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Abstract

In light of the increasing penetration of single-phase loads and generation in the
power system, voltage unbalance issues are expected to exacerbate. Single—phase con-
nected photovoltaic (PV) panels may cause unequal three—phase power flows, resulting
in unbalanced grid currents and voltages. In addition, the random charging behaviour of
Plug-in Hybrid Electric Vehicles (PHEVs) equipped with single-phase on-board charg-
ers is expected to further contribute to voltage unbalance rise as the number of these
devices grows. If voltage unbalance increases to unacceptable levels, it may have adverse
effects on power system operation and on the equipment connected to it. Traditionally,
the phase swapping technique has been deployed by distribution system operators for
voltage unbalance mitigation, while other mitigating techniques include the deployment
of power electronics-based devices. The majority of the devices reported in the literature
are based on three-phase configurations, including series and parallel active power filters,
unified power quality conditioners (UPQCs), static synchronous compensators (STAT-
COMs) and, more recently, three-phase distributed generation (DG) inverters.

This research proposes the use of single-phase battery energy storage systems (BESSs)
for the provision of phase balancing services, which has been considered only in a few lit-
erature works, with most of these research papers focusing on three-phase BESSs. In this
thesis, a novel control strategy is proposed for single-phase BESS units to compensate
voltage unbalance by injecting both active and reactive power simultaneously. The pro-
posed approach is based on the coordinated operation of three independent single-phase
BESS inverters using local voltage and current measurements.

Initially, a comprehensive literature review is performed with the following aims: a
robust classification of the ancillary services currently offered by BESSs, harmonisation of
the notation found in the literature for ancillary services, and identification of potential
future applications of BESSs to power grids with large number of Low Carbon Technolo-
gies (LCTs). Then, the effectiveness of the proposed voltage unbalance compensation
method is validated in the simulation environment, where two realistic models of distri-
bution systems are developed. Next, the impact of increasing PV and EV penetration
levels on voltage unbalance for a typical UK distribution system is assessed based on a
deterministic approach. The control strategy is validated experimentally by carrying out
Hardware-In-The-Loop (HIL) tests. Finally, an equivalent model of the distribution sys-
tem and BESS inverter is derived, which allows to carry out a preliminary probabilistic
study to cater for the uncertainties related to the location and size of the PVs and EVs,
and to evaluate the voltage unbalance levels without and with the BESSs controlled to
provide voltage unbalance compensation.

It is concluded that the proposed BESS control system may effectively reduce the
voltage unbalance levels under various loading and generating conditions.
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Chapter 1

Introduction

1.1 Overview of battery energy storage in power sys-

tems

Modern power systems are characterised by the proliferation and penetration of dis-
tributed energy resources (DERs), which have been causing a transition from centralised
to decentralised energy generation. In the last decade, an increasing number of these
resources, such as photovoltaic (PV) distributed generation and plug-in electric vehicles
(PEVs), has been deployed in distribution networks worldwide. This trend is expected
to continue and to further accelerate in order to meet Net Zero targets set by a number
of countries worldwide.

The introduction of PEVs results in increased flexibility to the load patterns, while
PVs can provide carbon free electricity generation [3], [4]. Despite the potential bene-
fits of these technologies, their adoption introduces a series of technical and economical
challenges. One of the most prominent issues is the difficulty to maintain power bal-
ance between electricity generation and consumption, which becomes more challenging
to achieve due to the inherent intermittency of renewable energy sources (RESs) [4].

Another issue to be considered is voltage regulation. For example, reverse power
flow may occur upstream of the PV units during periods of high PV generation and
low demand, therefore resulting in overvoltages at different nodes of the network, and
increasing the number of operations of switched shunt capacitor banks, load tap changers
and line voltage regulators, thereby reducing the reliability of these devices [5], [6].

Finally, the integration of power-electronics based devices threatens to degrade the

power quality, since they inject harmonic components in the grid [7], [8]. Among others,



the retirement of fossil-based plants becomes an increasing concern for system operators,
since it leads to the decrease of the system inertia [9].

In the context of these challenges, energy storage systems are expected to support
the integration of high levels of variable renewable generation and different load schemes,
since they are capable of decoupling the timing of generation and consumption [3]. Elec-
trochemical energy storage systems, otherwise known as battery energy storage systems
(BESSs), are gaining significant attraction for applications in power systems due to their
valuable characteristics, including fast response time, scalability and modularity [3], [10],
[11]. In addition to acting as an energy buffer and mitigating the mismatch between gen-
eration and demand, BESSs have the capability of providing numerous ancillary services
[10], [12].

The term ‘ancillary services’ refers to a variety of control algorithms that allow pro-
viding support to the electrical power system with the aim of ensuring the secure and
reliable transmission of power to the customers [13], [14]. Their importance has grown
in the last few years due to the increased penetration of distributed generation. Among
others, they include voltage support, frequency regulation, transmission congestion relief
and peak shaving [15].

BESSs have been used to provide ancillary services at various voltage levels for different
stakeholders, which include power system operators, utilities and residential customers.
For example, BESSs are used to store excessive generation from RESs; they are deployed
at customers’ facilities by acting as ‘emergency supply’; they are used to defer network
upgrade or in energy arbitrage applications [3], [13], [16]. In addition to the aforemen-
tioned services, there is a significant potential to expand the use of BESSs to additional
emerging applications, including harmonic mitigation and provision of synthetic inertia
9], [17], [18].

Considering more specifically the UK power grid, an increasing deployment of low
carbon technologies (LCTs), i.e. PVs, EVs, heat pumps (HPs) and other smart appli-
ances (SAs) at distribution level is expected in the next decades in order to reach the UK
government’s Net Zero target by 2050. Based on the projections published by the UK
Electricity System Operator (ESO), the amount of distributed generation in the UK will
continue to experience a steady growth in the future. At the same time, electrification
of transportation and heat will lead to a significant increase in load levels [19]. Simulta-
neously, a large number of BESSs have already been installed in the UK, and they are
utilised in a wide variety of ancillary services. However, due to the expected changes in
the energy generation and demand patterns, there is a potential for a significantly larger
number of installations and new areas of applications.

A potential area of application for BESSs is their deployment for voltage unbalance



compensation. Voltage unbalance levels are expected to increase in future power grids,
mostly due to the cumulative large power rating and the variable output of single-phase
loads and generating units (such as PEVs and distributed generation), which are deployed
to the distribution system at an increasing rate during the last years. High levels of volt-
age unbalance can cause detrimental effects including equipment ageing and outages [1].
Among the main concerns for the distribution system operators are voltage band manage-
ment across the three phases, neutral conductor overloading and transformer overheating
due to zero-sequence fundamental currents. In addition, the flow of unbalanced currents
may lead to higher network losses and reduce the effective utilization of the distribution
line capacity.

One common mitigating solution to voltage unbalance consists in maintaining load
symmetry on the three phases by phase swapping, but this approach may not be pos-
sible in systems with large penetration of single-phase equipment [3]. Alternatively, ac-
tive compensation equipment can be installed in the distribution system, i.e. power
electronics-based devices controlled to inject active and reactive power to compensate
voltage unbalance. These include wind/solar inverters and dedicated power quality de-
vices, e.g. static synchronous compensator (STATCOM). Despite the potential benefits
of using BESSs for voltage unbalance compensation, due to their declining prices, flexi-
bility to control both active and reactive power (four-quadrant operation) and relatively
stable DC voltage, such application is a relatively unexplored research area. Only a few
literature works consider using BESSs for providing phase balancing services, and most

of these research papers focus on three-phase BESSs.

1.2 Research objectives

The aim of this research is to investigate the application of BESSs for voltage un-
balance compensation. More specifically, the focus is placed on the use of single-phase
BESSs, which are deployed in the distribution system, and they are controlled to compen-
sate voltage unbalance by injecting and absorbing both active and reactive power. The
proposed control strategy can be implemented as ancillary service, in addition to other
functions such as, for example, load balancing.

Based on the increasing number of disruptive single-phase loads and generating units
connected to the distribution grid, voltage unbalance may increase to levels above the
regulatory limits at distribution networks in the future. New connections of the afore-
mentioned devices make the phase unbalance conditions to be more variable over time,
thus rendering the deployment of active mitigating techniques more suitable to ensure

that voltage unbalance levels do not violate the limits defined in the relevant standards.



In this context, the proposed use of the BESSs has many practical implementations in
distribution networks, since they can be deployed to provide phase balancing services
during periods of high voltage unbalance, while performing load balancing during peri-
ods when voltage unbalance is not an issue. For this purpose, the single-phase BESS
units can be connected either at the substation or at other busbars along the distribution
feeder. Although it is identified that the proposed control strategy can be deployed to
other assets including energy storage, such as EVs, this research focuses only on voltage
unbalance mitigation for stand-alone battery units.

The main research objectives were set as follows:

1. Perform a comprehensive literature review on BESS technology and its applications
in power systems, and identify potential future developments, with the focus placed
in the UK electricity grid. Revise the literature on state-of-the art voltage unbalance
compensation strategies.

2. Develop a novel control system for single-phase BESSs to mitigate voltage unbalance
in realistic distribution systems characterized by varying penetration of PVs and
EVs.

3. Develop realistic distribution system models using real load, PV and EV data.

4. Perform numerical validation of the developed voltage unbalance mitigation strategy
in the simulation environment.

5. Perform experimental validation of the proposed control strategy by Hardware-In-
The-Loop (HIL) experiments.

6. Evaluate the impact of increasing penetration of PVs and EVs on voltage unbalance
in the distribution system, and compare the voltage unbalance levels without and

with the BESSs controlled to mitigate voltage unbalance.

