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Abstract

The increasing growth in renewable energy integration and the expansion of transmission
and distribution networks in offshore energy systems necessitates an optimal level of
system stability and reliability. An important issue in this regard is maintaining generation-
demand balance to mitigate the effects of intermittency of renewable sources and
variations in load demand. Energy storage is a proven effective solution to enhance grid
resiliency by compensating for power mismatch due to the factors mentioned above.

This master’s thesis investigates the contribution of energy storage, specifically hybrid
energy storage systems (HESS), to the improvement of grid resiliency against load
variations. The power system under study is made up of a HESS connected to an AC
offshore remote area power system (RAPS) via a two-stage power converter. The focus of
this project is the utilisation of the HESS to improve DC bus voltage stability by reducing
the load-transient recovery time and mitigating deviation magnitudes. A battery-
supercapacitor HESS is implemented considering the complementary energy density and
power density characteristics of the constituent storage elements. Its effectiveness in
achieving the stability objective is compared with that of a battery in the same application.

Control employed for the hybrid storage converters relies mainly on the response time of
the HESS elements. System net power due to load demand variation is decoupled into high
and low-frequency components. Due to the difference in the control bandwidths, the
supercapacitor compensates high-frequency peak variations, mainly within the first few
milliseconds of a transient event, and the battery responds to slower system variations.
This HESS control strategy aims to maintain a constant DC bus voltage during a generation-
demand mismatch. Consequently, the battery is protected from fluctuating peak currents,
improving its lifetime. Furthermore, the supercapacitor’s volumetric efficiency is increased,
operating within a broader voltage range and absorbing high-frequency peak fluctuations.

The simulation models used for the investigations are developed in the MATLAB and
Simulink environments. In the full power system, each HESS element is connected to the
DC bus via a 2-quadrant bidirectional DC/DC converter (BDC). The DC bus is then
interfaced to the AC grid via 2-level voltage source converter (2L-VSC) with an LCL filter
and in series with a step-up transformer. Making up the AC downstream system is a
resistive load and three-phase voltage source acting as an infinite busbar. Standalone
models of the DC and AC-sides of the power system are verified, where the modelling of
the BDCs and 2L-VSC and their control designs are most critical. Other components of the
grid are modelled as required for the simulation studies.

Comparative performance evaluations between the HESS and battery are made first in a
standalone DC system model and then in a full system model (DC/AC hybrid system). The
investigations and results obtained establish the advantages of implementing a full active
parallel hybrid battery-supercapacitor HESS topology over single energy storage in
reducing transient recovery time and magnitude of voltage deviation. It is finally
established that the stability of the DC bus voltage is improved relatively by utilising a
hybrid energy storage system employing an effective time-scale/frequency-based control
strategy, as compared to a single energy storage unit.



Sammendrag

Den gkende integreringen av fornybar energi til havs og utvidelsen av overfgrings- og
distribusjonsnett i maritime energisystemer krever en betydelig grad av palitelighet og
systemstabilitet. Spesielt viktig vil det vaere & opprettholde balansen mellom etterspgrsel
og produksjon, til tross for kontinuerlige systemendringer grunnet diskontinuitet fra
fornybare kilder og markedsvariasjoner. Energilagring vist seg & vaere et effektivt alternativ
for & lgse disse utfordringene da det tillater mer elastisitet og robusthet da det
kompenserer for systemendringer ved @ bevare strgmbalansen.

I denne masteroppgaven undersgker jeg hvilken effekt energilagring, spesielt hybrid
energilagringssystemer (HESS), har pa forbedringer av det offshore strgmnettets
elastisitet og palitelighet. Kraftsystemet som studeres her bestdr av en HESS koblet til
vekselstrgmnettet til et offshore kraftsystem (RAPS) via en totrinns krafttransformerer.
Hovedfokuset i dette prosjektet har vaert & se pd hvordan HESS kan brukes til & forbedre
DC samleskinne spenningsstabilitet ved & redusere gjenopprettingstid og avvik. En
batterisuperkondensator HESS er implementert pa grunn av de komplementaere
energitetthet- og effekttetthetsegenskapene som er i bestanddelens lagringselementer.
Resultatet av prosjektets evne til & oppna stabilitet sammenlignes med stabiliteten av
batterier utnyttet i tilsvarende bruk.

Kontrollsystemene som brukes til hybridlagringstransformerere er avhengig hovedsakelig
av responstiden til HESS-elementer. Nettoeffekten av etterspgrselsvariasjoner er fraskilt
fra hgyfrekvente og lavfrekvente komponenter. P& grunn av forskjellige
kontrollb&ndbredder kan superkondensatoren utligne hgyfrekvente toppvariasjoner i Igpet
av noen millisekunder, og batteriet reagerer langsommere til systemvariasjoner. Denne
HESS-kontrollstrategien opprettholder en konstant likestrgms samleskinnespenning under
et manglende samsvar mellom produksjon og etterspgrsel. Fglgelig er batteriet beskyttet
mot svingende toppstrgmmer, noe som forbedrer dets levetid. 1 tillegg er
superkondensators volumetriske effektivitet forbedres og kan operere innenfor et stgrre
frekvensspekter og absorbere hgyfrekvente svingninger

Simuleringsmodellen til systemet og dets komponenter er utviklet i MATLAB- og Simulink-
programmene, hvor hvert HESS-element er koblet til DC-samleskinnen via en 2-kvadrant
toveis DC/DC-omformer (BDC). DC-samleskinnen var deretter koblet til vekselstrgmnettet
via en 2-niva-spenningskilde-omformer (2L-VSC) med et LCL-filter og i serie med en
trappetransformator. En resistivt belastning og trefaset spenningskilde utgjar
vekselstrgmnettet i detteprosjektet. Frittstdende modeller av DC-sidene og AC-sidene pa
kraftsystemet ble verifisert, der modelleringen av BDC-ene og 2L-VSC og deres
kontrollutforming er av stgrst betydning. Andre komponenter i rutenettet har blitt
modellert etter behov i Igpet av simuleringsstudiene.

Sammenlignende ytelsesevalueringer mellom HESS og batteri gjgres fgrst i et frittstdende
DC-system og full simuleringsmodell (DC / AC hybrid-system). Undersgkelsene og
resultatene som ble fremsatt i dette prosjektet fastslar fordelene med & implementere en
fullstendig aktiv parallell hybridbatteri-superkondensator HESS-topologi i maritim
stremforsyning til & redusere flyktige gjenopprettingstid og stgrrelsen pa spenningsavviket,
fremfor 8 benytte seg av enkeltenergilagring. Det konkluderes derfor med at bruk av en



hybrid energilagringstopologi med en effektiv tidsskala/frekvensbasert styringsstrategi
forbedrer kortvarig stabilitet av DC-busspenningen sammenlignet med utnyttelse av en
enkelt energilagringsenhet.
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1 Introduction

An energy system is operated and managed to maintain reliability and quality in its supply
of power to consumers/loads. The nature in which offshore energy systems are set up
differs from onshore energy systems primarily based on the choice of an electricity supply
source and site-specific conditions (including humidity, tidal currents, waves, wind speed)
in the marine environment. Power supply to offshore energy systems can be generated
from local sources with isolation from the electric grid, remote supply from the onshore
electric grid, or a combination of both local and grid-connected solutions. Conventionally,
the designated capacity of local supply is planned and managed to match demand closely.
For a typically remote supply, it is usual that the power source might be located very far
from the offshore system. Considering both supply processes described above, i.e. local
generation and remote supply, voltage and frequency stability are of utmost importance.
The intermittency of renewable power sources poses a challenge to ensuring a stable and
reliable power supply in an islanded offshore system. The effects of transients on system
variables like voltage and frequency are prominent due to a weaker grid caused by the
reduced inertia introduced by renewable power generators. A power quality issue common
to remote offshore systems is harmonics caused by power electronics-interfaced
equipment like wind turbine generators (WTG). Non-linear loads like variable speed drives,
rectifiers, inverters are also common sources of harmonics. Thus, about stability, various
design factors must be considered in the planning and development of a reliable offshore
energy system to ensure a continuous supply of quality power to loads.

An example of an energy-intensive offshore energy system is an offshore oil and gas
platform (OOGP). Fossil fuel-powered turbines are typically used in supplying power for
the platform’s power-intensive activities including drilling, extraction, compression,
heating, among others. Power demand is, therefore, usually in a range of magnitudes
higher than 30MW [1]. The burning of fossil fuels for these processes makes OOGPs a
significant contributor to greenhouse gas (GHG) emissions. The alternative to reducing
these emissions by establishing a connection to a remote onshore grid for supplementary
supply has been proposed in many works of literature. This solution has been tested and
verified to cut down on GHG emissions and reduce costs of operation of the offshore
platform. However, this strategy becomes unfeasible technically and economically when
the platform is located very far from shore—which is a current trend in the installation of
offshore OOGPs [2]. This development has led to a heightened interest in wind power
integration into OOGPs for parallel operation with on-platform fuel-powered turbine
generators to provide a more cost-effective means of reducing emissions from platforms
considerably. With this in perspective, the next thing to consider is the impact wind
penetration has on power supply quality of a hybrid energy system (HES) of this nature.
Load variations make up a large part of generation capacity on an OOGP, and with the
addition of a renewable energy source such as wind, stochastic variations are expected.
Hence, in the electrical design phase of an offshore energy system, power balance is a
primary objective. However, system dynamics due to wind penetration, likely to influence
voltage and frequency deviations in the electric grid, must be resolved.

Regarding local generation, there has been a proliferation in the integration of renewable
energy sources (RES) like wind, waves, and tides into existing and new offshore energy



systems. Wind energy and solar energy are recognised as leading solutions in the
progression towards the global objective of achieving zero-emission electrical power supply
and this has influenced growth in the exploitation of these RESs offshore to meet the
growing demand for electricity. Among the common RESs, wind power is highly
commercialised, and Denmark is one of the leading European countries aiming to reach a
50% share in renewable energy (mainly wind) in total power generation by the end of 2020

[3].

Wind energy and other renewable sources are inherently unpredictable, and this poses a
challenge for the stability maintenance of an energy system and quality of supply.
Employing effective control strategies for a generation unit’s converter interface is,
therefore, necessary to ensure that system performance is maintained at the nominal level
regardless of varying weather and grid conditions. A power system, when isolated from
the grid and is electrified using renewable energy, has lower inertia and is vulnerable to
disturbances. However, in grid-connected power systems, the upstream grid maintains the
system frequency within the nominal region [4].

A variation in the power source or a change in demand can cause a collapse of the system
when the voltage at the point of interconnection drops or rises to beyond the capacity limits
of power electronic interfaces. Other issues due to the intermittency of renewable sources
can be named, including frequency fluctuations, also due to low system inertia and a small
time constant [5]. Reduction in power supply quality is a likely effect due to high-frequency
harmonics caused by switching of interfacing power electronic components. Due to
disturbances occurring in a millisecond time scale, there is a likelihood of variations in
system frequency and voltage affecting reliability and continuity of supply. This situation
in the long term has undesirable effects both for the power system operator and the
consumer. Measures, therefore, must be taken to ensure the quality and continuity of
supply even during small disturbances.

Proposed strategies to increase grid strength against power demand-mismatch include the
connection of controllable distributed generators (DGs). Though feasible in increasing the
grid’s inertia, their slow dynamic responses become a concern in the provision of
appropriate and early support to stability. Another proposal which is the connection of an
energy storage device allows choosing from among several technologies with different
properties to suit diverse applications. In ‘net zero’ energy systems of the future, discharge
times spanning from one-tenth of a second to years are expected of energy storage. The
capacity to provide grid support, therefore, does not depend solely on a single energy
storage technology.

Energy storage (ES) plays an essential role in achieving the objective of improving grid
resilience by mitigating the effects of source and load variations on system
variables/quantities. The connection of energy storage devices/systems provides a means
to improve the stability of systems with a high penetration of renewable power from
distributed generators. In this project, battery-supercapacitor hybrid energy storage is
used to provide short-duration storage services to an energy system.



1.1 Objective

This project investigates the grid support application of a hybrid energy storage system
(HESS) to improve bus voltage stability during transients caused by unexpected load
demand variations. Work done focuses on ensuring cooperative but independent control of
outputs of two hybridised storage devices connected to the DC bus of a hybrid DC/AC
power system. The HESS is used to maintain a constant DC bus voltage during a generation
demand mismatch. During the event of an increase in load demand, the DC bus voltage
falls below its nominal value. However, the hybrid storage discharges by supplying surplus
demand to restore the voltage. Similarly, when load demand decreases, the DC bus voltage
rises, and the hybrid storage charges to absorb surplus power in restoring the voltage.

The DC bus currents are shown in Figure 1.1. i, i., and i,,,s are the energy storage
system (ESS) converter output current, the capacitor current, and the load current,
respectively. C,. is the DC bus capacitor. I, is calculated, as shown in (1.1) and (1.2) using
Kirchhoff’s Current Law (KCL):

idc = ic+iLoad (11)
. dvg ,
lac = Cdcd_tc'l' lLoad (12)
ide iLoad
—_— —_—

Cdc vdc

Figure 1.1: DC bus currents

A typical application where this project is relevant is an offshore remote area power system
(RAPS) where connection to the onshore main utility grid is not feasible. Therefore, the
offshore energy system is powered by electricity from renewable energy sources,
recognisably wind energy and solar power, in parallel with the traditional gas turbine/diesel
unit(s) as explained earlier.

A schematic diagram of the power system studied for this project is shown in Figure 1.2.
The DC section of the grid consists of a full active hybrid energy storage unit composed of
a battery and supercapacitor in parallel topology. The battery and supercapacitor have
voltage capacities of 200V and 250V, respectively. They are connected to a common DC
bus via individually controlled bidirectional DC/DC converters. The DC bus has a nominal
voltage of 400V. The DC section described above is interfaced to the AC section of the grid
via a 2-level voltage sourced converter (2L-VSC) with an AC-side voltage of 260V.
Connected between the 2L-VSC and the balanced 3-phase 3kW resistive load and three-



phase voltage source (acting as an infinite busbar) is a series LCL filter to absorb high-
frequency harmonics and a step-up transformer rated at 5kVA.

Bidirectional DC/DC 3-phase 2L-VSC Infinite busbar
converters
400v
00v |/ 1 %] LCL filter
! = T 5kVA
260V/520V
— Load
Supercapacitor | 250y T 3kW

Figure 1.2: Schematic of the power system

1.2 Scope of work

The scope of this project includes a design aspect which delves into control design and
implementation with an emphasis on the hybrid energy storage converters. The work
covers the design, modelling, and control of a bidirectional DC/DC converter and a 3-phase
inverter. Different HESS topologies are discussed, and a decision is made on which
topology is simple and easy to implement, but effectively fulfils the purpose for which it is
required. The choice of the most suitable storage technologies for hybridisation are
discussed in this work. The modelling of the AC section of the power system, along with
the control of the inverter, are discussed.

Simulation models are designed and developed using the MATLAB and Simulink software.
The DC and AC section standalone models of the system are developed individually to carry
out individual verifications. Standalone models of the DC section with only a battery and
then with the battery-supercapacitor hybrid are developed. These models are used later in
the chapter focusing on the comparative evaluations of both storage systems in improving
DC bus voltage stability.

Primarily, the scope of this master’s thesis encompasses selecting appropriate energy
storage (ES) devices for hybridisation and implementing an effective control strategy to
ensure adequate performance response in maintaining grid resiliency.

1.3 Limitation of scope

The limitations of the work done in this project are as follows:

e Firstly, validation of the designed simulation model in the laboratory is outside of
the scope of this project, contrary to the initial plan to carry out experimental
studies. This change in plan is as a result of the closure of the university due to the
COVID-19 situation.



The scope of the project does not cover energy storage applications in improving
stability in a grid-connected system but only in remote standalone type. The design
of controllers to monitor modes of connection at every point in time is therefore
outside this project’s scope. Inclusion of such a strategy demands designing
controllers capable of facilitating a smooth transition between operating in the grid-
connected mode and isolated mode

The parallel connection of the hybrid storage to a renewable energy source such as
a wind turbine or PV panel is left outside of the scope. Considering such a system
would mean also designing a controller for the power source, e.g. a boost converter
with maximum power point tracking (MPPT) for a PV system. Though necessary in
studying how energy storage responds to changes in the primary energy source
output power, it is not considered in this project

Various energy storage applications in power systems are discussed with relevance
to this work, but only voltage control support is covered in the scope of this project

Detailed modelling of the upstream electric power system is not included in the
scope. Though relevant in modelling a more sophisticated power system for
advanced studies, this project focuses only on DC bus voltage stability and the
downstream power system, i.e. AC load.

The effects of inductive and capacitive loads are left outside the scope of the project.
As will be seen later, the load used in the analysis is a purely resistive balanced
load

The detailed modelling of storage technologies to factor in their chemical,
electrochemical, and mechanical properties is outside the scope of this work. As
such, both the battery and supercapacitor are modelled as DC voltage sources in
series with the DC converter inductor and its small resistance. Making an
investigation of the time variation of storage properties like efficiency, heating, and
lifespan can provide another sound basis for additional study, but beyond this
work’s scope due to time limitation

Converter design, including effects of switching operations, is not covered. Hence,
design criteria such as on-state resistance and peak switching currents of switches
are computed but not implemented in the converter control design. Performance
criteria such as switching losses are also not included in the modelling tasks even
though mentioned briefly. This limitation goes on further to cover
charging/discharging effects on degradation, temperature variation, and efficiency

Since millisecond to second-long voltage variations are of significance for this work,
only short-term energy storage technologies are considered eventually. Long-term
energy storage technologies are not included in this scope since their ramp power
rates give longer response times than needed for this work

Battery State of Charge (SoC) is an important variable which is in some cases
included as an input variable for converter control design. However, it is not factored



in the work scope due to the short simulation periods. It is assumed that the SoC
varies within its rated value for the duration of the transients studied

1.4 Research method

The primary search engine which has been used in acquiring information from research
publications and books with titles relevant to this project is Google Scholar. It provides
direct links to different databases of scientific research for which NTNU students have
access. Some of these databases include ScienceDirect and IEEE. Oria, which is also the
online search engine for NTNU Library, was also used in getting additional articles.

The reviewed works of literature provide information on offshore energy systems;
microgrids; hybrid energy storage in power system applications; energy storage
technologies and their power system applications; and the design of bidirectional
converters and VSCs. Various configurations of power electronic converter interfacing of
hybrid energy storage to the DC grid are studied. The selected configuration is discussed
in detail, and it is implemented on a practical scope in the modelling. Based on the different
properties and advantages of available storage technologies in providing grid support, two
ES technologies are selected based on the desired storage properties, which are discussed
in detail later.

To simplify the simulation model and avoid communication errors to complicate the system,
only local current controllers are used. Various conventional and proposed control methods
employed in the energy management and coordination of multiple energy storages are
reviewed to inform a decision on the design approach for the implemented control strategy.
A trade-off between simplicity and effectiveness is employed.

1.5 Organisation of report

The report is written in MS Word, and all modelling and simulation are done in the MATLAB
and Simulink environments. The MATLAB scripts and Simulink simulation models are
provided in Appendices A and B, respectively. Chapters are enumerated, and sections and
subsections under each chapter follow a hierarchical humbering order, i.e. ‘x.y.z.” For
example, Chapter 2, subchapter 3, section 3 is numbered as ‘'2.3.3." Equations are
identified using numbers in parenthesis, i.e. (x.y) where 'x’ is the chapter number, and 'y’
is the position number of the equation in the list of equations within the chapter. The
MATLAB scripts and figures in the Appendix are referred to often, and cited in the report
with the format ‘A.x,” 'B.x,” or ‘C.x". The uppercase letters represent the Appendix
subsection where the script or figure is located, and the lowercase letters show the position
of the script or figure in the given subsection.

All cited references can be found in ‘Bibliography.’ The standard of referencing used is the
Institute of Electrical and Electronics Engineers (IEEE) style, and cited sources are
identified as numbers in square parenthesis within the text.



This report is made up of eight main chapters, ‘Introduction’ inclusive, and subchapters
where necessary. The Appendix makes up the last section of the report and is non-
paginated. Summaries of each chapter are given below:

Chapter 2

Chapter 2 gives an overview of trends in the development of offshore power systems
concerning the integration of renewable energy sources (mainly wind energy). Microgrids
are briefly discussed with references to reviewed literature since isolated microgrids have
many similar characteristics compared to islanded power systems. This review of
microgrids gives a basic introduction upon which the subsequent chapters on subjects
pertinent to islanded power systems are built.

Chapter 3

This chapter is dedicated to a review of energy storage technologies. It gives an overview
of the importance of energy storage systems in power system applications according to
information from reviewed literature. Different properties of energy storage technologies
are compared, and the choice of technologies suitable for the project is made. The concept
of hybridisation of energy storage technologies is introduced, and more details are provided
on the choice of the topology to be used in the simulation model. Reasons for the choices
of storage technologies and HESS topology are justified in the chapter.

