrates the experiment conducted using three control techniques: the proposed
hybrid decoupling control, the conventional inverse matrix decoupling control, as illustrated
in [68], and the control without decoupling methodology. The current in the EL varied from
2.8 Ato 4.2 A, marking a 50 % increase in load demand. This variation led to a proportional
change in the BT current, stepping it from 0.4 A to 3.6 A. Fig.3.10a, indicates a deviation of
0.1 A in the DE port, representing a 5 % deviation from the nominal value with the hybrid
decoupling control technique. In contrast, with the inverse matrix decoupling control and

control without decoupling methodology shown in Fig.3.10b and Fig.3.10c, respectively,
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there are deviations of 0.4 A and 0.6 A, corresponding to 22 % and 33 % deviations from the

nominal value.

3.5 Summary

To further mitigate the cross-coupling effects in a multiport-isolated DC-DC
converter, a model reference-based decoupling control has been proposed. Using an ideal
decoupling reference model, a mathematical formulation was developed that addresses and
suppresses cross-coupling effects by minimising the error between the output of the model
and the actual plant. Additionally, a hybrid model reference-based decoupling control
technique that integrates a decoupling matrix into the model reference-based decoupling
structure showed superior decoupling control performance across the two simulated
scenarios, with a consistent response under variable load conditions. Compared with
conventional inverse matrix-based decoupling control and control without decoupling
methodology, the proposed technique performs well in a wider operating region, achieving a
worst-case power deviation of only 3 %, whereas conventional techniques have power
deviations of approximately 8 — 10 %. Furthermore, the proposed technique achieved a
2.05 % efficiency improvement over conventional inverse matrix decoupling control in the
worst-case scenario. A 380 W proof-of-concept validates the efficacy of the proposed
decoupling control technique, demonstrating its practical feasibility. These results underscore
the potential of the proposed technique for improving decoupling control in HESS
applications by improving on the limitations associated with conventional decoupling control

techniques.
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Chapter 4

Optimised Linear Active Disturbance Rejection Control

The previous chapter introduced a novel model reference-based hybrid decoupling
control technique to mitigate cross-coupling effects in a multiport-isolated DC-DC converter.
Building on that foundation, this chapter examines a conventional control approach that
reduces dependence on specific system parameters for decoupling. However, this controller
is susceptible to estimation errors. To address this limitation, an improved version of the
controller is proposed to minimise estimation errors and simplify the overall control design.
A detailed mathematical formulation of the proposed method is presented, followed by
simulation and experimental validation to demonstrate its effectiveness in suppressing cross-

coupling effects.

4.1 Background

The previous decoupling controls relies on a well-defined knowledge of system
parameters during the design of the decoupling matrices and reference model. However,
system parameters may fluctuate during operation. Therefore, it is desirable to develop
decoupling control techniques that minimise reliance on detailed system parameter
information, reduce control complexity, and account for the internal dynamic characteristics

of the converter.

To achieve effective decoupling control in this application, linear active disturbance
rejection controller (LADRC) is explored. LADRC is recognised as a promising controller
due to its ability to estimate and reject both external and internal disturbances effectively. It
operates with minimal system parameter information, typically requiring knowledge of only
the plant order, and involves low computational requirements [119], [120]. These

characteristics make LADRC an ideal choice for achieving decoupling control.

In the field of power electronics, LADRC has demonstrated effectiveness across a
variety of converter topologies as seen in [121], [122] and [123]. Applications include T-type
three-level converters, three-phase voltage source rectifiers, and multilevel interleaved
bidirectional DC-DC converters. For instance, LADRC was successfully employed in buck

converters to mitigate disturbances and ensure robust performance [124], [125]. In isolated
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converter applications, LADRC has shown significant promise. Decoupling control
technique based on LADRC was developed for LLC resonant converters in electric vehicle
systems, effectively enhancing dynamic performance and disturbance rejection [126].
Similarly, in dual active bridge (DAB) converters, LADRC with a linear extemded state
observer was implemented to achieve real-time decoupling control, mitigating both internal

and external disturbances [127].

To further enhance LADRC's capabilities, integration with linear extended state
observers (LESO) has been explored. For multiport-isolated DC-DC converters, a LESO-
based LADRC technique incorporating input matrix diagonalisation was developed for
decoupling control in quad-active bridge converters [84]. This technique yielded robust
system performance with improved decoupling characteristics. Additionally, a high-
bandwidth LESO was used to design a decentralised, model-independent LADRC for

multiport converters, achieving significant improvements in control performance [128].

Despite these advancements, challenges remain. The effectiveness of LADRC-based
control is highly dependent on accurate estimation by the LESO. Estimation errors in the
observers can lead to suboptimal performance, particularly in multiport-isolated DC-DC
converters. Furthermore, gain tuning for LADRC remains a critical issue. Existing literature
offers various manual gain-tuning techniques as seen in [129], [130] and [131], but these are
often subjective and require considerable design effort. As a result, they may fail to achieve
optimal decoupling control. Selecting appropriate controller gains is crucial for ensuring
effective decoupling control, particularly in multiport-isolated converters. Properly tuned
gains not only enhance control signal accuracy but also ensure robust performance across

varying operating conditions.

Hence, an LADRC gain auto-tuning mechanism is essential for simplifying the
decoupling control design. This chapter proposes utilising particle swarm optimisation (PSO)

to determine the optimum gains of LADRC. The main contributions are as follows.

e Introduction of an offline PSO to determine the optimal gains of the controller
without imposing additional computational burden on the controller.
e The identified optimal gains simplify the controller design process, bypassing the

subjective nature of manual tuning techniques.
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Proposed three-port converter
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Fig. 4.1: Offshore wind farm hydrogen energy storage system. Inset: Triple active bridge
topology.

e The determined gains are optimised to minimise the observer's estimation error,
ensuring effective decoupling control performance and maintaining minimal

estimation inaccuracies.

The optimised gain LADRC consists of a controller with a high-bandwidth LESO, and gain

optimisation based on PSO.

In this chapter, the practical application of the proposed converter is demonstrated in
an offshore wind farm-based hydrogen energy storage system, as illustrated in Fig. 4.1. In
this configuration, the FC serves as a backup power source to meet on-turbine electricity
demands, such as desalination units and wind turbine black-start operations, ensuring self-
sufficiency. The hydrogen produced offshore is transported through buried pipelines to
onshore facilities, thereby reducing the need for export power cables. Onshore, the hydrogen
can be utilised for a wide range of applications, including grid stability support,
transportation, standalone power generation, industrial and manufacturing processes, and
residential heating. This arrangement enables an integrated and comprehensive approach to
hydrogen utilisation. In this context, the “converters of interest” are replaced with a
multiport-isolated DC-DC converter that interfaces the wind turbine (WT), electrolyser (EL),
and fuel cell (FC).
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4.2 Decoupling Control using LADRC

LADRC is a relatively new control algorithm designed as an alternative to the
conventional proportional integral derivative (PID) control. It follows the fundamental
principle of PID control, which is basically error driven rather than model-based control law
[120]. However, it seeks to address the limitations of PID in handling system uncertainties,
improving disturbance estimation, and enhancing disturbance rejection [120], [128]. Cross-
coupling effects are internal interactions/dynamics which can be treated as disturbances.
Thus, LADRC can be implemented in multivariable decoupling controls [132]. While the
foundational principles of LADRC have been documented in the literature [128], [132] and
[133], it is emphasised here to highlight the significance of its fundamental design gains
essential for ensuring reliable control performance. Additionally, a mathematical
representation of the gains tailored to the specific application of the TAB is derived. The

TAB topology is as shown in Fig. 4.2 for reference.

4.2.1 Fundamental Principles of LADRC
A conventional second-order plant expressed in the following form (4.1) is built up
to the LADRC second-order control process in (4.2).

y = —a,y —a,y+d+ bu
y 1y 2Y @.1)

where, y is the system output, a; and a, are unknown constants, d is a disturbance, b is the

critical gain, and u is the plant control input. Equation (4.1) can be further expressed as (4.2):

y=fty,y,d)+ bou (4.2)

where, f(t,y,y,d) = —a;y —a,y +d + (b — by)u is an unknown lumped term which
represents the total external disturbance and internal dynamics, and b, is the nominal value
of the critical gain which can be estimated from the nominal values of the energy storage
elements of the system. If the lumped term value can be determined, it can be compensated
for in real time. This is the basic concept of LADRC. Hence, a LESO can be used to observe

both the state of the system and lumped term.
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The states of the second-order plant are defined in (4.3):

X1 =Y X2=y X3=f(t,y,y,d) (43)

where, x; denotes the extended state. Subsequently, (4.3) can be expressed into a matrix form

(4.4),

x= Ax+Bu+Ef y=Cx

010 0 171" 0 (4.4)
A=10 0 1|,B=|by|,C=]0| ,E=]|0

0 0 0 0 0 1

and f represent the dynamics of the lumped term which is assumed to be bounded. Designing

an extended observer for the system yields (4.5).

z=Az+ Bu+Le y=Cz 4.5)
where, L is a matrix containing f3;, B, and 3 which are the observer gains, e = (y — ) is
the error between the estimated output and system output (observer’s estimation error), and
z is the observer estimate of the system state. The observer gains are chosen as a function of

the observer bandwidth, using bandwidth parameterisation [133], given by (4.6):

p1=3w, B = 3Wg ps = Wg (4.6)
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Fig. 4.3 Typical LADRC schematic for second-order plant. (The controller is shown in the
green shaded box, the LESO in the blue shaded box, PSO in the orange shaded box while the
dashed lines represent the PSO outputs used to determine the critical gain, controller gains

and observer gains).

A well-tuned observer can track v,y and f through zy, z,, and z5. Subsequently, the
LADRC can compensate for the cross-coupling effects by eliminating the third state zs,

which can be obtained by (4.7):

_Up — Z3
u= by 4.7)
Applying (4.7) to (4.2) yields the following relation (4.8):
Y= U (4.8)

This can be easily achieved using a simple proportional derivative controller, given by (4.9).

uy = ky(ref —z;) —kqz, 4.9

where, 1, denotes the system control input. The controller gains k,, and k,; can be derived

from the controller bandwidth [133], as in (4.10).

k, =wZ kq=2w, (4.10)
The introduction of bandwidth parameterisation [133] notably reduces the number of
LADRC gains that require tuning. This leaves three crucial gains to be tuned for second-
order LADRC, as illustrated by the dotted lines in Fig. 4.3. This scenario is analogous to a
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first-order plant except for y in the lumped term [132], [134]. The critical gain b, dictates the
controller's sensitivity to disturbances, with higher values indicating greater sensitivity.
Observer gains determined by the observer bandwidth wg influence the disturbance
estimation of the system. Higher values lead to faster disturbance estimation and error
tracking. The controller gains, derived from the controller bandwidth w,, dictate the intensity
of control actions in response to estimated disturbances and tracking errors. Extreme values,

whether too high or too low, tend to result in noisy, oscillating, or inadequate tracking signals.