1.3 Thesis original contributions

The main contributions of this thesis are summarised as follows:

1. Potential future applications of BESSs relevant to the UK electricity network and
more in general to power grids with large numbers of LCTs have been identified; a
robust classification of the ancillary services currently offered by BESSs has been
carried out, and the notation found in the literature has been harmonised; a classi-
fication suitable for the UK was identified.

2. A voltage unbalance compensation strategy based on the coordination of three
single-phase BESS inverters to mitigate voltage unbalance by independently con-

trolling both their active and reactive power has been developed.



3. The performance of the developed control scheme has been evaluated considering
two realistic distribution network models, which are built based on the configura-
tion, parameters, loads and LCTs corresponding to typical European distribution
networks, such as those found in the UK and in Germany. Both these networks
were used to validate the proposed voltage unbalance mitigation strategy due to
data availability. Various BESS locations along the feeders were tested to carry out
a sensitivity analysis and examine the impact of varying location on the voltage
unbalance factor, transformer neutral current and BESS size.

4. Experimental validation of the proposed voltage unbalance compensation strategy
via HIL experiments has been carried out.

5. Assessment of the impact of increasing penetration of PV and EV profiles on voltage
unbalance for typical UK distribution systems has been performed. The above
objective was fullfiled by realizing simulations based on a deterministic approach.

6. The conclusions of the deterministic simulations were reinforced by a preliminary
statistical analysis that caters for the uncertainties related to the location and size
of the PVs and EVs. To this end, a simple yet effective model has been developed to
allow for running the probabilistic simulation scenarios with the aim to evaluate the
voltage unbalance levels without and with the BESSs controlled to provide voltage

unbalance compensation.

1.4 Thesis outline

This thesis is organized as follows:

Chapter 1: A general overview of the role and applications of battery energy storage
systems in power systems is provided. The objectives of the present research are explicitly
stated, followed by the description of the original contributions of the thesis. Finally, a
list of the publications carried out during the period of the PhD studies is provided.

Chapter 2: This chapter presents a brief literature review on the BESS technologies
and their applications in power systems. The main BESS projects in the UK are presented
and classified. Additionally, a classification of the most commonly deployed ancillary
services is carried out. A detailed review on the topic of voltage unbalance is carried
out, and the focus is placed on the systematic recording of both existing and potential
mitigating solutions. The BESS model is presented.

Chapter 3: The developed voltage unbalance compensation strategy is introduced.
The inverter control system developed to regulate the active and reactive power of each
BESS is analysed.

Chapter 4: Deterministic validation of the proposed control scheme is carried out



by means of simulations. First, a network with a single feeder is modelled, and static
three-phase loads are applied to test the effectiveness of the voltage unbalance mitigation
strategy under various load distributions and for varying number of BESSs; second, a
distribution network model based on typical values of German distribution systems is
built. Realistic single-phase load demands are modelled, and the effectiveness of the
control scheme is evaluated for different locations within the distribution system.

Chapter 5: Deterministic validation of the proposed control strategy is performed
by building a typical UK distribution system model based on realistic network param-
eters, load, PV and EV profiles found in the literature. Different locations within the
distribution system are examined for the BESS units, which are controlled to perfom
voltage unbalance mitigation. Additionally, a deterministic assessment of the impact of
increasing PV and EV penetration levels on voltage unbalance is carried out.

Chapter 6: Hardware-In-The-Loop (HIL) experiments are carried out to validate the
control algorithm in real-time using the OPAL-RT simulation platform.

Chapter 7: A probabilistic study is carried out with the aim to assess the impact
of the PV and EV profiles on voltage unbalance in the distribution system. A Current
Source-based model is developed, and different probabilistic scenarios are simulated with
the aim to evaluate and compare the voltage unbalance levels without and with the BESS
controlled to provide voltage unbalance compensation.

Chapter 8: Finally, the main contributions and achievements are summarised, fol-
lowed by recommendations for future work on the subject of voltage unbalance mitigation

by single-phase BESS units.
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Chapter 2

Literature Review

2.1 Introduction

The aim of this chapter is to provide a comprehensive literature review around the
topic of Battery Energy Storage®. First, projects that have been implemented in the UK
up to date are presented, followed by a brief description of the main BESS technologies
used in these projects. A classification of the most commonly deployed ancillary services
is implemented, and a detailed discussion around the topic of voltage unbalance is carried
out, including a description of its causes, consequences, as well as of state-of-the-art and
emerging mitigating solutions. The chapter closes with a presentation of the BESS model

used to carry out the simulation studies on voltage unbalance mitigation.

2.2 BESS projects in the UK

A list of BESS projects installed in the U.K. is provided in Table 2.1, based on the
U.K. Renewable Energy Association (REA) and the United States Department of En-
ergy (DOE) database [20, 21]. Only projects under operational status are included, while
projects that are either announced, contracted or under construction are not listed. Table
2.1 mainly focuses on projects installed at voltages above 3.3 kV. Based on these crite-
ria, at the moment of this writing (January 2023), twenty-four BESS projects have been
identified, for a total installed power equal to approximately 25.5 MW.

The projects are listed by decreasing rated power, and for each project, location,
technology adopted, ancillary service(s) provided and rated voltage are shown. The ab-

breviations used in the table are listed in the Acronyms section of the thesis. In Table

I The majority of the work presented in this chapter has been published in [1].



2.1, the distinction between primary and secondary distribution is based on the definition
provided in [22]. Thus, the term “primary distribution” (PD) implies that V > 33 kV,
while the term “secondary distribution” (SD) is used when the voltage level is V < 33 kV.
BESSs are connected to the grid by means of a transformer: in the table, the rated voltage
values refer to the high side of the transformer, corresponding to the point of connection
(PoC).

Based on the ratings shown in Table 2.1, the majority of the projects is installed at
voltages below 33 kV. This is mostly due to the cost of BESSs with increasing voltage
levels. Additionally, the majority of DERs are installed at voltages below 33 kV, thus
making demand response management more challenging at low voltages and justifying
the connection of the battery units.

Among the projects, the most significant ones are shortly described below, while more
details can be found in the references provided:

Project 1 is the largest battery energy storage facility in the U.K. and Ireland, installed
within Kilroot coal-fired generation plant, with the aim of providing frequency regulation
for the Irish electricity system (including both Ireland and Northern Ireland), which is
characterised by high penetration of onshore wind energy [38].

Project 2 is the Smarter Network Storage project, which aims at investigating various
capabilities and revenue streams of BESSs. To this end, a 6 MW/10 MWh BESS is
deployed in a 33/11 kV primary substation in Leighton Buzzard [23].

Projects 3, 11, 12, 15, 16 and 17 are part of the Northern Powergrid’s Customer-
Led Network Revolution (CLNR) project, which aims at assessing the potential for new
network technologies and flexible customer response. For this purpose, six battery storage
units are connected at three different locations, representing different grid conditions, with
the placements offering a representative sample of 80% of the entire U.K. power grid.
The provided services include voltage support, electric energy time shift and stationary
transmission/distribution upgrade deferral [24, 25].

Project 4 has been funded by the Engineering and Physical Sciences Research Council
with the aim to investigate the potential of Li-ion titanate batteries for frequency regu-
lation services. Therefore, BESSs of 2 MW are connected to the 11 kV Western Power
Distribution’s Willenhall substation [21].

Project 5 refers to the use of BESS for alleviating network constraints that are limiting
the number of generators able to connect to the distribution network. To this end, Li-ion
BESSs of 2 MW are connected to the 33 kV distribution grid of Orkney island to facilitate
the penetration of renewable generation and defer further network investments [28, 29].

Project 6 is of particular interest, since it refers to the deployment of a BESS at the

Hywind offshore wind farm in Scotland, which constitutes the world’s first floating wind



Table 2.1: Transmission and distribution BESS projects in the U.K.