Chapter 4

It describes the simulation models of the main components of the system. The models are
developed on a simpler level, is possible, as compared to the detailed descriptions given
in the preceding chapters. The design details are provided by referring to the MATLAB
scripts and simulation model figures located in the Appendices section. The design
parameters of the different models are established and explained if needed. Standalone
models used in verifying the DC and AC sections of the grid are introduced, and the model
of the final system is included later with necessary modifications remarked.

Chapter 5

This chapter covers a critical aspect of this master’s thesis project. It discusses control
desigh and modelling of the bidirectional DC/DC converters and the voltage source
converter. The frequency-based power control approach of the bidirectional DC/DC
converters is introduced here, and the process of determining the converter parameters is
discussed. The control methods used for the VSC are also discussed with references to the
related MATLAB script. The effectiveness of the designed converter controls is finally
verified in respective standalone models before finally connecting both sections to form the
full power system.

Chapter 6

This chapter presents results from simulations comparing performances of the HESS and
battery in a standalone DC system and the full system. Both scenarios, as explained later,
give a broader perspective of the nature of different responses expected from the energy
storages in both systems. The studied cases are step increases and step decreases in load
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demand for both scenarios. For each energy storage, the responses of the DC bus voltage
and converter output currents are presented. An in-depth analysis of the presented results
is provided to facilitate conclusions to be drawn. The results are then tabulated to give an
overview of work done in the whole chapter, and conclusions are drawn based on
observations made.

Chapter 7

Chapter 7 gives an overview of limitations in the design considerations and simulation
modelling. Considerations or factors not included in the simulation modelling and design
are discussed here. This chapter, therefore, gives an idea of what is covered or not in the
master’s thesis. It also gives a basis for which proposals for further work which are given
in Chapter 8.

Chapter 8

The first part of this final chapter presents outlines of findings and essential information
that can be gathered from all main chapters of the project report. It then summarises what
was done uniquely for the project in the design, modelling and study of the power system.
It adds unto the conclusions drawn from the previous chapter, and in the second part,
gives proposals for further work.



2 Developments in offshore power
systems

Offshore power systems for many years have been going through considerable
developments and advancements aimed at creating systems capable of efficiently
operating with the least impact on the environment. The prevalence of environmental
conditions and the establishment of regulations and operational standards in the offshore
energy sector presents new challenges for organisations operating in this industry.
Innovative strategies are being continuously adapted to design offshore energy systems
with the capacity to deliver reliable supply and maintain longer lifetimes of operation. In
recent years, offshore projects have been in development and are expanding
geographically, towards creating offshore power grids connecting countries and possibly
continents.

The offshore oil and gas platform (OOGP), as explained in Chapter 1, is an offshore power
system with a centralised fossil-fuel power generation and high load consumption.
Traditionally, OOGPs are electrified with supply from fossil-fuel-powered gas turbines and
diesel engines. On the Norwegian Continental Shelf (NCS) for instance, it is estimated that
electrical power consumption from platform activities ranges from a relatively low 10MW
to several hundreds of MW [6]. At the end of 2019, 87 fields were in production on the
NCS [7]; this number will likely increase with further exploration findings. What this causes
in effect is a gradually growing demand for electric power supply offshore to support highly
energy-intensive petroleum activities. Although gas turbines of enough capacities are
installed on these petroleum platforms, they are expensive to operate since they run on
fuel, and they generate harmful emissions, mainly carbon dioxide (CO2) and nitrous oxide
(NOx). According to [8], in 2018, petroleum activities in Norway generated 13.4 million
tonnes of carbon dioxide equivalent (COz equivalent); making up a quarter of the country’s
aggregate GHG emissions.

Considering this, more environmentally friendly alternatives to supply electricity offshore
have been under study and research, and some are currently under implementation.
Supplying power to the offshore system from an onshore grid using high-voltage subsea
power transmission links is one of these measures being taken. The Troll A platform located
on the NCS is the world’s first OOGP supplied with power from the onshore grid via a
voltage sourced converter high voltage DC (VSC-HVDC) transmission link [9]. Although
this scheme has proved beneficial in reducing greenhouse gas emissions, it becomes
expensive if the platform is very far from the coast. This situation demands longer
transmission cables and larger equipment to provide higher transmission capacity.
Offshore wind, specifically floating offshore wind turbines in deep-sea regions, has
emerged as a highly feasible solution for parallel operation with gas turbine generators
(GTGs). With the advent of floating wind technology applicable for deep-sea service and
direct connection to platforms, it is possible to isolate the offshore platform from the
onshore grid completely [10]. This initiative will help reduce emissions considerably and
maximise net revenue by reducing initial costs from running GTGs continuously on fuel. An
investigation carried out by [11] delves further into wind farm electrification of petroleum
platforms and quantifies its advantages in improving fuel savings and reductions in
emissions.



Essentially, offshore power systems are critical players in the electrification of the maritime
economy, and they serve as a vital military asset [12]. Reference [12] proposes a
generalised offshore power system architecture which comprises seven interconnected
subsystems: power generation, power transmission, power distribution, power
consumption, offshore intelligence, energy storage, and environment.

The importance of energy storage is emphasised in this architecture owing to the role it
plays in dealing with the intermittency of renewable energy sources. It is, therefore, the
central point of this project based on which simulation studies and analyses are carried
out.

2.1 Integration of renewable energy sources into
offshore power systems

With the pressure accompanying the growing rise in global energy demand, there is a
motivation to invest in increasing the share of renewable energy in total electricity supply
to supplement current supply and slow climate change. Efforts are being made to integrate
renewable energy sources (RES) to electrify offshore energy systems.

In recent years, energy generation from sources including wind, wave, tidal, solar, and
geothermal are either under research, in development, or used in commercial applications.
The most commercialised among these sources is wind energy, and as of early 2019, the
overall wind power capacity worldwide was 597GW with 22.1GW being offshore wind, only
in Europe [13]. In 2019, a total offshore wind capacity of 3.623GW was added in Europe;
representing 501 added offshore wind turbines which made up 10 wind farms [14]. Figure
2.1 shows the installed capacities of offshore wind in Europe for the past decade, indicating
a higher share of growth than decline in installations within the 10 years.
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Figure 2.1: Annual offshore wind installations [14]
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The European Commission (EC) expects a continent-wide increase in overall wind power
capacity, both onshore and offshore, to 150GW by 2030, mainly in the North Sea region
[15]. The developed wind farms are expected to be very far from shore at distances of
more than 150km. This prospect has necessitated the adoption of technologically feasible
offshore power transmission technologies such as high-voltage DC (HVDC) and low-
frequency AC (LFAC) transmission.

Offshore wind can be considered as a derivative of onshore wind and harnessing of this
energy resource is gradually moving to deep-sea regions offshore. This strategy
guarantees access to a higher wind energy potential and provides an eventual substitute
for fossil-fuel power when optimum commercial energy storage is available [16]. The tidal
stream industry (TSI) has also started to gain some attention recently. Reference [17]
estimated that as of 2018, about 20MW of demonstration and pilot projects had been
deployed globally. An estimated 1600MW in projects under development were in place for
operation in 2020. Offshore solar energy can be generated using photovoltaic (PV) cells
and concentrating solar collectors. Solar power plants which have been investigated are
made of vertically placed solar collectors arranged around the floating platforms to ensure
maximum capture of solar radiation. Work done by [18] discusses some currently
operational offshore solar PV plants in some countries.

Hybrid sources can also be investigated to understand the advantages of implementing
synergy between complementing energy sources to smoothen and increase their combined
output cost-effectively. Different energy storage devices and systems possess varying
levels of technical capacity and availability. Still, with hybridisation, an improvement in
their combined capabilities can be achieved while their drawbacks are compensated for,
giving a smart hybrid system. Reference [19] investigates a hybrid energy scheme made
up of wind and wave energy. Reference [20] also studies an alternative hybrid source made
up of a PV system, compressed air storage, and hydraulic turbines.

The next widely discussed topic in the development of net-zero offshore energy systems
is energy storage. Offshore energy storage, just like onshore energy storage, can be
classified in terms of its energy conversion or energy storage process. With a few additional
classification types, offshore energy storage can be classified as Power-to-Power and
Power-to-Gas. The former refers to energy storage to be supplied as electrical power when
demanded, and the latter is the consumption of electricity to produce gas for a specific
purpose. The electrolyser, classified as Power-to-Gas, converts energy into hydrogen gas
and stores it to be used as a final product or for power retrieval [12]. The Power-to-power
classification, on the other hand, encompasses storage devices that discharge to produce
electricity and is implemented for this project.

Essentially, the motivation towards further research and investigation into offshore
renewable energy is to develop sustainable and cost-effective energy solutions in
improving the quality of reliability of power supply.

2.1.1 Impacts of wind energy integration in offshore systems

Renewable energy generators, for example, those used in wind power production, have
design properties different from those of conventional synchronous generators [21]. A
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typical design in wind power generators is the presence of embedded power electronic
converters. Wind energy has limited predictability and is stochastic. On account of this,
wind power generators are neither dispatchable nor controllable compared to conventional
generators whose ‘fuel’ or inputs can be easily regulated. Also, the size of generators used
in wind turbines tends to be typically smaller than traditional generators.

Wind turbine technologies employed in offshore power systems are adapted from onshore
wind turbines of similar design but with a few modifications to enable operation in the
harsh offshore environment. The commonly known wind turbine architectures are the
fixed-speed concept (Type A) and variable-speed wind turbines (Types B, C, and D) [22].
Types C and D, the doubly-fed induction generator (DFIG) with a small-scale power
electronic converter rated at about 30% of the generator's capacity and the
induction/synchronous generator having a 100% fully-rated converter (FRC), are widely
used in offshore wind applications. The converters provide dynamic reactive power control
capabilities. In many applications, the network-side converter connecting the wind turbines
to the grid is a voltage source converter (VSC), which has also been used in this project in
connecting the energy storage to the AC system. This converter provides independent
active and reactive power control within the limit of the converter’s apparent power.

Due to wind turbine design and the inherently stochastic nature of wind, integration into
an existing offshore power system introduces some system disturbances. The
accompanying effects on system variables like voltage and frequency on connecting a wind
farm can be categorised into local and system-wide impacts. Local impacts are observed
within the electrical location of a connected wind turbine or farm. Hence, an observed
change can be attributed to a specific wind turbine or farm within that vicinity. It is
important to note that the extent of penetration of wind in the power system does not
influence this level of impact. System-wide impacts instead affect the overall system
performance or behaviour. They occur due to the connection of wind power, but the scale
of impact makes it impossible to attribute it to a specific wind turbine or farm [23].

Aspects of the power system which can be affected by local impacts are node voltages;
fault currents, protection schemes, and switchgear ratings; and power quality (harmonic
distortion and flicker). Impacts on node voltage and protection schemes affect any power
system regardless of the prime mover of the generator and the coupling to the grid. Hence,
they can be affected by causes also outside of wind power integration. They must,
therefore, be investigated any time new generation capacity is connected. Harmonic
distortion, under power quality, mainly occurs when generators are coupled to the grid
through power-electronic converters. Variable-speed generators, PV systems, and small-
scale combined heat and power generators connected using converters are examples of
sources of harmonic distortion. Flicker occurs due to the intermittency of wind.

Further discussions of these impacts are focused on wind turbine architectures with Type
C and D concepts. With a final concentration on offshore energy system applications, these
two concepts are of greater relevance as regards their interfacing to the grid with power
electronic converters and their variable-speed capabilities.
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2.1.1.1 Local impacts

Wind turbine Type C and D architectures contribute to fault currents. The variable-speed
DFIG (Type C) contributes to fault current via the control system of the power electronic
converter. The control system of the coupling power electronic converter is capable of
measuring quantities such as bus voltage and rotor currents at high frequencies. Due to
the inherent inability of power electronic components to withstand overcurrents, the wind
turbine immediately disconnects, and the crowbar protection quickly short-circuits the
rotor windings of the generator. FRC wind turbines (Type D) cannot contribute to fault
currents because the power electronic components cannot supply overcurrents of such
magnitudes beyond their rating. The wind turbine immediately disconnects. In both cases,
should the wind farm be connected to an islanded offshore power system with no grid
compliance regulations requiring fault-ride through (FRT) capability, the wind turbines
immediately disconnect. Primarily, the behaviour of these wind turbines depends on the
type of power converter used and the design of the control system.

How a wind turbine affects node voltage depends on if it is a fixed-speed or variable-speed
wind turbine. Variable-speed wind turbines (Types C and D) can theoretically affect the
terminal voltage through reactive power exchange, but this is dependent on the rating and
controller design of the power electronic converter. The squirrel cage induction generator
in the fixed-speed wind turbine has a fixed relation between power, rotor speed, and
terminal voltage; hence is incapable of exchanging reactive power with the grid.
Compensating equipment like a fixed shunt-connected capacitor is fitted to compensate
for reactive power consumed.

Under power quality, harmonic distortion is mostly caused by the high-frequency harmonic
current generated by the power electronic interface of the mentioned variable-speed wind
turbines. In large offshore energy systems with extensive cable networks, harmonic
resonance and high harmonic currents due to harmonic voltages already present in the
system or power electronic converters are likely to occur. However, with the recent
introduction of modern advanced power electronics having high switching frequencies in
the kilohertz range and with practical algorithms, harmonics are most often eliminated
[23]. As will be seen later in this project, different types of filters are used in eliminating
harmonics at specific frequencies.

Flicker, as stated earlier, is specific to wind turbines due to wind supply fluctuations. In
variable-speed turbines, flicker does not usually occur since the wind fluctuations aren’t
directly translated into power fluctuations because the rotor inertia acts as an energy
buffer. The power electronic interface effectively maintains the terminal voltage; hence
wind fluctuations aren’t experienced in the grid. However, in applications with fixed-speed
wind turbines, wind fluctuations directly translate into output power fluctuations since there
is no mechanical-electrical buffer present. Depending on the strength of the grid, these
power fluctuations cause grid voltage fluctuations that are observed as fluctuations in the
brightness of light bulbs.
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2.1.1.2 System-wide impacts

According to [21], in addition to local impacts, some system-wide impacts affecting power
system performance characteristics can also be observed. System frequency; reactive
power and voltage; and power system dynamics and stability are some variables affected
by system-wide impacts.

The contribution of wind turbines to frequency changes depends on the generator’s
regulation of its output power. Variable-speed wind turbines can change rotor speed based
on fluctuating wind speed and are operated along the maximum power extraction curve.
However, a design decision must be made to allow a margin of operation away from the
maximum power extraction curve to allow for unexpected system frequency changes. That
is, when a frequency drop occurs, a wind turbine should be able to supply more power to
restore the frequency to nominal with enough increase margin available. Variable-speed
wind turbines to be used in supplying power for offshore system applications, therefore,
need to be sufficiently de-loaded to provide proper frequency control when expected.

The network voltage depends on the exchange of reactive power with the reactive
inductance of the network. Variable-speed turbines are capable of reactive power exchange
and can support network voltage during a power mismatch caused by a peak or dip in the
wind power supply or sudden changes in load. This phenomenon again depends on the
controller of the converter and the converter’s rating. However, the inherent capacitive
nature of the wind farm network makes it impossible to fully control voltage at the Point
of Common Coupling (PCC). In many applications, reactive power support and voltage
support is provided by using a Static VAr Compensator (SVC) or a Static Synchronous
Compensator (STATCOM).

The impact on power system dynamics and stability due to variable-speed wind turbines
in offshore applications is caused by the power electronic interface. The sensitivity of power
electronic components to overcurrents may have severe consequences on a large scale.
When the wind turbine disconnects due to a voltage reduction, it results in a generation-
demand mismatch over a wide area of the offshore grid should the penetration of wind
power be high. Incidents such as faults which result in voltage depression proportionally
increase the system current, causing variable-speed wind turbines to disconnect. Hence,
generation companies and transmission system operators make Low Voltage Ride Through
(LVRT) a requirement to make sure wind turbines remain connected during small voltage
drops for specified durations to ensure continuous operation of the grid. No international
standard yet exists defining how converters are to contribute to fault currents; hence, a
conventional design approach adopted is assuming that the converter contributes to fault
currents and designing switchgear or protection equipment in that regard.

2.2 Overview of microgrids

As explained earlier in Chapter 1.1, it is not technically and economically feasible to connect
a remote area power system (RAPS) far offshore to the main grid, and this applies to the
offshore energy system under study. According to the description of a microgrid (MG) by
the IEEE in [24], an MG must be capable of operating in both grid-connected and islanded
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modes and act as a single controllable unit relative to a grid. According to [25], a microgrid
is made up of interconnected loads and distributed energy resources having clearly defined
electrical boundaries. It acts as a single controllable unit relative to the grid. The microgrid
is capable of operating connected to the grid or autonomously. Basing on this definition,
the offshore RAPS is in technical terms, strictly not an MG because it cannot be connected
to the onshore utility grid. Nonetheless, this subsection is dedicated to giving an overview
of MGs since some challenges, control strategies, and characteristics specific to the RAPS
are comparable to those of an islanded MG. This subsection, therefore, gives a brief but
adequate introduction of islanded MGs to give an understanding of the performance
characteristics of the power system under study.

There has been a proliferation of microgrids (MGs) in modern power systems because of
their many advantages, but one issue with operating them is maintaining stability and
control. One other challenge is ensuring MG protection because power flow in the system
now goes beyond the conventional unidirectional process [26]. Essentially, electricity
demand is ever-increasing, and there is a need to ensure long-term measures in providing
secure and reliable power supply. MGs implement distributed generation (DG) units among
other components in improving conditions of the conventional power system. The MG has
also been determined as a critical building block of the future smart grid [27] which is an
organised interconnection between different MGs which exchange data, commands, and
power through dedicated links.

The MG is an economically viable alternative to the expansion of already existing power
transmission networks, which is both technically and economically challenging [28]. The
concept of microgrids (MGs) has been a constantly evolving system technology under
implementation in power systems. The MG provides the framework based on which
components such as distributed generation (DG) units, energy storage systems (ESSs),
and loads can be integrated into the electricity system. An MG comprises low-voltage small
distributed generating units, energy storage, and loads; it is capable of transitioning to a
standalone system should it disconnect from the main grid. One central aspect of the MG
is the control system responsible for ensuring safe continued running of the system during
connection to the traditional power grid or autonomously. The choice of controller is
dependent on the connection mode and system requirements. When in connected mode,
the utility grid controls voltage and frequency, and the DGs supply part or total load. During
islanding, the MG controls voltage and frequency by continuously regulating the active and
reactive power output. Hence, since the MG is a power generating system, it can be
modelled as a DC source. This source can then be connected to the grid via a power
electronic interface like a voltage source converter (VSC).

The MG can be of low or medium voltage, and its components are controllable [29].
Primarily, it can be operated in two main modes: grid-connected and islanded. With
integration to the grid, MGs provide advantages such as a reduction in transmission losses,
enhancement of power quality, and improvement of system efficiency [30]. MGs eliminate
the need for costly transmission links from generating stations to loads through their
integration into conventional distribution grids and providing direct power supply to loads.
They improve system reliability since they ensure continuous power supply to loads even
with the disconnection of transmission links due to faults or maintenance procedures [28].
A highly recognised advantage of integrating MGs is the facilitation of renewable energy
penetration [31], [32]. In the connected mode, the grid exchanges power with and
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supports in maintaining the MG’s stability. In the standalone mode, the available ESSs and
DGs are required to maintain the MG stability.

Regarding the urgency to fight climate change, steps are being taken to make offshore
electrification cleaner and more environmentally friendly. The petroleum sector, for
instance, has been a significant contributor to carbon dioxide, CO2, and nitrous oxide, NOx
emissions. As mentioned earlier, offshore oil and gas platforms (OOGPs) with installed
fossil-fuel-powered turbines, e.g. gas turbines, can be connected to the onshore grid using
expensive high-voltage DC (HVDC) transmission links. However, in recent years, oil and
gas platforms are being moved further offshore, so offshore transmission links are
rendered technically unfeasible. This trend highlights the need for alternative means of
electrifying offshore platforms by harnessing renewable energy sources like wind and wave
and implementing energy storage technologies to maintain the reliability of supply.