4.2.2 Lumped Term and Gains Expression for TAB

The system consists of two control loops: the current control loop at the FC port with
an LC filter is analysed as a second-order plant, and the voltage control loop at the EL port
is modelled as a first-order plant. Kirchoff’s voltage and current laws are applied at node M
as shown in Fig. 4.2. Considering the dynamics of the LC filter and combining it with
linearised system matrix previously defined in (3.12) in chapter three, modified in (4.11)for

the present application, yields the second-order equation in (4.12):

4(VgLLy + VpgLs) — 4V Ly
IFC] _ m3f,A m3fA [‘Pz] -G [(Pz]
IEL _4VDEL1 4(VDEL1 + VDELZ) (p3 (p3 (4 11)
m3f,A m3f,A
Where, A = (LILZ + L2L3 + L1L3)
—Ipc Trc G1192 G1293
III — __I’ + + 412
P = TrcCre Lrc P TncCrc | LreCr (12)
Rewriting (4.12) in the form of (4.2), yields (4.13):
Irc = frc(t Ipc, Ipc, @) + bo pc@2 (4.13)
where,
—Irc Trc G1293 G11 G110
(t, Ipc, Ipc, d) = ——Ip- + + — : (4.14)
Jec(tIrc. Irc LecCrc  Lrc ¢ LrcCrc \LrcCrc  LrcoCreo) '
G110
b = - 4.15
oFc Lrc,oCrco ( )
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where, frc in (4.15) represents the lumped term, bg ¢ in (4.15) is the critical gain, 7 is the
lumped parasitic resistance of the LC filter, and G11 ¢, Lrc 0, Crc,o are the nominal values of

G11, Lgc ,and Cg. respectively.

To observe frc, a LESO is designed based on (4.5) —(4.7), as given in (4.16) and
(4.17)

Zpe = [Ay — L,Cylzpc + [B, Lylu, (4.16)
Y2 = Zrc (4.17)

where, zp is the output of the observer tracking Ir¢, Ifc, and frc. The state-space matrices

Ay, By, Cy, and L, follow the expression given in (4.4) and an input vector u, is [@, Irc].

Following the same principle, applying Kirchoff’s voltage and current laws at node
N yields the following first-order equation:
v G G
VL, :C_EL+ 21(P2+ 2293 (4.18)

EL CEL CEL

Rewriting (4.18) in the form of (4.2), gives (4.19):

Vir = frc(t, VgL, d) — by gL93 4.19)
where,
Ve,  Ga10, Gy Gazp
t,Ve,d) = — — : 4.20
feL(t, Vi, d) CeL + Cor + o Crno @3 ( )
b _ G220
0.EL Cero 4.21)

where, fg; in (4.20) represents the lumped term, by, in (4.21) is the critical gain, and

G220, CgL,0 are nominal values of G, and Cg;.
To observe f5;,a LESO is designed based on (4.5) — (4.7), to derive (4.22) and (4.23)

Zgy, = [A3 — L3C3]zg, + [Bs Li]us (4.22)
V3 = Zgy, (4.23)
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where, zg; is the output of the observer tracking Vg and fz;. The state-space matrices As,
B3, (53, and L5 follow the expression given in (4.4), modified for a first-order plant, and the

input vector us is [@3 Vg ]7.

Similarly, in a stable open-loop system, each loop wy g, and wy g¢ can be derived

from the open-loop order response approximation. For second and first-order plants (4.24),

5 8
Wo,rc = Ore ) WoEL = Ge. (4.24)
t t
where, t is the settling duration and Qp; = 1 and Qg = 1.
The controller bandwidths are related to the observer bandwidths as (4.25)
Wo,rc Wo EL
Were = =, WeEL = —= (4.25)
Qrc QL

4.3 LADRC Gain Optimisation

Three tuning parameters are necessary for the LADRC design, as shown in Fig. 4.3.
Conventionally, these gains are manually tuned which could be subjective and increase
design complexity, particularly in multiport-isolated converters with multiple control loops.
Consequently, there is a need for a more systematic way to determine the optimal gains of
LADRC. Utilising the potential estimation error within the observer, mathematically depicted
in (4.5), as an input for determining the optimum gains promises to enhance the performance
of the controller. The optimisation problem formulation and technique are discussed based

on the aforementioned models, respectively.

4.3.1 Optimisation Problem Formulation

For a TAB-based LADRC, the objective is to minimise the observer’s estimation
error. This error represents the disparity between the estimated output and system output for

both first- and second-order plants.

The state matrices, controller, and observer gains, for a second-order and first-order

plant, following (4.4), (4.6), (4.10), and (4.25), respectively, are given as (4.26)—(4.29):

Wo Fc

QFC

T T
L, = [3W0,Fc , 3w e’ ;WO,FCZ] B, = [0, bo,rc, 0 ] ) Werc = (4.26)
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01 0
A, =10 0 1| G =01 o o0 4.27)
00 0
T Wo,EL
Ly = [2wo1, wom?]™ Bs = [bogu, 0] wem == (4.28)
_[0 1 _
A3_[0 o] C;=[1 0] (4.29)

where all terms were previously defined. Consequently, the estimated current and voltage are

calculated as in (4.30)—(4.33)

lopc = C2(Azzpc + Byg,) + CZLZ(Iei,FC - Ii,FC) (4.30)
erc = lerc — Irc (4.31)
Ve,sr = C3(A3zgy + B3@3) + C3Ls(Veigr — Vier) (4.32)
egr = Verr — VeL (4.33)

where, I; ¢ and I,; p¢ are the initial current output and initial estimated current, respectively;
Ipc,and I, pc are the current output and estimated current of the second-order plant,
respectively. Furthermore, V; g, and V,; g, are the initial voltage output and initial estimated
voltage, respectively, while Vg, and V, g, are the voltage output and estimated voltage of the
first-order plant, respectively. The errors generated in the FC and EL ports are denoted as ep¢

and eg;, respectively.

The mean square error is implemented as the objective function as follows in (4.34):

Jee = Min (> ec) Ju = Min (5 e, (4.34)

4,Fc a5L
where, q pc = [WO‘FC ,bO,FC]T and qg, = [WO,EL , bojEL]T are the optimisation variables, i.e.
the critical gain b, and the observer bandwidth w for each control loop and n denotes the
number of data points or samples. The controller bandwidth w, is calculated together with
the observer bandwidth by the bandwidth parameterisation rule as illustrated in (4.26).
Minimising J as depicted in (4.34) directly improves observer accuracy and, consequently,

decoupling quality (since the LESO’s estimate is utilised in the process of cancelling out in

real time the lumped term).
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It must be noted however, that controller gains are limited by sampling frequency and
sensor noise [ 132]. Hence, as illustrated in [135] and [136] the observer bandwidth w, should
be lower than the sampling frequency to avoid amplification of sensor noise. Therefore, the
observer bandwidth is limited to a conservative margin of 0 < wy < €f;, € = 0.1 —0.5. The
critical gain b, as discussed in Section Fundamental Principles of LADRC4.2.1 is constrained
around the nominal values of the energy storage elements of the system. The optimisation

will subsequently terminate when the maximum iteration is reached.

4.3.2 Optimisation Algorithm

The choice of the optimisation technique is not fixed, provided it can handle non-
linear problems. Nevertheless, PSO is chosen for its simplicity in implementation and
versatility. Its effective memory capability allows potential solutions to recall past best
solutions and compare them with neighbouring best solutions, fostering the generation of
even better solutions. In essence, PSO efficiently performs global searches. In this study, an
alternative algorithm, the genetic algorithm (GA), is employed to benchmark the PSO. The
GA 1mplementation is based on standard binary coding and stochastic universal sampling as
typified in [137]. Both algorithms are population-based search techniques that rely on
information sharing among populations to improve their search processes through a blend of
deterministic and probabilistic rules. Both can be applied to a wide range of optimisation
problems without the need for problem specific knowledge. However, they differ in search

strategies and mechanisms.

As illustrated in Table 4.1, which summarises the key characteristics of the two
algorithms, PSO generally converges faster than GA [138, 139]. This is mainly because PSO
updates each particle’s position using information from its personal best and the best position
found by neighbouring particles or the entire swarm. This information sharing mechanism
enables efficient global search with relatively few control parameters and provides good
memory capability. In contrast, GA relies on genetic operators such as selection, crossover,
and mutation, which introduce additional computational steps and may lead to slower
convergence. However, these genetic operations help maintain population diversity, allowing
GA to explore complex search spaces and locate good solutions even for difficult

optimisation problems [140],[ 141].
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Table 4.1: Comparison between PSO and GA

PSO GA
Computational Efficiency Higher Lower
Ease of Implementation Easier Easy
Convergence Speed Faster Slower
[teration Fewer More

PSO imitates the swarm behaviour. Each particle in the sample space represents a
potential solution to the optimisation problem. The initial velocity, V and position, X of each
particle within the defined ranges of the decision variables are calculated using the basic

equations given in [140], as illustrated in (4.35).

VI = WV + cyry (Phest? — X7 + cry(Ghest ™ — XT) (4.35)

n+l _ yn n+1
X=X

where, n is the iteration index, c¢; and ¢, are constants set to 1.4962 [142]. Additionally, r;
and r, are two randomly generated numbers between 0 and 1 and w, inertia constant, taken
as 0.7298 [142]. This yields Gbest (global best position) and Pbest (personal best position).
The fitness of each particle at the initial position is evaluated iteratively using the
optimisation objective. An update of each particle’s position and velocity is then evaluated
based on the initial best-known position and global best-known positions. The process is
repeated until a position that fits the control objective is derived or the maximum number of

1terations is reached.

The PSO algorithm follows the flow chart depicted in Fig. 4.4, and MATLAB
software is used for offline gain calculations. Initially, a vector representing particle
positions, X (comprising the critical gain, observer bandwidths, and controller bandwidths)

is generated randomly. The following steps are executed in each iteration:

1. Atiteration n , each particle X;" is evaluated. This evaluation yields estimated current
and voltage (evaluated at X;*) along with the objective function Jr¢ or Jg;, (depending

on the system’s order)
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Fig. 4.4: PSO flow chart.

2. The evaluation of the objective function Jp; or Jg; (evaluated at Xj”) for each
individual X;* is compared with its evaluation in the previous iteration. Thus, the
particle position X;* that achieves the minimum best value is defined as Pbest}".