No Location Technology Rated Power (kW) Service Provided Voltage Level
Carrickfergus, . : _
1 Northern Iroland Li-ion 10,000 Frequency regulation TR, V = 275 kV
. Electric energy time shift, Frequency regulation
2 Leléllllmlralniuéz?rd' Li-ion 6000 Electric supply reserve capacity, Spinning reserve SD, V=11kV
B - TS/DS upgrade deferral
. Rise Carr, .. - Voltage support, Electric energy time shift . o
3 England [24, 25] Li-ion 2500 TS/DS upgrade deferral 8D, V = 6.6 kV
Wolverhampton, Li-ion Frequency regulation, Power reliability . _ ,
4 England (21, 26, 27| titanate 2000 Power quality enhancement SD, V.= 11kV
Kirkwall, .. . . e
5 ’ n S = /
5 Scotland [28, 29] Li-ion 2000 Transmission congestion relief SD, V =11 kV
N Peterhead, . § o . . e
6 Scotland [30] Li-ion 1000 Renewables capacity firming SD, V=33 kV
Dorset. Electric supply reserve capacity, Spinning reserve
7 ’ Li-ion 598 On-site renewable generation shifting, SD, V =11kV
England . -
Renewables capacity firming
Butleigh Electric bill management, Electric energy time shift
8 Enclan ]g[?;l] Li-ion 300 Renewables capacity firming, SD, V=11kV
“ngland Renewables energy time shift
9 B?rkslure7 Lision 250 On-site renewable gen(?ratlon ,.shlftmg SD, V = 11 kV
England Renewables capacity firming
. . TS/DS upgrade deferral, Voltage support
10 Milton Keynes, NaNiCly 250 Spinning reserve, Electric supply reserve capacity, SD, V=11kV
England [32, 33] L : .
Transmission congestion relief
Rise Carr, L. Voltage support, Electric energy time shift _
H England [24, 25] Li-ion 100 TS/DS upgrade deferral 8D,V =66kV
Denwick, - Voltage support, Electric energy time shift _
12 England [24, 25] Li-ion 100 TS/DS upgrade deferral SD, V.=20kV
Slough, - Renewables energy time shift _
13 England [34] Li-ion ™ Renewables capacity firming 8D, V =024 kV
Isle of Eigg On-site renewable generation shifting,
14 Scotland [35, 36’7 37] PrAc 60 Frequency reglllatlon. Voltagg support, SD, V=33kV
Electric supply capacity
Rise Carr, .. Voltage support, Electric energy time shift o
5 - =
= England (24, 25] Li-ion 50 TS/DS upgrade deferral 8D, V = 6.6 kV
. Wooler, - Voltage support, Electric energy time shift _
16 England (24, 25] Li-ion 50 TS/DS upgrade deferral SD, V= 20kV
Maltby. Renewables capacity firming,
17 Eneland [2)4 25) Li-ion 50 Renewables energy time shift, SD, V = 0.23 kV
e i TS/DS upgrade deferral
Isle of Muck, - On-site renewable generation shifting . o -
18 Scotland [37] PyoAc 45 Electric supply capacity SD, V =33 kv
Isle of Rum. On-site renewable generation shifting
19 o PrAc 45 Electric supply capacity, N/A
Scotland [37] . .
Renewables energy time shift
Isle of Foula, On-site renewable generation shifting . .
20 Scotland [37] PyoAe 16 Renewables energy time shift 8D, V=33kV
Renewables capacity firming,
se Tslz 3
21 I;i‘::limilld[g(;j PrAc 12 Electric supply capacity N/A
: On-site renewable generation shifting
L . On-site renewable generation shifting
22 Flat Holm Island, PrAc 5 Electric supply capacity, N/A
Wales . Lo
Renewables energy time shift
; Wokingham, Electric energy time shift
3 England VRE 5 Renewables energy time shift N/A
24 Cardiff, Li-ion 2 Electric bill management N/A

South Wales
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Table 2.2: List of ancillary services provided by BESSs for the projects in-
cluded in Table 2.1.

Service No. Service Name

1 Voltage support
2 Frequency regulation

3 Load following

4 Electric supply reserve capacity
5 Black start

6 Renewable capacity firming

7 Electric energy time shift

8 Load levelling

9 Peak shaving

10 Electric supply capacity

11 TS/DS upgrade deferral

12 Transmission congestion relief
13 Power quality enhancement
14 Power reliability

15 Electric bill management

farm [21]. As detailed in [30], this project presents major opportunities in a wide range of
applications, including: capture of wind overshoots, reduction of balancing costs, increase
of power market value, and other ancillary services.

Projects 7 and 9 are related to the installation of 250 kWh commercial-scale Li-ion
BESS units within solar farms, showing that battery units have the potential to support
the effective utilization of solar power and to foster its penetration to the generation mix
[21].

Project 8 constitutes one of the first industrial-scale BESS facilities in the U.K., with
a 300 kW /640 kWh Li-ion BESS being connected to a solar farm in Somerset. One of the
aims of the project is to raise awareness on the potential benefits from the deployment of
BESSs at the industrial scale among investors and developers. Furthermore, these systems
can be utilised by the local distribution system operator (Western Power Distribution)
with the aim of enhancing the network power quality [31].

Project 10 refers to five 50 kW/100 kWh BESS units, installed in one of Western
Power Distribution’s substations, with the focus being placed on investigating the use of
BESSs for deferral of grid investments, and evaluating the use of smaller distributed units
across the network against single units deployed at a specific location [33, 32].

Project 13 is the first project funded by the Low Carbon Networks Fund that locates
the BESS units close to the residential customers, rather than at the substation [34].

Projects 14, 18, 19, 20, 21 and 22 are installed in remote islands, and are functional to
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the development of renewable-powered microgrids (MGs). The objective of these projects
is to reduce the reliance on diesel generators and smooth renewable generation. The
services provided by the BESS units include: time shifting of the excess energy generated
by RESs during low demand times to high demand times, and electric supply capacity
[36, 37].

Projects 23 and 24 are customer-owned, and they refer to the use of batteries together
with PV systems to achieve time shifting of renewable energy and to reduce the electric
bill, with the customer in Project 24 being the first British owner of a Tesla Powerwall.

Regarding the battery technology, lithium-ion is the most deployed, followed by the
more mature technology of lead-acid, whereas three of the projects differentiate from
this trend, featuring the technologies of Li-ion titanate, vanadium redox flow (VRF) and
sodium-nickel-chloride [39, 40]. A description of the characteristics of each technology
will be given in Section 2.3.

BESSs have been utilised for the provision of a wide variety of ancillary services
[20, 21] that are listed in Table 2.2. These services will be classified in Section 2.4, and
the numbering used in Table 2.2 will be referred to in this section to provide the location

of each application within the power system.

2.3 BESS technologies

For power system applications two parameters are commonly used to characterise
BESS units. The first is the power capability (W), shown in Table 2.1, corresponding
to the rate at which energy can be transferred to or from the battery (this quantity is
also referred to as “rated power flow”). The second is the amount of energy that can
be stored in the device, or capacity (Wh). These two parameters are not independent of
each other: optimising the design in terms of power-to-energy ratio to meet the needs of
a specific application (power or energy) leads to more cost-effective solutions [41].

Both characteristics depend on the battery chemistry, and therefore as part of this
literature review, the most popular BESS technologies are presented. While a large
variety of technologies for rechargeable batteries are available for grid applications, this
work focuses on the ones deployed for the projects presented in Table 2.1: lead-acid,
lithium-ion, sodium nickel chloride and vanadium redox flow. In this thesis, a summary
of the advantages, disadvantages and research trends for these technologies is provided,
while a more detailed description of the above can be found in the work published by
the author in [1]. Subsection 2.3.1 provides a brief description of the aforementioned
battery technologies, while their advantages, disadvantages and technical characteristics

are summarized in Subsection 2.3.2.
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2.3.1 Battery technologies deployed in the UK projects

e Lead-acid: Lead-acid is the most mature battery technology, featuring low cost and
dominating in applications where low energy density and limited life cycle are not
an issue [42, 43]. However, their low cycling capability (or short cycle number) may
have a negative impact on the economics of the interconnected system in utility
applications. Based on [44], there is high potential for the advanced lead-acid

batteries to provide improvements in terms of energy density and life cycle.

e Lithium-ion: During the last years, lithium-ion batteries have undergone an in-
creasing deployment in stationary installations, driven by the significant experience
gained from their development in other types of applications, such as electric and
hybrid vehicles [45, 46]. They feature the highest energy density, thus offering a
huge potential for deployment in a wide range of energy storage systems [47]. Other
advantages are their high power density and efficiency, long cycle numbers, low dis-
charge rate as well as no-memory effect [10, 48, 49, 50]. One of the main issues for
Li-ion is the heating of their internal resistance, which can cause battery’s failure,
therefore overcurrent and overvoltage systems should operate in parallel to ensure
appropriate protection, leading to increased battery’s cost [49], [51]. Besides, there
are known concerns regarding the availability of adequate resources for large-scale
energy storage applications [46]. Improvements to the basic configuration have been
obtained by adding fibre and nano-composite improvements to the anode, thereby
achieving higher power, higher reversibility and increased life cycle, while the use of
solid electrolytes and electrolyte salts has reduced the acidity and the safety risks
[46]. Advanced lithium energy storage systems can increase the energy density, due

to the use of nanowire silicon in the anode [51, 52, 46].

e Vanadium redox flow: Vanadium redox flow (VRF) batteries are the most widely

employed flow batteries. They differ from conventional batteries in terms of stor-
ing process, since they utilise two external tanks for the storage of the electrolyte,
which is pumped through the electrochemical cells during the process of charging
and discharging.[10, 53]. Their advantages include: large number of cycles, flexi-
bility in the design of power and energy capacities, low standby losses and simple
cell management [10, 54], possibility to provide continuous power with a discharge
duration time longer than 24 h, ability to be brought up to full power promptly
and high energy efficiency [12, 50, 55]. Additionally, VRF batteries do not cause
significant safety and environmental issues, they have low maintenance cost and

can be idle for long time periods without losing their storage capacity [56]. How-
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ever, VRF batteries are relatively expensive, featuring high capital and running
costs [10, 12, 47]. They are more suitable for peak-shaving and energy time-shifting
applications, due to the relatively low energy density of the vanadium electrolyte
[45, 54, 57]. Significant research effort is put on reducing the cost and on increasing
the storage system’s power density via the use of thinner and more active reaction
felts [45].

e Sodium nickel chloride: Finally, the sodium nickel chloride batteries are charac-

terised by high energy density, long life cycle and are practically maintenance-free
[10]. Due to the characteristics of long life cycle, long discharge time and fast re-
sponse, they are well suited to applications that engage bulk energy storage such as
the ones within transmission systems, railway transportation and large renewable
energy plants [56]. This claim is further expanded in [58], where the high suitability
and compatibility of the electrical characteristic of this battery (e.g., its volumetric
and gravimetric energy densities) with large-scale stationary storage is highlighted.
Within their drawbacks are their high cost and self-discharge [50]. Their main

limitation is the required heat to keep the molten state temperature.