Studies conducted for this project solely focus on energy storage applications in a
standalone offshore RAPS. Focusing on applications in such a system, three main
configurations of ESS can be used: hybrid, distributed and aggregated [29]. According to
[29], the distributed and hybrid configurations are more advantageous than the
aggregated configuration. The hybrid configuration of energy storage modelling is pursued
later in this work as a strategy to improve grid resiliency further.
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3 Energy storage systems

3.1 Importance of energy storage for renewable energy
integration

Energy storage systems (ESSs) serve the purpose of improving grid reliability in many
regards. Currently, the battery energy storage system (BESS) is the most used and a well-
proven ES technology and is still under development. It is used in applications and systems
including support for renewable energy sources [33], electric vehicles (EV) [34], and power
system ancillary services. Under such utilisations, energy storage makes it possible to
increase the penetration of renewables into power systems. References [35], [36], and
[37] are a few of many publications which discuss and review suitable storage technologies
for stationary applications. The main features of the storage technologies are described by
[36] and [37], and [35] reviews real-world implementations of energy storage in renewable
energy applications. ESSs can be used for short periods, as low as less than a minute, in
smoothing power supply to a grid or for longer storage intervals for other purposes (load
following and seasonal storage).

Due to the stochastic nature of many renewable energy resources, ESSs and some
distributed generation (DG) units like microturbines are required in maintaining grid
stability and ensuring reliable supply [38], [39]. In isolated MGs with wind energy
integration, the connection of an ESS is vital to compensate for the intermittency of the
wind power supply. The connected ESSs must be capable of exchanging power with the
grid bidirectionally to support voltage and frequency control by maintaining variations
within between acceptable ranges of deviation.

3.2 Energy storage technologies

ESSs can be classified based on the energy conversion technique they use, and these are
discussed further in this section. Reference [37] describes some modes and processes by
which electrical energy can be stored. These include:

Gravitational potential energy using water reservoirs
Compressed air

Electrochemical energy in batteries and flow batteries
Chemical energy in fuel cells

Kinetic energy in flywheels

Magnetic field in inductors

Electric field in capacitors

NouhwN =

Some leading ES technologies which are suitable for power applications involving wind
energy integration include pumped hydro storage (PHS); compressed air energy storage
(CAES); battery energy storage system (BESS) which includes the lead-acid battery,
nickel-cadmium (Ni-Cd) battery, sodium-sulphur battery (NaS), lithium-ion battery (Li-
ion); flow battery energy storage system (FBESS) which includes zinc-bromide flow battery
(ZzBB), vanadium redox flow battery (VRB), polysulphide-bromide flow battery (PSB);
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hydrogen-based energy storage system (HESS); flywheel energy storage system (FESS);
superconducting magnetic energy storage system (SMES), supercapacitor energy storage
system (SC) [40]. Figure 3.1 below shows the main categories of ESS technologies.

Energy Storage
Systems
| Electrical | | Mechanical | | Thermal | | Electrochemical | | Magnetic |
s it Compressed air Hot water Batteries Superconducting
u%err.a;!'acl or Flywheel Ceramic thermal storage Flow batteries magnetic energy
aPAcK. Pumped hydro Thermal fluid Hydrogen storage

Figure 3.1: ESS categories

They can also be classified based on their times of discharge and response; this is a
fundamental concept on which an essential aspect of this project is developed. Discharge
time refers to the period within which a storage technology can supply its rated power,
whereas response time refers to how long it takes to change its output power. Considering
a pumped hydro storage system, depending on its reservoirs capacities’, it can have a
discharge time spanning from hours to days. Moreover, it is not capable of changing its
output should there be a sudden millisecond change in load level. For periods as short as
milliseconds, batteries, flywheels, and supercapacitors are better alternatives even over
spinning reserves which require some time to ramp up power [41]. Based on these
properties, ESSs can, therefore, be classified as short-term and long-term energy storage
systems. According to this classification, energy storage applications can be categorised
further into power and energy applications. Power applications are necessary for power
quality improvement in the system hence are characterised by high power ratings and low
energy requirements. In energy applications, the devices are used in long-duration storage
suitable for energy management and mobile or stationary applications [42].

In the development of this project, energy storage suitable for either application is used:
one with a high energy density and the other with a high power density. According to the
descriptions of discharge and response times, it is worth noting that the response time is
an important characteristic influencing the choice of energy storage technology in this work
as well as in the modelling of converters. Response times between milliseconds to seconds
are required since simulations carried out are to study dynamic performance during
transient events. Hence, for storage modelling, short-term energy storage is the selected
option for application in this project.

3.3 Applications of storage technologies

Based on the characteristic properties such as cycling capacity, energy efficiency, daily
self-discharge, among others, the choice of storage technology is dependent on which
application it is required for, specifically in an MG system. Descriptions of some common
power system applications of energy storage are given below:
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3.3.1 Fluctuation suppression

Fast fluctuations occurring within periods less than a minute have significant effects on
frequency and voltage usually in standalone power systems which are characterised by
lower inertia. Such occurrences affect the quality of power supply [43]. Connecting energy
storage in the power system provides a means of limiting these variations within acceptable
ranges. Desirable properties of an ESS for use in such an application in an offshore energy
application are high ramp power rate and high cycling capability. Batteries, excluding lead-
acid batteries, flow batteries, and short-period storage technologies like flywheels,
supercapacitors, and SMEs are good examples of technologies possessing these capabilities
[40].

A widely used solution is connecting energy storage in the DC link, between the back-to-
back converters, connecting a wind turbine-driven doubly-fed induction generator to the
grid, as shown in Figure 3.2 below. In a system with a wind turbine connected, the storage
system is equipped with controls which can interact with the turbine’s controls as well as
other system controls in optimising power exchange. Reference [44] presents the case of
a supercapacitor interfaced with the DC link through a DC/DC converter. It is designed with
two levels of control: high-level control which is the wind farm supervisory control
coordinating each generator and low-level control detailing each converters vector control.
Reference [45] also proposed a combination of storage systems like batteries or flywheels
in hybrid systems with offshore wind, diesel, and photovoltaic generation to mitigate
fluctuations. The use of SMES to ensure fluctuation suppression is discussed where the
storage devices are connected at the point of interconnection (POI) of the wind turbine
generator and the network. The SMES used for this purpose is rated at several MW.

Synchronous/Induction
generator Power converter

Wind Turbine ﬂ L *8’] E@

DC/DC converter

Energy storage

Figure 3.2: ESS connected to DC link of a back-to-back converter of wind turbine generator
[44]

3.3.2 Low voltage ride-through (LVRT)

Voltage control at the PCC with an external network is required to prevent disconnection
from the load(s) during voltage dips, to avoid a collapse of the system. In this regard,
system standards require wind turbine generators to remain in connection to the network
for specified short periods when the voltage level at the PCC drops to 0% of the nominal
voltage. Since many wind turbine generators have embedded power converters which

19



inject reactive power into the grid to maintain the rated voltage [46], ESSs might not be
required for such a purpose. Regardless, they may be necessary to protect the DC link of
the converters from overvoltage. Just as in fluctuation suppression, the necessary
properties for the storage systems needed are a high ramp-up rate to facilitate quick power
modulation. Hence, suitable technologies are batteries, flow batteries, and small-scale
storage devices like SMES, supercapacitors, and flywheels.

A study by [47] involves complementing the DC link of back-to-back converters of a wind
turbine generator with a supercapacitor and carrying out simulations. Investigations
showed that the voltage ride-through capability of the system is improved with energy
storage support. The use of control theories is proposed in [48] where a SMES is connected
to a system with a pitch-regulated fixed-speed wind turbine. The SMES is connected to the
AC network through a PWM rectifier/inverter and a two-quadrant DC/DC chopper; both
converters are connected through a DC link. The effectiveness of the SMES with pitch
control in maintaining voltage stability during frequent fault situations is studied. The
improvement of voltage stability with the connection of SMES for the facilitation of LVRT is
studied in [49].

3.3.3 Voltage control support

Since reactive power control is essential in maintaining system voltage at acceptable levels,
certain turbine generator types are desirable; among these are DFIGs with small-scale
converters and synchronous generators connected via fully-rated converters (FRCs). This
is in line with the discussion in Chapter 2 about recommended turbine architectures in
offshore energy applications. The converters embedded in these generators are capable of
reactive power control, and in effect voltage control, at the point of connection. Once again,
the inclusion of energy storage voltage support improves the dynamics of voltage control.
Batteries, flow batteries and short-scale storage systems are also recommended for this
purpose based on their high ramp power rates [40].

Reference [50] discusses the coupling of a Distribution Static Synchronous Compensator
(DSTATCOM) to a flywheel in the control and maintaining of voltage stability. The ESS
supports the DC-link of the DSTATCOM and provides the capability of exchanging active
and reactive power. Reference [51] studies the coupling of a STATCOM/BESS combination
to a self-excited generator to control reactive power, eliminating harmonic currents, and
compensating for load changes within an isolated system.

One main observation is that active power control is dependent on the type of storage
technology used. A study carried out by [52] shows that the SMES is a perfect alternative
acting within a 16.6ms response time in the step input of both active and reactive power.

3.3.4 Oscillation damping

With high penetration of wind, a grid’s stability against disturbances may be compromised.
In this regard, wind power plants are required by grid codes to support the grid in
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maintaining synchronism during the disturbances. Wind power plants achieve this by the
exchange of active power with the grid at frequencies between 0.5 and 1Hz [53].

Since many energy storage technologies are suitable for this application by
injecting/absorbing active power within a minute, a high ramp rate is once again needed.
Batteries, flow batteries, and short time-scale energy storage are recommended
technologies. Modal and frequency domain analyses are used in the study of system
stability aspects. Reference [54] proposes the use of a flywheel to eliminate low-frequency
oscillations by optimally locating the storage device in a multimachine system.

System changes under consideration are caused by events such as wind gusts, fluctuations
in wind supply, short circuits, and local load disruptions. References [55] and [56]
investigate the capacity of SMES to manage the exchange of large quantities of active and
reactive power. Wind generators with this storage technology are expected to provide
oscillation damping. It is worth noting that the consideration of system uncertainties
ensures that proper control can be implemented as can be seen in [56]. Here, robust non-
linear control of a SMES is proposed in a wind-based network, having oscillating power
flow, with an additional power disturbance. It is finally concluded that using batteries and
SMES in system damping oscillation control to control variations due to power system
disturbances, by managing active and reactive power exchange, is more robust and
effective.

3.3.5 Spinning reserve

As defined by [57], spinning reserve refers to excess available power from online
generation capacity above the quantity required to supply a given load. It serves as a
standby to supply sudden increases in load or losses of generators. Secondary and tertiary
reserves which can also be activated based on the operator’s discretion are referred to as
spinning reserves as well. Storage technologies suitable for this application include SMES,
flywheels, BESS, flow batteries, HESS, and CAES. Primarily, batteries and flow batteries
have been technologies under consideration for this application.

Standalone power systems benefit the most from the use of storage systems as spinning
reserves based on studies by [58]. To use a BESS for spinning reserve purposes with
maximum economic benefit, management and optimal sizing are the main factors of
consideration. Reference [59] carries out a study of providing spinning reserve to a
30.6MW wind power plant using a 6MW to 6MWh VRB. Also, many works of literature have
focused on the use of flow batteries for this application. This technology’s short response
time and capacity to be overloaded makes it the right candidate. It, therefore, becomes a
preferred choice compared to other options like fossil-fuelled power plants [60]. With the
implementation of spinning reserve, it can be concluded that wind power fluctuations within
thirty minutes are reduced by a factor of 3.
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3.3.6 Load following

ESSs are needed to provide energy from a period of minutes to almost 10 hours [61]. This
application is once again needed to compensate for the stochastic nature of wind, making
it unable to match with power demand always. One significant effect of this occurrence,
voltage and frequency variations, make the integration of wind into conventional power
systems quite a challenge. In terms of economic challenges, wind power generators suffer
penalties when their generation does not satisfy the terms of their agreement. Hence, ES
plays a vital role in ensuring these technical and economic challenges are met by storing
and supplying electrical power for long hours. Storage technologies like batteries, flow
batteries, CAES, and PHS are well suited for this application.

A relevant example of the use of a battery being used for this application is a wind power
system in Futumata, Japan, where a 34MW sodium sulphide (NaS) battery bank is
implemented to flatten energy production from a 51MW wind power plant [62]. Proper
management is a measure not only adopted to ensure energy supply is always available
but to maintain an economical operation of the battery system. Regarding this, [63]
develops a control algorithm capable of reducing storage during hours when demand is
very high to ensure economy. This goal is accomplished to enhance the profit of the system
since the market price of energy during these hours is high. It is concluded that with proper
control of batteries, the predictability of wind power plants is improved and accompanying
costs from integration are reduced. That is, precision in matching output at any time with
the forecast is achieved. Based on a study by [64], 34MW, 40MWh of storage capacity are
required properties to improve the forecasted output of a 100MW wind power plant (34%
of the rated capacity) and allowing tolerance of about 4% per unit. Based on many works
of literature, hydrogen-based ESSs are an excellent alternative for load-following
applications. Demo projects have been developed in work done by [65] and [66] to study
stand-alone systems comprising wind, photovoltaic generation and hydrogen storage.
These projects develop management algorithms which use excess energy to produce
hydrogen in an electrolyser, supplying this hydrogen to fuel cells to produce energy when
needed. A study of such isolated systems with hydrogen energy storage shows that they
are technically feasible.

Other applications of ESSs in power grids with renewable energy penetration, specifically
wind energy, include peak shaving, transmission curtailment, time-shifting, unit
commitment, and seasonal storage.

3.4 Comparison of technical and operational parameters

It can be inferred from the review of energy storage applications so far that for applications
requiring early response with high ramp-up rates, some technologies are more
advantageous than others. Outstanding among these are BESS, SMES, and flywheels.

Table 3.1 below from [29] details characteristics of some selected energy storage

technologies, including the three alternatives mentioned above, commonly used in diverse
power system applications. The following diagram in Figure 3.3 maps energy storage to
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some power system applications described previously

information from [67].

in this chapter referencing

Energy Self-
. Power | Response . Lifetime  Overall
Technology @ density . . discharge .
density time (year) | efficiency
(Wh/kg) (per day)
SCESS 0.1-5 800- ms-10min | 20-40% 5-8 0.85-0.98
23,500
Nickle 100-140 | 50-1000 | 4h 0.2-0.6% 10-20 0.60-0.73
BESS
Li-ion 160-200 | 150-315 | 15m-hours | 0.1-0.3% 5-15 Up to 0.97
CAESS - - 1-24h Small 20-40 0.70-0.90
FESS 5-100 1000 ms-15min | Small 15-20 0.93-0.95
SMES 0.5-5 500- ms-8m 10-15% 15-20 0.95-0.98
2000
PHES - - 1-24h Negligible 50-60 0.70-0.82

Table 3.1: Comparison of energy storage technologies [29]

Short-term

(seconds to minutes) + Grid support services

+ Day-night load imbalance
* Peak shaving
+ Load shifting

Medium-term
(Daily)

Discharge duration

» Bridge period of
renewable energy
generation

+ Seasonal storage

Long-term
(weekly to monthly)

Figure 3.3: Mapping of storage technologies to power system applications based on
discharge duration

For this project, minimum discharge duration, i.e. short-term, is required for providing grid
support. It can be inferred from Chapter 3.3 that required characteristics of energy storage
relevant for employment in short-term applications are energy density, power density,
lifetime, and ramp power rate [29].
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According to Table 3.1 above, the supercapacitor has a very high power density (800-
23,500), making it capable of responding in the millisecond time scale. Its energy density,
however, is low. The lithium-ion battery (Li-ion) on the other hand, has the highest energy
density of 160-200Wh/kg compared to the other widely used technologies. As expected,
its power density is relatively very low, resulting in response periods within hours. These
two storage technologies can be described to have ‘the best of both worlds’ making them
suitable components for the type of study to be carried out. They also have sufficiently
high efficiencies enough for the nature of the application for which they’re required.

To further support the decision of using a lithium-ion battery and supercapacitor to
constitute the hybrid storage unit, Figure 3.4 from [40] shows the response times of the
two technologies. The regions emphasised by the squares are with regards to the fact that
low capacities in MW (on the horizontal axis) of the devices are required considering the
length of time for which they are to operate within an operational period, i.e. within
milliseconds. The graph also shows the energy densities of these technologies, with a scale
the left vertical axis. Therefore, the final choice for the HESS constituents is the Lithium-
ion battery and a supercapacitor.
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Figure 3.4: Discharge times at low rated power [40]
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3.5 Hybrid energy storage

Installation of energy storage in an islanded power system is accomplished using any of
three known general configurations: aggregated, distributed, and hybrid [29]. In the
aggregated configuration, the ESSs are installed on the same bus to facilitate energy
storage modelling. In the distributed configuration, the ESSs are dispersed to various
locations within the power system. Finally, the hybrid configuration combines different ES
technologies to create a single unit which delivers all required characteristics at sufficient
levels. These configurations are illustrated in [29] and shown in Figure 3.5 below.

Research works have shown that the hybrid and distributed configurations are more
preferred compared to the aggregated configuration in terms of efficiency. As regards this

master’s thesis, the hybrid configuration is used to model energy storage to be used for
comparative analysis in the power system.

Aggregated
595'
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Switch
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Figure 3.5: a) Aggregated, b) Distributed, and c) Hybrid configurations of energy storage
[29]
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Based on earlier discussions in this chapter, single energy storage is incapable of providing
all the characteristics needed for different power system applications. This observation has
necessitated the combination of ES devices having characteristics more favourable than
others to give a whole complete storage system, and this is known as hybridisation. A
hybrid energy storage system (HESS) is an integration of different ES technologies such
that they complement each other’s properties resulting in a storage system with improved
characteristics.

In research publications like [68] and [69], the HESS has been used in the operation and
control of MGs. Work done by [70] implements a supercapacitor and a battery to bring an
improvement in the power-sharing strategy employed in a DC MG. Load variations in the
DC MG are translated into voltage variations. References [71] and [72] propose a droop
control strategy for power-sharing between a SMES and a BESS. With many ES devices
having DC terminal voltages, some other works have considered a connection of the HESS
to the DC bus. In [73], hybrid storage comprising a flywheel and battery is used in an
autonomous MG for frequency regulation. Between the DC bus and MG AC bus is a DC/AC
converter. This converter works both as a rectifier or inverter depending on the nature of
operation required. For the rectifier mode, power flows from the MG to the HESS, and the
constituent storage devices are charged. During the inverter operation mode, power flows
from the HESS to MG during the discharge of the storage devices.

Now focusing on the storage technologies which have been selected for the project, the Li-
ion battery (referred to from now on as battery) exhibits a relatively slower response
compared to the supercapacitor’s response. A time-scale or frequency-based approach
based on response time is used in the control scheme of their interfacing converters. The
HESS's two storage elements are expected to operate within two separate bandwidths due
to their different response times. The supercapacitor responds within the first few
milliseconds of a deviation, and the battery responds after. This strategy ensures timely
regulation of the DC bus voltage, which is the system variable of focus. Balancing power
is therefore available to restore the bus voltage to its nominal value after a generator-
demand mismatch. Determination of the frequencies of response and the details of
modelling are given in the next chapters.

To simply explain power-sharing based on frequency ranges, consider hybrid storage
comprising two storage devices having assumed shortest response times of 1 second and
1 minute. These reciprocate to frequencies of 1Hz and 0.01667Hz, respectively. If a sample
rate of 1 sample/second is used in filtering the signal, based on the Nyquist-Shannon
sampling theorem, a Nyquist frequency of 0.5Hz (1/2 of sample rate) is obtained. This
process gives a limited frequency range of [0, 0.5] Hz within which both energy storage
devices must operate. Figure 3.6 shows the frequency bands covered by each ES where
the device with a longer response time acts in the lower frequency range of [0, 0.0167] Hz
whereas that with the shorter response time responds at [0.0167, 0.5] Hz.

Considering the storage device with quicker response time, for example, when there is a
change in a system variable, say voltage, power components between OHz and 0.0167Hz
are attenuated, and power components between 0.0167Hz and 0.5Hz are sent to the
storage element.
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Figure 3.6: Frequency ranges of operation

It can be concluded that power-sharing between the constituent storage devices can be
both power and frequency-based to provide better grid support of the energy system
during transient and steady-state periods. It must be noted that the choice of bandwidths
designated to storage devices as well as other design factors are dependent on the nature
of application and stability requirements. These are discussed in detail later.

According to [74], the main battery-supercapacitor HESS topology classifications are
passive, semi-active, and full active, as illustrated in Figure 3.7.

Battery-Supercapacitor
HESS

Passive HESS Semi-active HESS Full active HESS

Supert_:apa.cl'wr Cascaded
Semi-active
Ba.ttery.r Parallel
Semi-active

Figure 3.7: Classifications of battery-supercapacitor HESS topologies [74]

The next step in the project development is selecting a suitable battery-supercapacitor
HESS connection topology. In connecting hybrid storage to the power system, the ESS
elements can be either coupled to the AC or the DC bus. In a standalone system such as
that considered for this project, connecting them to a DC bus is considered a better
alternative. Firstly, many renewable energy generators and energy storage devices have
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DC terminal voltages. It is, therefore, a more viable option to connect these components
to the DC bus, eliminating the need for many requirements in designing the power
converter. Moreover, a DC system does not require synchronisation of controls, and this
reduces the complexity of the entire system [75]. In summary, coupling to the DC bus is
more straightforward, more effective, and costs less to establish than coupling to the AC
bus.