3. This comparison in step 2 is made with respect to equations (4.30) or (4.31) depending
on the order of the system.

4. The Pbest that achieves the minimum e?. or eZ; value within the entire swarm is
defined as Gbest.

5. Utilising the basic equations of PSO (4.35), the velocity and position of the
individuals are updated accordingly.

6. Upon completion of all iterations, gbest is identified, comprising the optimal

bandwidths with minimum e?, or eZ; .

Finally, according to the formulations provided, the optimised gain LADRC
decoupling control with PSO schematics is depicted in Fig. 4.5.

The system control inputs are implemented as (4.36) and (4.37):
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Active

Fig. 4.5: Optimised gain LADRC decoupling control with PSO schematic.

/ 4.36
ure = ky(Ircrer — Irc) — kalfc (4.36)
UgL = kp(VEL,ref - VEL) (4.37)
While the actual plant control inputs are depicted in (4.38) and (4.39):
u —_—
®, = FC fFC (438)
bo,rc
u —
@z = eL — fEL (4.39)
bo gL

The actual plant control inputs ¢, and ¢3 can deliver a decoupled control while

ensuring adequate set point tracking.

4.4 Simulation Results

Simulations are performed to substantiate the effectiveness of the optimised gain

LADRC. The circuit is modelled using the SIMULINK/MATLAB simulation package, as

illustrated in Fig. 4.2. The control schematic is implemented as shown in Fig. 4.5. Table 4.2:

lists the electrical specifications of the TAB DC-DC converter.

Two scenarios covering the worst-case conditions are considered in the simulations

to validate the performance of the optimised gain LADRC. In the first scenario, the reaction
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Table 4.2: TAB Converter and Controller Specifications

. . Ports
Description Symbol Unit 41 m 43
Voltage Rating Vwis Ve, VgL |V 560 46 73
Leakage Inductance L, L5 L, uH | 780 | 4.992 13.18
Switching frequency fs kHz 15 15 15
Transformer Turns Ratio Ny, N3 - 1 0.08 0.13
Wy rad/s - 6.20e3 | 7.81e3
Optimised gain LADRC with PSO w, rad/s - 3.10e3 | 1.56¢3
b, - - 6.94e7 | 4.71e3
Wy rad/s - 7.51e3 | 5.82e3
Optimised gain LADRC with GA w, rad/s - 1.87e3 | 1.16e3
b, - - 5.26e7 | 5.42¢3
PI controller II((; : : 6(1)(5)0 8(1)80

of the corresponding ports is observed when the power supplied by the FC is varied. Hence,
step changes are applied to Pg. at 0.05 s, 0.1 s and 0.15 s with -200 W to -1000 W, -1000 W
to — 600 W and -600 W to -750 W respectively. During this process, the power absorbed by
the EL port is maintained at 1000 W and the WT port acts as the slack port. The results of
this scenario are shown in Fig. 4.6a. In the second scenario, the FC port maintains a constant
power supply of 1000 W, while step changes are made to the power absorbed by the EL port
within the same time intervals as in scenario 1, with variations from no power to 1000 W,
1000 W to 350 W, and 350 W to 100 W. The WT port serves as a slack bus, and the results

are demonstrated in Fig. 4.6b.

Cross-coupling effects are the internal interactions which manifest as disturbances.
This can be quantified as the percentage of the power deviation (undershoot or overshoot)
relative to the nominal value in response to intentional or unintentional modifications in the
power supplied or absorbed by other ports. The lower this value, the better the decoupling
control. The LADRC is designed to eliminate the lumped term, which is a combination of
internal dynamics and external disturbances, to compensate for the cross-coupling effect. In

this study, the optimum gains of the LADRC are determined using PSO.
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Fig. 4.6: Power transfer between ports using the optimised gain LADRC decoupling control
with PSO: (a) Power absorbed by the EL when step changes are applied to the power
supplied by the FC and E ports, and (b) Power supplied by the FC port when step changes
are applied to the power absorbed by the EL and WT ports.

First, the performance of the optimised gain LADRC with PSO is evaluated, as shown
in Fig. 4.6. In the first scenario, the optimised gain LADRC with PSO exhibits a negligible
power undershoot or overshoot from the nominal value at the EL port, as shown in Fig. 4.6a.
While there are deviations in scenario 2, as depicted in Fig. 4.6b, these deviations are
maintained at a minimum power undershoot and overshoot at the three applied step changes.
Furthermore, a good power flow response is observed at the corresponding ports in each

scenario.

In addition, simulations are carried out with optimised gain LADRC with GA,
LADRC with no optimisation and PI without decoupling control, as shown in Fig. 4.7 and
Fig. 4.8 to ascertain the superiority of the optimised gain LADRC with PSO. For adequate
comparison, the simulation utilises the average gains obtained from an equal number of runs
of each optimisation technique, as seen in Table 4.2. In scenario 1, the optimised gain
LADRC with GA demonstrates a similar outcome of negligible power deviation with the
optimised gain LADRC with PSO, as illustrated in Fig. 4.7a and Fig. 4.7b, respectively. On

the other hand, the LADRC with no optimisation shows a 3 % overshoot, 2 % undershoot
82



1200 1200 —
PEL | PEL
1000 1000
I T
_ 4 W\ [ 1W\ 6W \ | LW,
= 800f 3 > 800f0s 1002
2 LA 2 el AN
5) pos o 1400 poe
z 90 oo z 98 bos|
L 600F " 05w 011 & 600f 5 0.054| 01504 0.1
| I
004
400} 1004 400} 1002 :
1000 5W
it 3 W FiN—et
200 0.1_0.1020.104 200 0.1 0.102
0.05 0.1 0.15 0.05 0.1 0.15
Time [s] Time [s]
(a) (b)

1200
Pgy,
1000
L XA
28 W | 6W
= goop:
T o~
5 022 1000
z 020 pos
SIUY Sy | 0.15 0]
oo} g :
S\ 1w
982
200 0.1 0.1020.104

0.05 0.1

Time [s]

(©)

0.15

1200

1000

Power [W]

600

400F

200

800}

Pgp,

|
N

75W\

100

A

18 W
ho—

1,/\

o
0.1

050
[\

o

0.0s15

{000
0.05

1000

980

36 W

960

0.1

0.05

0.104
0.1
Time [s]

(d)

0.15

Fig. 4.7: The power absorbed by the EL when step changes are applied to the power supplied
by the FC and WT ports for (a) Optimised gain LADRC decoupling control with PSO, (b)
Optimised gain LADRC decoupling control with GA,(c) LADRC with no optimisation and (d)

PI without decoupling control.
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Fig. 4.8: Power supplied by the FC port when step changes are applied to the power

absorbed in the EL and WT ports for (a) Optimised gain LADRC decoupling control with
PSO, (b) Optimised gain LADRC decoupling control with GA,(c) LADRC with no

optimisation and (d) PI without decoupling control.

and a negligible overshoot at the last step change while, the PI without decoupling control

exhibits an 8 % overshoot, a 4 % undershoot, and a 2 % overshoot, as illustrated in Fig. 4.7¢

and Fig. 4.7d respectively. This shows that the choice of the optimisation algorithm is not

fixed if the optimisation objective is met.
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Similarly, in scenario 2, The PI without decoupling exhibits 9 % undershoot, 6 % overshoot,
and 4 % overshoot, with the LADRC with no optimisation exhibiting a 7 % undershoot, 4
% overshoot and 2 % overshoot , as illustrated in Fig. 4.8c and Fig. 4.8d respectively. On the
other hand, the optimised gain LADRC with GA displays 6 % undershoot, 2 % overshoot,
and negligible overshoot at the third step change, as depicted in Fig. 4.8b. In contrast, the
optimised gain LADRC with PSO shows a 5 % undershoot, 2 % overshoot, and negligible
power deviation at the third step change in this scenario, as observed in Fig. 4.8a. In this
scenario, very similar results in the optimised gain LADRC with GA and the optimised gain
LADRC with PSO can also be observed. However, a slightly improved result can be seen in
the optimised gain LADRC with PSO, because of the specific characteristics of PSO. The
summary of the results is shown in Table 4.3, a significant decoupling performance
improvement can be seen with optimised gain LADRC with PSO and GA as compared to the

PI without decoupling control.

Table 4.3: Summary of results

Step Scenario 1 Scenario 2
Techni ¥ Power % % Power o %
echnique ime . : ) . 0 )
(s) deviation d§V1at improve | deviation deviation | 'mprove
(W) ion ment (W) ment

PI without 0.05 75 8 - 93 9 -
decoupling 0.1 36 4 - 60 6 -
control 0.15 18 2 - 35 4 -
LADRC 0.05 28 3 62 75 7 19
with no 0.1 18 2 50 38 3 37
optimisation | (.15 6 ~0 67 18 2 49
Optimised 0.05 6 ~0 92 57 6 38
gain 0.1 5 ~0 86 20 2 66
LADRC
with GA 0.15 1 ~0 94 15 2 57
Optimised 0.05 4 ~0 95 51 5 45
gain 0.1 3 ~0 91 16 2 73
LADRC
with PSO 0.15 1 ~0 94 12 ~0 65

4.5 Experimental Validation

To validate the proposed LADRC gain auto-tuning mechanism, where LADRC gains
are optimised using PSO with the objective of minimising estimation errors, a proof-of-

concept experimental setup is developed as displayed in Fig. 4.9. The system, rated at 100
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W, is operated at a switching frequency of 20 kHz. Key parameters include leakage
inductances of L; = 11 pH, L, = 12 pH and L; = 17 pH . The transformer core material
(N87) with turns ratios (16:10:15) are selected.

The experiment is conducted to replicate the worst-case scenario (scenario 2) from
the simulation results. The converter is designed as a system comprising two voltage sources
and a load: the WT and FC are represented as voltage sources supplying power, while the EL

is represented as a load that sinks power. The voltage sources are configured as follows:

Bridge 1

- [ Multiwinding |
3 transformer |

Fig. 4.9: Laboratory proof-of-concept setup for LADRC

200 ms/div 200 ms/div 200 ms/div 200 ms/ qu
50 W/div 50 W/div 50 W/div 50 W/div
20 W/div 20 W/div 20 W/div 20 W/div
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Fig. 4.10: Power supplied by the FC port when step changes are applied to the power
absorbed in the EL and WT ports for (a) Optimised gain LADRC decoupling control with
PSO, (b) Optimised gain LADRC decoupling control with GA, (c) LADRC with no
optimisation and (d) Pl without decoupling control.
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the WT port is set to 40 V, the FC port to 20 V, and the load connected to the EL port initially
has a resistance of 10 €, which is later increased to 20 Q2. When a step change is applied to
the load at the EL port, the current at the WT port reduces to accommodate the change. The
voltage across the load at the EL port remains constant but exhibits disturbances during the
load change. The current at the FC port remains nominally unchanged but also experiences

disturbances due to cross-coupling effects.