2.3.2 Summary of battery technologies

Table 2.3 summarizes the main advantages and disadvantages of the main battery
technologies currently deployed for power systems applications.

Table 2.4 provides a summary of the main characteristics of the technologies described
above. The characteristics considered include: power and energy rating, life cycle, life
span, efficiency, energy and power density, response and discharge time, energy and power
capital cost. For each metric, a range of variability is provided, based on the references
listed.

For some characteristics, such as power ratings, there is a clear advantage of some tech-
nologies versus others-more specifically, Pb-acid and Li-ion batteries. For other character-
istics, such as efficiency, the performance of various technologies is closer, since efficiency
values higher than 90% have been reported for all of them. For some other characteristics,
such as the energy density of Pb-acid energy storage, a significant variability is observed.
This may be due to different manufacturing processes or test conditions.

Based on the results shown in the summary table and the technology review carried
out above, one can conclude that BESS energy technology is changing rapidly. Thus,
it is likely that in the future more diversified types of batteries will be deployed for
transmission and distribution applications, while at the moment the great majority of
projects listed in Table 2.1 adopt Li-ion batteries.
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Table 2.3: Main advantages and disadvantages
scribed in Section 2.3.

of the BESS technologies de-

Technologies Advantages

Disadvantages

mature technology
low cost [42, 43]
tolerance against misuse [3]
Pb-acid low maintenance requirements
large storage capacity [10, 59]
spill-proof [56]
fast response time

low daily self-discharge rate [12]

bulky (low energy density and specific energy [49])
increased cost under low temperature operation [12]
reduced lifespan at prolonged discharged state [60, 61]
low cycling capability
low DOD [56]
hazardous for the environment [59, 51, 50, 62]

high energy density [47]
high power density
high efficiency
long life cycle
low discharge rate
no-memory effect [10, 48, 49, 50]
stable discharge voltage
wide operating temperature
Li-ion high cycle efficiency [59]
packaging flexibility [63]
recyclable lithium oxides and salts [51]
high specific energy
rapidly decreasing costs
excellent charge retention
high cell voltages
very good performance at low temperatures
high DOD [46]

increased cost due to protection circuits and packaging [51]
availability [46]
safety and environmental issues [48]

temperature-dependent life cycle [12, 52]

long life cycle
flexible design of power and energy capacity [52]
low standby losses
simple cell management [10, 54]
high energy efficiency [12], [50, 55]
low maintenance cost [56]
VRF large storage capacity
high power output and energy conversion rate
suitability for large-scale energy storage [59]
low self-discharge [12]
durable performance [52]
overcharge tolerance
high DOD [51, 64]

high cost
large layout
high capital and running costs [10, 12, 47]
unsuitable for small-scale storage applications [51, 52, 62]

low energy density [45, 54, 57]
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Table 2.3: Cont.

Technologies Advantages Disadvantages

high energy density

long life cycle .
. high cost
. maintenance-free [10] . .
NaNiCls, . . high self-discharge [50]
long discharge time .
heat required to keep the molten state temperature
fast response [56, 58]

high efficiency [51]

Table 2.4: Technical characteristics of the BESS technologies deployed in U.K.
projects.

Characteristics/Technologies Pb-acid Li-ion VRF NaNiCl,
0/10-50/100 0.005/1-1.5/10
Power rating [MW] 0-50 [46] /10-50/ 5/1-1.5/ 0/0.001-0.3/1 [48, 52
[11, 60, 50, 46, 65] (48, 52, 50, 65]
107°/4-10/100
Energy rating [MWh] 0.1/0.25-50,/100 [13, 48] /4-10/ 0.01/4-10/40 [48, 65] 0.12-5 [45]
[12, 13, 48, 65]
0.1/0.5-2/3 0.25/4.5-5/20 2-5/13
Life cycle [cycles x 10%] /05-2/ >/45°5/ /154 2.5/4-4.5 [48, 52]
(46, 66, 67] 11, 12, 40, 48, 50, 46, 65, 66]  [12, 40, 48, 52, 50, 63)
3/5-15/20 2/5-15/20 2/10-15/20
Life [years] /5715/ /5-15/ /10-15/ 10-14/15 [48, 52|
(40, 50, 46, 66] [11, 48, 50, 46, 66] (48, 52, 50, 46]
. 70/85-90/100 60/85-88/90
Efficiency [%) 70/75-85/92 [50, 66] /85-90/ /85-88/ 85-90 [48, 52)
[11, 48, 52, 50, 46, 65, 66, 67] 48, 52, 50, 46, 65]
Energy density [Wh/1] 50-90 [48, 66] 200-500/600 [48, 52, 50] 15/16-33 [12, 48, 50] 150-180 [48, 52]
Power density [W/1] 10-400/700 [48, 46] 1300,/1500-10000 [12, 48] 0.5-2 [48] 220-300 [48, 52)
5-10 ms, j1/4 cycle, 20-1000 ms, j1/4 cycle,
Response time N A s, i1/4 eyele, ms, i1/4 eycle, i1/4 cycle, a few ms [40, 48] a few ms (48]
a few ms [11, 12, 48] a few ms [11, 12, 40, 48, 66]
Discharge time a few min —4/20+ h [13, 66] 6 min/2 h-4/5 h [50, 65, 66] s-8/10 h [48, 52, 50] s/min—h [48, 52]
600,/900-1700/2500 150/750-830/1000 100/200-500/1000
Energy capital cost [$/kWh] 200400 [48, 50] 00/ /25 /750-830/ /200-500/
(48, 52, 50, 65, 68] (48, 52, 50, 65 (48, 52]
1200,/1800-4000/4100 1150/300-400/1800
Power capital cost [$/kW)] 300-600 [48, 50] / / 600-1500 [48, 52, 50] 50/ /

48, 52, 50, 65, 68) 48, 52]

2.4 Ancillary services provided by BESSs in power

systems

This section summarizes the work carried out in [1], which provides a detailed de-
scription of the most common ancillary services provided by BESS projects in the U.K.
and presented in Table 2.2. A classification of the ancillary services provided by BESS
connected to the transmission and distribution system in the U.K. is presented, and their
location within the power system is provided.

Based on the existing literature, the terminology used for ancillary services and their
classification varies broadly [69]. A commonly employed approach to classify these services

is based on the power rating of the system and the discharge time [70]. Under this
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5.4. Customer 5.2.R ble energy
energy management integration

Figure 2.1: Classification of the ancillary services provided by BESSs con-
nected to the transmission and distribution system in the UK [1].

approach, services are divided into power and energy applications, depending on if their
discharge duration is less or more than 30 min respectively [71, 67, 72].

In this thesis, an alternative approach is adopted, based on the work presented in [13],
because it is deemed more appropriate to categorise the ancillary services provided by
BESSs in the U.K. Therefore, ancillary services are divided in four families:

e Short-term (system enhancement): to ensure the stability, robust operation and re-
liability of the electrical grid via the provision of rapid-response services, responding
to small-time scale (seconds to several minutes) fluctuations in generation and de-
mand.

e Customer energy management: to enhance the power quality of a specific part of
the grid by mitigating short-term power delivery issues, e.g., supply interruptions
and voltage dips.

e Long-term (bulk energy): to boost the system’s efficiency and reduce the electricity
costs by providing services that operate over a long period of time, which can be
several hours.

e Renewable energy integration: to enhance the energy-efficient and cost-effective
penetration and operation of RESs into the grid. This can be achieved by smoothing
the output and control the ramp rate of RESs in order to eliminate rapid voltage
and power swings on the grid. Since this thesis is focused on the U.K., where RESs
are gradually overtaking the coal-fired generation, it seems reasonable to consider

the renewable energy related applications as a distinct family of applications [3].

17



Generation i Transmission | Distribution
« i Extra highvoltage | *— | — High voltage

400 kv 275 kv 132 kv

22 kv

oo ®

Power
station

Heavy industry —
large factories

Medium voltage

Light industry —

Renewable
energy sources,

Small resi
and commerical

Heavy industry —
large factories

Figure 2.2: Location of each application of BESSs in the electricity supply
chain [1].

Figure 2.1 illustrates the four main families of ancillary services listed above. For
simplicity, each one of the ancillary services listed in Table 2.2 is associated to one family,
although the authors recognise that some services could have been associated to more than
a family. A more detailed description of each application family and of the corresponding
services is provided in [1].

Figure 2.2 presents a simplified representation of the U.K. electricity network, in-
cluding electricity generation, transmission and distribution (primary and secondary),
interconnected loads and BESS units?. The figure illustrates the location of each appli-
cation within the electrical grid [69, 73]. The different ancillary services are referred to
by using the numbers provided in Table 2.2.

Each ancillary service may be deployed at different locations in the power system,
although some applications may be more specific for certain voltage levels. For example,
electric bill management is expected to be deployed at lower voltage levels, close to the

customers. However, the figure highlights the flexibility and wide-spread applications of

2In Figure 2.2, the renewable energy sources are connected at the 33 kV busbar. However, in the
practice, they can be connected at higher or lower voltage levels in the electricity supply chain.

18



both BESSs and ancillary services.