The connection topologies to choose from for the battery-supercapacitor hybrid storage
system to be implemented are given in Figures 3.8, 3.9, and 3.10 [74]. The battery-
supercapacitor HESS topologies are briefly discussed after.

DC Bus

A T
LT

Batt SC

Figure 3.8: Passive HESS topology [74]
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Figure 3.9: Semi-active HESS topology (a) Supercapacitor semi-active HESS topology and
(b) Battery semi-active HESS topology [74]
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Figure 3.10: Full active HESS topology (a) Parallel active HESS topology (b) Cascaded
active HESS topology [74]

3.5.1 Passive HESS

The passive connection of a battery and supercapacitor is the cheapest and simplest
topology among the three. It effectively mitigates transients due to pulses in loads,
increases the peak power delivered, and eliminates losses due to the use of power
converters [76] and [77]. In Figure 3.8, the battery and supercapacitor are connected
directly to the DC bus with no interfacing component. Both storage devices share a
common terminal voltage which is dependent on the charge and discharge characteristics
of the battery and its state-of-charge (SoC). In smaller MG applications, the battery is
sized to a capacity capable of supplying for up to five days with no need for an external
source of power [78]. The battery, therefore, cycles with a low depth-of-discharge (DoD)
and a relatively slow C-rate during charging and discharging. As a result of such a design
decision, DC bus fluctuations are minimal; hence, DC bus voltage is kept almost stable.

However, the internal resistances of each storage device influence the process of system
current injection and absorption [79]. As such, the supercapacitor’'s ability to handle
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transients is not fully utilised. Also, with the sizing of the battery improving the terminal
voltage, the supercapacitor is not used to its full SoC range, giving poor volumetric
efficiency [80].

3.5.2 Semi-active HESS

Improving upon the performance of the passive HESS topology, a power electronic
converter is used to interface the ESS to the DC bus, giving the semi-active HESS topology.
Power flow is actively controlled for this topology [81]. Only one of the hybrid storage
elements is actively controlled. Figure 3.9 (a) shows a semi-active topology where the
supercapacitor is interfaced to the bus using a DC/DC converter. This is known as the
supercapacitor semi-active topology. The battery is directly connected to the bus. The
DC/DC converter ensures isolation of the supercapacitor from the DC bus and the battery
terminal. Volumetric efficiency is ensured because the supercapacitor acts within a wide
range of voltages. With ample battery capacity of the directly connected battery, a stable
DC bus voltage is also ensured [82]. However, the passive connection of the battery
exposes it to fluctuating high currents which are detrimental to the battery’s lifespan [83].

In the other semi-active topology, the battery semi-active topology in Figure 3.9 (b), the
battery is isolated from the DC bus and supercapacitor by a DC/DC converter [84].
Compared to the passive and semiconductor semi-active topologies, this topology allows
proper control of the battery current regardless of fluctuating load demand. The battery’s
terminal voltage is not necessarily expected to match the DC bus voltage, and as such, it
can be flexibly and adequately sized and configured [85]. The supercapacitor, being
passively connected has low volumetric efficiency. Moreover, the linear charge and
discharge process of the supercapacitor likely causes fluctuations in the DC bus resulting
in instability and reduction in power quality of supply. In avoiding these effects, the
supercapacitor capacity must be made extremely large, and this incurs a higher cost.

3.5.3 Full active HESS

In this topology, power flows of both the battery and supercapacitor are controlled via
DC/DC converters. This topology allows flexibility in operation, enhances the overall
performance of the system, and increases the cycle life of the storage elements [83]. The
two commonly known full active topologies are the parallel and cascaded topologies, shown
in Figure 3.10 above.

As can be seen in Figure 3.10 (a), both the battery and supercapacitor are isolated from
the DC bus by power converters in the parallel full active topology. The parallel HESS is
mostly used in grid-scale storage applications allowing control of both storage elements
[86]. A properly designed control strategy guarantees improved performance, increased
battery life, and better DC bus voltage stability [87]. Decoupling of both devices increases
the range of SoC for both and in effect improves the volumetric efficiency of HESS.
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In the cascaded topology, shown in Figure 3.10 (b), the battery and supercapacitor are
connected in cascade to isolate them from the DC bus. The bidirectional DC/DC converter
isolating the battery is usually current controlled to give smoother regulation of the battery
exchange. In effect, the battery is protected from extreme charge and discharge events
caused by variations in renewable sources or load demand. The DC/DC converter for the
supercapacitor is, on the other hand, typically voltage-controlled for DC bus voltage
regulation and absorption of high-frequency power exchanges [88]. Since the capacitor
now has a broader range of operating voltage, higher voltage swings between the
supercapacitor and DC bus are expected. This phenomenon results in more losses in the
DC/DC converter due to the inability to maintain efficiency within such a broad range of
voltages [89]. The use of two power converters reduces the coulombic efficiency of the
HESS as a result of losses in the power converters. Finally, the overall performance of the
full active topology is dependent on the reliability of the converters and the control system.

In summary, the objective of this project is to implement a HESS control strategy to
increase the resiliency of the grid against voltage deviation and reduce the transient
recovery period. This implies that keeping DC bus voltage stable is only a part of the
solution. It is desired to implement a HESS topology capable of maintaining DC bus voltage
stability to the highest level possible for regular operation. This way, overall system
stability is maintained, and the power supply to the load is as reliable as possible.

Considering the HESS topologies discussed so far, it is understandable to eliminate the
passive topology as a possible option to use for this project because no control whatsoever
applies to the ESS elements. Between the semi-active and active topologies, control is at
least applied at a point during power exchange of the HESS. The full active topology,
though more complex than the semi-active topology, affords better performance since it
gives complete isolation from the DC bus. The battery is protected from high current
fluctuations in the DC bus hence improving its useful life, and the DC bus transient voltage
stability is improved with the supercapacitor having a broader range of voltages to act. The
semi-active topology is a more suitable option when there are possibly more converters in
other sections of the power system making coordinated control complex. Hence, in
modelling the HESS converters for this project, the HESS full active parallel topology is
used. This design decision gives a model appropriate for investigations to be carried out.
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4 System modelling

In this chapter, the modelling and design of standalone simulation models of the DC and
AC sections of the grid are detailed. These models are then verified to determine that they
respond as expected before they are connected to form the full hybrid power system. The
simulation models are developed in Simulink, and the relevant parameters computed using
the MATLAB scripts provided in Appendix A. Blocks from the ‘Simscape Electrical’ library
are used in modelling the system components.

The DC section comprises a hybrid energy storage system made up of two storage
elements. The battery and supercapacitor models used are not technology-specific since a
DC voltage source suffices to carry out the required study. The AC section is modelled
without much complexity: a balanced three-phase resistive load and a 3-phase AC source
(an infinite busbar) make up the downstream grid of the AC section of the power system.
This model can be further developed to include components including other fixed loads and
flexible loads, a transmission system, additional three-phase sources, gas turbine
generator(s), among others. Interfacing the DC bus to the AC section is a 2-level voltage
source converter (2L-VSC). Between the converter and the load are a series LCL filter and
a step-up transformer.

Analyses carried out using this system show how energy storage mitigates the effects of
load demand change on DC bus voltage transient recovery time and magnitude of
deviation. Specific component details like switching losses and internal resistances do not
contribute to a large extent to the nature of studies carried out here; hence, average
models are used for the converters.

As explained in Chapter 3, the desired characteristics inform the decision to select specific
ES technologies for different power system applications. In this regard, for this project
which focuses on the provision of grid voltage support for an islanded system during load
demand changes, response time characteristic is the storage technology required.

Depending on their purpose in a microgrid application, power converters are categorised
into grid-feeding, grid-supporting, and grid-forming converters [90]. The grid-feeding
converter is controlled as a current source; hence it needs the grid voltage to be formed
by either a generator or a power converter before it can operate. In that case, it cannot be
operated independently when in islanded mode. The grid-forming converter, on the other
hand, can operate in the islanded mode because the AC voltage of the main grid is
traditionally formed by synchronous generators. The grid-supporting power converter is an
intermediate between the grid-feeding and grid-forming power converters. For an AC grid,
it supplies required amounts of active and reactive power to the grid to regulate system
frequency and voltage respectively within their range of rated values. It requires a grid
former when operated as a current source. However, when controlled as a voltage source
connected through an impedance, it can operate in both grid-connected and islanded
modes [90]. A typical example of a grid-forming converter is a UPS system which remains
offline from the grid when operating conditions are normal. When there is a failure in the
grid, the converter forms the grid voltage and this voltage becomes the reference for
connected grid-feeding converters. Majority of converters connected in DG systems like PV
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and wind turbine generators are grid-feeding. The 2L-VSC used in this project is operating
as a grid-supporting converter.

4.1 DC system

A schematic of the DC standalone system is given below where the DC grid is made up of
the DC bus capacitor and a controlled current source representing load demand. The
Simulink simulation model of this system can be found in Figure B.1.

Bidirectional DC/DC
converters

400V
Battery | 200V
— | T

Supercapacitor | 250V

Figure 4.1: Schematic of the standalone DC system

4.1.1 Battery and supercapacitor

At this point in the project development, decisions have been made regarding the type of
energy storage technologies to constitute the HESS: A lithium-ion (Li-ion) battery and a
supercapacitor. This decision affords an ideal HESS which provides high energy and high
power characteristics to handle source variations and load demand changes. Also, an
effective HESS topology appropriate to accomplish the objective of improving DC bus
voltage stability, with full converter current control, has been selected. With the parallel
full active topology, the elements of the HESS model are connected in parallel with
corresponding interfacing bidirectional converters isolating them from the DC bus.

The next step of the project involves the determination of parameters for modelling the
standalone DC section of the power system to design and verify the control strategy of the
HESS. Modelling of the AC system components, specifically the 2L-VSC and the LCL filter,
is covered in this chapter as well.

With the battery and supercapacitor being DC voltage sources, the main parameters
characterising them are their terminal voltages. Voltage parameter values for the DC bus,
battery, and supercapacitor are designated in descending order of magnitude, i.e. V., >
V., > V, as a matter of choice since the supercapacitor is required to respond to peak
variations in DC bus voltage during system events. The battery supplies most of the load
during steady-state operation of the system. The parameters of the battery and
supercapacitor used in the modelling are detailed in the following subchapters.
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4.1.1.1 Battery

Many literary works have proposed different battery models for various research purposes.
Though the decision is to use a DC voltage source for this project, a brief description of a
commonly used model given in [91], [92], and [93], shown in Figure 4.2 is given. In case
the reader wishes to use a more technology-specific model of a battery; this model suffices
as a suitable alternative.

Equation (4.1) expresses the relation between the battery voltage, terminal voltage,
charge and charging/discharging current, and internal resistance (vpqet, Vems, ipate, and Ry

respectively) and a parallel RC circuit defining charge transfer and diffusion within
electrolyte and electrode [91], [93].

R>
0= Vomr =l * (R + 150 (4.1)

In (4.2), an expression giving battery SoC as a function of initial SoC, battery capacity,
and current (SoC,, A,ur, and I,..) is presented.

SoC = SoC, + Ipaeedt (4.2)

3600 A,,mf

R2

il : C ibatt
Cb
Vemf === | Voc vbatt

Figure 4.2: Battery model for further analysis [87]

4.1.1.2 Supercapacitor

Just like the battery, a DC voltage source is used as a simulation model for the
supercapacitor. Should a more technology-specific model be required, the model proposed
by [92] is a good alternative. The supercapacitor current i;. is an input, and it limits
supercapacitor operation between high and low voltage limits, i.e. safe operation. The three
parameters making up the model are the capacitance, equivalent series resistance
representative of charging and discharging resistance, and a parallel resistance
representative of self-discharge losses (C;., Rss, and Rs,,). Voltage v, over C,, is the open-
circuit voltage.

The model is presented below:
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Figure 4.3: Supercapacitor model for further analysis [87]

4.1.2 Bidirectional DC/DC converter

This subchapter details the modelling and design of the bidirectional DC/DC converter
(BDC). With a few initial parameters available, the remaining parameters are determined,
and some characteristic effects of the converter passive components (including switches
and diodes) are computed. The purpose of the detailed design of the converter’s passive
components is to improve converter efficiency as much as possible. The selected switching
frequency (f;,) for the BDC is 10kHz, and it is with this frequency that the component
values are calculated. A brief introduction to converter interface technologies is given after
which the selected topology is introduced.

Primarily, the power electronic converter interface isolates the energy storage device from
the DC bus and provides controllability of output. Converter interface topologies can be
categorised into standard topologies, multiport topologies, and multilevel topologies [42].
Standard topologies describe converters, usually known as two-port converters because of
the connection of their input ports to the energy source and the output port to the load.
The power converter structures can be either single-stage or double-stage for this
topology. In the single-stage structure, a single converter controls the charge and
discharge of the energy storage and connects the input to the grid. Two converters are
used in the double-stage structure: a DC/DC converter to control charge and discharge of
the energy storage and a DC-AC converter to provide the connection to the grid and
regulation of power output. Multilevel topologies are used in high voltage applications to
achieve the desired output voltage by selecting many different levels of input DC voltage.
Finally, for the multiport topology, the converter processes energy from multiple energy
sources or to multiple loads.

For this project’s model, the double-stage structure of the standard topology is
implemented. It is worth mentioning that only average converter models are used in the
simulations; hence, much focus isn't given to variables due to switching. The choice of
which topology of DC/DC converter to use was dependent mainly on the technology of
energy storage and the nature of investigations being carried out. The DC network voltage
considered for this work is low voltage (120-1500V DC, according to the International
Electrotechnical Commission, IEC). Considering primary power sources which are usually
not current-reversible, e.g. a photovoltaic source or fuel cell, a boost converter can adapt
their low voltage outputs to regulate the DC bus voltage properly. In work done by [94],
[95], and [96] a bidirectional buck-boost converter is used both for a battery and
supercapacitor. It provides a current reversal capability to allow both charging and
discharging. It is important to add that the developed model can be implemented in more
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advanced studies where technology-specific blocks of batteries and supercapacitors are
implemented.

The HESS's charge and discharge capabilities are defined as the buck and boost modes of
operation, respectively. Considering that the HESS elements have their input voltages
increased at the output to the rated DC bus voltage, the boost converter is selected as a
basis for the bidirectional converter to be designed. A brief description of the boost
converter, whose typical basic configuration is shown in Figure 4.4 below, is given.
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Figure 4.4: Boost converter [97]

Boost converter

The boost or step-up converter is implemented in regulated DC power supplies and
regenerative braking of motors. Its output voltage is always higher than its input voltage,
dependent on the value of the duty cycle. When the switch is turned on, the diode is reverse
biased, and the input source is isolated from the output. During this ‘*ON’ period, the input
source charges the inductor to the desired voltage. When the switch is turned off, i.e. the
‘OFF’ period, the output receives energy supply both from the inductor and the input
source. As observed from the figure above, power flow is unidirectional due to the presence
of the output diode.

The equation relating the parameters for a given boost converter is given in (4.3) where
V, and V,; are the output and input DC voltages, and the D is the duty cycle.

2= (4.3)

A summary of equations defining the operations of the DC/DC converters described above
is given in Table 4.1 from [98]. It shows how the controlled input current and output
voltage are computed based on a given duty cycle. The focus here is the characteristics of
the boost converter. The highlighted expressions of the boost converter are used in design
the bidirectional converter.
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Converter Output voltage, Vout Input current, Iin

Buck Vour = DutyCycle * vy, iin = DutyCycle * i,y
Boost v = Vin - lout
"1~ DutyCycle L DutyCycle
Buck-boost DutyCycle * vy, . _ DutyCycle * iy,
Vout = 7 pPrrrds lin = 7~ A~

1 — DutyCycle 1 — DutyCycle

Table 4.1: Voltage and current equations for converters [98]

In the BDC simulation model made for this project, the diode of the boost converter, see
Figure 4.4, is replaced with a second switch. The resulting converter is equivalent to the
2-quadrant DC/DC converter model shown in Figure 4.5 below with two IGBT switches
connected to antiparallel diodes. This configuration provides the converter with the ability
to direct current flow in and out of the storage device.

During the buck mode where the upper switch (s,) is closed power is transmitted from the
high-voltage side (DC bus) to the low-voltage side (energy storage); hence, the inductor
current is negative, and the storage is charged. Conversely, in the boost mode when the
lower switch (s,) is activated, power is transmitted from the low-voltage side to the high-
voltage side, and inductor current is positive [99]. The average duty cycle controlled (D-
controlled) 2-quadrant DC/DC converter is used in the simulation model as the BDC. Also,
the continuous conduction mode (CCM) of operation is assumed in the determination of
the converter parameters.

idc

Y

iin
V \ > Cac ___ Vac

Figure 4.5: Bidirectional converter

The figure above also shows how the energy storage device is connected to the DC grid
via its corresponding bidirectional converter. The input voltage is positive, and power losses
are considered negligible for this study. The energy storage input voltage is fixed
throughout the simulations.
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Considering a mode of operation where current is flowing from the AC system towards the
DC bus and energy storage, the following equations describe the dynamics of the BDC as
given by Sanchez in [100]:

diin —Th * "TL
a L,

Sn * Ve
Ly

by 4.4
L (4.4)

dvdc idc — Sp * iin
T (4.5)

n used in these equations represent each energy storage device under consideration, i.e.
battery and supercapacitor. s, is the switch signal, i, is the incoming current from the DC
grid, i;, is the input current to the converter, v,. is the DC bus voltage, C,. is the DC bus
capacitor, 1, is the input storage voltage, and L, is the converter inductance.

The power stage design computations for both storages’ DC/DC converters are detailed in
MATLAB script A.1, Appendix A. Information from [101] provides design approximations
for the input filter inductor and output DC link capacitor. These equations are necessary
when no datasheet information is available, like the case of this project. An arbitrary low
value of 0.001Q is chosen for the inductor series resistance (r,). The minimum energy
storage inductance L,,;; and minimum DC link capacitance Cy.,;; are determined below. As
will be seen from the script, an adjustment is later made to the DC bus capacitor to improve
the output response. Since the calculated value is the minimum value, this is acceptable,
so long as system stability is not affected.

Dn*Vn*(l_Dn)

Lopin > [T (4.6)
I
Cdc,min > V. % f (47)
r sw

Where D,, is the duty cycle of the storage device, ¥, is the storage input voltage or source
voltage, f., is the switching frequency of the converter modulator, V. is the maximum
allowable voltage ripple selected as 2%, and I, is the rated output current determined
from the rated output power and the DC link rated voltage. All the values of the
components are available in MATLAB script A.1. When the DC and AC standalone systems
are connected to give the full system, some of these parameters are modified as observed
in MATLAB script A.3.

The remaining BDC passive component characteristics are determined as shown in (4.8) -
(4.11) below, where the parameters have the same descriptions as those used in (4.6)
and (4.7). The input inductor current (I,) for energy storage is given as:

Idc

I, = ——
" 1-D,

(4.8)

The peak-to-peak inductor ripple current (AL,), where f;, is the switching frequency and L,,
is the input filter inductance is:
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(4.9)

The inductor maximum RMS current (I, ,s), Where P, is the rated output power is:

(Pdc)z N AIZ
v, 12

(4.10)

Finally, the inductor switching peak ripple current (I, ,-,) is given as:

Pi\> AI?
b+ () +4
J”* v ) T 12

(4.11)

The design parameters of energy storages and bidirectional converters for the standalone
DC system simulation model are all presented in Tables 4.2 and 4.3 below:

Parameter Description Value
Vy Input voltage 200V
D, Duty cycle 0.5
L, Converter filter inductance 0.2mH
Ty Inductor series resistance 0.001Q
I, Input inductor current 25A
Iy, Inductor peak-to-peak current ripple 50A
Ip ms Maximum inductor RMS current 28.87A
I 5w Inductor switching peak ripple current 22.82A
ESR,, Capacitor equivalent series resistance 0.3505Q
Table 4.2: Nominal battery converter parameters
Parameter Description Value
V. Input voltage 250V
D, Duty cycle 0.38
L. Converter filter inductance 0.23mH
Tsc Inductor series resistance 0.001Q
I, Input inductor current 20A
Inductor peak-to-peak current ripple 40A
Iscrms Maximum inductor RMS current 23.09A
Iscsw Inductor switching peak ripple current 16.83A
ESR,, Capacitor equivalent series resistance 0.48Q

Table 4.3: Nominal supercapacitor converter parameters
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Selection of the DC bus capacitor’s ESR value is a matter of choice between the computed
values for the battery and supercapacitor. Hence, the capacitor’s ESR is selected. The rated
values for the DC grid parameters are also presented.