Two controllers, the LADRC and a basic PI controller without any decoupling
methodology, are implemented using the same circuit parameters. The gains of the LADRC
are optimised offline using the PSO algorithm, which helps reduce design efforts and time,
while also concurrently achieving improvements by minimising estimation errors, this is
bench marked with the GA algorithm and the LADRC without any optimisation. During the
load step change, as seen in Fig. 4.10a-d, The optimised gain LADRC decoupling control
with PSO shows a power deviation 16 % from nominal value on the FC port while optimised
gain LADRC decoupling control with GA and LADRC with no optimisation gives 25 % and
40 % deviation respectively and the PI without decoupling control shows a deviation of 52 %
from nominal value. Hence, the optimised gain LADRC decoupling control with PSO
outperforms the other bench marked controllers, demonstrating smaller deviations and faster

response from the nominal operating point.

4.6 Comparison Between the Two Proposed Decoupling Control
Techniques (Model Reference-Based Hybrid and Optimised
LADRC With PSO)

Following from Table 3.2, which compared conventional hardware and software
decoupling methods against the proposed model reference—based hybrid decoupling control.
Table 4.4 extends the analysis by comparing the model reference—based hybrid decoupling
control with the optimised LADRC with PSO under the same evaluation criteria. Both
methods are purely software, require no additional hardware, work with asymmetric
configurations, scale well, and avoid data storage in LUTs. The model reference—based
hybrid decoupling control was able to suppress the cross-coupling effects with a 3 %
deviation from nominal value and 1.8 % average percentage deviation at the worst-case.
However, it has more gains to tune i.e. the proportional and the integral gains in the PI

controller and the proportional and derivative gains in the PD controller. In addition, to
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Table 4.4: Overview of multiport-isolated DC-DC converter decoupling

techniques (model reference-based and the optimised LADRC with PSO)

Details of operation Model Reference-based Optimised LADRC with
Decoupling Control PSO
Additional component None None
Estimation error None Yes (Minimised via PSO)
Ease of implementation | Medium Medium-High
Extra data storage Low Low
Power operational region | Wide Wide
Hardware Complexity Low Low
Converter Configuration | Asymmetric Asymmetric
Tuning burden Medium Low
Scalability Easy Easy
Model dependence Mod;rate (needs plant Low (only order of the
matrix) system)
Worst case % deviation | 3 % 5%
Average % deviatipn 18 % 26 %
(worst case scenario)
Average % improvement
compare'd to PI with no 71 % 589
decoupling (worst case
scenario)

supress noise/EMI, a low pass filter is usually implemented with the derivative term. The
optimised LADRC achieves a 5 % and 2.6 % average deviation from nominal values at the
worst-case, with a much lower tuning burden because PSO automatically selects the observer
and controller gains by minimising the LESO estimation error. LADRC does not also need

full system model understanding, it relies primarily on plant order.

4.7 Summary

A multiport-isolated DC-DC converter possesses an inherent cross-coupling effect
between its ports owing to the multiwinding transformer which makes precise control
difficult. In this chapter, LADRC was implemented as decoupling controller where its
optimum gains were determined using PSO instead of manual tuning techniques. The
optimised gain LADRC with PSO is composed of a controller with high bandwidth LESO
and PSO-based gain optimisation. The optimised gain LADRC provides an auto-tuning gain
solution by generating an optimised gain through PSO, thus reducing the manual tuning
complexities. The objective function for the optimisation was defined to minimise the

estimation error of the LESO. Firstly, the converter’s control output relationship is
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established, and the cross-coupling effect is analysed. Furthermore, the mathematical
expressions for the LADRC were derived, with PSO performing the optimisation in each
control loop. The optimised gain LADRC with PSO satisfactorily suppresses the cross-
coupling effect with the lowest power undershoot of 5 % compared to the power undershoots
of 6 % and 9 % observed with the optimised gain LADRC with GA and PI without decoupling
control techniques across the two simulation scenarios considered. Experimental validation
of the optimised gain LADRC with PSO is conducted with a maximum power deviation of
16 % from nominal value against the 44 % with PI without decoupling techniques The
LADRC gains were optimised, resulting in reduced design effort and ensuring satisfactory

decoupling control performance, as depicted in the results obtained.

Finally, a comparison of the two proposed decoupling control techniques was carried
out using criteria such as tuning burden, model dependency, and percentage deviation under

worst-case operating conditions.
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Chapter 5

Online Power Loss Minimisation

Previous discussions in Chapters 3 and 4 focused on mitigating cross-coupling effects
in multiport-isolated DC-DC converters. As highlighted in Section 2.3, these effects are
commonly addressed using SPS modulation techniques. Building on these foundations, this
chapter proposes an online adaptive steepest descent-based control technique. The proposed
controller leverages a predetermined reference for active inter-port power flow and
dynamically adjusts the internal phase shifts in real time to minimise the error between the
reference and actual values. The proposed controller is validated using MATLAB/Simulink
and an experimental laboratory setup. Its performance is compared with two benchmark
controllers to evaluate its effectiveness in terms of loss minimisation and computational
efficiency. Both simulation and experimental results demonstrate that the adaptive controller
achieves lower computational burden, reduced rms current, and improved efficiency

compared with bench marked techniques.

5.1 Background

The SPS technique, which provides only two degrees of freedom, has been shown to
have an increased inductor rms current and circulating power, thereby reducing overall
system efficiency [68, 92]. To address this, techniques with additional degrees of freedom,
resulting in advanced configurations such as dual-phase shift (DPS) and triple-phase shift
(TPS) strategies. DPS incorporates either two external phase shifts, equal internal phase
shifts, or two external shifts with a single internal phase shift. TPS, on the other hand, utilises
two external shifts alongside distinct internal phase shifts [96]However, determining the

optimal phase shift values remains critical for maximising efficiency.

In the study in [92], a simplified high-frequency chain current was employed to
reduce circulating currents using an additional degree of freedom. Although this approach
improved the performance, it resulted in a diminished soft-switching region as the power
levels increased. In the study outlined in [93], DPS modulation with a genetic algorithm was
used to determine the optimal internal phase shift, with results stored in an online LUT.
Similarly, [94] applied generic harmonic approximation (GHA) with an optimisation

algorithm to determine the internal phase shift. Although both approaches reduced inductor
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RMS currents, LUT implementations increase storage requirements and do not fully exploit

the available degrees of freedom, limiting efficiency.

In terms of TPS modulation, [95] employed an offline PSO algorithm while [96]
combined PSO with an exponential weighted moving average (EWMA) algorithm, targeting
reflux power minimisation. Although this strategy achieved reductions in circulating power,
it introduced potential fluctuations in the phase shift ratios during optimisation, which could
impact converter stability and performance. Similarly, data-driven techniques have shown
promise in this regard. For example, [97, 98] developed artificial neural network (ANN)-
based and search algorithm techniques to minimise the rms current. These techniques have
achieved notable improvements in efficiency; however, the time-consuming process of
generating high-quality datasets poses a significant drawback. In addition, [99] explored
offline gradient descent, ripple correlation control, and ANN-based approaches for
calculating optimal degrees of freedom. Each technique presents unique challenges: offline
gradient descent requires extensive pre-computation and LUTs, ripple correlation control
exhibits sensitivity to initial conditions and perturbations, and ANN performance depends
heavily on the quality of the training data. In another study, [100] implemented a GHA
combined with polynomial regression models to predict internal phase shifts. While effective,
the complexity of higher-order polynomials poses challenges in control design and risks
suboptimal performance if not carefully examined. To address these issues, in [85], an
adaptive perturb-and-observe technique is proposed for tracking minimum rms currents.
However, this technique neglects the system model, potentially compromising controller
robustness. In addition, [90] introduced an advanced MPC algorithm that integrates DC bus
voltage variations into the control framework. This approach successfully suppressed the
circulating current and improved the response under various DC bus voltage conditions.
However, incorporating an integrator for expanded system control, which is necessary to
maintain accurate current tracking, introduced limitations in response speed, particularly
during rapid voltage variations. Finally, [101] applied gradient descent optimisation to reduce
the rms current’s impact on conduction losses, but the challenge of accurately measuring and

controlling rms current, especially at high frequencies, persisted.

These methods typically involve complex and computationally intensive
calculations[96]. Moreover, most existing approaches focus on rms current optimisation, yet

measuring rms current accurately, especially at high switching frequencies, remains
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challenging. In addition, these techniques generally rely on static tuning mechanisms and do

not adapt effectively to changing operating conditions [101].

Given that deviations in inter-port power flow can lead to suboptimal operating conditions
and increased system losses, minimising the error between actual and reference active inter-
port power flows offers a focused and effective optimisation method for improving overall
system efficiency. Hence, to enhance the overall operational efficiency of the multiport-
isolated DC-DC converter by reducing the conduction and switching losses, this chapter
proposes an online adaptive control based on the steepest descent method. The adaptive
control technique (L-TPS) leverages a predetermined reference active inter-port power flow
and dynamically adjusts the internal phase shifts in real time to minimise the net error
between the reference and actual values. To ensure the stability of the adaptive controller
gains, a Lyapunov direct method is implemented. Furthermore, the adaptive controller gains
are automatically tuned online based on the tracking error, to further balance convergence
speed and stability, thereby enhancing overall controller performance. This real-time
adaptation ensures optimal internal phase shift selection under varying operating conditions
without requiring extensive data storage or precomputed LUTs, which are often impractical
when considering all three internal phase shifts. By integrating online adaptation, the
proposed L-TPS controller dynamically regulates the inter-port power flow, contributing to

improved efficiency with minimal computational complexity.

Beyond its application in previous chapters, the multiport-isolated DC-DC converter

can be utilised in the marine transportation sector, where hydrogen is gaining traction as a

Proposed three-port converter

fl‘_' — Power

T
- converter —L / -VE
[—— L I

Maritime loads

Power I T Power
converter converter

|
|
|
:_ Converters of interest

—>» Electricity flow + -
—>» Hydrogen flow %

Battery bank Fuel cell

Stored hydrogen
station

Fig.5.1. Hydrogen Energy Systems Configuration in Marine Sector.
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clean and efficient fuel source. Hydrogen-powered FCs can generate electricity for marine
propulsion systems and other onboard electrical loads (termed marine loads - ML), with BTs
providing short-term energy storage and the heat generated in the process directed for
onboard heating [7], [12]. In this chapter, the multiport-isolated DC-DC converter, replaces
the "converter of interest" as shown Fig.5.1 in the power management system of the marine

transportation sector.

5.2 Operating Principles of Multiport-Isolated DC-DC Converters

The diagram in Fig.5.2 illustrates a single-phase multiport-isolated DC-DC converter,
specifically a triple active bridge converter. The BT source in port 1 is the battery model port.
Subsequently, the secondary port is labelled as the FC port with a FC model, whereas the
tertiary port is identified as the ML port and substituted with a resistive load.