2.5 Voltage unbalance mitigation

This section elaborates on the causes and consequences of voltage unbalance in distri-
bution networks. A comprehensive review of the state-of-the-art and emerging mitigating
solutions is provided, including both passive and active mitigating techniques; special
focus is placed on the literature works referring to voltage unbalance mitigation by means
of BESSs.

2.5.1 Definition of voltage unbalance

In a three-phase system, a set of three voltage or current phasors is balanced if the
two following conditions apply: the phasors are equal in magnitude and they are shifted
symmetrically by a phase angle of 120° to each other. If one or both of the above
conditions do not apply, the phasors (and, consequently, the voltages) are unbalanced.
Alternatively, the set of phasors is defined as balanced if it is decomposed only into
positive-sequence voltages (currents) [74]. Considering that synchronous generators are
designed to provide balanced three-phase voltages, and the amount of unbalance caused
by the grid equipment in the MV and HV network level is negligible, voltage unbalance
in LV networks is mainly excited due to local causes, as it will be described in Subsection
2.5.2. These include uneven allocation of single-phase loads and presence of single-phase
DERs, among others.

The most commonly used metrics for the quantification of voltage unbalance are those
defined by the following communities: the Institute of Electrical and Electronics Engineers
(IEEE), the International Electrotechnical Commission (IEC) and the National Equip-
ment Manufacturer’s Association (NEMA) of the United States [74], [75]. These metrics
are slightly different from each other, and will be briefly summarised below.

Based on the IEC definition, voltage unbalance is quantified by the negative—sequence
and the zero-sequence voltage unbalance factors (k,o and k,g), defined as the ratio of
the negative—sequence (Va) and the zero—sequence (V) to the positive—sequence voltage

fundamental component (V7), respectively [76], [77]:

_ V2

ko = 2.1

2=V (2.1)
| Vo |

kyo = 2.2

=1V (2.2)
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The IEC definition directly represents the phenomena of interest without approxima-
tion, and it is commonly referred to as true unbalance. According to IEC 61000—2-2, the
compatibility level for k.5 is 2%, although stricter limits may be imposed by some DNOs
[74]. Compatibility levels are not provided for k,g.

Phase voltage unbalance rate (PVUR) is used by IEEE, and it is defined as the ratio of
the maximum deviation of the phase-to-neutral voltage from the average phase-to-neutral

voltage to the average phase-to-neutral voltage:

Avah,?naz

PVUR =
Vph,cw

(2.3)

The NEMA definition is similar to the IEEE definition, except for using phase-to-phase
instead of phase voltages. In the context of this work, the IEC definition is adopted and,
since the standards provide guidances for this quantity only, k.2 is chosen as the metric

to quantify voltage unbalance.

2.5.2 Causes of voltage unbalance in power systems

Generally, domestic customers in the UK are connected to single-phase supply along
single-phase laterals, and they are allocated to the three phases unevenly [78], [79]. In
addition, a random phase is chosen for a new customer connected to the network, therefore
leading to voltage unbalance between the three phases. Even for countries where the
customers are connected to three-phase supply, such as in Denmark, the single-phase
appliances are not evenly allocated across the three phases, and the phase connectivity
is not controlled or known by the network operator [80]. Voltage unbalance can also be
excited by unbalanced three-phase loads, such as arc furnaces [81].

Another typical cause of unbalance is the structural asymmetries of the single-phase
laterals over the three phases of the grid. The inherent asymmetry of the distribution
lines involves asymmetrical self and mutual impedances, therefore giving rise to voltage
unbalance across the distribution system [79)].

Additionally, voltage unbalance is excited due to random load patterns, even assum-
ing an even allocation of the customers across the three phases. Especially in the last
decade, an increasing number of distributed energy resources (DERs), such as photovoltaic
(PV) distributed generation and plug-in electric vehicles (PEVs), has been deployed in
distribution networks worldwide [1]. This trend is expected to continue and to further
accelerate in order to meet Net Zero targets. Since a large portion of these devices is
single-phase connected, and given the cumulative large power rating and their variable
output, voltage unbalance levels are expected to increase across distribution feeders and

at the substations.
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Finally, the incidence of unbalanced faults, such as phase-to-phase or phase-to-ground

short circuit, single-phase broken-line fault, etc. can excite voltage unbalance [79].

2.5.3 Consequences of voltage unbalance in power systems

The increase of voltage unbalance to unacceptable levels may have adverse effects on
power system operation and on the equipment connected to it. A negative impact of
voltage unbalance is the waste of network capacity, which leads to increased investment
costs both for individual networks and DNOs, as shown in [82], [83]. More specifically,
when one of the phases of a three-phase LV feeder is heavily loaded, the investment in
network reinforcement will be required earlier compared to the case when all three phases
are balanced [84]. Furthermore, under unbalanced current operation, the serviceable
loading capacity of distribution transformers and LV cables is decreased, and they cannot
be used up to their nominal ratings [74], [81]. Phase unbalance can also be a limiting
factor for the connection of distributed generation [85].

Voltage unbalance can additionally lead to the rise of energy losses on the three phases,
neutral and ground conductors, both at the transformer and feeder level. As reported in
[74], the energy losses induced by phase unbalance constitute a considerable amount of
the total losses in the LV network [79].

Furthermore, another negative impact caused by high levels of voltage or current
unbalance is the misoperation of the protection relays, which can cause nuisance tripping
[74]. Phase unbalance causes the flow of ground currents, which may trip the protection
devices, as in the case of a variable-frequency drive (VFD).

Finally, voltage unbalance can cause degradation of the efficiency and increase in the
losses of induction motors, and it is identified by DOE as the primary reason for their
overheating and premature failure. More specifically, low levels of voltage unbalance may
lead to significant current unbalance levels due to the low negative-sequence impedance
value compared to the value of the positive-sequence impedance of an induction motor
[79].

A summary of the above desribed causes and consequences of voltage unbalance in

distribution networks is provided in Figure 2.3.
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Figure 2.3: Causes and consequences of voltage unbalance.

2.5.4 Voltage unbalance mitigation techniques

As a result of the challenges described in the previous subsections, to maintain a
balanced system operation, distribution network operators (DNOs) are exploring new
approaches to improve voltage profiles and reduce the levels of current and voltage un-
balance.

Voltage unbalance has been traditionally tackled by trying to distribute equally the
loads on the three phases, by using delta-connected systems, and by applying transpo-
sition on long lines [1]. Additionally, it is possible to replace the LV cables with cables
of larger cross-sectional area [74]. This results in reduced voltage drop along the feeders,
therefore the difference among the voltage amplitudes at the three phases is decreased
at the feeder end [86]. When these mitigating solutions are not viable, active filters
can be deployed [87, 88]. Series and parallel active power filters have been proposed
for voltage unbalance compensation by injecting negative-sequence voltage and current,
respectively [89]. Furthermore, voltage unbalance can be reduced by controlling unified
power quality conditioners to inject both negative-sequence voltage and current or by
static synchronous compensators controlled to inject positive- and negative-sequence re-

active power [90]. The installation of phase balancers in LV feeders is another option for
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mitigating the unbalance [74]. However, the aforementioned solutions incur in high costs
for DNOs [91].

Alternatively, power converters used for distributed generation (DG) may provide
voltage unbalance compensation as an ancillary service by regulating their reactive power
output [1], [2]. However, the effectiveness of this method is limited to low voltage (LV)
networks with high R/X values. In [87, 91], three-phase inverters for wind and solar gen-
eration are controlled to compensate voltage unbalance at the PCC by injecting negative-
sequence active and reactive power, while in [92] the negative- and zero-sequence grid
current components are compensated by single-phase DG inverters. A supervisory con-
troller manages the units by calculating the reactive power references for each inverter
in real time [93]. The control strategy presented in [94] enables the synergic action
of single-phase and three-phase PV inverters for voltage unbalance mitigation, with a
central controller located at the PCC evaluating the required compensating active and
reactive power signals to be dispatched to the inverters. More recently, decentralized
and distributed control schemes based on the Steinmetz design have been proposed to
control the reactive power injections of single-phase distributed PV inverters for voltage
unbalance mitigation [95].

All the works cited above refer to the use of wind/solar inverters. Despite the potential
benefits of using Battery Energy Storage Systems (BESSs) for voltage unbalance compen-
sation, due to their declining prices, flexibility to control both active and reactive power
(four-quadrant operation) and relatively stable DC voltage, such application is a relatively
unexplored research area. Only a few literature works consider using BESSs for providing
phase balancing services, and most of these research papers focus on three-phase BESSs.
In [96], a control scheme is proposed for three-phase PV /BESS inverters installed across a
distribution system to balance the voltage at the LV busbar; a central controller receives
measurements from a smart meter installed at the MV /LV transformer and calculates the
negative-sequence reference set-points sent to each inverter. A three-phase community
energy storage (CES) system was proposed in [97] to alleviate the neutral current and
neutral-to-ground voltage rise caused by the variable PV output and unbalanced loads in
a multi-grounded three-phase four-wire distribution system. The CES system was con-
trolled to dynamically balance the power exchange with the grid utilizing the minimum
amount of power.