Parameter Description Value
Vac Nominal DC bus voltage 400V
P Rated power 5kwW
vV, Maximum voltage ripple (2%) 8V

fsw Switching frequency 10kHz
| P Rated load current 12.5A
Ry Rated load 32Q
Licmax Maximum load current 13.75A
Caic DC bus capacitor 1.3mF
ESR,, Capacitor equivalent series resistance 0.48Q

Table 4.4: DC bus components and grid parameters

4.2 AC system

4.2.1 Three-phase, two-level voltage sourced converter (2L-VSC)

A schematic of the standalone AC system is presented in Figure 4.6. For this project, a 2-
level voltage sourced converter interfaces the HESS to the 3-phase AC system. An average
voltage reference-controlled (U-ref controlled) model of the VSC is used in the simulation
model. A VSC is used because its commutation algorithm can be implemented using Pulse-
Width Modulation (PWM). Also, it is better at self-commutation and does not inject as many
harmonic currents into an AC grid compared to a current sourced converter (CSC)
performing a similar function [102]. A brief discussion of the 2-level VSC is given in this
subchapter to set a premise to understand the later sections better.

Bidirectional DC/DC 3-phase 2L-VSC Infinite busbar

converter
40
Energy storage | 400V *@ LCL filter

Figure 4.6: Standalone AC system schematic
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The structure of the 3-phase 2L-VSC is shown in Figure 4.7 below. It is composed of three
identical half-bridge converters whose DC-sides are connected to a common DC bus, and
in this project’s case, in parallel to the HESS and DC bus capacitor on the other side. It is
called the 2L-VSC because its AC-side terminals can assume voltages of +0.5Vdc or -
0.5Vdc, where Vdc is the DC-side voltage [103]. In maintaining safe operation,
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semiconductor switches on the same leg are operated in a complementary manner. As
such, each switch must be able to sustain the DC voltage since at every instant only one
switch is active. The 2L-VSC can provide bidirectional power flow between the DC-side
voltage source and the 3-phase AC grid. In this project, an AC passive grid with a resistive
load is modelled. Each half-bridge converter is indexed with letters a, b, ¢ to associate
them with each phase of the AC system.
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Figure 4.7: Two-level VSC [22]

A VSC system can be controlled in either the aB-frame or dg-frame; this is explained further
in Chapter 5. For this project’s simulation model, the VSC is controlled in the dg-frame.
Using the dgq-frame, sighals and variables are converted to equivalent DC quantities.
Hence, conventional PI controllers are implemented in control because they are not
influenced by the operating frequency. In asymmetrical 3-phase systems, ap-frame
representation results in time-varying signals which makes control design more involving.
However, a dg-frame representation gives models with constant parameters, therefore
simplifying the control task. Conventionally, components of many large power systems and
developed and analysed in the dg-frame [104], hence the representation of the VSC in this
frame allows analysis and design based on methods used for many other commercial power
systems. This gives a unified framework based on which much valuable information can be
accessed. Based on the reasons given above and more, the decision to model and control
the 2L-VSC in the dg-frame has been well-informed.

The AC-side terminal active and reactive power of the 2L-VSC is formulated using the dg-
components of the AC voltage and current (vd, vq and id, iq) as:

3
pac=§(vd*id+vq*iq) (4.12)

3
Qaczf(vq*id_vd*iq) (4.13)
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In the control of the VSC for this project, v, is aligned to the AC voltage vector to set v, at
zero. The real and reactive power components exchanged between the VSC and AC grid,
therefore, become proportional to the converter currents i; and i,, respectively.

The angular position of the rotating voltage vector is given as

0 = tan™! (U—B> (4.14)

Va

Where v; and v, are the components of the voltage in the two stationary reference frame
axes based on Clarke’s transform. The angle 6 is computed using a phase-locked loop
(PLL), as shown in Figure B.7.

Assuming a power balance between the DC and AC grids, the AC power from (4.12) can
be equated to the DC power, i.e.

Pdac = Pac (4.15)
. 3 . .
Vge * lge =§(Vd*ld+vq *ig) (4.16)

The next important aspect of VSC modelling is the filter at its output terminals. The filter
facilitates feedback control by imposing a current-like performance and eliminates or
mitigates harmonics in the output current. In enhancing output power quality from the
VSC, an LCL filter is usually connected in series with it. A simple LCL filter is shown
connected between the VSC and transformer in Figure B.6. The LCL filter has proven very
useful in minimising the distortion of current injected in the utility grid; hence, the choice
to design one for this project’s power system. Considering that a star-star (Y-Y)
transformer is connected after the VSC, the goal is to design a three-phase filter, with a
wye-connected filter capacitor and with damping, for a non-galvanic isolated inverter.

In following a systematic filter design procedure, characteristics such as filter size, output
current ripple, and switching ripple attenuation are considered [105]. In avoiding
resonance of the capacitor with the grid due to reactive power requirements, a passive
damping resistance is connected in series with it. For the filter design, the following
parameters are used: line-to-line RMS and phase voltages at the VSC side (V,;c and Vys 1),
rated active power (B,), voltage at DC bus (V,;.), nominal grid frequency (f,), switching
frequency of PWM (f;,), and the resonance frequency (f,.s). All computations carried out
here are found in MATLAB script A.2.

The filter parameter values are computed as a percentage of the base values of impedance
and capacitance, i.e. Z, and C, . The AC base values for the model are presented in detail
later in Chapter 5. In designing the filter capacitance (C;) the requirement under
consideration is achieving a maximum power factor variation of 5%. The filter capacitor is
therefore given as:

C; = 0.05%C, (4.17)

This value can be adjusted to be higher should there be the need to compensate for the
inductive reactance of the filter. The maximum ripple current (AIL,,,,) at the inverter output
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is given in (4.18) where m is the modulation factor for a usual sinusoidal pulse-width
modulation (SPWM) converter. Given that L, is the inverter side inductor of the filter and
T, is the switching period,

2V
AL a0y =—3de (1—-m)*m=Tg, (4.18)
1

Knowing that maximum peak-to-peak ripple current occurs at m = 0.5, the equation above
simplifies to:

AL, = —vdc (4.19)
6% fow Ly
As a matter of choice, a 10% ripple of the rated output current is desired, i.e.
AlLpay = 0.1 % I (4.20)
P2
=01%—— 4.21
AlL 0 = 0.1 % 3+ Voo ( )

The inverter-side filter inductance L, can now be determined using this value of maximum
ripple current in (4.21). The inductor resistance R, is selected arbitrarily, and this value is
adjusted until the desired response is obtained in the grid outputs.

The second inductor of the filter L, is selected as the total leakage reactance of the windings
of the step-up transformer connected in series with the filter. This value is usually 0.06pu;
hence, it is used as such in designing the filter. The typical leakage resistance is 0.02pu,
and this is used as well in determining the total resistance of the system.

The final component is the capacitor’'s damping resistor R, which attenuates part of the
ripple due to switching to avoid resonance. The selected value is considered as
approximately a third of the filter capacitor’s value, at the resonance frequency f,.,. The
resonance angular frequency (w,.) is given in (4.22) below with the limitation that 10f, <

fres < 0.5f5:

Li+1L,

(IJTES = Ll % L2 « _Cf (4.22)
Finally, the damping resistor is calculated below:
1
Rf (4.23)

B 3 * Wres * Cf
Following these steps, the LCL filter with a wye-capacitor configuration is designed and

connected at the output of the 2L-VSC. The final tested system parameters for the 2L-VSC
and its output filter are tabulated below:
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Parameter Description Value

Ve DC side voltage 400V
Vosc AC RMS line voltage 260V
P, Rated power 5kwW
fn Nominal grid frequency 60Hz
fsw PWM switching frequency 5kHz
Ly VSC output side inductor 8.5mH
L, Grid side inductor 2.2mH
Cs Filter capacitor 9uF
R Damping resistor 4.60Q

Table 4.5: 2L-VSC and filter parameters

4.3 Overall system

The Simulink simulation model of the entire power system is given in Figure B.11. It shows
all the system components presented earlier in the chapter. Also, the schematic of this
model given in Figure 1.1, Chapter 1 can be used as a reference.

As explained earlier, the storage devices (DC voltage sources) are connected to the DC
bus through corresponding 2-Quadrant bidirectional DC/DC converters. These converters
provide both boost and bidirectional capacities. The power electronic interfaces provide full
controllability for the HESS elements [106]. They act cooperatively to match the HESS's
output voltage to the DC bus voltage. A capacitor with an equivalent series resistance
(ESR) is connected across the DC bus to provide electrical inertia for keeping DC bus
voltage almost constant during a transient event [96]. The controlled current source, which
was acting as a variable load in the DC system, is now taken. The input ports of the 2L-
VSC are connected across the DC bus capacitor. This modification means the DC voltage
source acting as energy storage and the series resistor and inductor representative of the
converter passive components are removed from the standalone AC system model.

The transformer connected after the LCL filter described earlier steps up the converter’s
low voltage output to a higher voltage demanded by the AC grid. The resistive load and
three-phase AC source in swing mode (infinite busbar where nominal voltage, phase, and
frequency are defined) remain as the final components of the system.
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5 Control design

Coordination of the ES devices in the HESS can be categorised as passive [80], semi-active
[107], or active [108]. Active coordination is the most efficient since it eliminates the
mismatch between the ES terminal voltages and voltage at the system bus. Moreover, ES
output powers can be scheduled to ensure complete utilisation of power and energy
capacities. Hence, ES active coordination is used in the control of the HESS for this project.
The next task for HESS control is the decomposition of system net power.

Many HESS control algorithms implement a filter-based central control which sends the
system net power through low or high-pass filters in generating references for the different
ESs [109]. Literature from [110] defines system net power as the difference between load
consumption and power generation. It can be decomposed into high-frequency and low-
frequency components where the low-frequency component causes slow power variation,
and the high-frequency component results in power variation within short periods [111].
The ranges of these frequency components are dependent on the choice of the control
designer. Reference [113] uses a wavelet transform to decouple high frequency and low-
frequency components of net power demand to operate a hybrid battery-supercapacitor
system. Work done by [114] involves applying a model predictive control strategy to
desighate quick and slow changes in output current to a battery and supercapacitor HESS.
All strategies used by the literature above need to measure system net power accurately,
and a central controller is needed to generate the power reference for each ES based on
its operating range. However, this approach likely suffers from communication delays or
errors. Decentralised control can be adopted to improve system reliability and eliminate
the need for central controllers depend on communication links. In decentralised control,
each terminal makes an individual decision based on conditions or measurements in its
locality [115].

In this project, the response of both storage devices to a load demand variation is
incorporated in the control design. In explaining this further, a slow response time defines
operation at low bandwidth and vice versa for high bandwidth. For example, the
supercapacitor absorbs variations in the high-frequency range, giving it a higher bandwidth
of operation. This, on the other hand, is on account of its quick response time. Primarily,
the ES with high energy density offsets power mismatch during steady-state, and the ES
with high power density balances power mismatch during the transient period [112].

A schematic of the DC standalone system based on which the HESS control is designed
was presented in Figure 4.1 earlier. The HESS elements act as current-controlled voltage
sources connected with their corresponding DC/DC converters. The initial load resistance
is parametrised as R,. after which the resistance value can be changed by choosing
different current values to represent a change in demand. The implementation of
decentralised control strategies for both the DC and AC grid converter controllers is
described further in the subsequent subchapters.
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5.1 Bidirectional DC/DC converters

This subchapter describes the control design for the battery-supercapacitor HESS
converters in the standalone DC system. The DC/DC converters are required to keep the
DC bus voltage constant. Droop control is most commonly used in decentralised control of
storage converters in literature like [116] and [117]. According to the droop-based control
strategy, proportional power-sharing is only achieved during steady-state conditions, i.e.
power-scale control. At the output of the converter, a virtual resistance (also droop
coefficient) is seen from the relationship of classical voltage/current (V/I) or voltage/power
(V/P) characteristics used in the droop control scheme [96]. This scheme is expressed
mathematically as:

Voutr = Vref —R; * Iy (51)

Where V,,, and I,,, are the output voltage and current of the ith converter, V.., is the
nominal/reference bus voltage, and R; is the droop coefficient observed as a virtual
resistance at the DC bus. This virtual resistance (R;) is calculated in (5.2) where V,,,, and
Vinin @re the maximum and minimum allowed DC bus voltage variations and I,,,, is the
maximum allowed converter output current.

Vmax - Vmin
R =" —T% (5.2)

[max

In ensuring stable operation of the converter controllers, knowledge of the dynamic
characteristics and suitable feedback and compensation application must be possessed.

5.1.1 Control strategy

Regarding the variant dynamic nature of different storage technologies, proportional
power-sharing based on frequency ranges is recommended, i.e. time-scale control [95].
Employing this control strategy provides effective maintenance of DC bus voltage stability
during transient and unbalanced load conditions. It also ensures optimum power-sharing
between battery and supercapacitor or any other storage devices and guarantees an
overall better response to system changes compared to power-scale control. Continuous
control of the converter duty cycle ensures regulation of the DC bus voltage and well-timed
or reduced charging and discharging frequency of the battery and supercapacitor. Stresses
on the battery are therefore reduced, and its operational life is improved.

A general structure of the primary control method for a DC/DC converter is shown in Figure
5.1. This structure has been modified further in the design of the HESS control presented
in Figure 5.2. H; represents the inner current control loop and H, represents the outer
voltage control loop. V,..f is the reference voltage and I, is the inductor current reference
obtained from the action of the outer voltage loop PI controller. I, is the converter output
current and V, is the output voltage, both measured during the simulation. The other
parameters are as described in the earlier chapters.
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Figure 5.1: Primary control method of PI controllers [100]

The Simulink model of the DC/DC converter control used for this project based on the
control method presented above is shown in Figure B.2. The scheme is shown in Figure 5.2
below.

Voltage controller Battery current controller
ip. d
Vdc,rﬂf @_ HV ref Hfb - b
Vdc
isc,ref dge
Hisc ]

Supercapacitor current controller

Figure 5.2: HESS control scheme

In the control strategy adopted for this work, the supercapacitor compensates variations
due to fast transients, whereas the battery supports slow transients. The controllers are
therefore designed with different bandwidths based on this requirement. The instantaneous
grid voltage (v,.) is compared with the reference voltage (V,.) and the error is sent to an
outer voltage loop PI controller to generate the total reference current (I,.r). This current
is decoupled into battery and supercapacitor reference currents where the controllers act
on the average power component and the dynamic component, respectively. The inner
current loops control current injection into the system, and the outer voltage loop control
controls the terminal voltages of the converters. The inner loop PI controllers generate
duty cycles (d,) with which the average converters are controlled, regulating their output
voltage and current. Since average models of the DC converters are used, the DC/DC PWM
generator is not required.

State-of-Charge (SOC), though an essential factor, is not included in the control strategy
for this study because it is assumed that it remains within acceptable ranges throughout

the investigations carried out.

Based on information from [118], the boost mode (discharging) and buck mode (charging)
share the same transfer function; hence, it is possible to design a unified controller for
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both modes of operation. Therefore, during the control design process, one mode must be
chosen as a foundation, and the boost mode is selected considering the lower input storage
voltages.

Using boost converter equations, the rated duty cycles (D) for both storage devices are
computed using the expression in (5.3). The other parameters are the output voltage of
both ESS elements, i.e. the DC reference voltage (V,.) and their input voltages (V;). The
rated duty cycles of the battery and supercapacitor are given in (5.4) and (5.5),
respectively. Parameters with subscripts ‘b’ represent the battery, and those with subscript
‘sc’ represent the supercapacitor.

V:

= 5.3

Vdc 1=D ( )
%

Dy=1--2> (5.4)
Vdc
Ve

D =1-p (5.5)

Only the continuous conduction (CCM) mode of operation is considered in the design,
where there are only two states of the converter: ON and OFF, and current is continuous.

5.1.2 Model of PI controller

It is apparent from the review of literature that the PI controller is typically implemented
and has proven effective in converter applications relevant to this project. As will be seen
later, the dynamic model of a PI controller introduces a new state variable to the system;
hence, bringing feedback and output regulation.

Regarding Figure 5.3 below, a standard PI controller model mostly used in power
electronics control is described by (5.6) and (5.7) where y,. is the reference input of the
system, y is the output, u is the controller output, d is the decoupling term, and K, and K;

are the controller proportional and integral gains, respectively. The added state is y; where
the subscript ‘I’ represents different PI loops.

Yi=DYrer =Y (5.6)

u=Kp*(yref_y)+Ki*yl_d (5.7)
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Figure 5.3: Block diagram of standard PI control [100]

Using the block diagram above, (5.6) and (5.7) are expressed in the Laplace domain as:
v=(k +5\ e .. —v)-D (5.8)
- < D +?> * ( ref ) .

Generally, given that b is a parameter specific to a plant to be controlled, the plant can be
represented as:

H(s) =§ (5.9)
Given that the proportional and integral gains result in a PI controller given as:
G.(s) =Kp+% (5.10)
The characteristic closed-loop polynomial equation is [100]:

A(s) =s*+ K, *bxs+bx*K; (5.11)

Now, to find the expressions for the PI controller gains, (5.11) is equated to the standard
second-order equation s? + 2pw,s + w? where p is the damping ratio, which determines the
shape of the control response. w, determines the speed of response. The controller gains
are determined as:

2
K, = L2 (5.12)
b
K; =“’I;’2 (5.13)

The time constant of the controller system: T;(s) = i—p.

o

A damping coefficient (p) of 0.7 is selected for the design of the controllers—this value
yields good step response as well as well-damped oscillations.
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5.1.3 Bidirectional DC/DC converter control design

Implementing the PI controller model detailed above, the PI controllers for the BDC are
now designed. Equations describing the dynamics of the bidirectional converter have
already been presented in Chapter 4.1.2 and are presented again. The parameters have
the same descriptions as before. These equations apply to both the battery and
supercapacitor converters.

din —Th * in V;z Sn * Vgc
E- Lt L (5.14)
dvdczidc_sn*in (5 15)

dt Cac

The supercapacitor has a faster rate of charge and discharge, and the outer voltage PI
controller is tuned using its power stage parameters.

The PI controllers for the inner current control loops are tuned in the frequency domain
using bandwidths (which determines the speed of response of the energy storages). Using
a selected switching frequency (f;,,) of 10kHz and bandwidth of w,,, for the DC/DC converter
PWM, the bandwidth for the supercapacitor inner current loop (wo,.) is chosen lower than
ws, by order of 6 (ni,.) [119]. In diverting every fast-changing transient to only the
capacitor, the battery current control loop is limited to a relatively smaller bandwidth (wo,)
lower than w,, by an order of 10 (ni,). Primarily, the voltage control loop is much slower
compared to the current control loops, and to maintain stability during controller operation,
a bandwidth (wo,) lower than that of the PWM switching by order of 20 (nv) is maintained.
The entire controller design process is detailed in MATLAB script A.1.

Wsy = 2 ¥ T * fo (5.16)
wSW
wop = (5.17)
w
WO = —= (5.18)
SC
w
wo, = —= (5.19)

To maintain the stability of the converter, it must always operate within ranges less than
the right hand-plane zero frequency given in (5.20). This frequency is dependent on the
supercapacitor power stage [86].

(1 - Dsc)2 * Rdc
2m * L,

(5.20)

frupz =

Wrppz = 2 * T * frupz (5.21)

D,. and L., are the rated duty cycle and the converter inductance of the supercapacitor
computed earlier in the modelling tasks of Chapter 4.
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Based on the PI model developed in the previous section and the above design
considerations, the current controllers and voltage controller for the HESS are designed.
The general current controller is designed using the following equations, where n
represents each storage element.

Kpn = 2pwonLy (5.22)

Ki, = wZ,Ly, (5.23)

The voltage controller is designed to regulate the DC bus voltage:

va = provcdc (524)

Kiv = wngdC (5.25)

As has been explained, the voltage controller bandwidth is expected to be lower than that
of both current control loops, i.e. w,, < w,,, and specifically for this controller design: w,, <

Wop < Wosc < WRHpPZ -

The equations presented above are used in the MATLAB script A.1 to calculate the controller
parameters (gains). The results are presented in Table 5.1 below:

Parameter Symbol Value
Switching frequency fow 10kHz
Switching angular frequency Wsw 62.8krad/s
Battery current loop bandwidth Wop 6.28krad/s
Supercapacitor current loop bandwidth Wose 10.47krad/s
Voltage loop bandwidth Woy 3.14krad/s
Battery current controller proportional gain Kyp 1.76
Battery current controller integral gain K;, 7895.7
Supercapacitor current controller proportional gain Kpse 3.44
Supercapacitor current controller integral gain Kisc 25702
Voltage controller proportional gain Kpy 11

Voltage controller integral gain K, 12337
Right hand zero frequency frupz 8.49kHz
Right hand zero bandwidth WrHPZ 53.33krad/s

Table 5.1: DC converter controller parameters
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5.1.4 Verification of bidirectional converter

In this chapter, the bidirectional converters and their controllers are verified. This
verification is done separately for the battery and the supercapacitor. The purpose of this
verification is to ensure that the designed DC/DC converter can follow a step change
closely, bidirectional power flow, and works as desired in maintaining DC bus voltage.