Each port is connected via a full-bridge circuit with a high-frequency leakage
integrated multiwinding transformer. The transformer has turn ratios of 1: n, : n; . Each port
includes four switches labelled S-S, for the primary bridge, S5-Sg and So-S;, for the
secondary and tertiary bridges, respectively. Inductors L, L), and L5 are the leakage
inductances at each port. In addition, i, i5 , and i3 represent currents through the leakage
inductances. The voltages at the midpoint of each full bridge are denoted as u;, uj , and u3,

while Vgr, Vi , and Vy; represent the output voltages of each port. The phase shift angles

Lp;—8; Lpy+6;

1:m, Lp3=03 Lp;+83
So L Sio
Port 3
L' _J?:% e
o
io—l:, f3
i'3 u3l T @ ML
Stz
S
ﬂ%} iz
: 3'\ Leakage
integrated
Multiwinding
Transformer

Fig.5.2. Triple active bridge converter.
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Fig. 5.3. Primary referred TAB equivalent circuit (a) Star connection (b) Delta connection.

@, and @5 with control ranges of _7” to %are adjusted to facilitate power flow between the

ports in the circuit, as shown in Fig. 5.3. Thus, the phase shift at the primary port remains

Z€10.

To facilitate the power flow among the three ports, the complete TAB converter can
be converted from a star configuration to a delta configuration, as shown in Fig. 5.3, where
all elements are referred to the primary side. Subsequently, the leakage inductance in delta

transformation is written as expressed in (5.1).

L _A L _A L _A

A = L1L2 + L2L3 + L1L3

(5.1)

where, Lq;, L3, L,z can be written as Ly,
Hence, the inter-port power flow can be represented by a cycle by cycle averaging,

p p(m— )V Y,
xy 27-[2](:9ny (5.2)
where, x and y represent port numbers 1, 2, or 3, V, and V,, are the voltages of the two ports,

fs represents the switching frequency, ¢ is the external phase difference between the bridges,

and Ly, is the port inductance.

However, (5.2) utilises external phase shifts as control inputs, a method commonly
referred to as SPS control. This technique is limited in its ability to independently regulate
inter-port power flow, often resulting in cross-coupling effects. While decoupling controllers

have been developed to mitigate these effects [116, 143], loss minimisation or the broader
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objective of enhancing overall operational efficiency are not considered. Consequently,
introducing internal phase shifts within each bridge as an additional degree of freedom is
advantageous. As described in [68], to facilitate the full degree of freedom, internal phase

shifts that controls the variation in the midpoint voltages is introduced. As shown in Fig.5.2,

the range of the internal phase shifts &;, ,, and §5 is 0 to g

From Fig. 5.3 the fundamental component of the inductor current in any power

transfer direction at each port is represented by:

liys] = [us |2 + [uz|? — 2|uyluzlcosg,
21l =
(wLq2)?

o] = luz|? + [us|? — 2|uzllus|cos(@z — @2)
23 (wLy3)?

(5.3)

lug|? + luszl? — 2|uylluzlcoses
(wL13)2

|i13| =

where, w = 27f;, |uq|, |u,| and |us| are the peak magnitudes of the fundamental frequency
components of the midpoint voltages at each port. Hence, the inductor current in the time

domain is given by (5.4), [144]

lp =13 + 131 , 13 = —lz3 — 13,

5.4
i3 + iz + il = 0

Furthermore, the active inter-port power flow (Fig. 5.3), can be explicitly calculated
by (5.5).

01 .
Py, = I cos 61 cos &, sin @,
12

o
Py3 = icos 8, cos 3sin( @3 — @2) (5.5

03 .
Pi; = . cos 6; cos 85 sin @4
13

__ 4VpcVBT __ 4VpcVMmL _ 4VMmLVBT
where, 0y = ==, 0y = — 5 03 = — 5
While the active output power flow is given as:
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Fig. 5.4.Proposed L-TPS control structure.

Ppc = Py3 + Pyy , Pgp, = —Po3 — Py3, (5.6)
PML+PFC+PBT:O
The derived equations (5.3)—(5.6), serve as the core for the analysis of the TAB converter in

terms of power loss estimation.

5.3 Proposed L-TPS Control Technique

The diagram in Fig. 5.4 illustrates the control structure employed in the design of the
TAB, which is explained in two parts, as detailed in this section. The first part briefly
illustrates the external phase shift control, while the second part demonstrates the
incorporation of internal phase shifts. The external phase shifts regulate the voltage of ML
and the current of the FC, whereas the internal phase shifts are implemented to ensure an

optimal flow.

5.3.1 External Phase Shift Control

From the proposed decoupling controls developed in Chapter 3 and Chapter 4, either
of the two techniques can be implemented as the external phase-shift control, since

cross-coupling issues have been minimised in both techniques.

The model-reference-based hybrid decoupling control described in Section 3.2
utilises the model-reference framework while integrating the best-performing matrix-based

technique (the inverse-matrix decoupling control) into the developed decoupling control
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Fig. 5.5. Typical Model reference-based hybrid decoupling control current loop.

structure. The Fig. 5.5 succinctly illustrates the current-control loop of the decoupling
controller. Equations (3.26) and (3.27) illustrates the actual control input that achieves set

point tracking and minimal cross-coupling effect.

The linear active disturbance rejection control (LADRC) is however utilised in this
chapter as the main controller controlling the external phase shifts ¢, and ¢3. The LADRC
is chosen due to its ease of implementation, controller parameter tuned with PSO and

requiring minimal knowledge of converter parameters as pointed out in Table 4.4 [120, 132,

145].

From [143], there are two control loops: the voltage and current loops. The current
loop is as shown in Fig. 5.6 the observer (with state matrices A, B, C and L) observes the
state of the system and provides an estimation for the control objective. However, the voltage

loop is without the derivative term k.

ref @2 TAB current
& b " —
Igg‘al
B
Ly :r A z>
A e
I C

Observer |

Fig. 5.6. Typical LADRC current loop.

96



Proportional derivative control is utilised in the current loop, whereas proportional

control is sufficient in the voltage loop. Equations (5.7) and (5.8) show the control input in

each loop.
k(17 — -k —
, = ( p( FC Zlb) de) Z3 (5.7)
0
(1057 =) = &
P3 = b )

where, k,, and k, are the proportional and derivative gains, I;gf and l/;-rLef are the reference

current and voltage, z; and z, are the states of the controller, z; represents the extended state

and, by is the critical gain of the observer, thus, ensuring minimal cross-coupling effect.

5.3.2 Internal Phase Shift Control

To enhance the TAB efficiency, additional degrees of freedom are required. This
study employed three internal phase shifts within each bridge as an additional degree of
freedom. A precise combination of values for these additional control inputs regardless of
operating points is crucial for ensuring an efficient system. To cater for changing operating
values and to ensure a stable internal phase shift, an adaptive control law is created which is
aimed at minimising the deviation between actual active inter-port power flow and its

reference.

5.3.2.1 Problem Formulation

As discussed, minimising system losses requires maintaining optimal power flow
within the system. From (5.9), and as expressed in [68], P;,, P,3 and P;3 are functions of
Prc and Py; as shown in (5.9), which are derived expressions from (5.6). These relationships

are also used to compute the reference active inter-port power flow.

2 1 1 1
P12:_§PFC - §PML: P23:§PFC - §PML'
1 2 5.9
P31:§PFC+§PML (59)

P+ Py3+ P31 =0
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Furthermore, the internal phase shifts from (5.10) must be constrained in relation to the

system parameters. This is expressed as given in (5.10):

Li2P;5 )

5, = cos‘l( _
o1 Sin @,cos §,

5, = cos‘l( LasPes )
, =

gz sin (@3 — @;)cos &3
(5.10)

83 = cos‘l( L13Pis )
, =

o3 Sin @3cos &,

T
0 S 51,62,53 SE

Equation (5.9)- (5.10), serves as the basis for the L-TPS control design.

5.3.2.2 Proposed Adaptive Steepest Descent-based Control

The adaptive steepest descent control is employed to determine the internal phase
shifts within the system. These internal phase shifts serve as additional degrees of freedom
and are leveraged to regulate the active inter-port power flow, aligning with the overall
system objective. To facilitate this, the power equation, as presented in (5.10), is discretised
using the forward Euler method, with Ty denoting the sampling period. The corresponding

discrete-time representations of the state and input vectors are defined as follows in (5.11):

x(k+1) = f (x(k),uk)) (5.11)

Which can be explicitly written as:

f (U, u(k))

P (k) + 222 cos(8:(K)) 2(1):(62 (k) sin(p,)
=|P,5(k) + Tso, cos(8,(k)) COiE?Ué)) sin(@p, — @3) (5.12)
PL(k) 4 373908 (8:(K)) 2?5(53(")) sin(gs)
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Py, 81
where, x(k) = | P,3] is the actual power measurement and u(k) = [82] is the internal phase
Py3 83
Pi
shifts. The reference power flow denoted x*(k) = |P;3| can be computed from (5.12) to
Py

satisfy the power dynamics. Hence, the goal is to control the internal phase shifts to minimise

the power errors (eq, e,, e3). Therefore, the error equation is given by (5.13) - (5.15):

e, (k) = Pip(k) — Py (k) (5.13)

e, (k) = Py3(k) — P33 (k) (5.14)

e (k) = Py3(k) — Py (k) (5.15)
For simplicity,

ei(k) = Py;(k) — Pj;(k) (5.16)

where, e; (k) is the error with i =1, 2 and 3, P;;(k) is the measured inter-port power transfer
between ports i to port j, where i, € {1,2,3},i # j and P;;(k) is the reference inter-port
power.

The adaptive control law is formulated in (5.17) as described in [146].

6i(k) = 6;(k — 1) —y;V](k) (5.17)

where, V] (k) is the gradient of the cost function J (k) with respect to internal phase shifts and

y; 1s a positive adaptive gain.

The quadratic cost function is described as in (5.18).