The provision of unbalance compensation by single-phase BESS has been described
only by a few authors. In [98], PEVs single-phase batteries were coordinated to inject and
absorb reactive power to mitigate the current unbalance. However, since the active power
exchange remains unaltered, the effectiveness of this method is limited for distribution

systems with high PV and EV penetration levels. In [99], the control of a single-phase
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BESS connected at the same phase as a PV inverter and a load reduces the voltage unbal-
ance and the network power losses by acting as a load or generator when the PV output
is greater or lower than the load, respectively. Nevertheless, the proposed control scheme
results in voltage unbalance levels above the statutory limit and increased network losses
when the BESS is connected at different phase from the PV and the load. Distributed
control strategies for single-phase distributed BESSs were proposed in [100] to balance
the active powers at the point of common coupling (PCC) of the distribution system. In
[101], the power balancing algorithm proposed in [97] was applied to single-phase bat-
tery storage devices integrated with PV systems in the distribution feeder to balance the
power flows at each bus, by storing surplus energy during PV peak generation period and
releasing the stored energy during the evening peak load.

The literature review performed has shown that there is still room for further appli-
cation of BESSs for unbalance compensation, since this is a relatively new research area.
However, in contrast with active filter operation, compensation of voltage unbalance in-
volves charging and discharging of the energy storage unit, and may have an impact on
the state of charge (SOC) and the lifetime of the battery [102]. This issue is common to

other ancillary services, and it was described more in details in [1].

2.6 BESS model

The configuration of the BESS model was determined based on the literature review
carried out on BESS technologies and inverter configurations utilized for voltage unbal-
ance mitigation. This section presents the two main components of the BESS model: the
battery (Subsection 2.6.1) and the inverter (Subsection 2.6.2).

2.6.1 Battery model

A built-in Simulink block is used to model the battery of the BESS. This block im-
plements a generic battery model that represents most popular technologies. In the case
under study, a Li-ion battery is connected to the dc side of each BESS inverter. This
technology is chosen since it is the most common for power system applications [1], as

discussed in Section 2.2, and the following assumptions apply to the model [103]:

e The temperature and ageing (due to cycling) effects on the battery are not simu-
lated.

e The internal resistance is assumed to be constant during the charge and discharge

cycles and it does not vary with the current amplitude.
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e The default values are chosen for the model parameters of the Li-ion battery cell.
The Simulink software derives these values from the data sheet of the corresponding
battery technology and its typical discharge characteristics, which are assumed to

be the same with the charge characteristics.

e The battery capacity does not change with the current amplitude - there is no
Peukert effect [103].

e The self—discharge of the battery is not represented. This can be modelled by adding

a large resistance in parallel with the battery terminals.
e The battery has no memory effect.

The lithium-ion battery is modelled using the following equations, depending on if the

battery is charging or discharging:
e Discharge model (i* > 0):

fa(it,i*,i) = By — K - Q?it it K- o it 4 A elmBi) (2.4)

e Charge model (i* < 0):

Q - Q

K- —* . K- it + A elTB) 2.5
t1+01-Q " Q_a "t (2:5)

fe(it,i*,i) = Ey —

where fq(it,i*,4) and f.(it,7*, ) are the battery discharge and charge voltage, respectively,
Ej is the constant voltage (in V), K is the polarization constant (in V/Ah) or polarization
resistance (in Ohms), * is the low frequency current dynamics (in A), ¢ is the battery
current (in A), it is the extracted capacity (in Ah), @ is the maximum battery capacity
(in Ah), A is the exponential voltage (in V), B is the exponential capacity (in Ah~1).
To satisfy the required operating conditions for a specific application, i.e. achieve the
desired operating voltage and capacity of the BESS, Ny and N, battery cells have to be
connected in series and in parallel, respectively, as shown in Figure 2.4. The number of
cells connected in series and in parallel are calculated based on the required operating

voltage and capacity of the BESS, respectively:

Vin

Ny = 2.6
Ven ( )
Cbn

N, = o (2.7)
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Figure 2.4: Li-ion battery consisting of Ns cells connected in series and Np
cells connected in parallel.

where Vj,, is the BESS nominal voltage (V), V., is the battery cell nominal voltage (V),
C.p is the battery cell rated capacity (Ah) and Cy, is the BESS rated capacity (Ah),

which can be rewritten as:

Ey,
Cypp = — 2.8
= (2.8)

where Ey, is the BESS rated capacity (Wh). Substituting (2.8) to (2.7), the number of

parallel connected cells is equal to:
_ Ebn
‘/b'ﬂCCTL

The BESS rated capacity is obtained as the product of the inverter rated power (P;,,)
and the BESS operating time (t,,):

N, (2.9)

Ebn = invtop (210)

In the context of this work, the operating time for providing the unbalance compen-
sation service was chosen as 10 h, assuming that the BESS provides this service during
the daytime. The inverter rated power was chosen equal to P;,, = 9 kW, as discussed
in Subsection 2.6.2. Therefore, the BESS rated capacity is equal to Ep, = 90 kWh, and
this rating was used throughout the simulations carried out in Chapter 4 and Chapter 5

to validate the voltage unbalance mitigation strategy.
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Table 2.5: Parameters of the Li—ion battery cell.

Parameters Symbols Values Units
Nominal voltage Ven 7.2 \%
Rated capacity Cen 5.4 Ah
Initial state—of-charge SOC;, 80 %
Battery response time tr 30 S
Maximum capacity Ce maz 5.4 Ah
Cut-off voltage Veo 5.4 \%
Fully charged voltage Ver 8.3807 A%
Nominal discharge current Lin 2.3478 A

Internal resistance Rint 0.013333 Ohm
Capacity at nominal voltage C’;n 4.8835 Ah

Exponential zone [voltage, capacity] | [Vee Cee] | [7.7788 0.2653] | [V Ah]

Table 2.5 summarizes the parameters of the individual Li-ion battery cell. To model
a series and parallel combination of cells, the parameters of Table 2.5 are modified as
follows: the voltage parameters (Ven, Voo, Ve, Vee) are multiplied with N, the capacity
(Ccn,Cc,mam,Cén, ce) and current parameters (Ig,) are multiplied with N,, and the

internal resistance (R;y,;) is multiplied with —>. The values of N, and N, are provided

p
in the next section.

2.6.2 Single-phase BESS inverter model

The single-phase BESS inverter was modelled as a single-phase full-bridge voltage
source inverter (VSI) shown in Figure 2.5. The inverter consists of four IGBT switches
(Q1-Q4), which are forced-commutated devices, and four diodes that are connected in
antiparallel to the switches. As it will be shown in later chapters, the single-phase inverter
is connected either at the busbar at the secondary side of the distribution transformer or
at a busbar along the distribution feeder.

The inverter nominal phase-to-neutral voltage is equal to Vi x rms = 230 V or VL n peak =
325 V. Since the BESS rated dc voltage should be larger than the grid voltage under any
operating conditions, including overvoltage, V4, should be above 1.1x325 = 357.5 V [104].
Therefore, N; = 70 battery cells were connected in series, leading to a BESS nominal
voltage equal to V4, = 504 V. In addition, the inverter rated power was chosen equal to
Sinvy = 9 kvar, since the choice of this rating was shown to result in a satisfactory per-
formance on mitigating the voltage unbalance levels, which stayed below the regulatory
limits for most of the generation and load operating conditions examined throughout the

simulations presented in Chapter 4, 5 and 7. In a practical application, the optimum bat-
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Figure 2.5: Single-phase full-bridge voltage source inverter.

tery rating will be chosen as a compromise between performance, cost, ancillary services
provided and their remuneration. The validation of the chosen inverter rating is carried
out in Appendix A. Substituting E;, = 90 kWh, V;,, = 504 V and C,,, = 5.4 Ah to (2.9),

the number of parallel connected cells for the BESS unit was chosen equal to:

90000
P 50454

Purely resistive snubbers are simulated by setting the snubber capacitance and resis-

= 33.064 ~ 34cells (2.11)

tance equal to Cy = inf and R, = 10° €, respectively [105]. Thus, the power electronic
devices are simulated with virtually no snubbers, and the leakage currents are negligible
due to the very large resistance value. In addition, the conduction losses and the forward
voltage of the IGBT and the diode are neglected?. The switching frequency is set equal
to fsw = 10 kHz. The inverter is connected to the grid through an LC filter, which filters
out the high frequency switching harmonics of the output voltage and current. Table 2.6

summarizes the chosen parameters.

3These approximations are acceptable for the purpose of this work, where the interest is focused on
the impact of the proposed control strategy on the electrical power system, rather than on the individual
inverter.
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Table 2.6: Parameters of the VSI and output filter.

Parameters Values
Nominal dc voltage Vi, =504 V
Nominal ac voltage Vinn =230V

Rated apparent power Sine = 9 kVA
Ry =0.135 Q,

LC filter Ly — 36 mH, Cy — 8 uF
Switching frequency fsw =10 kHz

Snubber res'lstance R, =105 Q, O, = inf
and capacitance
IGBT internal resistance Ron =107 Q
IGBT and Diode
forward voltage Vi=Vsa=0V

2.7 Conclusions

This chapter presented a literature review dealing with applications of BESS in dis-
tribution systems. Various BESS projects in the UK were presented, showing that there
has been a trend towards utilizing BESSs for time-shifting applications and for deferring
investments for the upgrade of the transmission system (TS) and distribution system
(DS). Additionally, BESSs have been utilised for the provision of ancillary services such
as voltage support, which is gaining increasing importance due to the growing penetra-
tion of variable generation and load patterns into the grid. Different BESS technologies
deployed in the UK projects were discussed, showing that while the majority of them is
based on Li-ion batteries, more diversified types of batteries are expected to be utilized
in future applications. A robust classification of the ancillary services currently offered
by BESSs was performed, and the notation found in the literature was harmonised.