Figures B.4 and B.5 are the standalone simulation models for the connection of battery
and supercapacitor to the DC grid, respectively. These models are used in carrying out the
verification simulations to determine the feasibility of the converters and their control.
Three cases are simulated for this task: a step increase and a step decrease in load demand
to investigate boost/discharging capability, and a negative step decrease in load demand
to determine buck/charging capability of the converter.

5.1.4.1 Step increase in load demand

For a step increase in load demand from the rated value (I,.) of 12.5A to 15A, changes in
the converter output current and DC bus voltage are observed for the battery and
supercapacitor converters. It is observed that the converter output currents for both
energy storages follow the load demand as required. This ensures that the DC bus voltage
is returned to normal after dropping initially due to the increase in demand. The difference
observed between the reference and measured DC bus voltages is due to the less robust
nature of the PI controllers designed. It is ascertained that the bidirectional converter
model increases output current proportionally with the load demand. The results of this
simulation are presented in Figures 5.4 and 5.5 for the battery and supercapacitor,
respectively.

5.1.4.2 Step decrease in load demand

In simulating a step decrease in load demand from the rated value (I,.) of 12.5A to 10A,
changes in converter output current and DC bus voltage are also observed for the battery
and supercapacitor converters. The converter output currents for both energy storage
converters decrease proportionally with load demand. The DC bus voltage is therefore
restored within milliseconds after transient rise due to a drop in demand. The simulation
results for the tests are presented in Figures 5.6 and 5.7.
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Figure 5.4: Step increase in load demand (a) Battery converter output current and (b) DC
bus voltage
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17 Converter output current

Converter output current
== | oad current

16 T

14

Current [A]

13

12 T

11 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time [s]

(a)

460 . DCI bus volt?ge

Measured DC bus voltage

== Reference DC bus voltage

401

400

399

Voltage [V]

398 .

397 f 7

396 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time [s]

(b)
Figure 5.5: Step increase in load demand (a) Supercapacitor converter output current and
(b) DC bus voltage
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Figure 5.6: Step decrease in load demand (a) Battery converter output current and (b) DC
bus voltage
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Figure 5.7: Step decrease in load demand (a) Supercapacitor converter output current and
(b) DC bus voltage
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5.1.4.3 Negative load current

Finally, a negative load current is applied to verify the charging capability of the DC/DC
converter, and only the battery standalone system is used for this verification. The
supercapacitor converter is expected to give similar results with little difference. It is
expected that converter output current reverses to follow the load current, and this in
effect should restore bus voltage after it rises suddenly. In Figure 5.8 below, the
bidirectional capability of the converter is verified when output current reverses to -5A to
follow load demand.

It is observed that the measured DC bus voltage is not precisely equal to the reference
voltage of 400V. Both converters of the battery and supercapacitor, when implemented
individually, output a steady-state DC voltage of 399.9V. This little difference observed can
be explained to be due to the controller design, which is not completely robust. This
difference can also be as a result of voltage drops across small passive elements in the
converters and the system. The converter PI controller design is based on a generalised
model of a bidirectional DC converter, where controller gains are calculated only based on
the following: switching bandwidth, DC bus capacitance, and converter inductance.

Implementing a technique such as small-signal modelling, non-idealities of the converter
are incorporated. PI controllers designed using this method are tuned based on the control
to inductor current and inductor current to output voltage transfer functions; hence, it is
likely to produce more robust controllers and better output response. However, that is not
the focus of this project, and since the controllers function appropriately to give the DC
bus voltage with little to no steady-state error, they suffice for the simulation model.
Moreover, it will be observed later that the HESS gives an output voltage of 400V equal to
the reference at steady state, also proving the objective of the project to show how HESS
implementation has more advantages over single energy storage.
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Figure 5.8: Negative load demand (a) Battery converter output current and (b) DC bus
voltage

5.2 2L-VSC

This subchapter focuses on the control structure, modelling, and tuning of the two-level
VSC used in the AC system. A schematic of the AC system based on which the modelling
and verification of the 3-phase grid converter are carried out is presented in Chapter 4,
Figure 4.6. The HESS elements and their DC/DC converters are modelled as an equivalent
DC voltage source in series with a converter inductance and its resistor. This choice is
made since the hybrid energy storage system (HESS) acts in regulating the DC bus voltage
at a constant voltage. A resistive load is located at the output of the step-up transformer.
A change in load demand is simulated by changing the active power setpoint (P*) to vary
current drawn by the 2L-VSC from the DC source. Since the HESS connected to the DC
bus has elements which charge and discharge, the 2L-VSC must be capable of bidirectional
power flow.

In the analysis of the AC system, basic equations have been developed based on analysis
using Kirchhoff’s Voltage Law (KVL) by [120] to describe the behaviour of the system. A
general equation relating the phase voltages and currents is given below:

di
Vape = R *igpc + L da:C + Vabc,conv (526)

Where Ve, igpe, @and Vapecony @re the 3-phase voltage and current, and the DC converter
input voltage, respectively. R and L are the total resistance and inductance of the series
LCL filter at the output of the converter.
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With the application of Clarke and Park’s transformations detailed in Table C.1, Appendix
C, (5.26) can be expressed in the dg-frame rotating at an angular frequency w. These are
given as:

di

Ld—fz —R % ig + ®Lig — Vg cony + Va4 (5.27)
di, _ _
T —Rxig—wlig —Vycony +V (5.28)

Where i, , and v, , are the dg components of the 3-phase current and voltage, respectively.
Referring to (1.2) and using the same descriptions for the variables and parameters:

lge = Cdc? + i10aa (529)

The 2L-VSC system used here is a grid-imposed frequency class because the three-phase
AC source connected after load uses a swing mode of operation, making it act like a stiff
grid. The operating frequency is, therefore dictated by the AC source and remains almost
constant throughout the simulations carried out. The only changes observed in system
frequency are during step changes in load demand.

Optimisation of compensators for a current-controlled VSC is quite tricky because the
variables are sinusoidal functions of time. The closed-loop control system is associated
with a sufficiently large bandwidth to ensure appropriate elimination of steady-state errors
and effective disturbance rejection [103].

The 2L-VSC implements a decoupled PQ control where active power and reactive power
setpoints are provided. Decoupled PQ control delivers constant active and reactive power
based on a desired power factor. The 2L-VSC control strategy to be used is based on field-
oriented vector control [121]. This is similar to the vector control method of voltage source
inverters (VSIs) connected to induction motors using field-oriented control (FOC) and
implementing the abc to dg-transformation or Park transformation. In FOC of induction
motors, the instantaneous stator current is decomposed into flux and torque-producing
currents. Either the rotor or stator flux linkage can be selected as the reference frame. The
idea behind FOC is assuming that an induction motor is current-controlled [122]. The Park
transform converts three-phase time domain components in the abc-reference frame to
rotating components in the direct, quadrature, and zero, dq0-rotating reference frame.
Assuming that the system for this project is balanced, the 0 component is always set at
zero. The final coordinate system, therefore, consists of two dimensions, d and q.

The setpoints used in computing the reference currents can be defined by a local grid
controller or a microgrid central controller (MCC). Considering the objective of investigating
system variations during transients, there is no need for a central controller or energy
management system (EMS) for this project. Power is injected or absorbed by the converter
based on gating signals sent by the controller [29]. Control is achieved in the synchronous
rotating dq0-reference frame [123], as mentioned earlier in Chapter 4. Figure 5.9 below
presents a schematic of the control process of the 3-phase voltage source converter
controller used in this project.
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Figure 5.9: Schematic of the VSC control process using vector control

This schematic is further detailed in [124] where a typical control structure of a VSC is
given, see Figure 5.10. In this project, the active power and reactive power controllers
represent the outer control loop in the standalone AC system.
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Figure 5.10: Control structure of VSC [124]

The measured three-phase grid voltage and current are converted using the Park
Transform into direct and quadrature voltage and current components vy, (v4 and v,) and
iaq (ig and i;) respectively to be implemented in the converter controllers. The PLL is a
control system which ensures that the phase of the output signal is relative to that of the
converted input, i.e. it provides the reference angle for the transformation. Considering an
a-phase to d-axis alignment, the Park transformation is given in (5.30) where the
d component of the load voltage is set to the desired peak value, and the ¢ component is
fixed at zero.
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2 2
cos (f) cos (0 — ?) cos (6 + ?)
a 2| _ 21 _ 2 |[%
q| = 3|-sin (6) —sin (0 — ?) —sin (6 + ?) b (5.30)
0 1 1 1 ¢
2 2 2

The conversion from abc to dq0 components of the measured grid voltage and current and
the implementation of the PLL are modelled in the ‘PLL & Measurements’ subsystem of the
VSC’s main controller as shown in Figure B.7.

The converter controller parameters, as will be seen in the upcoming subchapters, are
tuned to maintain a trade-off between stability and response speed for small disturbances
and robustness to withstand larger disturbances [125]. The parameters of the control loops
are carefully selected to consider a range of operating conditions. The tuning rules which
have been applied account for non-ideal operating conditions and try to mitigate them.

The simulation model components use SI units, whereas the control parameters are
modelled in the per-unit (pu) system, to facilitate scalability. The following system base
values are used in the calculation of the pu values of the controller parameters. The details
of these computations can be referred to from the MATLAB script A.2.

vvaC

wb =2x*mx*fb (5.32)
=2 (5.33)
wb
1
= 5.34
¢b zb * wb ( )
Vbge = 2 * Vb, (5.35)
3
ibg. = i ibyse (5.36)
_ Ubg,
zbg, by, (5.37)
3
dec=§*Cb (5-38)

The known parameters in SI units are changed to pu, following the determination of the
AC and DC base values, for use in the controller designs. For the pu series filter resistances
and inductances (R,, R,, L{, L;) required in the inner current control loop:

_Ri+R,

Ry == (5.39)
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Li+L
Ltpy =~ (5.40)

The DC-side capacitance in pu is given as:

Cdc

Cdc,pu = dec (541)

Hence, the decoupled control equation expressed in pu:

Lpy
<js + Rpu) * Lag pu(8) = Vagpu(S) (5.42)

Finally, the equation of the DC bus dynamics from (5.29) in pu:
1 dvy,

wp * Cyepy dt

(5.43)

ldc,pu - lload,pu =

5.2.1 Outer control loop

As mentioned earlier, computations carried out in the AC grid controllers are in per unit
(pu) while the power system quantities are in SI-units.

As can be seen from Figure 5.10, the outer controller regulates either DC voltage or active
power. The VSC outer controller designed for this project’s simulation model controls the
active power to follow a given active power setpoint. This scheme generates the reference
current id* sent to the inner current control loop. The AC voltage or reactive power is
controlled to generate the reference current iq*, but iq* is set to zero. The objective is to
supply only active power to a resistive load in the AC grid. A block diagram of the controller
is shown in Figure 5.11 below. This diagram is used since the same principle is applied in
the control of output active power to give the reference d current.

d,pu *
Il_..pu IL,'pu
dc,pu
Approximated
P| controller current controller
* ¢ .
= K T Kiv,pu Id 1. Vd,pu Idc.pu Ic,pu wp * C’pu Vie
dc wp * Cpy

pv.pu s 1+ 5T Vo =

Vs | V J

System

Figure 5.11: Block diagram of the outer voltage controller [125]

A feedforward reference is included in the forward loop. Adding this reference improves
the speed of response since a cascaded control strategy such as that of the VSC is likely
to slow down response speed. Since the inner control loop is faster than the outer voltage
loop, its second-order closed-loop transfer function is approximated by a first-order
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transfer function whose time constant is given by T, = 2 « T,.. T, is equivalent time constant
obtained from the first-order approximation of the current control loop and T, is the delay
associated with PWM switching. This equivalent time constant is determined by equating
error functions of the two transfer functions.

The outer grid controller regulates active and reactive power injection into the grid by
generating the dg-axes current commands, id* and iq*. Generation of these reference
currents signifies the implementation of dg-transformation to independently control the
active and reactive components of AC output power.

The input measured dq0 voltage and current components (vdq0 and idg0) are used in
computing the three-phase instantaneous active and reactive powers (P and Q) and
compares them with selected fixed power setpoints P* and Q*, where Q* is set to O.
Referring to (4.12) and (4.13) from Chapter 4:

3
Pac = E(vd *ig + Vg *ig) (5.44)

3
Qac = E(Uq *lg — Vg * iq) (5.45)

Given that the zero components are equal to zero, they are not considered in the equations.
These equations explain how independent control of i; and i, gives subsequent control of
output powers P and Q.

5.2.1.1 Symmetrical optimum

It is demonstrated in the next subchapter that the modulus optimum criteria are used in
the tuning of the controllers for a system having a dominant time constant and a minor
one. However, with a pole near the origin or at the origin, pole shifting does not change
the situation considerably. In the open-loop transfer function of the outer voltage
controller, it already has two poles in the origin, see (5.46). The other alternative to tuning
its controllers is known as the symmetrical optimum. With this method, the frequency
response of the system is forced to low frequencies as much as possible. Hence, giving the
advantage of maximising the phase margin. As the phase margin is maximised at a given
frequency, the system tolerates more delays, and this is beneficial for systems with delays.
This method optimises system behaviour with respect to disturbance inputs and maintains
stability.

In Figure 5.11 above, the system transfer function without considering the feed-forward
and disturbance input is given by:

(5.46)

1 T; 1 % C
Gyor = Kpvpy, * ( *s m) * < dpu “p ¥ pu)

*
T; 1+ 5T, \Vacpu s

. . . vd 1
Two new gain terms can be introduced, i.e. K =—Fand T, =
Vdepy Wp*Cpy

. Hence, the open-loop

transfer function can be simplified to:
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G K (1 + sTl-,,) K ( 1 )
= * * *
v,0l PVpy T, T+ 5T, \s+T, (5.47)

The tuning procedure of the symmetrical optimum is based on two Nyquist criteria [125]
given by equations (5.48) and (5.49) below where ¢,, is phase angle.

|Gv,ol(jw)| = 1 (5.48)
AGv,ol(]'a)) =—180 + ¢y (5.49)

Differentiation of the angle criterion given in (5.49) with respect to w, gives the open-loop
frequency characteristic of the controlled system a maximum phase margin at the
crossover frequency wy, i.e.

1

(OF] zm (550)

With this condition, the time constant of the controller T;, is found as

1+ singy
T _Teq*<1—sin¢M> (5.51)
The determined crossover frequency w, is symmetrical about 1/T;, and 1/T,,. Based on this
observed symmetrical property, given that a is the distance between 1/T;, and w and 1/T,,

and w:
Ty = a’ * Teq (5.52)

Therefore, from the magnitude condition in (5.48), the proportional gain of the PI controller
can be determined as:

. T
KTy * T,y a*KxTy

Kpvy, = (5.53)

Having found the PI controller gains, the compensated open-loop and closed-loop transfer
functions are given as:

c 3 1 14+a®*s%T,, -
v“’l(s)_a3*sz*T§q* 1+5%T,, (5.54)

2
14+ a”*s*Ty
1+a?+Tyq*xs+a®*TE s> +a®xs3+Tg

Gya(s) = (5.55)

The base values and other fundamental parameters are given below. Computation of the
remaining parameters, which are applied in determining the controller parameters, is
detailed in the MATLAB script A.2.
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Parameter Description Value

sb Base apparent power 5kVA

Vbg,iq Grid-side base voltage 520V

vb,. VSC-side base voltage 260V

fb Base frequency 60Hz

wb Base angular frequency 376.99rad/s
fsw Switching frequency 5kHz

T, Delay due to switching 0.3ms

Teq Equivalent time constant of the inner control loop | 0.6ms

Kp, Outer loop controller proportional gain 7.67

Ki, Outer loop controller integral gain 2129.4

Table 5.2: System parameters

5.2.2 Inner control loop

A block diagram of the inner current control loop is shown in Figure 5.12. Reference can
be made to Figure 5.10 as a representation of the controller process to be described. The
current controller is responsible for ensuring that the output current tracks the current
reference received from the outer grid controller. The PLL takes the grid voltage as input
and calculates the rotating phase angle (8) with which the converter voltage (ug,) and the

grid voltage are synchronised at the point of interconnection (POI).

Pl controller PWM converter System
| Vaq K; 1 1
5 @ Kipu | B o{—. o I
Kpput - 1+ sT, Rpy 1+ 51y, =

Figure 5.12: Block diagram of the inner control loop [125]

The conversion of the currents in the dg-frame using the ‘abc/dq’ block, with 6 as input,
generates DC signals under balanced conditions and full synchronisation, i.e. dq0 currents.
The dq voltage components (ug, uz) sent to the PWM converter are generated from the
processing of the difference/error from comparing the measured and reference currents,
iaq @nd iz, by a PI controller. The PWM converter converts the voltage to gating signals for
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switching the converter. The PI controller is tuned using the modulus optimum criterion to
achieve zero steady-state error and maintain the robustness of the closed-loop system.
Figure B.9 shows the simulation model used for the inner current controller. As expected,
it is evident that transformation into the dg-frame creates a model which is coupled
because of the cross-coupling terms wLid and wLiq. With decoupled control of i; and i,
being the objective, these terms are eliminated using feed-forward terms. It is useful to
note that an average voltage reference (U-ref) controlled VSC converter is used in the
simulation model; hence no PWM block is implemented. However, digital PWM is assumed.

Non-linearities are mostly neglected during the tuning of the PI controllers. Tuning is
carried out using criteria adopted for electric drives [126]. With a scheme involving cascade
controllers, control speed is expected to increase towards the inner loop. It is expected
that this inner loop is designed to be faster than the outer loop whose controller design
has been discussed earlier. The outer loop, on the other hand, is designed for optimum
regulation and stability. The inner current control loop is tuned according to the modulus
optimum criterion to achieve a quick and straightforward response.

5.2.2.1 Modulus optimum

Modulus optimum (or absolute value optimum criterion) is usually used in tuning the
conventional analogue controller of a low-order plant without a time delay. For a controlled
system with a dominant time constant and a minor time constant, the control system’s
standard transfer function is obtained by cancelling out the larger time constant. Also, it is
ensured that the closed-loop gain is higher than unity for high frequencies as much as
possible [125]. The current controller’s open-loop transfer function is given as:

1+7¢> 1 1

1
Ge,ol = K ( S -
GO P T ) T4 Tys Rpy 1+ 5Ty

(5.56)

Referring to the equations above, Kp,, and Kpi,, are the proportional and integral gains of
the PI controller, respectively. T; is the PI controller’s time constant and 7, is the system’s
per unit time constant. With digital pulse-width modulation assumed for this project, T, is
the delay caused by the switching of the power converters. It is calculated based on the
switching frequency (f,,) of the converter as:

T,=15%T,, = (5.57)

fow
Based on the modulus optimum criteria, the parameters for the controller are determined
as follows:

Lty

T; =Tpu=m (5.58)

Tpu * Rtpy Lty
2xT,  wp*2*T,

Kppy = (5.59)
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Kppu Rty
Kiy, = = .
bu =~ =5 (5.60)

The resulting open-loop and closed-loop transfer functions of the system with the controller
implemented are:

1 1
Gi,Olzz*Ta*S(l_l_S*Ta) (5-61)
G = 1
e = (5.62)
Gi,ol
1
Gic = (5.63)

2x52xT2+2xs*T, +1

The final system has a natural frequency w, = 1/T,v/2 and damping factor ¢{ = 1/4/2. This
method is based on simplifying by pole cancellation and optimising the system to an
absolute value of 1. The system response always corresponds with the values for w, and ¢
above. The system can, however, be tuned further to the desired crossover frequency by
choosing a total constant gain term from open-loop transfer function to be equal to the
desired crossover frequency. The corner frequency is chosen such that it is one or two
orders smaller than the switching frequency to avoid interference from switching noise.