1 1 2
J(k) = 5 et = 5 (Py ) — (i) (5.18)

By taking the gradient of (5.18), the following is obtained:

_ofl) _ af()apy (k)

V= a5(k) — 9P} (k)as (k)

(5.19)

For clarity and without loss of generality, further analysis is presented for the first power

P;, (k). The adaptive control update derived herein can be analogously extended to the
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remaining power P,3(k) and P;,(k) as they follow the same structure. To proceed, the

gradient of the cost function is explicitly given as follows:

0J (k)P (k) ¥

% =—————— — = —(T,0,A4" (L3P, (k) — L1, P, (k T,0,A" — Tea, A"
](k) aPi*}-(k)aé'(k) Liz( s01 ( 12 12( ) 12 12( )+ s01 s01 ))
(5.20)
where,
A" = cosd;(k)sind; (k)sing, (k)
A" = cosd,(k)cosd,(k)sing, (k)
A" = cosé;i(k)cosd;(k)sing, (k)
The gradient in (5.20) can be expressed as given in (5.21):
p— y ! n 24
Vj(k) = Lle(TsU1A (L1ze1(k) + Ts01(A" — A ))) (5.21)
Substitute (5.21) into (5.17) to obtain (5.22):
y ! n n
6:k) = 6,k = 1) = 73 (Teor4' (Lizes (k) + Tooy (4" = 4™))  (5.22)
12

The adaptive gain y is selected to keep the control system stable and enhance fast
convergence. However, there exists a trade-off between a fast convergence and the stability
of the system. With Lyapunov direct method, the stability of the adaptive gain selection can

be assessed.

5.3.2.3 Stability Analysis
A Lyapunov function V (k) must satisfy the following conditions [147]:
e V(k) is positive definite i.e. V(k) > 0
e AV(k) < 0, showing the system is asymptotically stable.

To proceed therefore, the chosen Lyapunov function for the system error

minimisation is defined as follows:
V(k) = el-z(k) (5.23)

The squaring of the error in equation (5.23), satisfies the first condition of Lyapunov stability

for all e(k) > 0. To satisfy the second criteria, let
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AV (k) = V(k) —V(k—1) (5.24)

As discussed, for simplicity, the first power expression is utilised with all others following

the same pattern. Hence, expressing AV (k) in terms of e; gives (5.25)
AV(k) = (ef(k)) — (e(k — 1)) (5.25)

This error e, (k) in the current time step can be expressed in terms of the change in error

Ae; (k) as follows:
el(k) = el(k - 1) + Ael(k) (526)

Substitute (5.26) into (5.25) to get (5.27):

AV(K) = (er(k —1) + Ae; (k) — (e2(k — 1))
(5.27)

= Ae?(k) + 20e,(k)e;(k — 1)
Based on the definition of e; (k) in (5.13), the change in error can be expressed as follows:
Aey (k) = (P1a(k) — Pia(k — 1)) + (P2 (k — 1) — Py, (k) (5.28)

Therefore, the definitions of the actual and reference powers in (5.12) are substituted into

(5.28) and the result is expressed using the adaptive update law in (5.22).
Aey (k) = (Pra(k) — Pra(k — 1)) + (P (k — 1) — Pi5 (k) (5.29)
Furthermore, by substituting (5.29) into (5.27), AV (k), is expressed as:

_yT 4 A, ! 14} nr 2
AV(k) = L+1 ((2L12 — ¥Ts01A") (Lyze; (k) + Tso1 (A" — A™)) ) (5.30)

12

Focusing on the dominant structural parameters and for analytical simplicity, A" is assumed
to be normalised to unity. Additionally, assuming &; (k) = 67 (k) and §,(k) = &;(k), (5.30)
simplifies to:

—¥Ts01(2L1 — ¥Ts01)
LZ
12

AV(k) = (5.31)

Extracting the scalar coefficient of y in (5.31), gives a constant C:
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(5.32)

With the aid of (5.32), (5.31) can be expressed in the form: —C X (2L,, — C). To guarantee
that AV (k) < 0, the inequality 0 < C < 2 needs to be fulfilled. Thus, the range of values of
the adaptive gain y, used to ensure stability satisfies:

213,

Tsoq

0<y < (5.33)

In addition, to improve convergence speed dynamically, the adaptive gain can be
modified to vary with the system’s operating conditions. This adaptive auto tuning is

expressed as:

1
1+T€i

Yi ="Yo (5.34)

where, T > 0 is constant scaling factor and y, > 0 is an initial value of the adaptive gain.

The online adaptive process is represented in Fig. 5.7 illustrating the iterative control
algorithm used to dynamically adjust the internal phase shifts. The process begins with the
reference inputs for current and voltage at each port and parameter initialisation. The system
then measures the actual phase shifts, current, and voltage values, which are used to compute
the active inter-port power flow. Based on the computed power balance, the control algorithm
determines the errors and applies the adaptive control law to update the internal phase shifts.
The process iterates continuously, refining the phase shifts in response to system variations

through an adaptive gain mechanism.
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Fig. 5.7: Adaptive control law flow chart.

5.4 Simulation Validations

The The proposed L-TPS control technique is validated through simulations
conducted in the MATLAB/Simulink environment, as illustrated in Fig. 5.4. The electrical
specifications of the TAB converter and corresponding controller gains, designed for an all-
electric vessel rated at 0.5 MW, with a switching frequency of 10 kHz and sampling time of
5e-7 s are listed in Table 5.1. In the proposed TAB system, comprising the BT, FC and ML
load, the control technique is employed such that the FC operates as the primary source
supplying a constant power output with 60 cells. The battery functions as a bidirectional
buffer, which can absorb or supply the power difference based on load variations. This
method ensures a steady operation of the FC, thereby enhancing its lifespan and fuel
efficiency and leverages the dynamic response capability of the battery. The control
technique assumes that the battery's state of charge (SoC) remains within its allowable
operational range (SoC =70 %), enabling both charging and discharging actions as required

to maintain the system power balance. The rated capacity of the BT is set at 200 Ah.
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Table 5.1. Converter Specifications

o . Ports

Description Symbol Unit 41 s 43

Voltage rating Ver, Vee, VuL kV 0.75 0.75 0.75

Current Igr, Irc, Iy kA 0.17 0.50 0.67

Leakage inductance Li,Ly, Ls uH 5.62 5.62 5.62

LC filter inductance Lfq, Ly, uH 680 290 -

LC filter capacitance Cr1, Cr2, Cr3 uF 330 780 1110
k, - - 0.54¢6 | 0.51e3
k - - 0.31¢3 0.30 e3

LADRC WC; rad/s - 1.20 ¢4 1.10 ¢4
b - - 7.05 €9 1.30 7

0.4} / J
= Prc
z Z 02} s
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2 7 Ppr
2 5
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2 o 2
Q. [}
%
B 202}
< .02 <
04 | | | 04Ff i : .
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(a) (b)

Fig. 5.8 FC supplying constant power under step ML load changes, with BT balancing power
using the proposed L-TPS method (a) With optimised LADRC with PSO as external phase
shift control (b) With model reference-based hybrid decoupling control as external phase
shift control.

5.4.1 Results

The typical power flow among the three ports under the proposed L-TPS control
technique is depicted in Fig. 5.8. Negative power values indicate power supply by a port,
while positive values represent power absorption. The figure illustrates step changes in the
ML load at 25 %, 50 %, 75 %, and 100 % of its rated capacity, with the maximum load set at
0.5 MW. Throughout these step changes, the FC constantly supplies 75 % of the rated power,

while the BT charges and discharges, balancing the power mismatch at each load variation.
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Fig. 5.9. Plot of midpoint voltages and the sum of inductor currents for (a) proposed L-TPS
method (b) conventional TPS method (c) SPS control.

Table 5.2. Calculated values of the degree of freedoms

Proposed L-TPS | Conventional
Degrees of freedom SPS
Method TPS Method
¥, -8.96 ° -11.76 ° -10.50 °
External Phase Shifts
V3 35.70 ° 35.00 ° 32.50°
01 23.44° 20.50 ° -
Internal Phase Shifts o 25.65° 21.80° -
03 29.55° 27.40 ° -

Firstly, to demonstrate that either of the two proposed decoupling controllers can be
employed as the external phase-shift control, Fig. 5.8 presents the overall power-flow
behaviour when using the optimised LADRC (Fig. 5.8a) and the model-reference-based
decoupling control (Fig. 5.8b) as the external phase-shift control. In both cases, following
each step change, the FC consistently returns to a stable power-supply level after only a
negligible transient, indicating that cross-coupling has been effectively minimised.
Consequently, variations in the ML load and BT ports do not compromise FC output stability.
A slight oscillation observed in Fig. 5.8b may be attributed to PD-arm tuning (derivative
gain), which is typically mitigated by appropriate low-pass filtering or conservative

derivative gain selection.
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Subsequently, the performance of the proposed L-TPS ( with optimised LADRC as
external phase shift control ) method is benchmarked against two existing methods. Firstly,
the method outlined in [24], is henceforth referred to as the conventional TPS control
technique. This method utilises a decoupling matrix with a proportional integral controller in
each external phase shift control loop. Subsequently, partial gradient estimate optimisation is
employed to optimise three internal phase shifts, aiming to reduce the inductor rms current
and enhance efficiency. The second method is SPS control without the implementation of

internal phase shifts as described in [30].

The magnified waveforms of the midpoint voltages and the total rms values of the
inductor currents are illustrated in Fig. 5.9. The BT and FC ports exhibit quasi-square voltage
waveforms, with peak values corresponding to the input voltage. Similarly, the ML port
displays quasi-square waveforms aligned with the load voltage magnitude under both the
proposed L-TPS and conventional TPS methods. In contrast, the SPS control technique
produces a square waveform at all ports. Across all three control techniques, the sum of
inductor rms currents follow a trapezoidal waveform. These observed waveform patterns are
consistent with expected behaviours under internal and external phase shift control, with the
corresponding calculated phase shift values summarised in Table 5.2 at full load when Pp; =
0.75 rated power. The external lagging phase is indicated by the negative sign. Additionally,
as shown in Fig. 5.9, the sum of the inductor rms current for the proposed L-TPS control
technique 1s 1.11 kA, whereas the recorded sums for the conventional TPS and SPS control
technique are 1.20 kA and 1.33 kA, respectively (Fig. 5.9). Depicting that the proposed L-

TPS achieves the lowest rms current.

Furthermore, Fig. 5.10 illustrates how the internal phase shifts of the proposed L-TPS
controller dynamically adjust in response to step changes in the power absorbed by the ML
port demonstrating the controller adaptive capability. The internal phase shifts corresponding
to the specific operating point are calculated to ensure optimal power flow regulation. In
addition, to enhance the dynamic response, the adaptive gains are updated online following
an initial manual selection. This enables the controller to respond more effectively to varying
operating conditions, further balancing speed and stability, as illustrated in Fig. 5.11, which

shows the real-time values of the adaptive gains.
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5.4.2 Analysis

The total inductor rms current is computed for all controllers under investigation. This
is carried out with varying proportions of the ML load as a function of the FC power supply
to understand the impact of load variations on the converter loss estimation. The total rms
values of the inductor current are as shown in Fig. 5.12. A greater rms value of the inductor
current is noted in the SPS control across all ML load cases since it is with a limited degrees

of freedom compared to both the conventional TPS and proposed L-TPS control techniques.