A comprehensive literature review on the topic of voltage unbalance was carried out.
It has been reported that the uneven allocation of single-phase loads, the random load
behaviour and the inherent structural asymmetries present in distribution networks are
the main causes of voltage unbalance, while disruptive single-phases loads and generat-
ing units, such as PVs and EVs, can become major contributors to the rise of voltage
unbalance levels as their number grows. Voltage unbalance can have multiple negative
effects on the power system, including: increased energy losses, reduced efficiency and
degradation of induction motors, and waste of the network capacity, which may lead to
increased network investment costs.

State-of-the-art and potential voltage unbalance mitigation techniques have been pre-
sented, including both passive (e.g. corrective actions implemented by the utilities) and

active (e.g. use of power electronic equipment controlled to inject active and reactive
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power to compensate for voltage unbalance) techniques. The literature review has shown
that the installation of equipment such as active power filters may increase the total in-
vestment cost, and therefore there has been an increasing interest towards the deployment
of DG inverters for the provision of voltage unbalance mitigation services, since they are
not operating at full rating all the time due to the intermittent nature of RESs. Therefore,
utilizing their available power rating to address voltage unbalance issues is a promising
idea. Alternatively, voltage unbalance compensation could be provided either by behind-
the-meter or front-of-the-meter BESS units, which can be utilized in a stand-alone setup
or they can be collocated with other renewable energy resources, such as PVs. The ma-
jority of the literature works propose voltage unbalance compensation strategies deployed
to three-phase BESSs, while only a few of them consider the application of single-phase
BESSs for unbalance mitigation in LV networks. This research is aimed to fill this gap,
and the proposed mitigation technique will be introduced in Chapter 3.

Finally, the BESS model used in this work was presented. The basic modelling prin-
ciples and parameters of the adopted Li-ion battery and single-phase full-bridge voltage
source inverter models were provided. These models are used in Chapter 4 and Chapter

5 to validate the developed control strategy.
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Chapter 3

Voltage Unbalance Mitigation
Strategy for Single-Phase
Battery Energy Storage

Inverters

3.1 Introduction

This chapter presents the proposed voltage unbalance mitigation strategy for single-
phase BESS inverters. A detailed description of the strategy developed to mitigate voltage
unbalance in unbalanced power distribution systems is provided, followed by a detailed
discussion of the BESS control strategy developed to regulate the active and reactive

power output of each single-phase BESS inverter.!

3.2 Voltage unbalance compensation strategy

Figure 3.1 illustrates the configuration of three single-phase BESS units connected at
a generic bus (labelled ‘bus j’) of the distribution system and the control system layout.
This representation means that the BESS units may be connected either at the substation
busbar or at any other three-phase busbar.

The downstream single-phase loads are represented by their active and reactive power

IPart of the work presented in this chapter has been published in [2], [106].
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Figure 3.1: Schematic of the three single-phase BESS units connected to the
distribution system for providing voltage unbalance compensation.

values Py;, Q;i, with ¢ = a, b, c. It is worth noticing that the term ‘load’ is used loosely
here, as both passive and active elements (such as PVs and EVs) may be connected to the
distribution feeder, and the net power may be positive or negative, and varying in time.
It is assumed that the loads are non-uniformly distributed, so that the power flow in the
three phases will be different thus leading to unbalanced voltages at bus j. Additionally,
the presence of structural asymmetries in the medium-voltage (MV) network introduces
background unbalance, which is added to the voltage unbalance caused by unequal load
distribution. Differences in mutual impedances between phase conductors cause different
voltage drops, depending on their spatial configuration. Low voltage networks gener-
ally introduce a small amount of voltage unbalance due to mutual impedance mismatch,
therefore the coupling between the three phases is not considered in this work [107].
The proposed control system is composed of two distinct parts: the upper level control
system and the BESS control system. The upper level control system coordinates the
three units by providing active and reactive power reference to each BESS inverter, based
on voltage measurements and feeder current measurements at bus j (vg; and iy;, with i =

a, b, ¢). The BESS control system regulates the active and reactive power and generates
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the switching pulses for the inverter based on power references (P; . 7> Qire f), voltage
measurements (vg;) and inverter output current measurements (i4;).

The aim of the proposed strategy is to control the inverters to inject negative- and
zero-sequence fundamental current components to be equal in magnitude and 180° out
of phase compared to the sequence components of the feeder current. As a result, only
the positive-sequence current component flows upstream bus j. The upper level control
system is described in details in Subsection 3.2.1, while Section 3.3 presents the BESS

control system.

3.2.1 Upper level control system

Figure 3.2 presents a detailed representation of the upper level control system. While
the use of reference currents is a suitable approach for locally connected three-phase in-
verters controlled to mitigate voltage unbalance, reference powers, such as active and
reactive power, are more suited when applying coordinated control strategies between
various network components [94], [108]. Therefore, in the context of this work, the de-
ployment of an upper level controller is proposed for the calculation of the power com-
mands, which are sent to the single-phase BESS units. While in this work it is assumed
that the BESS units are connected at the same bus, the applicability of the proposed
power-based control approach can also be extended to the coordination of BESS units
connected at different buses for voltage unbalance mitigation or the coordination of BESS
units with other devices, such as EVs. A possible alternative configuration for the three
BESS inverters consists in using a common DC link, where the tree BESSs are connected
in parallel. This topology introduces further challenges related to the BESS SOC con-
trol, among others, and has not been considered in this work, which rather focuses on

mitigating voltage unbalance by controlling three separate single-phase BESS inverters,

Upper level control system
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Figure 3.2: Upper level control system structure.

33



which may be deployed at the same busbar or far from each other in a practical setting.

Figure 3.2 shows that both current and voltage signals iy; and vy, are transformed
to the phasor domain by applying the Fourier transformation (appendix B), therefore
leading to the signals [Ifq, Ifp, Ifc] and [Vya, Vgb, Vge). The Fortescue transformation
is then applied to obtain the current symmetrical components [I¢1, T2, Ifo], which are

calculated as follows:

Ifl 1 1 (e Oéz Ifa
Ifz - 5 1 a2 87 Ifb (31)
I 11 1] [Ife

where the phasors [If1, Iy, Igo] represent the load positive—, negative— and zero—
sequence components, while the phasors [Iq, Ifp, Ifc] are the fundamental load currents,
and a = €35 is the phasor rotation operator, which rotates a phasor counterclockwise
by 120°.

Since the BESS inverter is expected to inject both the zero- and the negative-sequence
current components of the feeder current, Ipp and Ipg are multiplied with -1, while I¢; is
multiplied by zero. The inverse Fortesque transformation is then applied to the modified
symmetrical current components to calculate the reference current phasors I ref, Ib,ref,

I rey], which are given by the following equation:

Ioes 111 0
Ib,ref = O£2 (81 1 —Ifz (32)
Ic,ref (8% Oéz 1 —Ifo

The reference current phasors are multiplied with the voltage phasors [Vga, Vgb, Vge
to calculate the reference active and reactive power commands (P; yes, Qi res) for each

BESS inverter. The formulations of the reference powers are:

Sa,ref = Pa,'r'ef +.an,ref = Vga(_I;z - I;O) (33)
Sb,ref = Pb,ref +ij,ref = ‘/;]b(_a*I;z - I;O) (34)
Sc,ref = Pc,ref +ch,ref = ‘/gc(_az*I;2 - I;O) (35)

From Egs. (3.3)-(3.5), the three BESS units are controlled to supply the zero- and
negative-sequence current to the load, as shown in Figure 3.3, therefore only the positive-
sequence current flows through bus j. As a result of the improved current symmetry, the
voltage drops across the downstream distribution system are altered, with the voltage

deviations between the three phases being reduced at the remaining buses.
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Figure 3.3: Zero- and negative-sequence components of the feeder current
and inverter current.

In Egs. (3.3)-(3.5), Vgi = Vgi1 + Vgiz + Vgio, where Vg;1, Vgia and Vg, are the
positive-, negative- and zero-sequence voltage components of phase-i inverter, for i =
a, b, c. In steady-state conditions, once the BESS control systems regulate the active and
reactive powers to the reference value, the negative- and zero-sequence voltage components
at bus j are eliminated. Substituting Vg;2 = 0 and Vgio = 0 in Egs. (3.3)-(3.5), it can
be seen that the power exchanged between each BESS and the system is determined as
the product of two terms: the positive-sequence voltage component and the sum of the

negative- and zero-sequence current component, i.e.:

Sa,'r'ef = ‘/ga,l(_I;Q — I;O) (36)
Sb,ref = ‘/gbl(_a*-[;2 - I;o) (37)
Seires = Vaer (—a* T — Tjo) (33)

By adding Eqgs. (3.6)-(3.8), the total apparent power exchanged between the three BESSs

and the system is obtained as:

St,'r'ef = _I}z(‘/jqal + a*ngl + az*‘/gcl) - I;O(%al + ‘/gbl + Vgcl) (39)

Due to the properties of the symmetrical components, in Eq. (3.9) the total apparent
power exchanged between the BESS and the system will be zero. This means that at
any point in time, either two BESS units will be charging and the third unit will be
discharging, or the two BESS units will be discharging and the third unit will be charging
active power to achieve voltage unbalance mitigation. The same principle applies for the
generation or dissipation of the reactive power.

For the case when the desired operation cannot be achieved by the three BESS si-
multaneously (because of maintenance or unavailability of charge from the battery, for
example), the proposed strategy still has positive impact in mitigating voltage unbalance,
but it is less effective. This behaviour will be demonstrated both in the offline simulations

and in the experiments in later chapters.
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Figure 3.4: Simulink implementation of the apparent power limiter.