5.2.3 Application of tuning methods

For the simulation model of the standalone AC system which has been designed, the
following filter parameters in pu have been obtained (total filter inductance, DC bus
capacitance, and total filter resistance): Lt,, = 0.30, C4.,y, = 4.25, and Rt,, = 0.0094. The
nominal angular frequency (wb) is 377rad/s. With these parameters, the tuning methods
of symmetrical optimum and modulus optimum are used in tuning the controllers. The
switching frequency (f,,) is 5kHz as mentioned before. The average time delay (T,) is

therefore ;—5

sw

5.2.3.1 Tuning of the voltage controller using symmetrical optimum

At steady-state, Vycpy, = Vapu = 1; Where V. and V,; are the DC bus voltage and d component
of the VSC output voltage, respectively. Choosing a = 3, the symmetrical optimum method
is used to tune the outer voltage PI controller parameters. The controller gains Kpv,, and
Kiv,, are therefore computed as 7.67 and 2129.4, respectively.

The bode plot of the open-loop transfer function of the outer voltage controller presented

in Figure 5.13 shows a stable operating limit with a maximum phase margin of 53.1°. This
value occurs at a frequency in rad/s of 556.
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Bode Diagram
Gm = -Inf dB (at 0 rad/s), Pm = 53.1 deg (at 556 rad/s)
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Figure 5.13: Open-loop bode plot of voltage controller transfer function

The controller’s step response is shown below. The step response characteristics are a
maximum overshoot of 9.49%, a maximum overshoot time of 0.01s, and a settling time
of 0.018s.

5.2.3.2 Tuning of the current controller using modulus optimum

Using the modulus optimum criteria, the controller gains obtained are a controller gain
(Kpy,) of 1.31 and an integral time constant (7;) of 0.084. The controller’s open-loop
transfer function shown in the figure below has a phase margin of 65.5° and an infinite
gain margin, giving a stable system, see Figure 5.15. The gain margin occurs at a frequency
in rad/s of 1.52k.
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Figure 5.14: Step response of the voltage controller

Bode Diagram
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Figure 5.15: Open-loop bode plot of the inner current controller

The step response of the closed-loop transfer function of the inner current controller is
presented below. The step response characteristics are a maximum overshoot of 4.32%,
a maximum overshoot time of 0.0019s, and a settling time of 0.0025s.
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Figure 5.16: Step response of the current controller

5.2.4 Verification of 2L-VSC

Now that the two tuning methods have been applied, it is confirmed that the VSC
controllers operate within stable regions. The converter’s operation in the AC standalone
system is verified. As stated earlier, an active power setpoint of 5kW is provided in the
outer voltage controller. It is based on this setpoint that the inner current controller current
reference is generated.

According to Figure 5.17 (a), the VSC output power follows the reference as is expected
with no steady-state error. With a short settling time, the controller is expected to respond
to system changes quickly and restore output power within a short time. This observation
verifies that the outer voltage loop controller is functioning effectively in giving an accurate
current reference to the inner loop. The three-phase voltages and currents are also close
to the rated phase-to-phase rated values of the grid. The slight difference from the rated
values can be explained to be due to voltage drops in passive elements of the grid.

Since a resistive 3kW load is connected in the AC grid, it is expected that reactive power
goes to 0, and this is observed in output grid reactive power. This result corresponds to
Figure 5.17 (d), where the dq currents are found to be stable and reach steady state within
a short period. i, goes to zero, following the current reference given to the inner current

controller. i, is expected to be proportional to output active power supplied to the grid.

In summary, the 2L-VSC is verified to be functioning to a desirable level based on the
design requirements provided.
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6 Comparative study of energy storage

This chapter is a culmination of all the work done throughout this project. It investigates
the contribution of hybrid storage to improving voltage stability at the DC bus as compared
to a single energy storage system (battery). It is assumed that the performance of the
HESS compared with the supercapacitor under the same conditions, produces similar
simulation results. Hence the decision to compare the performance only with a battery.

The first performance criterion used in the analyses is load-transient recovery time. This is
defined as the time taken for the output voltage, i.e. DC bus voltage, to return and remain
within the recovery/settling band (measured in millivolts and volts) around its
nominal/steady-state value after a step change in load current. An adequate recovery band
to investigate how energy storage improves grid resiliency is 0.25% (=1V) at the nominal
DC bus voltage of 400V, for this project. Hence, in the analysis of results, transient
recovery time is measured from when the load current step occurs (t=0.5s) until the point
where output voltage falls within a settling band +/-1V of 400V (i.e. 399V to 401V).

The second performance criterion used in the analyses is the magnitude of voltage
deviation from nominal at the onset of the load current transient. A first step in controlling
the magnitude of the DC bus voltage deviation was implemented in Chapter 5 in the design
of the bidirectional converter control. The controllers were designed with a maximum
voltage deviation (e,) of 4% (=+/-16V) of nominal DC bus voltage, see MATLAB script A.1.
This design limit gives a range of voltage deviation from 384V to 416V. It is observed in
the following simulation results that this requirement is fulfilled. In all simulations
performed there is no variation of DC bus voltage beyond the maximum deviation limit for
the simulated load demands. With this first requirement fulfilled, analysis carried out in
this chapter pertinent to voltage magnitude deviation further determines by how much the
HESS mitigates voltage deviation relative to a battery.

These two criteria mentioned above suffice to make a complete performance evaluation of
energy storage for this project. It is crucial to mitigate voltage deviation as much as
possible to avoid the unplanned operation of protection equipment or the damaging system
components. Power electronic converters sensitive to high voltage variations can also
disconnect the interfacing equipment. Reducing transient recovery time ensures that
regular system operation continues within milliseconds of a system transient occurring.
Regarding low voltage ride through requirements, the time required for active components
to remain connected until the rated operation is restored is reduced.

Based on discussions in previous chapters, it is decided that the DC bus voltage is the
system variable of focus for the simulations to be carried out. However, the converter
output currents are presented as well to give an idea of their influence on the voltage
variations. So far, converters used in both DC and AC standalone systems have been
verified to ensure that they operate effectively. The bidirectional DC converters in the DC
system are designed with controllers capable of charging and discharging energy storage
and principally, regulating DC bus voltage around its nominal value. The supercapacitor
storage current controller is given a higher bandwidth of operation, making it absorb high-
frequency oscillations following a transient. The battery, on the other hand, has a relatively
lower bandwidth of operation; hence it absorbs the low-frequency oscillations and responds
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slower than the supercapacitor. The two-level VSC is modelled with suitable controllers as
well to ensure output power delivered to the grid follows a given active power setpoint. Its
outer and inner control loops were modelled using the symmetrical optimum and modulus
optimum methods, respectively. Eventually, the verification of the VSC shows that it
supplies rated active and reactive power to the load and other components of the system.
It keeps the reactive power or ¢ component of the output current at zero.

The two study cases are a step increase in load demand and a step decrease in load
demand. Outputs of simulations are presented and analysed. The effects of passive
elements in the DC system on the performance of the energy storage outputs are expected
to be different from those caused by AC system components. Therefore, case studies are
made for two scenarios: connection in a standalone DC system and connection in a hybrid
(DC/AC) system. This way, performances of both storages can be compared for situations
when additional non-idealities are present. This is also to investigate the effects of the
generation of pulses in the DC bus current when the 2L-VSC draws current. Such pulses
have quick edge rates so impose larger transients on the DC bus. Hence, studying both
systems gives a better idea of the effects of these additional transients on the energy
storage output characteristics. The DC system simulation models used for the battery and
HESS are given in Figures B.4 and B.1, respectively. The hybrid system simulation models
with battery and HESS are given in Figures B.10 and B.11, respectively.

In carrying out the selected simulations, some system parameters are modified to maintain
the stability of the system and give suitable outputs, see MATLAB script A.3. For instance,
in the standalone DC system, the DC bus capacitance is increased from its calculated
minimum value by a factor of 8 to increase the inertia of the DC bus voltage to withstand
transients. However, when this capacitance is used the full system model, it introduces
noise in system variables like the d-current and output active power. Hence, a smaller
value is chosen for the DC bus capacitance. A change is also made in the power setpoint
(P*) for the 2L-VSC when running simulations of the full system. Using the same base
apparent power (S,) of 5kVA, the power setpoint for carrying out the simulations for this
chapter is set to 2.5kVA.

Finally, the methods used in simulating load demand are explained here. For the DC system
simulations, a step increase in load demand is simulated by changing the DC load current
(I4.) from its rated value of 12.5A to 15A at t=0.5s. Similarly, a step decrease in load
demand is simulated using a change in ;. from 12.5A to 10A. In the full DC/AC system,
the change in demand is set using a step change in the VSC power setpoint in its outer
controller. For a step increase in load demand, P* is changed from 2.5kW to 3kW. For a
step decrease in load demand, it is changed from 2.5kW to 2kW. The use of lower step
changes in power setpoint is to avoid the generation of excessive starting transient pulses
by the VSC. It is observed that the steps in load current using these setpoints are not as
large as in the DC system simulations; however, the objective of determining and analysing
the voltage magnitude deviation and recovery time is achieved. The total simulation time
is all the cases is t = 1s.

After a simulation result is presented for battery and HESS for a given scenario, an analysis
is made directly after to facilitate referral to the simulation results. All humerical results
provided in the analyses are determined in the Simulink scopes using measurement tools
available.
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6.1 Step increase in load demand
6.1.1 Connection to DC grid
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Figure 6.1: (a) Battery (b) HESS
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The results presented above in Figure 6.1 show the responses of the two energy storages
during a step increase in load demand in the DC system. A sudden increase in load demand
results in an immediate proportional decrease in DC bus voltage.

In the battery response of Figure 6.1(a), following a load transient at t=0.5s, the DC bus
voltage returns to the settling band at approximately ¢t=0.512s. This period gives a load
transient recovery time of 0.012 seconds. The magnitude of the voltage at the instant of
the load change is 398.3V—giving a voltage deviation of 0.425%.

For the HESS response, on the other hand, in Figure 6.1(b), following a load transient at
t=0.5s, the DC bus voltage returns to the settling band at t=0.506s. This gives a transient
recovery time of about 0.006 seconds. The magnitude of the voltage at the instant of the
load change is 398.7V—representing a deviation of 0.325%.

The overshoot of output converter current of the HESS is lower than that of the battery by
a small margin.

6.1.2 Connection to 2L-VSC and AC grid

DC bus voltage
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Figure 6.2: (a) Battery (b) HESS

The results presented above in Figure 6.2 above show the responses of the two energy
storages during a step increase in load demand when connected to the full DC/AC system.
Once again, a sudden increase in load demand results in a proportional decrease in DC bus
voltage before it is restored.

In the battery response of Figure 6.2(a), following a load transient at t=0.5s, the DC bus
voltage returns to the settling band at t=0.575s. This gives a relatively higher transient
recovery time of 0.075 seconds as compared to the recovery time in the DC system. The
magnitude of the voltage at the instant the load demand increases is 386.3V—giving a
deviation of 3.43%.

For the HESS response in Figure 6.1(b), following a load transient at t=0.5s, the DC bus
voltage returns to the settling band at t=0.527s. This gives a transient recovery time of
0.027 seconds, also relatively higher than that in the DC system. The magnitude of the
voltage at the instant of the load change is 388V—giving a deviation of 3%.
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6.2 Step decrease in load demand

6.2.1 Connection to DC grid
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Figure 6.3: (a) Battery (b) HESS
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The results in Figure 6.3 are the responses of the two energy storages during a step
decrease in load demand for the DC system. A sudden decrease in load demand results in
a proportional increase in DC bus voltage.

In the battery response of Figure 6.3(a), following a load transient at t=0.5s, the DC bus
voltage returns to the settling band at t=0.514s. This gives a transient recovery time of
0.014 seconds, higher than the step recovery time for the step increase. The magnitude
of the increased voltage at the instant of the load reduction is 401.6V—giving a deviation
of 0.4%.

For the HESS response, on the other hand, in Figure 6.3(b), following a load transient at
t=0.5s, the DC bus voltage returns to the settling band at t=0.504s. This gives a transient
recovery time of 0.004 seconds. The magnitude of the voltage at the instant of the load

change is 401.2V—giving a deviation of 0.3%.

Again, the overshoot of the HESS converter output current is observed to be lower than
that of the battery converter.

6.2.2 Connection to 2L-VSC and AC grid
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Figure 6.4: (a) Battery (b) HESS

Figure 6.4 above shows the responses of the two energy storages during a step decrease
in load demand for the full system. A sudden decrease in load demand results in a
proportional increase in DC bus voltage.

In the battery response of Figure 6.4(a), following a load transient at t=0.5s, the DC bus
voltage returns to the settling band at t=0.547s. This gives a transient recovery time of
0.047 seconds. The magnitude of the increased voltage at the instant of the load reduction
is 410.47V—showing a deviation of 2.62%.

For the HESS response in Figure 6.4(b), following a load transient at t=0.5s, the DC bus
voltage returns to the settling band at t=0.520s. This gives a transient recovery time of

0.02 seconds. The magnitude of the voltage at the instant of the load change is 409.1V—
giving a deviation of 2.28%.
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6.3 Summary and discussion

6.3.1 DC system simulations

Step increase in load demand

Battery HESS
Transient recovery time[s] 0.012 0.006
Deviation [%] 0.425 0.325

Step decrease in load demand

Battery HESS
Transient recovery time[s] 0.014 0.004
Deviation [%] 0.4 0.3

Table 6.1: Comparison of energy storage responses for (a) Load increase (b) Load
decrease in the DC system

6.3.2 Full DC/AC system simulations

Step increase in load demand

Battery HESS
Transient recovery time[s] 0.075 0.027
Deviation [%] 3.43 3

Step decrease in load demand

Battery HESS
Transient recovery time[s] 0.047 0.02
Deviation [%] 2.62 2.28

Table 6.2: Comparison of energy storage responses for (a) Load increase (b) Load
decrease in the DC/AC hybrid system

The results obtained from the simulations have been analysed and tabulated in Tables 6.1
and 6.2 above. In both scenarios, it is observed that the grids with hybrid storage as a DC
source are more resilient. They have shorter recovery times making their DC bus voltages
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return to the steady-state faster, and their magnitudes of voltage deviation are relatively
low. It is concluded that the hybrid energy storage restores the DC bus voltage to nominal
within a period shorter than single energy storage.

As expected in the hybrid system with the VSC, voltage magnitude deviations are higher,
and the transient recovery period takes longer due to the additional complexity of the
system. However, on another scope, it is observed that voltage deviation for both battery
and HESS does not go beyond the design limit for the DC converters (4%). The maximum
observed deviation from the simulations is 3.43%.

However, should the current load demands given from the setpoint values increase or
decrease further, the deviations are likely to go beyond the maximum limits. Another
observation is that the DC bus voltage now pulsates during the occurrence of a load step
change, as explained earlier. This emphasises the need to design the energy storage
converter controllers to be more robust and capable of withstanding heavy transients due
to non-idealities of AC system components in a more complex system.

This idea of keeping voltage deviation as minimal as possible is to avoid the effect of
voltage variation on operating characteristics of other power system components such as
induction motors and protection systems. It is also to keep protection equipment and power
electronic converters from switching off unexpectedly to isolate sections of the grid.
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7 Overview of limitations

Simulations made are purposely for investigating the contribution of a HESS in restoring
system DC bus voltage during sudden system changes/transients, as compared to a
battery. Other effects such as power losses and switching harmonics are not of concern in
the presented results, although the effects of these phenomena are noticed. The 3-phase
VSC used for this study is an average model, and when used in the study of power system
dynamics, switching losses, harmonics, and fast switching currents are neglected. Digital
pulse-width modulation is assumed; thus, the voltage output of the inner current controller
(Va4q) is directly sent to the inverter. However, implementing a 2-level PWM generator would
provide more practical results. A PWM converter can be used should one require a practical
switching response behaviour.

Non-idealities of the DC/DC converter such as winding resistances; switch, capacitor, and
inductor voltage drop; and power losses due to switching are not prioritised in the design
of the converter for this project. Including a discussion or focus on these operating
characteristics will involve the further design of the DC/DC converter such that its
performance is improved to mitigate losses due to heating, switching, among others.

Control of the hybrid storage is designed for connection to the DC bus of the power system
via a bidirectional DC/DC converter. As such, its purpose in regulating DC bus voltage is
directly translated to active power control in the AC grid using the d current. An advanced
energy management system (EMS) is not needed or implemented in this project. This
would have been necessary if the HESS had been connected directly to the AC system
through a voltage source inverter rather than a DC/DC converter. Also, during the
converter controller modelling and design, factors such as cost and sizing were not
considered. If factored in, these considerations would have influenced the design of the
passive components and operating characteristics of the converters.

The transition between the two modes of MG connection is not considered because of the
focus on a remote area system with no grid connection. A study of modes of operation
would require the design of the grid controller to regulate frequency and voltage of the MG
with a microgrid management system (MMS) providing interconnected control. The
transition from grid-connected to isolated modes, which is monitored by the MMS to switch
between fixed power and frequency-voltage, is not considered in the convertor modelling.
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8 Conclusions and further work

8.1 Conclusions

According to the objective of this master’s thesis project to investigate the potential of
energy storage to increase grid resiliency, various tasks were performed. First among these
was reviewing current developments in the offshore energy industry about renewable
energy integration and expansion of power transmission and distribution. One major point
taken from this review is that there is an increasing growth in renewable energy integration
(mainly wind) in offshore systems. This development is accompanied by challenges such
as local and system-wide impacts on system variables for which measures must be taken
to alleviate deterioration in power supply reliability and quality. Most of these impacts have
been determined to affect the voltage and frequency of the power system, mostly. Among
the measures identified to maintain the stability of the grid, energy storage has been
considered as an effective solution. In better understanding islanded offshore energy
systems, a brief review of the setup and characteristics of microgrids is made.

Next, an in-depth review of energy storage technologies reveals that different energy
technologies possess different levels of properties like energy density, discharge rate,
lifetime, and power density. This makes it impossible to utilise a single technology in
several different applications; making them suitable for only specific purposes. The choice
of energy storage for an application depends on the designer’s requirements and the
application for which energy storage is needed. This discussion then led to an
understanding of the different grid support applications for which storage technologies are
needed: voltage control support, oscillation damping, load following, among others. A
number of these applications are relevant to offshore energy systems because these
systems have lower grid inertia making their system variables prone to disturbances. The
presence of intermittent renewable power sources and energy-intensive load demand
signifies the importance of energy storage to contribute to maintaining system stability.
On finally comparing the technical and operational properties of a few widely known and
commonly used storage technologies, it is determined that the lithium-ion battery and
supercapacitor are characterised by the highest energy density and power density,
respectively. These properties make them the best candidates for hybridisation and use in
a short duration energy system application for grid voltage support. With different hybrid
energy storage topologies available to choose from, the full active topology is
recommended since full controllability of the HESS storage elements is required.
Implementing the parallel full active topology isolates the energy storage elements from
the grid bus and decouples them. Employing the right control strategy enhances the
volumetric efficiency of the HESS and increases the lifetime of the battery by diverting
peak fluctuating load changes to the supercapacitors. Though more expensive and
sophisticated compared to the two other topologies, implementation of this topology
eventually minimises operational costs of the HESS and provides better performance of
the system.

At the end of the comparative study of performances of the battery and hybrid energy
storage, it is first shown that connection of energy storage to the grid inherently increases
the grid’s resiliency against variations in generation and load demand. Secondly,
implementing a well thought out hybridisation of two (or more) energy storage elements
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to provide grid support has its advantages over utilising single energy storage whose
properties or capabilities are limited. The drawbacks of individual storages are
counterbalanced by higher levels of the same characteristic in the complementary energy
storage. Such a system performs effectively in response to transients or disturbances since
it possesses high levels of the desired properties. Therefore, with hybrid energy storage
having the appropriate constituent elements and an efficient power electronic interface,
better control of output can be achieved.

The time-scale-based control of a HESS has been identified as an effective strategy both
in design and life cycle maintenance. For a HESS having a battery and supercapacitor as
constituent elements, the battery responds to long-term power demands hence reducing
the frequency of its charge and discharge cycles. The supercapacitor acts only to
compensate peak and short-period transients. It is finally observed and proven that
implementing a well-designed hybrid energy storage control approach has the potential of
mitigating the effects of transients on system bus voltage to a desirable level.

As a conclusion to work done for this master’s thesis, it is established that energy storage
has the potential to increase grid resiliency against variations in system load demand. In
going further to adopt a more advanced configuration such as hybridisation makes the
energy storage more effective in providing grid support, as shown in the comparative
performance evaluation.

8.2 Proposals for further work

Technology-specific models of battery and supercapacitor can be substituted for the DC
voltage sources to provide more realistic simulations. Such a modification introduces the
physical characteristics and non-idealities of the storage devices. It gives an overview of
the nature of the response from these storage devices on a more practical scope. It would
be interesting to proceed further in the design process by determining appropriate values
of parameters like capacity, response time, and discharge rate based on the type of
application.