Compared to conventional TPS methods for optimising additional degrees of
freedom, the proposed L-TPS control technique offers a more efficient solution. As shown
in Table 5.3 the execution time measured using tic/toc command in MATLAB was 225 s,

which is as expected more than the SPS control but less than the conventional TPS method.

Table 5.3. Execution time

Method Execution time [s]
SPS 182.00
Conventional TPS 236.00
Proposed L-TPS 225.00

[/ Switching Loss
16 1 | I Conduction Loss

14t

12
10- i

L-TPS Conven- SPS
tional TPS

Power loss [kW]

Fig. 5.13. Conduction losses at 100 % ML load.
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Conduction power loss in the converter is primarily determined by the rms current
flowing through the switching devices and is given by P. = I?,(R,,, Where R, is the on-

state resistance of the switches. Similarly, the switching loss is calculated from [148]:

Lms N (Viarea ™
ted
Psw(T) :fs* 0n+off*<1rms> *< I?;ae >
ref ref

5.35
* (1 + TCrsw * (T] - Tref)) ( )

where, E,p 4055 18 sum of the turn on and turn off energies, V;..r and I..; are the voltage and
current reference obtained from data sheet, K, and k; are the exponents for the voltage and
current dependency of switching losses and T Cgq,,, 1s the temperature coefficient of switching
losses. To estimate the total losses, the cumulative total rms currents are utilised the device
parameters obtained from the Wolfspeed SiC module CAB6R0A23GM4 datasheet. Fig. 5.13
illustrates both the conduction and switching losses at maximum ML load conditions for all
control techniques. The proposed L-TPS control achieves the lowest losses of 11.20 kW,
compared to 13.01 kW for the conventional TPS and 16.00 kW for the SPS control. These
results demonstrate the improved loss minimisation performance of the L-TPS control

technique.

An efficiency plot for the proposed L-TPS control technique, the conventional TPS
control technique, and the SPS control is shown in Fig. 5.14. It can be observed from all the

controllers that there is a significant efficiency drop at lighter power loads. However, in all
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loading scenarios, the power converter with the proposed L-TPS control technique has a
higher efficiency. All controllers performed better at full load with the proposed L-TPS
technique exhibiting a 1 % efficiency improvement over the conventional TPS controller and
a 2 % efficiency improvement over the SPS control but more significantly a 2 % efficiency
increase compared to the conventional TPS technique, and 5 % increase compared to the SPS

control at light load (25 % of the load).

To further demonstrate the features and advantages of the proposed L-TPS control
technique, a quantitative comparison is presented against the benchmarked control
techniques, as summarised in Table 5.4. The comparison focuses on system losses (expressed
in percentage loss compared to the SPS method), optimisation objective, controller
complexity and efficiencies. A notable observation, typical of isolated converters, is the
tendency to exhibit increased losses under light load conditions due to deviation from the
designed voltage gain ratio, this effect is less pronounced at full load. From the results in
Table 5.4, the proposed L-TPS control technique consistently outperforms its counterparts
under both light and full load conditions. Moreover, in terms of control complexity, which
includes computational burden and modelling requirements, the proposed L-TPS control
technique demonstrates a more efficient implementation. Finally, the proposed L-TPS control
technique exhibits enhanced adaptability, responding effectively to changes in operating
conditions. This adaptive behaviour enables improved robustness and reduced system losses

by dynamically updating control variables in response to real-time system variations.

Table 5.4. Advantages of the proposed L-TPS method over benchmarked control

techniques
Criteria Proposed L-TPS Conventional TPS SPS
0
System loss at full load 30 % lower than SPS 18% lé)l\)vse r than High
Converter efficiency at full 98 % 979 96 %
load
Optimisation objective Minimisation of inter-port Inductor rms NA
power flow tracking error current reduction

Converter efficiency at light 0 o o
load (25 % of load) 95 % 93% 90 %
Adaptgblhty to varying load High Medium Low
conditions
Controller complexity
(Number of offline Low Medium Low
calculations. modelling etc.)
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5.5 Experimental Validations

To validate the effectiveness of the proposed L-TPS control technique, a 100 W
proof-of-concept experimental prototype of the TAB converter is designed, developed, and
tested. A scaled-down version of the converter is shown in Fig. 4.9. The experimental
evaluation focuses on assessing the loss-minimisation capability of the L-TPS method, using
online adaptive internal phase shift calculations. Its performance is compared against

benchmark control techniques.

qr }llEU‘NFﬁEE%JY

20 W/div - 50 W/div 200 ms/div Prc

Fig. 5.15. Typical experimental power flow response to a ML load step change, with the

corresponding power variation on the BT port, while the FC port maintains a constant power

supply.

The voltage sources are configured such that the BT port is set to 40 V, the FC port
is set to 20 V, and the load connected to the ML port has a resistance of 10 Q. Fig. 5.15,
shows the active output power flow when the ML load undergoes a step change from 10 Q
to 20 Q, hence the BT port adjusts its power output accordingly, while the FC port maintains

a constant power supply.

During normal operation, before the step change, the midpoint voltages for these three
methods are shown in Fig. 5.16. These results validate the quasi-square waveform achieved
by both the proposed L-TPS and conventional TPS methods, which incorporate internal
phase shifts, in contrast to the square waveforms produced by the SPS control, which lacks
internal phase shift. Additionally, before the step change, the current waveforms for these
control techniques are shown in Fig. 5.17. It is evident that the total rms current is
significantly reduced. Compared to the SPS control technique, the conventional TPS method

achieves a 39 % reduction, while the proposed L-TPS method achieves a 49 % reduction.

111



& - e = = | & — 2= H
= WF% - i - e
_ — - — — | — — T I
I I [l
- —fﬁ e 1 —f "63 e =t = &
[ 6_7 IR T O 6 T o2
i
S | At \ |
I ! I
50 V/div - 50 V/div 20 ps/div 50 V/div - 50 V/div 20 ps/div 50 V/div - 50 V/div 20 us/div

Fig. 5.16. Experimental plots of midpoint voltages for (a) proposed L-TPS technique (b)

conventional TPS technique (c) SPS control technique.

—i3 — iy itotary WEMZ  —13 — 1 iy i(totary WEIEE — —0 i itotary WM
5 A/div 5 A/div 10 ps/div 5 A/div 5 A/div 10 ps/div 5 A/div 5 Aldiv 10 ps/div
——, _— p— o~ P .
/ ve—"" T\ / — . <"\ <" / i / Pt
L 57/ — SR/ S ~— / N~ C A — A — | SN
K — — T W d = ,/;-’:‘U
_ -~ v — —
lyms (cotaly = 5-23 4 brms (total) = 634 A Urms (total) =-10.41 A

Fig. 5.17. Experimental plots of inductor currents for (a) proposed L-TPS technique (b)
conventional TPS technique (c) SPS control technique.

Moreover, the proposed L-TPS method offers a 17 % improvement over the conventional
TPS method in terms of rms current reduction. With an efficiency of 83 %, the proposed L-
TPS method outperforms the conventional TPS and SPS control techniques, which achieve
efficiencies of 81 % and 79 %, respectively, thereby highlighting its improved control

performance.

5.6 Summary

To overcome the limitations of conventional SPS control, particularly its limited
ability in independently regulating inter-port power flow, which often leads to reduced
overall operational system efficiency, this chapter implemented a TPS control through the
integration of three internal phase shifts. An online adaptive control based on the steepest
descent method, was implemented to achieve this enhancement. The stability of the adaptive
gain was analysed using the Lyapunov direct method. The proposed method begins by
establishing a predetermined inter-port active power reference, which is continuously
compared with the actual measured power. The internal phase shifts were then dynamically
adjusted to minimise the error between the reference and actual power values, using an
adaptive gain that updates online in response to changing operating conditions. Simulation

results demonstrated a significant reduction in the converter losses, achieving a 14 %
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reduction compared to conventional TPS and 30 % reduction compared to SPS control, at
full load. Experimental validation further confirmed the effectiveness of the proposed L-TPS
control technique, showing a 2 % efficiency improvement over conventional TPS and a 4 %
improvement over SPS control. These findings highlight the potential of the proposed L-TPS
method to significantly enhance the operational efficiency of the multiport isolated DC—DC

converter systems.
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Chapter 6

Conclusions and Future research

This chapter presents a summary of the research, draws conclusions on the control of
multiport-isolated DC-DC converters for hydrogen energy systems, highlights the author’s

main contributions, and provides insights into future research directions.

6.1 General Conclusions

This thesis has focused on developing control techniques to enhance the performance
of multiport-isolated DC-DC converters, particularly the triple active bridge (TAB)
converter, for hydrogen energy systems. The research has been applied across three main
configurations: offshore wind-based hydrogen energy storage systems, onshore hydrogen
production system and hydrogen energy systems for marine applications. The overall aim
was to develop an improved power electronic converter (PEC) interface that enhances power
flow control and increases its overall efficiency for hydrogen energy systems applications.
To achieve this, novel decoupling and advanced control techniques were proposed and

evaluated.

In Chapter 3, a novel decoupling control technique, termed the model reference-based
hybrid decoupling control, was introduced. This decoupling control technique first utilises
an ideal model with zero non-diagonal elements as a reference and forces the converter’s
matrix model to replicate this behaviour. It further integrates the best-performing matrix-
based decoupling control technique, identified from the comparative analysis of three matrix-
based decoupling control techniques presented in Chapter 2. A detailed mathematical
analysis of the decoupling control design was carried out and validated through

MATLAB/Simulink simulations and hardware experimental test rig. The results show a:

e 3 % efficiency compared to the best performing matrix-based decoupling control
e maximum cross-coupling effect of 3 % at the worst case scenario

e displayed ability to perform better in a wider operating region.

In chapter 4, an enhanced linear active disturbance rejection controller (LADRC) was
developed and implemented as a decoupling control technique, leveraging the controller’s

inherent capability to reject both internal and external disturbances. This technique aims to
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simplify the controller’s design process by automatically determining the controller gains,
which are typically tuned manually and often result in suboptimal decoupling performance.
The proposed technique employed the particle swarm optimisation (PSO) algorithm to
determine the converter gains offline, with the objective of minimising estimation errors
within the controller. Simulation and experimental validation of the LARDC was performed.

The key findings include:

e A detailed analysis of the LADRC controller gains tailored to the TAB converter was
conducted, where minimising the estimation error served as the objective function in
the optimisation.

e The PSO-based optimisation slightly outperformed the benchmarked Genetic
Algorithm (GA) due to its advantageous convergence characteristics, although either
or other optimisation algorithms capable of solving nonlinear problems could be
applied.

e A maximum cross-coupling effect of 5 % was observed under the worst case scenario.