Notably, when the BESS cannot provide active power due to lack of charge or out-
ages, the inverter can still inject reactive power, thus emulating the operating conditions
described in [1], [98]. More formally, this condition is achieved by setting P,.y = 0 in the
upper level controller.

To ensure that each BESS inverter does not exceed its nominal apparent power rating,
a power limiting scheme has been developed. Its structure is demonstrated in the Simulink
block diagram of Figure 3.4, which refers to phase-a BESS inverter, while the same logic
applies to phase-b and phase-c BESS inverters. Based on this block diagram, the reference

apparent power is calculated as:

Sa,?‘ef Y. P(iref + Qi,ref (310)

and it is fed through input 2 to the ‘Switch’ block. The reference power is compared to
the rated apparent power of the inverter (S, = 9 kVA) inside this block, which passes in
the output the reference active and reactive power signals either through input 1 or input
3, based on the following logic:

o Surer < Sp: The reference active and reactive power signals Py ref and Qg res pass
through input 3, with their values remaining unchanged, as they were calculated by
the voltage unbalance mitigation algorithm.

e Suref > Sp: The reference active and reactive power signals pass through input 1,
after having being modified as follows: two ‘Saturation’ blocks are used to ensure
that P, rer and Qg rey do not exceed their nominal values, i.e. | Py rer |< S, and
| Qarer |< Sn. Since voltage unbalance mainly arises due to load active power
mismatch, priority is given to active against reactive power injection/absorption.

To this end, P, .y passes unchanged, while the reactive power is recalculated as:

’

Qa,ref = sign(Qaref) - /57 — PaQ,Tef (3.11)

The ‘Signum’ block output is: sign(Qa,ref) = 1, for Qqrer > 0 and sign(Qa,ref) = —1,
for Qa,ref < 0.
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Figure 3.5: Phase-a BESS inverter and BESS control system.

3.3 BESS inverter control

This section elaborates on the single-phase BESS control system. The control system
for phase-a BESS unit is shown in Figure 3.5 for simplicity. The control for phase-b and
phase-c units is identical. In this figure, the three-phase network Thevenin equivalent is
included. The inputs to the BESS control system are the reference powers calculated by
the upper level control system (Py e, Qa,ref). The BESS control algorithm is based on
the single-phase instantaneous power theory [106]. Since in the application under study
the active and reactive power output of the inverters are controlled for voltage unbalance
mitigation, the control system needs to calculate instantaneous power values.

Starting from current and voltage measurement at the BESS terminals (i4, and vg,),
an Orthogonal Signal Generator (OSG) based on the second order generalized integrator
[109], [110], [111] calculates the orthogonal voltage and current signals - i.e. the “a” and
“p” grid voltage and current components in the af-stationary reference frame (vga, vg4s,
iga, tgp). From these signals, the instantaneous active and reactive power are calculated
as:

Pa = (Vgalga + vgpig) X 1/2 (3.12)
do = (Vggiga — Vgaligp) X 1/2 (3.13)

Since the active and reactive power are dc quantities under sinusoidal and steady-state
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Figure 3.6: Block diagram of the ideal PR controller adopted in this work.

operating conditions, PI controllers are used for power regulation. The current reference

in the af-stationary reference frame for the single-phase inverter is expressed as [112]:

lgaref | _ 1 Gp(5)(pa — Payref)
igsref| Voot Upg

GQ(S)(qa - Qa,ref)
where P, rcf, Qa,ref are the active and reactive power references, respectively; Gp(s) and

Vga  Vgp

Vg8 —Vga

(3.14)

G(s) are the transfer functions of the PI controllers for active and reactive power, which

are written as:
kip

ki
Go(s) = kpg + ?q (3.16)

where kpp, kip, kpq, kiq are the proportional and integral gains of the PI controllers for
active and reactive power, respectively.

The reference current is regulated by a proportional-resonant (PR) controller: this
term introduces an infinite gain to remove the steady—state error at the resonant frequency

wp, and its transfer function is expressed as [113, 114]:

S

GI(S) = kpi + k”m

(3.17)
where kp;, k;; the proportional and integral gain of the current controller, respectively.
The ideal PR controller was implemented in the case under study, since it presented
satisfactory tracking performance with negligible steady state error. The block diagram
of this controller is provided in Figure 3.6, which shows that the controller consists of two
terms: a proportional gain and a generalized integrator (GI). A more detailed explanation
of the function of these terms is provided in the following paragraphs.

Figure 3.7 shows the Bode diagram of the PR controller for three different values of the

integral gain, which were chosen such that the trade-off between the obtained magnitude
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and the width of the frequency band around the resonance frequency can be clearly
illustrated. The magnitude plot shows that the PR controller provides a very high gain
in a frequency band centered around wg, with the width of this band being determined
by the value of k;;. More specifically, an increased k;; value results in a wider band. In
the case under study, wp = 27 - 50 rad/s. Generally, the grid frequency is constant with
variations of around 1%, therefore k;; has to be chosen to react to this frequency band.

The second term of the PR controller in Eq. (3.17) is a generalized integrator (GI),
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Figure 3.9: (a) General structure of the SOGI-OSG based PLL. (b) Configu-
ration of the SOGI-OSG filter.

which integrates a sinusoidal input with respect to the time. The GI input and output are
the current error i.,- and the voltage term vy, respectively, as shown in Figure 3.6. These
two quantities are plotted in Figure 3.8, which shows that the GI does not introduce any
phase delay. Regarding the proportional gain k;, it is tuned in the same way as for a
PI controller. This gain determines the dynamics of the system in terms of bandwidth,
phase and gain margin.

To obtain the voltage and current components required for power calculation, a phase—
locked loop based on an orthogonal signal generator (OSG) system is used. Typically,
the main difference among different PLL methods is in the implementation of the phase
detector (PD) and the structure of the orthogonal voltage system generation [109], [110].
Here, the method based on second order generalized integrator (SOGI-OSG) is adopted.
Figure 3.9a shows the single-phase PLL: the OSG generates two quadrature sine waves
(vge and vgg) at the resonant frequency (&), and vy, has the same phase and magnitude
as the fundamental component of the input signal (v,). The voltage-controlled oscillator
(VCO) feedbacks @ to the OSG and the estimated phase angle (6) to the Park transform.
The output of the phase detector is the phase error v4q, that is passed through a loop
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Figure 3.10: Configuration of the SOGI-OSG filter for the current.

filter (LF) to attenuate the high frequency noise before being added to the fundamental
frequency wyy [110], [111]. The addition of signal wys decreases the control effort and
accelerates the initial lock-in process [110]. As explained in [109], this configuration
integrates the benefits of other PLL methods, such as the Hilbert Transformation, the
Inverse Park Transformation and the Transport-Delay. More specifically, the SOGI-based
PLL structure achieves: orthogonal voltage system generation, filtering without delay and
frequency independence.

Figure 3.9b-3.10 show the detailed representation of the adopted SOGI-OSG filter for
the voltage and current, respectively. The choice of the gains k,s and k;s, commonly
referred to as the damping factor, is a trade—off between the desired bandpass frequency
and the system’s dynamic response [109]. More specifically, lower gain values result in
a narrower bandwidth, thereby improving the filtering capability. However, the dynamic
response of the system becomes slower, as it will be shown later. The closed-loop transfer
functions of the SOGI-OSG block are written as follows [109]:

Vg (8) kysws
H = 2= = v 1
als) vg(s) 82+ kysws + @2 (3.18)
vg5(8) ko s?
Hg(s) = 227 = 1
5(8) Ug(S) 82 + k_vsajs + @2 (3 9)

The following analysis is carried out for the SOGI-OSG of the PLL, but it also applies
to the current SOGI-OSG. The impact of k,s on the bandwidth and dynamic response
of the system is demonstrated in Figure 3.11-3.12, where the Bode plot and the step
response of the closed-loop transfer function H, (s) are plotted for three different values of
ks, respectively. Figure 3.11 shows that the transfer function H, (s) exhibits a bandpass
filtering characteristic with a center frequency w, and its width is dependent on k, s value
and independent of &. For low damping factor values, i.e. k,s; = 0.1 (blue curve), the

bandpass of the filter becomes narrower. At the same time, the system presents slower
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dynamic response, as it can be seen from Figure 3.12. Regarding the transfer function

Hpg(s), Figure 3.13 shows that it exhibits a low-pass filtering characteristic.
By inspection of the Bode magnitude plots of Figure 3.11 and Figure 3.13, it can be
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deduced that vy, and vyg will have the same amplitude with the fundamental compo-
nent of the input voltage vy, since the magnitude at the fundamental frequency is 0 dB;
regarding the Bode phase plots, vy Will be in phase with the fundamental component
of v, since the phase introduced by H,(s) at the fundamental frequency is zero, while a

phase difference of 90 exists between vyg and v,. Therefore, vy, and vyg are orthogonal.

3.3.1 Equivalent model of the inverter output LC filter

Next the equivalent model of the inverter output LC filter is derived. With reference
to Figure 3.5, the system equations in the AC side of the inverter can be expressed in the

time domain and the Laplace domain as shown in (3.20) and (3.21), respectively:

dig(t) | Ry, _ wi(l) vy (t) _ RpCpdug(t)  vy(t)
P - - - 2
@ LT, Y ae Ly dt L (3.20)
B 1 LiCys®> + RsCy+1
Ig(s) = mvz(s) Lss+ R