Another control strategy that can be employed for the HESS is designing the supercapacitor
converter controller to be the primary regulator for the DC bus voltage. The voltage control
of the battery will then depend on the level of supercapacitor voltage during its discharge
period. That is, the battery converter controller continuously measures the supercapacitor
voltage as it supplies the DC bus. Based on the difference between the instantaneous
supercapacitor voltage and its reference voltage, the battery’s reference current is
generated using a PI controller. Therefore, the supercapacitor immediately responds to a
change in demand and maintains power balance due to its very high bandwidth of
operation. Only after this operation will the battery respond to restore supercapacitor
voltage to its rated value. The battery converter control can also be designed to supplement
uncompensated power from the supercapacitor. For a control scheme such as this, the only
perturbation is the load current.

The proposed energy management strategy implemented in this project can be
implemented in a more complex system with a distributed generation (DG) unit (e.g. wind
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turbine, fuel cell, PV unit) connected in parallel to the HESS. Maximum power point tracking
(MPPT) algorithm is implemented to ensure maximum power extraction from the DG source
using a unidirectional DC/DC boost converter. Power generation from the primary power
source is therefore incorporated in the energy management strategy using the same idea
of ensuring equal power flow in and out of the common DC bus. The response of the HESS
to step increases and decreases in the main power source supply are additional cases of
interest. This proposal provides a basis to investigate how energy storage provides grid
support against the intermittency of renewable sources. The variations in source input (for
instance wind speed or solar radiation) can be made fast and random during the
simulations to determine the robustness of the HESS control strategy.

The distributed controller configuration for an ESS for applications in a standalone energy
system is not covered in this work. Among the possible control strategies for an ES, the
decentralised strategy is implemented because it provides a simple method to control the
converters and eliminates the need for communication with other controllers. The
centralised control strategy, which requires communication architectures using a
centralised controller, is not considered due to its complexity and the possibility of error.
It could be possible to implement a centralised controller which coordinates the operations
of the DC/DC converters of the HESS and the 2L-VSC. The impacts on performance,
whether positive or negative, of using this control system can then be analysed alongside
the decentralised strategy of the HESS used in this project.

Dynamic stability studies can be carried out also to assess the effectiveness of a distributed
configuration of energy storage. As observed in this project, the hybrid energy storage
connected to a common DC bus gives the advantage of a combined storage system over a
single storage device. Application of a distributed configuration of ES comprising batteries,
supercapacitors, or batteries and supercapacitors can be studied. Following a planned
dispersion strategy, the storage devices can be connected at selected vantage points within
the power system grid to compensate for various system variations. One can then
determine if the hybrid storage is still as effective compared to the distributed units.

In this project, both battery and supercapacitor produce power when the grid is operational
and respond based on the control bandwidths assigned to them. It would be interesting to
modify the control of the HESS by implementing a lowpass filter to generate the battery
reference current from the total output reference current of the outer voltage controller.
The parameters of the filter can be set such that the supercapacitor remains inactive during
steady-state operation with no power output until a load or source step change is detected.
This strategy allows for the supercapacitor to compensate for only high-frequency
oscillations and return to zero output after steady state is reached. The battery remains in
operation supplying the rated output power.
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Appendices
A MATLAB scripts

A.1 DC system parameters and bidirectional DC/DC converter
control designs

%%%7%% BIDIRECTIONAL DC/DC CONVERTER

clearvars; clc;
s = tf('s");

%% Converter parameters

Vdc = 400; % DC bus nominal voltage

Vr = 0.02*400; % 2 percent voltage ripple

Pdc = 5e3; % Nominal AC power

Rdc = Vdc”2/Pdc; % Rated load

Idc = Pdc/Vdc; % Rated load current

Idcmax = 1.10*Idc; % Maximum load current 10%
ev = 0.04; % Maximum voltage deviation +-4%

Sb = 5e3; % Base apparent power

Vb_vsc = 260*sqrt(2/3); % peak base voltage, VSC: star-connected Vph-ph = Vline =
sqrt(3)*vph-g

Ib_vsc = (2/3)*(Sb/Vb_vsc); % peak base current, VSC

Vb_dc
Ib dc

2*Vb_vsc; % Base DC voltage
(3/4)*Ib_vsc; % Base DC current

ILr = 0.10; % 10 percent inductor current ripple

fsw = 10e3; % Base switching frequency
wsw = 2*¥pi*fsw; % Base switching angular frequency

%% Battery parameters

Vb = 200; % Battery voltage

Db = 1 - (Vb/Vdc); % Battery duty cycle

rb = 0.001; % Input filter resistance

Lb_min = (Db*Vb*(1 - Db))/(2*fsw*Idc); % Minimum source inductance
Lb = Lb_min; % Selected source inductance

Ib = Idc/(1 - Db); % Input current from battery

Ibr = (Vb*Db)/(fsw*Lb); % Inductor peak-to-peak current ripple

Ibrms = sqrt((Pdc/Vb)~2 + Ibr~2/12); % Maximum RMS inductor current

Ibsw = sqrt((Db*(Pdc/Vb)*2) + Ibr~2/12); % Inductor switching peak ripple current

ESRb = Vr/Ibsw; % ESR based on battery inductor switching current

%% Supercapacitor parameters



Vsc = 250; % Supercapacitor voltage

Dsc = 1 - (Vsc/Vdc); % Supercapacitor duty cycle

rsc = 0.001; % Input filter resistance

Lsc_min = (Dsc*Vsc*(1 - Dsc))/(2*fsw*Idc); % Minimum source inductance
Lsc = Lsc_min; % Selected source inductance

Isc = Idc/(1 - Dsc); % Input current from battery

Iscr = (Vsc*Dsc)/(fsw*Lsc); % Inductor peak-to-peak current ripple

Iscrms = sqrt((Pdc/Vsc)”2 + Iscr”2/12); % RMS inductor current

Iscsw = sqrt((Dsc*(Pdc/Vsc)~2) + Iscr”2/12); % Inductor switching peak ripple
current

ESRsc = Vr/Iscsw; % ESR based on supercapacitor inductor current
fRHPZ = ((1 - Dsc)”2*Rdc)/(2*pi*Lsc); % Right-hand plane zero frequency
WRHPZ = 2*pi*fRHPZ;

%% Output capacitor

Cdc_min = Idc/(fsw*Vr); % Minimum output capacitance
Cdc = 8*Cdc_min; % Adjustment to obtain good reponse
ESR = ESRsc; % Choose higher ESR between battery and supercapacitor

%% Controller design

rho = 0.7; % Damping ratio to yield good step response and damped oscillation
nib = 10; % Order reduction for battery bandwidth

nisc = 6; % Order reduction for supercapacitor bandwith

nv = 20; % Order reduction for HESS voltage controller

wob = wsw/nib; % Battery bandwidth

wosc = wsw/nisc; % Supercapacitor bandwidth

wov = wsw/nv; % Voltage controller bandwidth

fob = wob/(2*pi); fosc = wosc/(2*pi); fov = wov/(2*pi);

% Hv controller parameters
kpv = 2*rho*wob*Cdc; % Voltage control loop proportional gain
kiv = wov”~2*Cdc; % Voltage control loop integral gain

% Hi controller parameters

% Battery

kpb = 2*rho*wob*Lb; % Battery current control loop proportional gain
kib = wob”2*Lb; % Battery current control loop integral gain

% Hi controller parameters
% Supercapacitor

kpsc = 2*rho*wosc*Lsc; % Supercapacitor current control loop proportional gain
kisc = wosc”2*Lsc; % % Supercapacitor current control loop integral gain

A.2 AC system parameters and 2L-VSC control design

%%%%k% 2-LEVEL VOLTAGE SOURCE CONVERTER

clearvars;
clc;



s = tf('s");

%% Parameters

Sb S5e3; % Base apparent power

Pn 5e3; % Nominal active power

pf = 1; % Power factor with phase angle zero

Pload = 3e3; % Load power

Vload = 520; % Phase-phase voltage at load connection point
Rload = Vload”2/Pload; % Load resistance

Iload Pload/Vload; % Load current

Vdc = 400; % Nominal DC bus voltage

Vb_vsc = 260*sqrt(2/3); % Peak base voltage at converter side: Star-connected
where Vph-ph = Vline = sqrt(3)*Vph-g
Ib_vsc = (2/3)*(Sb/Vb_vsc); % peak base current at converter side

Vb_grid = 520*sqrt(2/3); % Peak base voltage grid side: Star-connected where Vph-
ph = Vline = sqrt(3)*Vph-g
Ib_grid = (2/3)*(Sb/Vb_grid); % Peak base current at grid side

Zb = Vb_vsc/Ib_vsc;% Base impedance at converter side (for filter pu computation)
fb = 60; % Nominal frequency

wb = 2*pi*fb; % Nominal angular frequency

Lb = Zb/wb; % Base inductance

Cb = 1/(Zb*wb); % Base capacitance

%% DC base values

Pb_dc = Pn; % Base power

Vb_dc = 2*Vb_vsc; % Base voltage
Ib_dc = (3/4)*Ib_vsc; % Base current
Zb_dc = Vb_dc/Ib_dc; % Base impedance

Rb_dc = (8/3)*Zb; % Base resistance
Cb_dc = (3/8)*Cb; % Base capacitance
Lb_dc (8/3)*Lb; % Base inductance

L = 2e-4; % Battery converter inductor

r = 0.001; % Source resistor

ESR 0.4753; % DC bus capacitor equivalent series resistance
Cdc = 1.5625e-4*2; % DC bus capacitor

Cdcpu = Cdc/Cb_dc; % DC bus capacitor in pu

fsw = 5e3; % AC switching frequency
wsw = 2*¥pi*fsw; % AC switching angular frequency

%% LCL filter design

L2pu
R2pu

0.06; % Transformer leakage reactance in pu
0.002; % Transformer leakage resistance in pu

L2 = L2pu*Lb; % SI unit values of transformer leakage reactance and resistance
R2 R2pu*Zb;

Cfact = 0.05*Cb; % Filter capacitor = 5% of maximum power factor variation of grid
Cf = 9e-6; % Adjustment to improve output



m = 0.5; % Modulation factor of typical SPWM where maximum peak-to-peak current
ripple occurs

ILmax = (Pn*sqrt(2))/(3*(260/sqrt(3))); % Maximum inverter output current
Imax_ripple = ©0.1*ILmax; % 10 percent ripple in maximum output inverter current

L1 = Vdc/(6*fsw*Imax_ripple); % VSC side inductor of LCL filter

R1 = 0.1; % VSC side resistor of LCL filter
wres = sqrt((L1 + L2)/(L1*L2*Cf)); % Resonance frequency
fres = wres/(2*pi);

Rf = 1/(3*wres*Cf); % Filter capacitor damping resistor

Pf = (260/sqrt(3))”2/Rf; % Power comsumption by filter capacitor and damping
resistor

XCf = 1/(2*pi*fb*Cf);

Qf = (260/sqrt(3))"2/XCF;

%% Calculation of per-unit values

Llpu = L1/Lb;
Rlpu = R1/Zb;
Ltpu = Llpu + L2pu;
Rtpu = Rlpu + R2pu;

%% Inner current controller (Modulus optimum criteria)

Ta = 1.5/fsw; % Delay associated with modulation where corner frequency is 1 to 2
orders less than switching frequency
Ti = Ltpu/(wb*Rtpu); % Time constant, tau in pu

% PI controller parameters
kpi = Ltpu/(2*wb*Ta); % Proportional gain
kii = kpi/Ti; % Integral gain

% Compensated transfer functions of inner control loop
gol i = (1/(2*Ta*s))*(1/(1 + Ta*s)); % Open-loop
gcl i = 1/(2*Ta”2*s”2 + 2*Ta*s + 1); % Closed-loop

WO
ro

1/(sqrt(2)*Ta); % Control frequency
Ta*wo; % Optimal approximation of ©.707

%% Outer grid controller (Symmetrical optimum)
a = 3; % Default value of a

Teq = 2*Ta; % Equivalent time constant of the inner loop as seen by outer voltage
loop

p = 1/Teq; % Pole location of the inner loop

alpha = 6; % A gain to obtain a smaller zero frequency than pole frequency, i.e.
WZ < wp

phi = asin((alpha - 1)/(alpha + 1)); % Phase margin defined by alpha

z = p/alpha; % Control design zero



wcutoff = sqrt(z*p); % Frequency at which maximum phase margin is reached

if a == -1

b = 1/(Cdcpu*wb);

kvv = b*wcutoff;
else

kvv = (Cdcpu/wb)*wcutoff;
end

% PI controller parameters

kpv = kvv; % Proportional gain
kiv = kvv*z; % Integral gain

% Compensated transfer functions

gol v = (1/(a”3*Teq”2*s”2))*((1 + a*2*Teq*s)/(1 + Teq*s));
gcl v = (1 + a”2*Teq*s)/(1 + a"2*Teq*s + a”*3*Teq"2*s”2 + a”3*Teq”3*s”3);

A.3 Full hybrid DC/AC system

clearvars; clc;

s = tf('s");

%% Parameters

Sb = 5e3; % Base apparent power

Pn = 2.5e3; % Nominal active power
pf = 1;

Pb = Sb*pf;

Vdc = 400;

Vr = 0.02*Vdc;

Pload = 3e3;

Vload = 520;

Rload = Vload”2/Pload;
Iload_ac = Pload/Vload;
Iload_dc = Pn/Vdc;

fsw_ac = 5e3; % VSC PWM switching frequency

wsw_ac = 2*pi*fsw_ac;

fsw_dc = 10e3; % DC converters PWM switching frequency

wsw_dc = 2*pi*fsw_dc;

Vb_vsc = 260*sqrt(2/3); % peak base voltage converter side: star-connected Vph-ph

= Vline = sqrt(3)*Vph-g
Ib_vsc = (2/3)*(Sb/Vb_vsc); % peak base current grid side

Vb_grid = 520*sqrt(2/3); % peak base voltage grid side: star-connected Vph-ph =
Vline = sqrt(3)*Vph-g
Ib_grid = (2/3)*(Sb/Vb_grid); % peak base current grid side

Zb
fb

Vb_vsc/Ib_vsc;% base impedance converter side (for filter)
60; % nominal frequency



wb

2*¥pi*fb; % angular frequency

Lb
Cb

Zb/wb;
1/ (Zb*wb);

%% DC base values

Pb_dc = Pn;

Vb_dc = 2*Vb_vsc;
Ib_dc = (3/4)*Ib_vsc;
Zb_dc = Vb_dc/Ib_dc;
Rb_dc = (8/3)*Zb;
Cb_dc = (3/8)*Cb;
Lb_dc = (8/3)*Lb;

ESR = 0.4753;

Cdc_min = Iload _dc/(fsw_dc*Vr); % Minimum output capacitance
Cdc = Cdc_min*2; % Mutiplied by a factor of 2 for full system
Cdcpu = Cdc/Cb_dc;

%% 2L-VSC
%% LCL filter design

L2pu = 0.06; % Transformer leakage reactance and resistance in pu
R2pu = 0.002;

L2 = L2pu*Lb; % SI unit values
R2 = R2pu*Zb;

Cfact = 0.05*Cb; % Filter capacitor - 5% maximum power factor variation
Cf = 9e-6;

m = 0.5; % modulation factor of typical SPWM where maximum peak-to-peak current
ripple occurs

ILmax = (Pn*sqrt(2))/(3*(260/sqrt(3)));

Imax_ripple = 0.1*ILmax;

L1 = 2*Vdc/(6*fsw_ac*Imax_ripple); % VSC side inductor

R1 = 0.2;
wres = sqrt((L1 + L2)/(L1*L2*Cf)); % Resonance frequency
fres = wres/(2*pi);

Rf = 1/(3*wres*Cf); % Filter capacitor damping resistor
Pf = (260/sqrt(3))"2/Rf; % Active power drawn by Rf

XCf = 1/(2*pi*fb*Cf);
Qf = (260/sqrt(3))"2/XCf; % Capacitive reactive power drawn by Cf

%% Calculation of per-unit values

Llpu
Ripu

L1/Lb;
R1/Zb;

Ltpu = Llpu + L2pu;
Rtpu = Rlpu + R2pu;
%% Inner current controller (Modulus optimum) %%%%%%%lelelelodod6d6d606%6%%%



% Delay associated with modulation
Ta = 1.5/fsw_ac; % corner frequency 1 or 2 orders less than switching frequency

% Controller parameters design

Ti = Ltpu/(wb*Rtpu); % Time constant, tau in pu
kpi = Ltpu/(2*wb*Ta); % proportional gain
kii = kpi/Ti; % integral gain

% Compensated transfer functions of inner control loop
gol i (1/(2*Ta*s))*(1/(1 + Ta*s));
gcl i = 1/(2*Ta”2*s"2 + 2*Ta*s + 1);

WO
ro

1/(sqrt(2)*Ta); % control frequency
Ta*wo; % optimal approx. of ©.707

%% Outer grid controller (Symmetrical optimum) %%%%%%%%%%%%%%%%%676676%
a = 3; % default value of a

Teq = 2*Ta; % equivalent time constant of the inner loop

p = 1/Teq; % pole location of the inner loop

alpha = 6; % a gain to obtain a smaller zero frequency than pole frequency, i.e.
WZ < wp

phi = asin((alpha - 1)/(alpha + 1)); % phase margin defined by alpha

z = p/alpha; % control design zero

wcutoff = sqrt(z*p); % frequency at which maximum phase margin is reached

if a == -1
b = 1/(Cdcpu*wb);
kvv = b*wcutoff;
else
kvv = (Cdcpu/wb)*wcutoff;
end
kpv_ac = kvv; % proportional gain of outer control loop controller
kiv_ac = kvv*z; % integral gain of outer control loop controller

% Compensated transfer functions
gol v = (1/(a”3*Teq*2*s72))*((1 + a”2*Teq*s)/(1 + Teq*s));
gcl v = (1 + a”2*Teq*s)/(1 + a"2*Teq*s + a’*3*Teq”"2*s"2 + a”3*Teq”3*s”"3);

%% BIDIRECTIONAL DC/DC CONVERTER
%% Parameters

Pdc = 5e3;
Iloadmax = 1.10*Iload_dc;
ev = 0.04;

Vb_dc
Ib_dc

2*Vb_vsc;
(3/4)*Ib_vsc;

ILr = 0.10; % 10 percent inductor current ripple
Ts_power = 2e-5; Ts_control = 20e-4;



%% Battery parameters

Vb = 200;
Db = 1 - (Vb/Vvdc);
rb = 0.001;

Lb_min = (Db*Vb*(1 - Db))/(2*fsw_dc*Iload_dc);
Lb = Lb_min;

ILb = Iload_dc/(1 - Db);

ILbr = (Vb*Db)/(fsw_dc*Lb);

ILbrms = sqrt((Pdc/Vb)*2 + ILbr~2/12);
ILbsw = sqrt((Db*(Pdc/Vb)*2) + ILbr~2/12);

ESRb = Vr/ILbsw;
%% Supercapacitor parameters

Vsc = 250;

Dsc = 1 - (Vsc/Vdc);

rsc = 0.001;

Lsc_min = (Dsc*Vsc*(1 - Dsc))/(2*fsw_dc*Iload_dc);
Lsc = Lsc_min;

Isc = Iload_dc/(1 - Dsc);

ILscr = (Vsc*Dsc)/(fsw_dc*Lsc);

ILscrms = sqrt((Pdc/Vsc)”2 + ILscr~2/12);
ILscsw = sqrt((Dsc*(Pdc/Vsc)”~2) + ILscr”2/12);

ESRsc = Vr/ILscsw;

%% Controller design

rho = 0.7; % damping ratio

nib = 10;
nisc = 6;
nv = 20;

wob = wsw_dc/nib; % battery bandwidth lower than switching frequency by order
1/nib

wosc = wsw_dc/nisc; % supercapacitor bandwidth lower than switching frequency by
order 1/nisc

wov = wsw_dc/nv; % voltage controller with lowest bandwidth

%% Hv controller parameters
kpv_dc = 2*rho*wob*Cdc;
kiv_dc = wov”2*Cdc;

%% Hi controller parameters
% Battery

kpb = 2*rho*wob*Lb;

kib = wob”2*Lb;

% Hi controller parameters
% Supercapacitor

kpsc = 2*rho*wosc*Lsc;
kisc = wosc”~2*Lsc;



B Simulink simulation models

Vde

Vderef

Vdcref

Db

HESS BDC controller

Dsc

o

SCOPES

Discrete
2e-05s.

Conn1 J

Conn2 »—‘

ESR, Cdc %

T

Battery-supercapacitor HESS
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C Park and Clarke’s transformation systems

Transformation Transforms Matrix for transformation
Clarke abc to af 1 11
2 2 2
3 V3 V3
2 2
Inverse Clarke apB to abc 10
1 3
2 2
1 3
2 2




Park ap to dq ( cotseg sinZ)
—sinf  cos

Inverse Park dq to ap (6059 —sinH)
sin@  cos@

Table C.1: Park and Clarke’s transformations details
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