Chapter 5 presented the third and final control technique developed to enhance the
performance of the multiport-isolated DC-DC converter. The proposed controller employed
the triple-phase-shift (TPS) modulation technique to address the limitations of single-phase-
shift (SPS) modulation by simultaneously implementing the three internal and two external
phase shifts of the converter. Simulation and experimental validations were carried out, with
comparisons made against selected benchmark control techniques in terms of convergence

speed, system losses, and overall efficiency. Key findings include

e Implementation of an online adaptive steepest descent control technique for
determining and dynamically adjusting the three internal phase shifts based on inter-
port power flow error.

e Detailed mathematical analysis using the Lyapunov direct method to establish the
range of adaptive gains that ensure system stability.

e A comparative study with other benchmarked techniques revealed improvements
such as:

e 30 % system loss reduction
e 17 % reduction in rms current.

e 5% and 2 % efficiency improvement at light load and full load respectively.
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In summary, this thesis has made efforts in enhancing the control performance of a

suitable candidate topology for hydrogen energy systems. The proposed control techniques

addressed the two key identified challenges of conventional multiport-isolated DC-DC

converters, thereby contributing to its development and overall performance in hydrogen

energy system applications.

6.2

Highlights of Thesis Contributions

The thesis contributions can be summarised into two main areas as follows:

6.2.1

6.2.2

Decoupling control

Proposed a novel software-based decoupling control technique that eliminates the

reliance on look-up tables, thereby significantly reducing memory requirements.

Introduced a model reference-based decoupling control technique that minimises the
error between the output of an ideal decoupling reference model and the actual plant,

thereby enhancing the decoupling control accuracy.

Proposed a hybrid decoupling control structure that integrates a decoupling matrix
into the model reference-based framework, synergises their strengths to achieve
robust decoupling and mitigates cross-coupling effects across a wider operating

region.

Introduced an offline particle swarm optimisation to determine the optimal gains of
LADRC without imposing additional computational burden on the controller. The
identified optimal gains simplify the controller design process, bypassing the
subjective nature of manual tuning techniques. The determined gains are optimised
to minimise the observer's estimation error, ensuring effective decoupling control

performance and maintaining minimal estimation inaccuracies.

Loss Minimisation

Developed an adaptive control technique based on the steepest descent method to
minimise the deviation between precalculated and actual inter-port active power flow.
Introduced real-time dynamic adjustment of internal phase shifts to improve speed of

convergence.
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e Ensured adaptive gain stability through the implementation of a Lyapunov direct

method, identifying feasible operating regions.

6.3 Future Work

The following areas can be explored as potential future research work

e In offshore wind farm HESS applications, an evaluation of the AC/DC converter's
performance is required, focusing on improving efficiency, power factor, and
reducing harmonic distortion to achieve better overall performance in offshore wind

farm HESS applications.

¢ Building on the enhanced LADRC control developed, which effectively uses offline
PSO-based optimisation to determine controller gains and minimise estimation error,
a potential future work is to explore adaptive online gain tuning. The goal would be
to maintain the same high decoupling performance and low estimation error while
further increasing the controller’s adaptability to real-time variations in operating
conditions. The study would focus on methods to implement online gain adjustment
without adding significant computational burden or compromising stability, thereby

extending the capabilities of the current LADRC-based decoupling control.

e To further increase the flexibility of the converter's application, an investigation can
be carried out on the configuration of the TAB where one bridge of the multiport
converter interfaces with both a FC and a battery, while the other bridges interface
with DE and an EL via a Quasi-Z-Source Inverter (QZSI). With a focus on developing
a coordinated control technique to mitigate discontinuous and pulsating currents,
ensuring stable operation and utilising the battery to compensate for the FC’s slow

dynamic response, providing faster power support during a dynamic operation.

e A deeper evaluation of switching losses is essential, particularly focusing on Zero-
Voltage Switching (ZVS) and Zero-Current Switching (ZCS). This will help optimise

the converter efficiency and reduce thermal dissipation.

e It is proposed to investigate an additional loss minimisation technique for the
multiport converter, focusing on the reduction of reactive power. Reactive power,
which remains within the converter legs without performing useful work, contributes

to increased circulating currents and thermal stress in power devices. A mathematical
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model of the converter’s reactive power can be developed with impacts examined on
both device and system level and an advanced control technique can be designed to

mitigate this effect, thereby improving overall efficiency and reducing device heating.

The converter can be tested at the system level with real prototypes of the EL and FC
to assess the effectiveness of the enhanced control techniques and communication

between all components in the HESS, ensuring smooth operation and integration.
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Appendix C

Experimental Test Rig

This appendix presents a description of the experimental setup in the laboratory. The
set up is a scaled down version of the TAB converter. The picture in Fig. C.1 shows the

experimental set up.

C.1 Half-Bridge Submodule

The Fig. C.2 illustrates the schematic of a half-bridge submodule. This submodule is

made of these main components:
e 1 Optocoupler: 6N139
e 1 Gate Drives: IR2111
e 2 Isolated DC-DC Converters: TME 12128

e 2 MOSFETs: IRFP460APBF

Fig. C.1. Experimental setup
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Fig. C.2. A half bridge submodules schematic

Two half-bridges are connected to form a full-bridge such that the high-side switches
of both half-bridges are connected to the positive supply, while the low-side switches are
connected to ground. The midpoints of the half-bridges (i.e., the nodes between the high-side
and low-side switches) are connected to the two end windings of one port of the three-port

transformer. In all, six half-bridges are connected to form the TAB.

C.2 Multiwinding transformer

The picture in Fig.C.3 shows the multiwinding transformer:

Fig. C.3. Multiwinding transformer
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Fig. C.4. DSP

The transformer core as shown in Fig. C.3. is a toroidal ferrite Core R 50/30/20 N8&7,
with a selected turns ratio of 16:10:15. The calculated leakage inductances are L; = 11 pH,

Lo=12puH and L3=17 pH.

C.3 DSP

In the development of TAB converter prototype, a DSP serves as the central control
unit. The DSP used is the TMS320F28379D as shown in Fig C.4. Its main function is to
generate precise gating signals for the power switches based on the control law, typically
developed and deployed via a Simulink model. Additionally, the DSP performs real-time
data acquisition by converting analog feedback signals, such as voltages and currents, into

digital form through its onboard ADC. This enables closed-loop control of the converter.
The choice of the DSP is informed by the following attributes

e It has 24 channels of 12-bit / 16-bit analogue to digital converter.

e Up to 24 enhanced PWM.

e It has a seamless integration with MATLAB/Simulink.

e Fast processing speed (200 MHZ).

High performance 32-bit central processing unit.
C.4 Voltage and Current Sensors

Fig. C.5 shows the pictures of the voltage and current measurement boards used in

the experimental setup. The voltage board is implemented to measure the output voltage and
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Fig.C.5. Voltage and current measurement boards

feeds the measurement signal to the DSP’s ADC module. It typically scales the input voltage
and adds a dc-bias to make the output voltage suitable for the ADC signal level. The sensor
(LEM LV25-P) is implemented, which can measure up to 500 V with high frequency
bandwidth. The LEM25-P data sheets is as shown in Fig.C.6.

Voltage Transducer LV 25-P I, =10 mA
For the electronic measurement of currents: DC, AC, pulsed..., V - 1 0 500 V
with galvanic isolation between the primary circuit and the secondary PN "
circuit.
D t
K
COMPLIANT
2002/95/EC
16084
Electrical data Features
lon Primary nominal current rms. 10 mA e Closed loop (compensated)
Loy Primary current, measuring range 0.+£14 mA current transducer using the Hall
R, Measuring resistance Rymn  Ruma effect
with £ 12V @=10mA 30 190 Q e Isolated plastic case recognized
@+14mA 30 100 Q according to UL 94-VO.
with £ 15V @+10mA 100 350 Q .
@:14mA 100 190 o Principle of use
loy Seconda_ry nominal current rms 25 mA e For voltage measurements,
K, Conversion ratio 2500 : 1000 a current proportional to the
Ve Supply voltage (+ 5 %) £12..15 v measured voltage must be
le Current consumption 10@z15Vv) +1g mA passed through an external
B resistor R, which is selected by
Accuracy - Dynamic performance data the user and installed in series
X, Overall accuracy @1, T,=25°C @+ 12.. 15V 0.9 % with the primary circuit of the
@=15V (:5%) +0.8 % transducer.

Fig.C.6. Voltage sensors specification.
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Current Transducer LA 55-P I,,=50A

For the electronic measurement of currents: DC, AC, pulsed...,
with galvanic separation between the primary circuit and the secondary
circuit.

C€ L M RaHS

Lo Primary nominal RMS current 50 A
Ly Primary current, measuring range 0..%70 A Features
R, Measuring resistance @r7,=70'C1,=85°C
Bt Wi i R o Closed loop (compensated)
with 212V @ 250 A . 10 100 60 95 0 current transducer using the Hall
@ 270A 10 S0 (60" 60 Q effect
with 215V @250A 50 160 |135 155 0 o Insulating plastic case recognized
@ 270A 50 90 /13571352 Q according to UL 94-VO.
o Secondary nominal RMS current 50 mA
NJN, Tumns ratio 1:1000 Advantages
U Supply voltage (5 %) $12..15 v e Excellent accuracy
1 Current consumption (£2) 10(@215V)+L, mA o Very good linearity

Fig.C.7. Current sensors specification.

Similarly, the dc-output currents are measured and sent to the DSP. The LEM LA 55-
P is implemented to construct the current measurement board. The LEM LA 55-P is sensible
within the range 0 A — 50 A, with accuracy bandwidth of 200 kHz, its datasheet is as shown
in Fig.C.7.

The sensors are implemented with a conditioning circuit as shown in Fig.C.8. for both voltage

and current.

+15V
o
VR R, VR, Rs
+15V
O
-15V
R o/
Mo 2 NE553 P
-15V
Ry R3
h

Fig. C.8 Conditioning circuits for voltage and current
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For the two circuits, the resistor network is given as
R2:R3:R4:12kﬂ
VR; = VR, =10 k0

where, R,, R,, R, are fixed value and VR, used for offset adjustment and VR, used for gain

adjustment are variable resistors.

VR, + Rs

Gain =
ain R,

A gain less than one is desirable to minimise noise amplification. Hence, R5 is chosen as 5

kQ. For a gain value of 0.6.

For the current sensor specific calculations, to match the ADC 3.3 V range of the

ADC

N R;.Gain =33V
Toog Fa- Gain = 3.

with R; given from the specification of the sensors to be in the range 135 Q — 155 Q, a value

of 150 Q is selected.

For the voltage sensor specific calculations, to match the 3.3 V range of the ADC,

with 10 mA being the primary nominal current, the voltage across the burden resistor will be:
V=10 X 2.5 X R; X Gain

From the sensor specification, R, is in the range of 100 Q — 350 Q, hence, 220 Q is chosen.
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